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TIUIANGBIIS . SURIGAO STATE COLLEGE OF TECHNOLOGY

Module no. 1
DC Circuits

Topic: 1.1 Basic Concepts
1.2 Basic Circuit Laws
1.3 Analysis Methods
1.4 Circuit Analysis Technigues
1.5 Capacitors and Inductors
1.6 First-Order Circuits
1.7 Second-Order Circuits

Time Frame: 7 hrs.

Introduction:

This module covers the overall topics of DC circuits which fundamentally emphasizes
the electric circuit theory as an essential course for electrical engineering students. In
this module, the basic concepts, fundamental circuit laws and other important theories
and concepts in dc circuits are concisely discussed.

Objectives:
At the end of this module, the student shall be able to
1. Recall the fundamental electrical concepts, laws, and theories in dc circuits and
2. Solve various engineering problems in dc circuits using the concepts and, laws
and theories reviewed.
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LEARNING MODULE

Pre — Test

Module 1 — DC Circuits
Name: Subject:
Course/Section: Date:

Direction: Read the questions carefully. Write your answers in a separate sheet of
paper.

What are the circuits which are basically known as first-order circuits?
What is/are the differences between capacitors and inductors when in dc?
Why is RLC circuit called as second-order circuit?

What circuit laws forms the basis for nodal and mesh analysis?

What is the necessary circuit condition for maximum power transfer?

S B0 i)
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Learning Activities:
1.1 BASIC CONCEPTS
Charge is an electrical property of the atomic particles of which matter consists,
measured in coulombs (C).
q=it
Electric current is the time rate of change of charge, measured in amperes (A).
dq

I =—

dt
where current is measured in amperes (A), and 1 ampere = 1 coulomb/second.

Direct current (dc) flows only in one direction and can be constant or time varying.
A

0 t

Alternating current (ac) is a current that changes direction with respect to time.

ik

FN N
Yod] R T

Voltage (or potential difference) is the energy required to move a unit charge from a
reference point (—) to another point (+), measured in volts (V).

where w is energy in joules (J) and g is charge in coulombs (C). The voltage v is
measured in volts (V), named in honor of the Italian physicist Alessandro Antonio Volta
(1745-1827), who invented the first voltaic battery.
Power is the time rate of expending or absorbing energy, measured in watts (W).
dw

p=—= vi
where p is power in watts (W), w is energy in joules (J), and t is time in seconds (s). It is
also the product between voltage and current.
Passive sigh convention is satisfied when the current enters through the positive
terminal of an element and p = +vi. If the current enters through the negative terminal, p
= -vi.
By law of conservation of energy the algebraic sum of power in a circuit at any instant
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of time is zero.

2p=0
Energy is the capacity to do work, measured in joules (J).
1 Wh = 3600]

Ideal independent source is an active element that provides a specified voltage or-
current that is completely independent of other circuit elements.

3 ‘ v—_L_"' Jl*
(o f Gl

Ideal dependent (or controlled) source is an active element in which the source
quantity is controlled by another voltage or current.

——

v & i <

The four possible types of dependent sources are:
1. A voltage-controlled voltage source (VCVS).
2. A current-controlled voltage source (CCVS).
3. A voltage-controlled current source (VCCS).
4. A current-controlled current source (CCCS).

Example 1.1
How much charge is represented by 4,600 electrons?

Solution:
Each electron has -1.602 x 107'° C. Hence 4,600 electrons will have —1.602 x 107"°
Clelectron x 4,600 electrons = -7.369 x 1076 C

Example 1.2

An energy source forces a constant current of 2 A for 10 s to flow through a light bulb. If
2.3 kJ is given off in the form of light and heat energy, calculate the voltage drop across
the bulb.

Solution:

The total charge is
Ag=iAt=2x10=20C

The voltage drop is

Aw 2.3 %103

=E— 20 =115V

v
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Example 1.3
Find the power delivered to an element at t = 3 ms if the current entering its positive
terminal is

i=5cos 60mtA
and the voltage is: (a) v = 3,

Solution:
(a) The voltage is v = 3i = 15 cos 601 t; hence, the power is
p = vi= 75 cos® 60 t W
Att=3 ms,
p =75 cos? (60 x 3 x 107°) = 75 cos? 0.18m = 53.48 W

Example 1.4
How much energy does a 100-W electric bulb consume in two hours?

