L o 4

Sy (gwhgo (Sl



J.:.AT Jd>| g —JUT ‘_;\.&QJJIg.” (ST Al dﬁ :Qli}? -

~0 1 ~0 ~® o~ ]o- o-
150.50 - o-
RCE O N O~ [

. _dg . _dgq
- = — - [ =—
dt dt
Definition of current b = dq
dr’
where

i = the current in amperes,
g = the charge in coulombs,
t = the time in seconds.

EXAMPLE 1.2. A conductor has a constant current of five amperes. How many electrons pass a fixed point on
the conductor in one minute?
5A =(5C/s)(60s/min) = 300 C/min

300 C/min

— = 1.87 x 10*' electrons/min
1.602 x 10~'? C/electron
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Definition of voltage & v = j,‘ﬁi
q

where
v = the voltage in volts,

the energy in joules,
g = the charge in coulombs.

S
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EXAMPLE 1.3. In an electric circuit an energy of 9.25 pJ is required to transport 0.5 nC from point a to point b.
What electric potential difference exists between the two points?

_9.25x10°°J

= "~ — 185V
0.5x10°°C

1 volt = 1 joule per coulomb V
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dw

p= o (1.3) <« Definition of power

where

p = the power in watts,

w = the energy in joules,

the time in seconds.

i
Thus 1 W is equivalent to 1 J/s.

The power associated with the flow of charge follows directly from
the definition of voltage and current in Eqgs. 1.1 and 1.2, or

-t (2)(2)
P="ar “\ag/)\ar )

SO
p = vi (1.4) < Power equation

where

p = the power in watts,
v = the voltage in volts,

i = the current in amperes.
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Vi == J V2 cos®(wt + 0)dt = — J V2I1 + cos2(wt + 6)]dt = V72 /2
T J, 2T |,

VctT = Vm/‘/§ = 0.707 Vm
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700 when sinwt < 0
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2 1 T/2 9J 2 T/2 2 2
off = T J Vi SIn™ wt dt = 3T J V(1 —cos2wt)dt = V,,/4
0 <L Jo

VCIT = Vm/2



Y k.

Vﬂ fOI‘ 0 < I < T]

v(t) = { A for T) <t < 3T, Period T'= 3T,

V(} - V(}
l/awg - 3T (Tl - 2T]) =
Vo
r2 0 72
Ve 3T (T +2T) = V;
I eff — 4 0
values
i T
Amem:E'J‘ alt)dt
a [equ. 1]

Waveforms
description waveform mean value RMS value
DC al
Signal with an T A = A=
unchanging Fpk mean ~ Cpk RMS ™ “pk
value a,r over o 5 |
time. u
Sine ol
Pure sine shaped A[apk A _ apk
signal 0 / mean RM5 ™ T

2

A
symmetrical T2 T
around zero with ?

an amplitude a.



description waveform mean value RMS value

Sine with offset aT

Sine wave with a
top value a,« and
an offset from 0
Zero do. 0

Half-wave
rectified sine

Signal that only . t| L—s------
contains the a ) )
positive (or T pk f *Elmean = ? M=
negative) values 0 T;ez T

of a sine shaped

signal with a top

value apr.

]
e
=
s
=

|

Full-wave

rectification si

ne af 5 Lok
Signal calculated 3pk ‘a‘mean = apk'_ RMS™ "
from the absolute = 0 i .VE
values of a sine 0
with a top

value ap.

Half sine
impulse
Half sine cycle
with a width

of 6T and a top
value apx.

Square wave
bipolar

Square wave that aT T B
contains ap &
positive a, as well " ]an
o 0 aT T
negative a, values
and has a duty-
cycle 6.

Square wave
unipolar aT

Square wave with Tapk f A =3, '8 _ . [
only positive (or . mean  “pk ‘&‘RMS B apk o
negative) 0 T T

values a,r with a
duty-cycle 6.




description

Trapezium

Trapezium shaped
signal with an
amplitude a,« and
a width J.. The
rising and the
falling edge Jrhas
the same value.

Triangle

Triangle wave
shape with a top-
top

value 4, whereby
the mean
amplitude an
offset a, has. The
rising edge has a
width 9.

Triangle
impulse
Triangle impulse
with a top

value a,. The
rising edge has a
width J. and the
falling edge Ja.

Saw tooth
impulse

Saw tooth impulse
with a top

value g« and a
width J.

Saw tooth
impulse with
offset

Saw tooth impulse
with an amplitude
of the rising

edge 4a and a
start amplitude am.
The impulse with
isd

RMS value

mean value

waveform

af Tapk Su + Sd 8, + 8,
0 b o B =a———— A= a 2
o By 8d
Ay ; .
3pk A =a, — N
0 L o mean koo RMS™ “pk |3
0 5T T
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Circuit element Units Voltage Current Power
i
.
v ohms (Q) v = Ri i=2 p=vi=iR
(Ohms’s law) R
Resistance
i
l +
di 1 . o di
v henries (H) =L I—ZJ vdt + ky IJ_H_LId_I
i
4
C==%
1 . dv . dv
= farads (F) 1»=—JI(][+/\: I—CE p_u_szE

v

Capacitance
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58 Simple Resistive Circuits

Figure 3.2 A Series resistors with a single unknown
current i.

Figure 3.3 A A simplified version of the circuit shown
in Fig. 3.2.

Combining resistors in series »

N N

,aRl Rz R_; -l a

+

Ry|<= o, Ry

4+
i

h R; Ry Rs h

Figure 3.4 A The black box equivalent of the circuit
shown in Fig. 3.2.

3.1 Resistors in Series

In Chapter 2, we said that when just two elements connect at a single
node, they are said to be in series. Series-connected circuit elements carry
the same current. The resistors in the circuit shown in Fig. 3.1 are con-
nected in series. We can show that these resistors carry the same current
by applying Kirchhoff’s current law to each node in the circuit. The series
interconnection in Fig. 3.1 requires that

li,- = i' = “iz = i:; = i4 = _ij = _i(, = i7, (3.1)

which states that if we know any one of the seven currents, we know them
all. Thus we can redraw Fig. 3.1 as shown in Fig. 3.2, retaining the identity
of the single current i,.

To find i, we apply Kirchhoff’s voltage law around the single closed
loop. Defining the voitage across each resistor as a drop in the direction of
i, gives

—v + i.\‘R] + ixRZ + i.vR3 + isR4 + iSRS + i.\'Rﬁ + i.\:R7 = 0’ (3'2)
or
Vg = l\(R[ + RZ + R3 + R4 + R5 + R(, + R7). (3.3)

The significance of Eq. 3.3 for calculating i is that the seven resistors can
be replaced by a single resistor whose numerical value is the sum of the
individual resistors, that is,

chle+R2+R3+R4+R5+R(,+R7 (3.4)
and

v, = i,R (3.5)

cqy*

Thus we can redraw Fig. 3.2 as shown in Fig. 3.3.
In general, if k resistors are connected in series, the equivalent single
resistor has a resistance equal to the sum of the & resistances, or

k
Rqy= 2R =R +Ry+ - + Rg. (3.6)

i=1

Note that the resistance of the equivalent resistor is always larger than
that of the largest resistor in the series connection.

Another way to think about this concept of an equivalent resistance is
to visualize the string of resistors as being inside a black box. (An electri-
cal engineer uses the term black box to imply an opaque container; that is,
the contents are hidden from view. The engineer is then challenged to
model the contents of the box by studying the relationship between the
voltage and current at its terminals.) Determining whether the box con-
tains & resistors or a single equivalent resistor is impossible. Figure 3.4
illustrates this method of studying the circuit shown in Fig. 3.2.



3.2 Resistors in Parallel

When two elements connect at a single node pair, they are said to be in
parallel. Parallel-connected circuit elements have the same voltage across
their terminals. The circuit shown in Fig. 3.5 illustrates resistors connected
in parallel. Don’t make the mistake of assuming that two elements are
parallel connected merely because they are lined up in parallel in a circuit
diagram. The defining characteristic of parallel-connected elements is that
they have the same voltage across their terminals. In Fig. 3.6, you can see
that R; and R; are not parallel connected because, between their respec-
tive terminals, another resistor dissipates some of the voltage.

Resistors in parallel can be reduced to a single equivalent resistor
using Kirchhoff’s current law and Ohm’s law, as we now demonstrate. In
the circuit shown in Fig. 3.5, we let the currents iy, i, i3, and iy be the cur-
rents in the resistors R, through Ry, respectively. We also let the positive
reference direction for each resistor current be down through the resistor,
that is, from node a to node b. From Kirchhoff’s current law,

l._‘. = il + iz + i3 + l4 (3.7)
The parallel connection of the resistors means that the voltage across each
resistor must be the same. Hence, from Ohm’s law,

ilRl = isz = i3R3 = i4R4 = V. (38)
Therefore,
v,
iy = —,
1 R,
. Vs
==
2 R,
vs‘
iy = E,’ and
[y = 3.9)
Iy = —. .
1= R (
Substituting Eq. 3.9 into Eq. 3.7 yields
' *\R{, R, Ry R,/ )
{from which
E_ 1 _t, 1, 1,1 3.1
Vg ch Rl RZ R3 R4. ) )

Equation 3.11 is what we set out to show: that the four resistors in the cir-
cuit shown in Fig. 3.5 can be replaced by a single equivalent resistor. The
circuit shown in Fig. 3.7 illustrates the substitution. For k resistors con-
nected in parallel, Eq. 3.11 becomes

1 1 1 1
—_— = — e —
Ri Rl RZ Rk

M=

= (3.12)
ch i )

]
o~

Note that the resistance of the equivalent resistor is always smaller than the
resistance of the smallest resistor in the parallel connection. Sometimes,

3.2 Resistors in Parallel 59

Figure 3.5 A Resistors in parallel.

R,

Ry R3

Figure 3.6 A Nonparallel resistors.

i X

o~

Uy g Req

b

Figure 3.7 A Replacing the four parallel resistors shown
in Fig. 3.5 with a single equivalent resistor.

<« Combining resistors in parallel
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6.3 Series-Parallel Combinations
of Inductance and Capacitance

Just as series-paralle] combinations of resistors can be reduced to a single L L, Ls
equivalent resistor, series-parallel combinations of inductors or capacitors L SR S S
can be reduced to a single inductor or capacitor. Figure 6.13 shows induc- + v -
tors in series. Here, the inductors are forced to carry the same current; thus [

we define only one current for the series combination. The voltage drops

across the individual inductors are Figure 6.13 A Inductors in series.

di di di

v =L—, = L,—,
! Lar 2T 2

The voltage across the series connection is

di
v=‘Ul+v2+v3=(L1+L2+L3)F;.

from which it should be apparent that the equivalent inductance of series-
connected inductors is the sum of the individual inductances. For n induc-
tors in series,

Lg=Li+Ly+Lz+ - + L, (6.19) < Combining inductors in series
If the original inductors carry an initial current of i(t,), the equivalent i
inductor carries the same initial current. Figure 6.14 shows the equivalent L, L; Ly
circuit for series inductors carrying an initial current. — N N—e— e
Inductors in parallel have the same terminal voltage. In the equivalent 1(_17
circuit, the current in each inductor is a function of the terminal voltage 0
and the initial current in the inductor. For the three inductors in parallel @

shown in Fig. 6.15, the currents for the individual inductors are g
ch=L1+ L2+L3
..m_.