Solution:
w=pt=100 (W) x 2 (h) x 60 (min/h) X 60 (s/min)
= 720,000 J =720 kJ
This is the same as
w=pt=100W x 2 h=200Wh

1.2 BASIC CIRCUIT LAWS
Resistance is the physical property or ability to resist current and is represented by the
symbol R.

V)

R = pz
where p is known as the resistivity of the material in ohm-meters, A is the cross-
sectional area, and Zis length.

Ohm’s law states that the voltage v across a resistor is directly proportional to the
current / flowing through the resistor.

v=IiR
The resistance R of an element denotes its ability to resist the flow of electric current; it
is measured in ohms (22).

R=">
where 1 Q =1 V/A.
Short circuit is a circuit element with resistance approaching zero.
Open circuit is a circuit element with resistance approaching infinity.
Conductance is the ability of an element to conduct electric current; it is measured in
mhos (U) or siemens (S).

G = 1 i
"R v
where 1S=10=1A/\.

Branch represents a single element such as a voltage source or a resistor.
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Node is the point of connection between two or more branches.
Loop is any closed path in a circuit.
Kirchhoff’'s current law (KCL) states that the algebraic sum of currents entering a
node (or a closed boundary) is zero; or the sum of the currents entering a node is equal
to the sum of the currents leaving the node.

N

im0

n=1
where N is the number of branches connected to the node and i, is the nth current
entering (or leaving) the node.

The algebraic sum of currents at the node is
or
i1+i3+i4=i2+i5

Kirchhoff’s voltage law (KVL) states that the algebraic sum of all voltages around a
closed path (or loop) is zero; or the sum of voltage drops = sum of voltage rises.
M

va=0

m=1
where M is the number of voltages in the loop (or the number of branches in the loop)
and vy, is the mth voltage.

+ Y2 - FV3-
4 A -
gl ) Vg O
= Vg -3
By KVL,
—U1+U2+U3—U4+U5=0
or

U2+v3+v5-_—vl+1»74,
The equivalent resistance of any number of resistors connected in series is the sum
of the individual resistances.

N
Req=R1+R2+"'+RN=ZRﬂ

n=1
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Principle of voltage division:

Voltage Divider Circuit:

The equivalent resistance of two parallel resistors is equal to the product of their
resistances divided by their sum.

R{R, 1. 1 4 1 — 1
R.+R, * Ry R, R, Ry

Principle of Current Division:

Req =

R, . R
"ER TR, 2T R +R,

[

Current Divider Circuit:

Node b
Delta to Wye Conversion:
Each resistor in the Y network is the product of the resistors in the two adjacent A
branches, divided by the sum of the three A resistors.

RbRc
R]_:"'——
R, + Ry +R,
R.R,
Ry=—-%2—
R+ By +R,
RaRb

Ri=m—————MM —
> 7 Ry + Ry + R,
Wye to Delta Conversion:
Each resistor in the A network is the sum of all possible products of Y resistors taken
two at a time, divided by the opposite Y resistor.
RyR, + RyR3 + R3Ry
R, =
R,
_ R4Ry + RyR3 + R3Ry
= z

b
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c R3

When Y and A are balanced, then
Ri=R,=R3;=Ry, R,=Ry,=R.=Rj
And the formulas become

Ry === or R,=3Ry

Example 1.5
A voltage source of 20 sin mt V is connected across a 5-kQ resistor. Find the current
through the resistor and the power dissipated.

Solution:
v 20sinmt 4 sin 7zt mA
l=—=————7=4sInntm
R 5x103
Hence,
p = vi = 80sin? 7t mW
Example 1.6
Determine v, and i in the circuit shown.
I__ 50 o 2%
o &
zv @ av (5
6Q
+ v ;-.C',“.-
Solution:

We apply KVL around the loop as shown in the next figure. The result is
—12+4i+2v,-4+6i=0 (1)

Applying Ohm's law to the 6-Q resistor gives

' Vo = —Bi (2)

Substituting Eqg. (2) into Eq. (1) yields
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-16+10i—12i=0=ji=-8A
and v, =48 V.

Example 1.7
Find current i, and voltage v, in the circuit shown.

Solution:

Applying KCL to node a, we obtain
3+05i,=ip=>ipb=6A

For the 4-Q resistor, Ohm’s law gives

Vo=4ip =24V
Example 1.8
Find Req for the circuit shown.
40 10
(s, AN T —ANAN
% 20

Rea, o .