+ . -

. 1 /[ . it
L = L— vdr + ll(t0)9 (U)
L/t Figure 6.14 A An equivalent circuit for inductors in

series carrying an initial current i(zy).

1 t
= Z‘/I“ vd1 + (1),

2

: lfs(fo)

1 ot
i3 . / vdr + i3(ty). (6.20)

3Jty

The current at the terminals of the three parallel inductors is the sum of ~ Figure 6.15 A Three inductors in parallel.
the inductor currents:

i = il + i2 + l'; (6.21)
Substituting Eq. 6.20 into Eq. 6.21 yields

. 11 1\ /[ . . .
i = (Z + I, + E)/ vd7 + §(ty) + i(t) + i3(t0).  (6.22)

1y
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1 1 1 1
—_ = 2 =
- ch L] Lz L3

i(ty) = i1(ty) + L(ty) + ia(ty)
[ l‘(t())l ch

Figure 6.16 A An equivalent circuit for three inductors
in parallel.

Combining inductors in parallel »

Equivalent inductance initial current >

Combining capacitors in series p

Equivalent capacitance initial voltage I

Combining capacitors in parallel >

Now we can interpret Eq. 6.22 in terms of a single inductor; that is,

1 1
i=— / vdr + i(ty). (6.23)
Ley Ji,
Comparing Eq. 6.23 with (6.22) yields
L1, 1, 6.24
Le L 'L L (6.24)
i(ty) = i)(to) + ia(to) + is(to). (6.25)

Figure 6.16 shows the equivalent circuit for the three parallel inductors in
Fig. 6.15.

The results expressed in Eqgs. 6.24 and 6.25 can be extended to
n inductors in parallel:

Loty L (6.26)
Leq LI 2 Ln '
i(tg) = iy(tp) + iaxtg) + -+ + iy(to). (6.27)

Capacitors connected in series can be reduced to a single equivalent
capacitor. The reciprocal of the equivalent capacitance is equal to the sum
of the reciprocals of the individual capacitances. If each capacitor carries
its own initial voltage, the initial voltage on the equivalent capacitor is the
algebraic sum of the initial voltages on the individual capacitors. Figure 6.17
and the following equations summarize these observations:

RS T -
Ceq Cl CZ C,,’ '
v(tg) = vi(te) + valte) + -+ + ,(tp). (6.29)

We leave the derivation of the equivalent circuit for series-connected
capacitors as an exercise. (See Problem 6.32.)

The equivalent capacitance of capacitors connected in parallel is sim-
ply the sum of the capacitances of the individual capacitors, as Fig. 6.18
and the following equation show:

Ceq = C] + C2 + -+ Cn. (6.30)

Capacitors connected in parallel must carry the same voltage. Therefore, if
there is an initial voltage across the original parallel capacitors, this same
initial voltage appears across the equivalent capacitance C.,. The deriva-
tion of the equivalent circuit for parallel capacitors is left as an exercise.
(See Problem 6.33.)

We say more about series-parallel equivalent circuits of inductors and
capacitors in Chapter 7, where we interpret results based on their use.
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C, == (t)
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+
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v Cy =02 (t0) v Coq~v(t)
-~ |
+
1 1 1 1
y = 4 2 4 =
(J:If, (1) Cq G + G C,
-— v(te) = v1(to) + va(to) + - + v,(1)
(a) (b)

Figure 6.17 A An equivalent circuit for capacitors connected in
series. (a) The series capacitors. (b) The equivalent circuit.

v ASSESSMENT PROBLEMS

Objective 3—Be able to combine inductors or capacitors in series and in parallel to form a single equivalent inductor

6.4

NOTE:

6.4

The magnetic field we considered in our study of inductors in Section 6.1

The initial values of i; and i, in the circuit
shown are + 3 A and —5 A, respectively. The
voltage at the terminals of the parallel induc-
tors for t = 0 is —=30e™> mV.

a) If the parallel inductors are replaced by a
single inductor, what is its inductance?

b) What is the initial current and its reference

direction in the equivalent inductor?
c) Use the equivalent inductor to find i(z).

d) Find i;(¢) and i,(¢). Verify that the solutions

for i1(t), i»(t), and i(¢) satisfy Kirchhoff’s
current law.

i)

+ @

(0,360 mH ()] 3240 mH

<

Mutual Inductance

Also try Chapter Problems 6.21, 6.25, 6.26, and 6.31.

6.4  Mutual Inductance 189

—
—

+
& -—~C

<q

*——— C\:q = Cl + CZ + ot Cn

(b)

Figure 6.18 A An equivalent circuit for capacitors connected in
parallel. (a) Capacitors in parallel. (b) The equivalent circuit.

Answer:

(a) 48 mH:
(b) 2 A, up;
(c) 0.125¢™™ — 2,125 A, ¢t = 0

(d) i1(r) = 0.1 + 29A,t = 0,
ir(1) = 0.025¢™ — 5.025A,t = 0.

6.5 The current at the terminals of the two capaci-
tors shown is 240e™'"uA for ¢ = 0. The initial
values of v; and v, are —10 Vand -5V,
respectively. Calculate the total energy trapped
in the capacitors as ¢ — 0o, (Hint: Don’t com-
bine the capacitors in series—find the energy
trapped in each, and then add.)

Answer:

20 ul.

was restricted to a single circuit. We said that inductance is the parameter
that relates a voltage to a time-varying current in the same circuit; thus,

inductance is more precisely referred to as self-inductance.

We now consider the situation in which two circuits are linked by a
magnetic field. In this case, the voltage induced in the second circuit can
be related to the time-varying current in the first circuit by a parameter



EE6201 CIRCUIT THEORY

Delta (A) network Wye (Y) network
A Rac C
VWA
Ras Rgc
B
To convert a Delta (A) to a Wye (Y) To convert a Wye (Y) to a Delta (A)
Rae Rac RiRg + R R + RgR¢
RA = RAB =
RAB + RAC + RBC Rc
Rse Rpc RsRg + RyRc + ReRe
RB = RBC -
RAB + RAC + RBC RA
Ric Rge RiRg + R R + RgRc
RC - RAC =
RAB + RAC + RBC RB

Problem 1: A star-connected load consists of three identical coils each of resistance 30 Q and
inductance 127.3 mH. If the line current is 5.08 A, calculate the line voltage if the supply frequency
is 50 Hz.
Inductive reactance XL =2nfL
=21 (50) (127.3x107)
=40 Q
Impedance of each phase Zp =\ (R2 + X2L) =V (302 +402) =50 Q
For a star connection IL =Ip =VpZp
Hence phase voltage Vp =IpZp = (5.08)(50)=254V
Line voltage VL =\3Vp =\3 (254) =440V

Problem 2: A 415V, 3-phase, 4 wire, star-connected system supplies three resistive loads as shown
in Figure Determine (a) the current in each line and (b) the current in the neutral conductor.

SCE 103 of 162 ELECTRICAL AND ELECTRONICS ENGINEERING



72 Simple Resistive Circuits

Straightforward algebraic manipulation of Egs. 3.41-3.43 gives values
for the Y-connected resistors in terms of the A-connected resistors
required for the A-to-Y equivalent circuit:

R = Ry R.
v Ru + R[, + Rc’ (3‘44)
R, = Rc Ra
2" R, + R, + R (345)
R, R,
Ri= — afh .
3R+ R, t R (3.46)

Reversing the A-to-Y transformation also is possible. That is, we can start
with the Y structure and replace it with an equivalent A structure. The
expressions for the three A-connected resistors as functions of the three
Y-connected resistors are

_ RiR; + RyR; + R3R,

Example 3.7 illustrates the use of a A-to-Y transformation to simplify

« = R, (3.47)
RiR, + RyR; + R3R
R, = ——2 — Sy (3.48)
R,
R\R, + RyR; + R3R
R (3.49)
3

the analysis of a circuit.

SN Applying a Delta-to-Wye Transform

Find the current and power supplied by the 40 V
source in the circuit shown in Fig. 3.32.

A 7
50
100 Q 125 Q
+
-1 25Q
0V _— AN
400Q 37.5Q

Figure 3.32 A The circuit for Example 3.7.

Solution

We are interested only in the current and power
drain on the 40 V source, so the problem has been
solved once we obtain the equivalent resistance
across the terminals of the source. We can find this
equivalent resistance easily after replacing either
the upper A (100, 125, 25 Q) or the lower A (40,
25, 37.5 Q) with its equivalent Y. We choose to
replace the upper A. We then compute the three Y

resistances, defined in Fig. 3.33, from Eqgs. 3.44 to
3.46. Thus,

100 X 125

=50
! 250 2,
125 X 25
R2 - W - 12.5 Q,
100 X 25
=——=-100.
Rs 250 o

Substituting the Y-resistors into the circuit
shown in Fig. 3.32 produces the circuit shown in
Fig. 3.34. From Fig. 3.34, we can easily calculate the
resistance across the terminals of the 40 V source by
series-parallel simplifications:
(50)(50)

100
The final step is to note that the circuit reduces to
an 80 Q) resistor across a 40 V source, as shown in
Fig. 3.35, from which it is apparent that the 40 V
source delivers 0.5 A and 20 W to the circuit.

Ry =55+ =80 Q.

100 Q 1250

P R

25Q

Figure 3.33 A The equivalent Y resistors.



5O
VWA

40V _—

Figure 3.34 A A transformed version of the circuit shown in

Fig. 3.32.

Figure 3.35 A The final step in the simplification of the circuit

shown in Fig. 3.32.

Practical Perspective

— i

$800

73

\/ASSESSMENT PROBLEM

Objective 6—Know when and how to use delta-to-wye equivalent circuits

3.8 Use a Y-to-A transformation to find the voltage

v in the circuit shown.

Answer: 35V.

NOTE: Also try Chapter Problems 3.53, 3.56, and 3.58.

Practical Perspective

A Rear Window Defroster

A model of a defroster grid is shown in Fig. 3.36, where x and y denote the
horizontal and vertical spacing of the grid elements. Given the dimensions
of the grid, we need to find expressions for each resistor in the grid such
that the power dissipated per unit length is the same in each conductor. R,

This will ensure uniform heating of the rear window in both the x and y %
directions. Thus we need to find values for the grid resistors that satisfy the R, % i

following relationships:

(3.50)

(3.51)

(3.52) Figure 3.36 A Model of a defroster grid.