Solution:

ﬁnllsn—GXB—zn
T 6+3

10 + 58 = 64
4Q
AN

8Q

;’_)-———A.'.‘\'.‘v.‘

Rg = 4Q +24Q +8Q = 144 Q
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Example 1.9
Find i, and v, in the circuit shown below. Calculate the power dissipated in the 3-Q
resistor.

Solution:
The 6-Q and 3-Q resistors are in parallel

sifan=2%2 9
64 F

our circuit reduces to the second figure shown below
: 4Q -

—

]
12v (1) %220
b

There are two ways to obtain v,. One way is to apply Ohm's law

L T
I

Hence, v,=2i=2 X 2=4V
Another way is to apply voltage division,

2
Uy —-'m(lZV) =4V

Similarly, i, can be obtained in two ways. First by Ohm's law in the first figure,
4
v = 3ip = 4 = i, =ZA
Second is by current division,

. 6
T
The power dissipated in the 3-Q resistor is

4
Po = voio =4 (‘é"‘) = 5333 W

.y 4
l—g(ZA)—“S"A

Example 1.10
Convert the A network to an equivalent Y network.

Solution:
RyR, 10 X 25 250

“R,+R,+R, 15+10+25 50

Ry =50

IC 106 — EE REVIEW 2 10
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@ i R b_ @ b
250 ¥
1 1. 58 758
\‘_‘\‘ }?1 “ y ™ .Q‘
Z 10Q 15Q ™
Ry 2 Rs
/ R;Z30
| |
g [
R.R, 25 x 15
Rz R, + Ry + R, 50
R,Ry 15 %10
R3 = = =3
R, +Ry+R, 50
1.3 ANALYSIS METHODS

Nodal analysis is also known as the node-voltage method.
Steps to Determine Node Voltages:

1. Select a node as the reference node. Assign voltages vq, vz, ..., v, — 1 to the
remaining n — 1 nodes. The voltages are referenced with respect to the reference
node.

2. Apply KCL to each of the n — 1 nonreference nodes. Use Ohm's law to express
the branch currents in terms of node voltages.
3. Solve the resulting simultaneous equations to obtain the unknown node voltages.
The number of nonreference nodes is equal to the number of independent equations.
When solving using nodal analysis, current flows from a higher potential to a

lower potential in a resistor by the passive sign convention:
_ Vhigher — Vlower

Supernode is formed by enclosing a 40
(dependent or independent) voltage / Supernode
source connected between two ‘,.,
nonreference nodes and any T, o "
elements connected in parallel with 2Q . iy o

Ve SANN - &t ) :.':

it. LA A . ‘.___ —'n
CASE 1: If a voltage source is , L ol L
1ov (*) 2 80 260

connected between the reference
node and a nonreference node, we
simply set the voltage at the
nonreference node equal to the
voltage of the voltage source.

CASE 2: If the voltage source
(dependent or independent) is —

IC 106 — EE REVIEW 2 11
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connected between two nonreference nodes, the two nonreference nodes form a
generalized node or supernode; we apply both KCL and KVL to determine the node
voltages.
Important properties of a supernode:
1. The voltage source inside the supernode provides a constraint equation needed
to solve for the node voltages.
2. A supernode has no voltage of its own.
3. A supernode requires the application of both KCL and KVL.

Mesh analysis is also known as loop analysis or the mesh-current method. A mesh is
a loop that does not contain any other loops within it.
Steps to Determine Mesh Currents:

1. Assign mesh currents iy, iz, . . . , i, to the n meshes.

2. Apply KVL to each of the n meshes. Use Ohm'’s law to express the voltages in

terms of the mesh currents.

3. Solve the resulting n simultaneous equations to get the mesh currents.
The direction of the mesh current is arbitrary—(clockwise or counterclockwise)— and
does not affect the validity of the solution.
Supermesh results when two meshes have a (dependent or independent) current
source in common.
CASE 1 When a current source exists only in one mesh: Consider the circuit below, for
example. We set i, = =5 A and write a mesh equation for the other mesh in the usual
way; that is,

10+ 4is+6(i—)=0=i1=-2A
4Q 30

A

CASE 2 When a current source exists between two meshes: We create a supermesh by

excluding the current source and any elements connected in series with it.
60 "> 10 Q

‘__ 6Q 10Q
2 Q : ) AMAA AANA
20v@® (i) J () Zaq - *H
r L * % 2o0v({®) | ( "‘) (2} | 4
. 6A(4) _ ol K -
{ P SOR— I
i ~& \“. ~
-'.1 0 s S

Exclude these
elements
Important properties of a supermesh:
1. The current source in the supermesh provides the constraint equation necessary
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to solve for the mesh currents.
2. A supermesh has no current of its own.