(3.53)
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2.7  Wye-Delta Transformations

The Y and A networks are said to be balanced when
R, = R, = R3; = Ry, R, =R, =R. = Ry (2.56)

Under these conditions, conversion formulas become

RY = ? or RA = 3RY (2.57)

One may wonder why Ry is less than Ry. Well, we notice that the Y-
connection is like a “series” connection while the A-connection is like
a “parallel” connection.

Note that in making the transformation, we do not take anything
out of the circuit or put in anything new. We are merely substituting
different but mathematically equivalent three-terminal network patterns
to create a circuit in which resistors are either in series or in parallel,
allowing us to calculate R, if necessary.
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Convert the A network in Fig. 2.50(a) to an equivalent Y network.

(a) (b)

Figure 2.50
For Example 2.14: (a) original A network, (b) Y equivalent network.

Solution:
Using Egs. (2.49) to (2.51), we obtain

R,R. 10 X 25 250
R,+R,+R. 15+10+25 50
R.R, 25 X 15
R, = = =750Q
R, + R, + R, 50
R,R 15 X 10
R, + R, + R. 50

The equivalent Y network is shown in Fig. 2.50(b).

Example 2.14
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AC through pure inductance:

L VL
£ L
Vi I

/| lags V| by 90°

Circuit Phasor Current and voltage
diagram diagram waveforms

Consider a simple circuit consisting of a pure, inductance of L henries connected

across a voltage given by the equation.
V =Vm Sinwt

Pure inductance has zero ohmic resistance its internal resistance is zero.
The coil has pure inductance of h henries (H).

When alternating current ‘i’ flows through inductance ‘L’. It sets up an alternating
magnetic field around the inductance. This changing flux links the coil and due to self
inductance emf gets induced in the coil. This emf opposes the applied voltage.

The self induced emf in the coil is given by
Self induced emf e= -L dvdt
At all instants, applied voltage V is equal and opposite to self induced emf e

V =-e = - (-L didt)
V =L didt
Vm Sinwt = L didt
di = (Vm/'L) Sinwt dt
i=[di=[(VnvL) Sinwt dt
=(Vmv/L)[-coswtw]
i= -(Vm/wL) Sin ((w2)-wt) 2coswt = Sin (wt-w?2)
i=-(VmAvL) Sin (wt-n2) =Sin ((w2)-wt) =-Sin(wt-w2)

i=1Im Sin (wt- 72)

Where, Im = VmwL =VmvX

X, =wL =2xnfL Q

The above equation clearly shows that the current is purely sinusoidal and having
angle of - w2 radians i.e. 90°. This means current lags voltage applied by 90°
Concepts of Induction Reactance:

Im= VIIl/XL

Where, X; =wL =2xfL Q
X1 = Induction Reactance

Inductive reactance is defined as the opposition offered by the inductance of circuit to
the flow of an alternating sinusoidal current.

T 4
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Circuit Phasor Voltage Impedance

diagram diagram triangle triangle
R L V(=IZ) 4V, (=1X) ZpX,
-o—VR—n—VL
f,I /) n /) A
- i c Ve (=1R) R

Consider a circuit consisting of pure Resistance R ohms connected in series with Inductance L
henries as shown in fig.
The series combination is connected across ac supply is given by
V = Vm Sinwt
The voltage drops in the circuit are,
e Drop across pure resistance Vi = IR
e Drop across pure inductance Vi = [Xg
Where X = 2nfL
I = rms value of current drawn
VR, VL =rms value of pure inductance
By applying KVL,
V=IR +1IX
Steps to drawn phasor diagram:
1. Tas reference phasor
2. R, V,Iare in phase, So Vy will be along I phase in case of resistance
3. 1 lags voltage by 90°. But I is reference, Vi must be shown leading w.r.t I by 90° in case of
inductance
4. Supply voltage = Vector sum of 2 vectors Vi and Vg obtained by law of parallelogram
V= (V) + (Vi) =V (UR) * + (IX1) )
=1V R+ X[
V=IzZ
Z=VR*+X.%

From voltage triangle we can write,

Tan (1) = VL/VRZXL/R

Cos = Vr/V=RZ

Sin(b=VL/V=XL/Z

If all the sides of voltage are divided by current, we get triangle called impedance triangle.
Side or triangles are,

I- Resistance R

2- Inductive reactance X .

3- Impedance Z
From this impedance triangle

R=7ZCos ¢ X component of Impedance = R

Xp=Zsingdp Y Component of Impedance = X,
In rectangular form the impedance is denoted as,

Z=R +j XL
While in polar form

VARVAVA X9)
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Consider a circuit in which resistance R ohms and capacitance C farads is connected across ac
supply is given by,
V =Vm Sin wt
Circuit draws a current I, then there are two voltage drops,
5. Drop across pure resistance Vg = IR
6. Drop across pure capacitance V¢ = [Xc
Where, Xc = 12xnfC
Apply KVL we get,
VZVR + VC
V =IxR +IxX¢
Steps to draw phasor diagram:
» Take current as reference phasor.
» In case of resistance, voltage and current are in phase, so, Vr will along current
phasor.
> In case of capacitance, current leads voltage 90° i.e. voltage lags by 90°. so, Vc
is shown downwards (i.e.) lagging current by 90"
» The supply voltage being vector sum of these two voltages Vc and Vi obtained
by completing parallelogram
Form voltage triangle,
V= (V) + (Veh) = V(1) + (IXc?))
=1V (R* + Xc?%)
V=IzZ
Z =(R* + Xc?) is the impedance of circuit
Impedance:
Impedance is nothing but opposition of flow of alternating current. It is measured in ohms
given by,