3. A supermesh requires the application of both KVL and KCL.

Example 1.11
Determine the voltages at the nodes in the figure shown below.
40
AN
M 2a 5 8Q
1 MWAA AAAN 3
) =
3A(4) 40 <¢ 2iy
0
Solution:
4Q
."'v“‘-“‘v—
; A
pa 28 . 2 80 %2 '
‘-.‘ — \f‘ A!' il _a\'\f"f’i l'3
ant| |45
3A CD Z a0 <; 2i,
At node 1, — = =
- |1 Vv, — \11
v =2v,—wy=12 (1)
At node 2,
i 243 = 171—'1'2_1':—1'3+\':—0
i i 2 8 4
-4+ Tva— v =0 (2)
At node 3,
N . Vi=V; Va—Vy 2y, —w)
W B 3 143 -8 3 _ 12 2
2\"| = 31‘2 +Vv;= 0 (3)
Adding Egs. (1) and (3).
5\’] = 5\'3 =12
“'| — ": = sz = 2.4 (4)
Adding Egs. (2) and (3)
=y +4v, = > v =2v, (5)
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Substituting Eq. (5) into Eq. (4)

21'2 — \-'2 = 2.4 = \’3 = 2.4. V; = 2\-’2 = 4.8 V

From Eq. (3)

Thus,
v =48V v,=24YV W= =24N¥

Example 1.12
For the circuit shown, find the node voltages.

10Q

AN

¥y 2 V L |
< J
2A(fﬁ a 20 4nfi_§ })74

L

Solution:

Applying KCL to the supernode as shown below

f— [l e~
| 2A l" 1’2 7A !
‘: ‘; I
2A Q} Z20 403 @ 7A
| |
| ]
=+
2=i+0n+7
w—-0 w-0
2= 12 +-_4'_+7 = 8=2"|+\':+28
or
va=-=20- 2w (1)
Applying KVL to the circuit below
P2y
L N S .
; T+ N |
i g L3 | (—) “zli i
v =2+v=0 2>  wm=v+2 )

From Egs. (1) and (2),
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v;=v +2==-20- 2y
or
3vy=-22 = nw=-7333V
and v, = vy + 2 =-5.333 V. Note that the 10-Q resistor does not make any difference
because it is connected across the supernode.

Example 1.13

For the circuit shown, find the branch currents /4, >, and /3 using mesh analysis.

1. I
— ' B0 2 60

\-"%—'A'f ‘\O"'V‘\l"'(
|+
3’ 10Q
@ (%) J (&) Zaa
1oV
Solution:
For mesh 1,
—15+5,+ 10, = i)+ 10=0
or
3i; — 2= (1)
For mesh 2,
or
iy=2i,— 1 (2)

Using Cramer's rule, we cast Egs. (1) and (2) in matrix form as

AR

We obtain the determinants

|3 -2 3
A’"_il 2—_+._—4. L\;—_I l—_+l_4
Thus,
A, Ay
I—X—]A. l:—A-—-iA

Example 1.14
For the circuit shown, find /s to iy using mesh analysis.

Solution:
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20
i i
T
: = P 40 2Q
P ——— M
f'zf SA T"
< i g i H - e >
6Q S | iz ) v >3 (i) | 8Q ia ) 50 R0 AY)
< ! » ¥ 4 i ¥ e
N PESPRR (P —
-— O -—
> f3

Applying KVL to the larger supermesh,
2+ 4+ 8t —iy) +6i,=0

For the independent current source, we apply KCL to node P:
For the dependent current source, we apply KCL to node Q:
Ilz —_ j; + 3[.
BUt l'o = _i4,
ir= iy — 3ij 3)
In mesh 4,

5i; - 4iz= -5 (4)
From Egs. (1) to (4),
i=-15A, iy=-=25A, iy=303 A, i, =2.143 A

1.4 CIRCUIT ANALYSIS TECHNIQUES
A linear circuit is one whose output is linearly related (or directly proportional) to its
input.
Superposition principle states that the voltage across (or current through) an element
in a linear circuit is the algebraic sum of the voltages across (or currents through) that
element due to each independent source acting alone.
Steps to Apply Superposition Principle:
1. Tum off all independent sources except one source. Find the output (voltage or
current) due to that active source.
2. Repeat step 1 for each of the other independent sources.
3. Find the total contribution by adding algebraically all the contributions due to the
independent sources.

Source transformation is the process of replacing a voltage source v; in series with a
resistor R by a current source /s in parallel with a resistor R, or vice versa.

IC 106 — EE REVIEW 2 16
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!____ AAA gy | [—l—— a

Ve !,/ } s II* ) : R

Source transformation also applies to dependent sources:
R

[— O a ‘ o g
A .
v & — i P ZR
I._.——'_. b ‘.—_t__ h
Source transformation requires that
vS

ve=IR or ig=-—

Important points when dealing with source transformation:

1. Note from the figures above that the arrow of the current source is directed
toward the positive terminal of the voltage source.

2. Note from the equation above that source transformation is not possible when R
= 0, which is the case with an ideal voltage source. However, for a practical,
nonideal voltage source, R # 0. Similarly, an ideal current source with R = o
cannot be replaced by a finite voltage source.

Thevenin’s theorem states that a linear two-terminal circuit can be replaced by an
equivalent circuit consisting of a voltage source Vi, in series with a resistor R, where
Vi, is the open-circuit voltage at the terminals and Ry, is the input or equivalent
resistance at the terminals when the independent sources are turned off.

- Linear circuit with g
Linear g :
two-terminal all independent R
ircul ) Yo sources set equal s,
circuit _
o b to zero o b
Vg, = Voc ‘QT- = )

Two cases when finding Ry

CASE 1 If the network has no dependent sources, we turn off all independent sources.
R, is the input resistance of the network looking between terminals a and b, as shown
in Fig. (b).

CASE 2 If the network has dependent sources, we turn off all independent sources. As
with superposition, dependent sources are not to be turned off because they are
controlled by circuit variables. We apply a voltage source v, at terminals a and b and
determine the resulting current i,. Then Ry, = Vo/ip, @s shown in Fig. (a). Alternatively,
we may insert a current source j, at terminals a-b as shown in Fig. (b) and find the
terminal voltage v,. Again R, = V,/i,. Either of the two approaches will give the same
result. In either approach we may assume any value of v, and i,.
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0 a
Circuit with = Circuit with S
all independent ) all independent ‘ o
\ ¥ VA )i
sources set equal = * sources set equal o \_*.} 'a
1o zero l to zero 5
b b
Yo Vo
Rin=— Rp=—+
[ i
{a) (b)

Norton’s theorem states that a linear two-terminal circuit can be replaced by an
equivalent circuit consisting of a current source /y in parallel with a resistor Ry, where In
is the short-circuit current through the terminals and Ry is the input or equivalent
resistance at the terminals when the independent sources are turned off.

By source transformation, the Thevenin and Norton resistances are equal:

Ry = Ry
and
Vrn
= Rtp

Maximum power is transferred to the load when the load resistance equals the
Thevenin resistance as seen from the load (R, = Ry).

Rm
A ‘ I:

v (&) / R,

a

b

The maximum power transferred is obtained through:
_ Vi
pmax =5 4RTh

Example 1.15
Assume /, = 1 A and use linearity to find the actual value of I, in the circuit shown.

I, 6% 2 Vi by 2Q 1y, 30
—MAN T —AAN ; WYV
T I I I,
=154 (}) 702 40 % 50 =
t _c]- > pr
| |
A

Solution:
If I,b=1A,then Vi =(3+5)l,=8Vand ;= V;/4 =2 A. Applying
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KCL at node 1 gives

L=hLK+1,=3A
Vo=V, +2L,=8+6=14V, L=V,/7T=2A
Applying KCL at node 2 gives
ls=hL+L=5A

Therefore, Is = 5 A. This shows that assuming /, = 1 gives Is = 5 A, the actual source
current of 15 A will give /, = 3 A as the actual value.

Example 1.16
Use the superposition theorem to find v in the circuit shown.

8Q
vy
<. ¥

'\"v"."'n
S wil @
6V ﬁf o 40 |’ q ) 3A

v=v,+ 1,

Solution:
Let

Applying KVL to the loop gives

12i,—-6=0 = i,=05A
8Q
L

WA
6v(® Q 403y

& o
Thus,
vy = 4i1 =2V
Or
4
v, = 4—+—8- (6) =2V
To get v,, we use current division,
8
i3 = m(S) =2A
80
AN —a
.
> "
40 2 v Q[) 3A
Hence,
vy, = 4’13 =8V
And we find

v=uv,+v,=2+8=10V
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Example 1.17
Use source transformation to find v, in the circuit shown.