Z=R?*+Xc%)
Where, Xc = 1/12nfC Q called capacitive reactance.
From voltage triangle if all sides of voltage triangle are divided by current, we get impedance
triangle.
The sides of triangle are R, Xc, Z
The X componentis R=Z Cos ¢
The Y component is Xc =Z Sin ¢
But direction of Xc is —Ve direction
Z=R-jXcQ - Rectangular form
Z=1Z|2-p Q - Polar form
Where,
Z] = N R* +Xc?)

¢ = tan [-X/R]

Power and power triangle:
The I leads the V by angle ¢ hence,
1=Im Sin (wt + )
Power=V x i
= Vm Sin (wt) x Im Sin (wt + ¢)
= VmIm[Sin(wt).Sin(wt + ¢)]
= Vmlm [ (Cos(-¢) — Cos 2wt + ¢))2]
= (VmIm2) x Cos ¢ - (VmIm 2) x Cos (2wt + )
Second term is cosine term whose average value over a cycle is zero.
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3) Voltage drop across Capacitance C is Vc = [Xc¢
The characteristics of three drops are,

1. Vg is in phase with current [

2. Vi leads I by 90°

3. Ve lags Iby 90°
According to krichoff’s laws
Steps to draw phasor diagram:

1. Take current I as reference

obtain resultant of V_ and Vc. Both V| and V¢ are in phase opposition (180° out of phase)
Add that with VRby law of parallelogram to getsupply voltage.
The phasor diagram depends on the condition of magnitude of Vi and Vc which ultimately
depends on values of X; and Xc.
Let us consider different cases:
Case(i): X, > Xc¢
When X | > Xc
Also Vi > Vc (or) IXp > IXc
So, resultant of V| and Vc will directed towards V| i.e. leading current I. Hence I lags V i.e.
current I will lags the resultant of Vi and Vc i.e. (VL - Vc). The circuit is said to be inductive in
nature.
From voltage triangle,
V =+ (VRZ+ (VL= Ve)?) =V ((IR) *+ (IX, — IXc) )
V=1V R*+ (X -Xc)?)
V=I1Z
Z=V R+ (X -Xc)?)
If, V=Vm Sin wt ; 1=1Im Sin (Wt - )
1.e I lags V by angle ¢
Case(ii): Xy, <Xc
When X; < Xc
Also Vi < Vc (or) IXp <IXc
Hence the resultant of Vi and V¢ will directed towards Ve i.e current is said to be capacitive in nature
Form voltage triangle
V= (Vi2+ (Ve = VD)) =V ((IR)* + (IX. - IX1) ?)
=1V (R*+ (X —X0)?)
V=I1Z
Z="(R*+Xc-Xp)?)
If, V=Vm Sin wt ; 1=1Im Sin (Wt + )
i.e [ lags V by angle ¢
Case(iii): X, = Xc¢
When X; = Xc
Also Vi = Vc (or) IXp =1Xc
So Vi and Vc cancel each other and the resultant is zero. So V = Vg in such a case, the circuit is
purely resistive in nature.
Impedance:
In general for RLC series circuit impedance is given by,
Z=R+jX
X = X — Xc = Total reactance of the circuit
If Xp>Xc ; Xis positive & circuit is Inductive
If Xp<Xc ; Xisnegative & circuit is Capacitive

2. Vgis in phase with current |
3. Vi leads current by 90°

4. Ve lags current by 90°

5.

6.



Element Impedance Admittance
-1
R =R Y = R
: 1
L Z = joL Y = L
I o
C 7 = _,rm—C‘ Y —;wC
\Y )
Z=T or V=171 Z=R+jX
Z=R+jX= |Z|£
o E— X
Z| = VR*+ X% O=tan '=
R
R = |Z|cos#, X = |Z|sinf
I

45,/30°V Cf)
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Za Zc

B

(a) A-connection

Y-to-A Transformation

7=

Zp

Zc

L+ 1,75 + 7,7,

Z;
L2y + 7,75 + 1,7

- 7,
LTy + 1125+ 752

— Z

(b) Y-connection

A-to-Y Transformation

7, — L1y
Ly+2p+ 2L,

7, = Latc
S L+ Lp+ L

LpZc

3

Tl 7+ 7,



Complex Numbers

1y 4
Im z=a+bi z=x+1y
B i
b Ly
A |
.,
U le X > X
Z =X+1y z= 140 = r(cosO+isin0)
[a+bil+lc+dil=la+c)+ilbh+d),
'
@+ bi)=lc+dil=la=c)+ilb-d),
3+4i

-8+3i

[a+ billc+dil=lac=bd)+ilad + bc),

a+bi l(ac+bd)+ilbe=ad)

c+di &+ d*
Z1 — Zz2 = (x1 — x2) + j(y1 — ¥2)
122 = /¢ + Bo

1 s

o = L lb T b
1_a
= /=%

Vz = Nr /)2

=Y



'he polar or Steinmetz product is evident from reference to the exponential form.