20 30

A A

.L A’\ -:‘+ Pt
402 3A\tj BQ S, l\?uv
Solution:
40 20

AMA—AMN,
R T 1
2v (@ gasvw 230 (H4aa2a(}) saz sazw 30 (})4A

8 11 L T

We use current division in Fig. (c) to get

2
i 2+8(2) 4 A

and

v, =8i=8(04) =32V
Alternatively, since the 8- and 2-Q resistors in Fig. 4.18(c) are in parallel, they have
the same voltage v, across them. Hence,

8x2
Vg = (8 I 2)(2A) — _1_6_(2) =32V
Example 1.18
Find the Norton equivalent circuit of the figure shown at terminals a-b.
8Q
l "-‘A#NA{ » a
20(1) 7 250
d]) é\ 2v T
=/
] A > b
gQ
Solution:
20% 5
Ry=5I8+4+8=5120="2%2=40

Applying mesh analysis
=2, 20, —4i, - 12=0
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From these equations, we obtain
h=1A=i =l

Alternatively, we may determine Iy from Vqy, /Rrn.

80 &
80
o a > | TN las =1y
(1) Ta0 2)
o P -y
& : Ry 2A(}) l
40 > 50 = -— ; () 12 v 5O
l g0
80
( AASA o b b
(a) (b)
gQ
- A i 4
( .{:. Saq )
2a(}) | 5Q V= voc
(F2v
=/
] 80 .
AAAN O b
{c)
Using mesh analysis, we obtain
ii=2A
25i,—4i,—12=0 = i,=08A
and .
Vo=V =35i,=4V
Hence,

N= R_Tn 1
The Norton equivalent circuit is as shown below.

L

Al a0

]\_ Th=4_IA

L

1.5 CAPACITORS AND INDUCTORS
A capacitor consists of two conducting plates separated by an insulator (or dielectric).
The capacitor is said to store the electric charge. The amount of charge stored,
represented by g, is directly proportional to the applied voltage v so that

q=0Cv
where C, the constant of proportionality, is known as the capacitance of the capacitor.
The unit of capacitance is the farad (F), in honor of the English physicist Michael
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Faraday (1791-1867).

Capacitance is the ratio of the charge on one plate of a capacitor to the voltage
difference between the two plates, measured in farads (F).

For parallel-plate capacitor, the capacitance is given by
€A

where A is the surface area of each plate, d is the distance between the plates, and € is
the permittivity of the dielectric material between the plates.

Dielectric with permittivity ¢
'//

7
e Metal plates,
each with area A

The circuit symbols for capacitors: (a) fixed capacitor, (b) variable capacitor
B - i C

—

11
1]
(a) (b)
Important properties of a capacitor:

1. Note from the equation shown that when the voltage across a capacitor is not
changing with time (i.e., dc voltage), the current through the capacitor is zero.
Thus, a capacitor is an open circuit to dc. However, if a battery (dc voltage) is
connected across a capacitor, the capacitor charges.

i= CE .
2. The voltage on the capacitor must be continuous. The voltage on a capacitor
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cannot change abruptly. The capacitor resists an abrupt change in the voltage
across it. According to the equation above, a discontinuous change in voltage
requires an infinite current, which is physically impossible. For example, the
voltage across a capacitor may take the form shown in Fig. (a), whereas it is not
physically possible for the capacitor voltage to take the form shown in Fig. (b)
because of the abrupt changes. Conversely, the current through a capacitor can
change instantaneously.

-

t t
(a) {b)

4. The ideal capacitor does not dissipate energy. It takes power from the circuit
when storing energy in its field and returns previously stored energy when
delivering power to the circuit.

5. A real, nonideal capacitor has a parallel-model leakage resistance, as shown
below. The leakage resistance may be as high as 100 MQ2 and can be neglected

for most practical applications.

Leakage resistance
S g

AAA M

D

||

1
\'Capacitance

The equivalent capacitance of N parallel-connected capacitors is the sum of the
individual capacitances.