212y = (r1 /0)(ry [02) = 1112 /61 + 6,
'he rectangular product can be found by treating the two complex numbers as binomials.
212y = (X) 4 /9)(X2 +/2) = X152 + X102 + 11X 477010

= (X1 — y1p2) + (X102 + 31X2)

IPLE A2 Ifz, = 5¢ and z, = 2¢ /™%, then 2,2, = (5¢*)(2¢7™/®) = 10e/™°.

IPLE A3 Ifz, =2/30° and z, = 5/—45°, then z,z, = (2/30°)(5/—=45°) = 10/—15".

IPLE A4 Ifz, =2+j3and z, = —1 —j3, then ;2o = (2 + j3)(—=1 —j3) = 7 — 9.

DIVISION OF COMPLEX NUMBERS

‘or two complex numbers in exponential form, the quotient follows directly from the laws of
lents.

Z ’-2 ("]92 "2

p )jgl o
L_ne N ie-6)

vgain, the polar or Steinmetz form of division is evident from reference to the exponential form.

z,_l‘lﬂ_r_l 6, — 6,

Z, 1 /0

division of two complex numbers in the rectangular form is performed by multiplying the numera-
1d denominator by the conjugate of the denominator (see Section AS).

Zy X+ (-\'2 —JV2 (x1X2 +p102) HJ(yixXa —2X1) XX +yya L ViXa — X
- = N N - B B} = B bl . B b
Z, Xo+JV2 \Xo— /) X5+ ;5 X5+ )3 X5+ 3

IPLE A5 Given z, = 4¢/™ and z, = 2/,

7 4("].”/3

z /6
Z, 26 2e

IPLE A6 Given z, =8/-30" and z, =2/-60",
zy 8/=30 —4/30°

7z, 2/-60°

IPLE A7 Givenz, =4—j 5andz, =1+,2,

z_1_4—j5(1 —j2)_ 6 .13

, 1+,2\1-2) 5 75



EE6201 CIRCUIT THEORY
independently

a. Resistance of 10Q
b. Inductance of 0.2H
c¢. Capacitance of S0uF

Find the expression for the instantaneous current in each case. Draw the phasor
diagram in each case.

Solution:

Given ,
F =50Hz
V=150V

Vm= +2 Vrms = /2 x 150=212.13 V

Case (i):
R=10Q
Im=VmR =212.1310=21.213
For pure resistive current circuit phase different @
D=0
1=1Im Sin wt = Im Sin 2nrft
1=21.213 Sin (100 mt) A
Phasor diagram:
Case (ii):
L=0.2H
Xy =wL =2=fL
X =2mx 50x0.2
XL=62.83 Q

Im=VnX; =212.1362.83 =3.37 A

® =-90" =2 rad

In pure Inductive circuit, I lags V by 90 degree
i=Im Sin (wt-®) A

1=3.37Sin (wt-®) A

1=3.37 Sin (100 mt - w2) A

Phasor diagram:

¥

Case(iii):
C=50uf

Xc = 1wC = 12=fC
Xe=1(2nx 50x 50 x 10'6) =63.66Q

Im = Vm/Xc=212.1363.66 =3.33 A
SCE 176 of 162 ELECTRICAL AND ELECTRONICS ENGINEERING



EE6201

CIRCUIT THEORY

In pure capacitive circuit, current leads voltage by 900

® =90" =72 rad

i=Im Sin (wt+®) A
i=3.33Sin (wt+®)A
i=3.33 Sin (100 nt + 72) A

Phasor Diagram:

-

6. An alternating current i= 414 Sin (27 x 50 x t) A is passed through a series circuit of a
resistance of 1002 and an inductance of 0.31831 H. find the expression for the instantaneous

values of voltage across, (MAY-08)
a. The resistance,
b. Inductance
c. Capacitance

Solution:
i i
= Kk
s mr l
= L
C
Given
1=414Sin 2rx 50t) A
R=100Q
L=0.31831H

XL =2nx50x0.31831 =100 Q

(i) Voltage across Resistance:

Vr=1R =1.414 sin 2n x 50 t) x 100

Vr=141.4Sin 2 x 50 t) V
R.m.s value of Vg = 141.4//2 =100V

@ =0°
Vr =100£0°=100+ 0 V
(ii) Voltage across Inductance:

Vi =iX.=1.414 Sin 2n x 50 t + 90°) x 100
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EE6201 CIRCUIT THEORY
Vi =141.4Sin 2nx 50 t + 90°) V

R.m.s value of Vi = 141.4/7/2 =100 V , ®=90°
VL=100£90°=0- ;100 V
V=Vr+VL=100+j0+0+100j

V=100+j100=141.42 245"V

Vm = /2 x 141.42 =200V

V =200 Sin 2n x 50 t +45"%) V

7. The wave form of the voltage and current of a circuit are given by

e=120 Sin (314 t)

i= 10 Sin (314 t + w6)

Calculate the value of resistance, capacitance which is connected in series to form the circuit.
Also, Draw wave forms for current, voltage and phasor diagram. Calculate power consumed by
the circuit.