(-‘cq =C+C,+C+ -+ Cy

oLl al sl

i Wi

(a) (b}

+.‘
o)
- 4

The equivalent capacitance of series-connected capacitors is the reciprocal of the

sum of the reciprocals of the individual capacitances.
R T |
= ( + C: + Cs % i + 3
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i C«; Cs C3 CN

a8

—————— (——*—l
L. W= - g - " +
¥ .r\.:-}:' v 4\--.“i‘:'/": C‘:‘C T "

(a) (b)

An inductor consists of a coil of conducting wire.

}a— Length,{ —-]

Cross-sectional area. A

“-.’,. 1
_ore matenal

Number of turns, N

where L is the constant of proportionality called the inductance of the inductor. The unit
of inductance is the henry (H), named in honor of the American inventor Joseph Henry
(1797-1878).

The circuit symbols for inductors: (a) air-core, (b) iron-core, (c) variable iron-core

i i

(a) b} (©)
Inductance is the property whereby an inductor exhibits opposition to the change of
current flowing through it, measured in henrys (H).
The inductance of an inductor depends on its physical dimension and
construction. For example, for the inductor, (solenoid) shown above,
2
o 200
where N is the number of turns, £ is the length, A is the cross-sectional area, and p is
the permeability of the core.
Important properties of an inductor:
1. Note from the equation shown that the voltage across an inductor is zero when
the current is constant. Thus, an inductor acts like a short circuit to dc.
NZuA
g

I =
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2. An important property of the inductor is its opposition to the change in current
flowing through it. The current through an inductor cannot change
instantaneously. According to the equation above, a discontinuous change in the
current through an inductor requires an infinite voltage, which is not physically
possible. Thus, an inductor opposes an abrupt change in the current through it.
For example, the current through an inductor may take the form shown in Fig.
(a), whereas the inductor current cannot take the form shown in Fig. (b) in real-
life situations due to the discontinuities. However, the voltage across an inductor

can change abruptly.

{a) (b)

3. Like the ideal capacitor, the ideal inductor does not dissipate energy. The energy
stored in it can be retrieved at a later time. The inductor takes power from the
circuit when storing energy and delivers power to the circuit when returning
previously stored energy.

4. A practical, nonideal inductor has a significant resistive component, as shown
below. This is due to the fact that the inductor is made of a conducting material
such as copper, which has some resistance. This resistance is called the winding
resistance Ry, and it appears in series with the inductance of the inductor. The
presence of R, makes it both an energy storage device and an energy
dissipation device. Since R,, is usually very small, it is ignored in most cases. The
nonideal inductor also has a winding capacitance C,, due to the capacitive
coupling between the conducting coils. Cy is very small and can be ignored in
most cases, except at high frequenciets.

R

The equivalent inductance of series-connected inductors is the sum of the individual
inductances.

] L I.;\ 5’.3 LN
— T — =TI _,__._‘
* Ty i“A +' - *"N_ e )
} b ."ZEL-;‘G
(a) (b)

The equivalent inductance of parallel inductors is the reciprocal of the sum of the
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Important Characteristics of the Basic Elements

Relation  Resistor (R)  Capacitor (C) Inductor (L)

5 k" i g e L qpdi

V-1 v=(R \——C—Lr(r)dr-l»\ﬂgl ) _LE

i-v: i=v/R j= OB i= lr\‘(rldr+ ilto)

dt Lk )

porw: p=iR= "7?* W= %C v W= %Liz

Series:  Rg=Ri+Ry  Cogm 12 .

SETIEs. o= Ry +R; i e wq= b+ Lo

. RR, Ly,

Parallel: Ry = Y Cy=Ci+ G Log= Li+ L

Atde: Same Open circuit Short ¢ircuit

Circuit variable
that cannot
change abruptly:  Not applicable v {

Passive sigh convention is assumed.

Example 1.19
Obtain the energy stored in each capacitor in the figure shown under dc conditions.
2mF
Il
1l
2kQ
AN
< 5kQ ?‘?; =
smA(}) 23k J_ = 4k
4 mF
=F
Solution:

Under dc conditions, we replace each capacitor with an open circuit, as shown.
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—+ v —0
2k —l L

5kQ

OLLEGE oé:sraeuﬁéza‘w.}i-;f e

= 4k0

+O— A

smA(}) 23k

W5

1

The current through the series combination of the 2-k Q2 and 4-k Q2 resistors is obtained
by current division as
3

1=m(6mA)=2mA

Hence,
v, = 20000 =4V v, = 4000i = 8V
The energies stored in the capacitors are

1 1

wy = EClvf =§(2 x 1073)(4%) = 16 m]
1 1

w, = Eczvzz — -5(4 x 1073)(8%) = 128 mJ

Example 1.20

Determine the voltage across a 2-uF capacitor if the current through it is
i(t) = 6e3000tmA

Assume that the initial capacitor voltage is zero.