Solution:
Given:
V =120 Sin (314 t) ; Vm=120V; 2nf=314; f=50Hz
1=10 Sin (314 + w6) ; Im=10A ; O =3(0°

V=Vm/v/2 =120/7/2 =8485V
I=Im/"v/2 =10/\/2 =7.07 A
|Z| = V1 =284.457.07=12 Q

Z=12/-30°—> As current leads by 30°
Ckt 1s RC series Circuit is capacitive nature.
® =-Ve
Z=122-30°=10.393— j62 useP - R
Z=R-jXc
R=10.393;Xc=6Q
Xc = 12xntC
6=1(2nx50x C)
C=530.45uF
P =VICos ® =84.85x 7.07 xCos 30’
P=519.52
8. A resistance of 120 Q2 and a capacitive reactance of 250 Q2 are connected in series across a AC
voltage source. If a current 0.9 A is flowing in the circuit find out,
(i). Power factor
(ii). Supply voltage
(iii). Voltage across resistance and capacitance
(iv). Active power and reactive power (JUN-09)
Solution:
Given :
R=120Q
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EE6201 CIRCUIT THEORY
Xc=250Q
I1=09A.
Z=R—-jXc=120-250j=277.308—64.358
Power factor:
Cos® = Cos(—64.358) =0.4327Leading

Supply Voltag:

V=I1Z2=0.9x277.308 £—-64.358°

V =249.5772 £/ -64.358° V

Vr and Ve:

Vr=IR09x120=108 V

Ve=1Xc=09x250=225V

Active power and Reactive power:

P=VICos ® =249.5772 x 0.9 x 0.4327 =97.1928 W

Q = VI Sin ®=247.5772 x 0.9 x Sin(-64.358") = -202.498 VAR
- Ve Sign — Leading nature

9. A series circuit consisting of 25Q resistor, 64mH inductor and 80uF capacitor to a 110V,
S50Hz, Single phase supply as shown in fig. Calculate the current, Voltage across individual

element and overall p.f of the circuit. Draw a neat phasor diagram showing /, VR, VL ,Vc and

—

4

1
(

|

e (D -

Solution:
R=25Q
L = 64mH
C = 80uF
Xp=2nfL=2nx 50 x 64 x 10° =20.10 Q
Xe=12xnfC = 12nx 50 x 80 x 10°)=39.78Q
Z=R+jX.—jXc
=25+720.10—j 39.78
Z=(25-j19.68) Q
1=Vvz=110£0 A5_ j19.68 = 11020°A31.812-3820°)
Z=(25-j19.68)
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EE6201 CIRCUIT THEORY
If Xp=Xc ; X=0 & circuit is purely Resistive
Tan ¢ = [(XL - Xc YR]
Cos ¢ =[R/Z]
Z=V R+ (XL-Xc)?)
Impedance triangle:
In both cases R=ZCos ¢
X=ZSin
Power and power triangle:
The average power consumed by circuit is,
Pavg = (Average power consumed by R) + (Average power consumed by
L) + (Average power consumed by C)
Pavg = Power taken by R = 'R

=I(IR)=VI
V=V Cos ¢
P=VICos ¢

Thus, for any condition, X; > Xc or X < Xc
General power can be expressed as
P = Voltage x Component in phase with voltage
Power triangle:
S = Apparent power = PZ=VI
P = Real or True power = VI Cos ¢ = Active power
Q = Reactive power = VI Sin ¢

4. An alternating current of frequency 60Hz has a maximum value of 12A

1. Write down value of current for instantaneous values
2. Find the value of current after 17360 second
3. Time taken to reach 9.6A for the first time.

In the above cases assume that time is reckoned as zero when current wave is passing through
zero and increase in positive direction.
Solution:
Given:
F =60Hz
Im=12A
W =2nf=2nx 60 =377 radsec
(1). Equation of instantaneous value is
i=1Im Sin wt
i=12 Sin 377t
(i1). t = 1360sec
1=12 Sin (377/360) = 12 Sin 1.0472 = 10.3924 A

[i=10.3924 A |
(111).1=9.6 A
9.6 =12 Sin 377t
Sin377t=0.8
377t=0.9272
| t=2.459 x 107 sec . . .
5. A 50 Hz, alternating voltage of 150V (rms) is applied
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EE6201 CIRCUIT THEORY
If Xp=Xc ; X=0 & circuit is purely Resistive
Tan ¢ = [(XL - Xc YR]
Cos ¢ =[R/Z]
Z=V R+ (XL-Xc)?)
Impedance triangle:
In both cases R=ZCos ¢
X=ZSin
Power and power triangle:
The average power consumed by circuit is,
Pavg = (Average power consumed by R) + (Average power consumed by
L) + (Average power consumed by C)
Pavg = Power taken by R = 'R

=I(IR)=VI
V=V Cos ¢
P=VICos ¢

Thus, for any condition, X; > Xc or X < Xc
General power can be expressed as
P = Voltage x Component in phase with voltage
Power triangle:
S = Apparent power = PZ=VI
P = Real or True power = VI Cos ¢ = Active power
Q = Reactive power = VI Sin ¢

4. An alternating current of frequency 60Hz has a maximum value of 12A

1. Write down value of current for instantaneous values
2. Find the value of current after 17360 second
3. Time taken to reach 9.6A for the first time.

In the above cases assume that time is reckoned as zero when current wave is passing through
zero and increase in positive direction.
Solution:
Given:
F =60Hz
Im=12A
W =2nf=2nx 60 =377 radsec
(1). Equation of instantaneous value is
i=1Im Sin wt
i=12 Sin 377t
(i1). t = 1360sec
1=12 Sin (377/360) = 12 Sin 1.0472 = 10.3924 A

[i=10.3924 A |
(111).1=9.6 A
9.6 =12 Sin 377t
Sin377t=0.8
377t=0.9272
| t=2.459 x 107 sec . . .
5. A 50 Hz, alternating voltage of 150V (rms) is applied
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