Solution:
Since v = %fﬂt idt + v(0) and v(0) = 0,
= I ’ -3000- ” -3
V=53 10_6j06e dr+ 10
_3x10° somor| _ _,~3000t
=00° =1V
Example 1.21
Find the equivalent capacitance seen between terminals a and b of the circuit shown.
5 aF 60 uF
=] i oo
Con
204uF == 6 uF 20uF = s
1
Solution:

The 20-uyF and 5-pF capacitors are in series
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20x5
2045 T
This 4-uF capacitor is in parallel with the 6-yF and 20-uF capacitors;
4+ 6+ 20 =30 uF
This 30-uF capacitor is in series with the 60-uF capacitor. Hence, the equivalent
capacitance for the entire circuit is

30 x 60

=————=20uF
Ceq 30+ 60 H

Example 1.22
The current through a 0.1-H inductor is i(f) = 10te™
inductor and the energy stored in it.

A. Find the voltage across the

Solution:
Since v= L di/dtand L=0.1 H,
y =0, 1(—1’( 10te )= e + (=5 =1 =50V
4
The energy stored is
w=1 12 =10.1)1008 = 57 )

Example 1.23
Consider the circuit shown below. Under dc conditions, find: (a) i, vg, and i, (b) the
energy stored in the capacitor and ir;nductor.

1Q 5Q
VVVYy ] VW l jl,.
40
:"-4""'5 < -
12v{>) + J_ 2H <
ve T 1F -

Solution:
(a) Under dc conditions, we replace the capacitor with an open circuit and the inductor
with a short circuit, as in the figure below.

ey s i
Pk T 145
10 50
™ Ju
Z40 &
2v (@) wl
g

The voltage v¢ is the same as the voltage across the 5-Q resistor. Hence,
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ve=5i=10V

(b) The energy in the capacitor is
1 1
we = ECvé = -2-(1)(102) =50]
and the inductor

a 1
wy =2 LiE = 2(2)(2) = 4]

Example 1.24

Find the equivalent inductance of the circuit shown.
4H 20H

bl 1

8 H 10H

Solution:
The 10-H, 12-H, and 20-H inductors are in series; thus, combining them gives a 42-H
inductance. This 42-H inductor is in parallel with the 7-H inductor so that they are
combined, to give

7 X 42

7+42
This 6-H inductor is in series with the 4-H and 8-H inductors. Hence,

Leg=4+6+8=18H

1.6 FIRST-ORDER CIRCUITS
First-order circuit is characterized by a first-order differential equation.

The Source-Free RC Circuit:
A source-free RC circuit occurs when its dc source is suddenly disconnected.

i~ b= ja
" + v ?

Ca= ) R

=

The natural response of a circuit refers to the behavior (in terms of voltages and
currents) of the circuit itself, with no external sources of excitation.
The voltage response or natural response of the RC circuit is an exponential decay of
the initial voltage:

v(t) = Vye t/RE
The time constant of a circuit is the time required for the response to decay to a factor
of 1/e or 36.8 percent of its initial value.

T=RC
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In terms of the time constant, the voltage response can be written as
w() = Ve~ "
With the voltage v(f), we can find the current ig(f),
v(t V,
a0 = = e
The key to working with a source-free RC circuit is finding:
1. The initial voltage v(0) = V; across the capacitor.
2. The time constant t.

The Source-Free RL Circuit:

=
56
o5
]
A AAA
o

The natural response of the RL circuit is a_n exponential decay of the initial current.
i(t) = Iye Rt/
The time constant for the RL circuit is
L

T==—
R
The natural response of an RL circuit can be written as
i) =l,e~tit
With the current, we can find the voltage across the resistor as
vg(t) = iR = IyRe™ /T
The Key to Working with a Source-Free RL Circuit Is to Find:
1. The initial current i(0) = Iy through the inductor.
2. The time constant 7 of the circuit.

Singularity functions are functions that either are discontinuous or have discontinuous
derivatives.

The three most widely used singularity functions in circuit analysis are the unit step, the
unit impulse, and the unit ramp functions.

The unit step function u(t) is 0 for negative values of t and 1 for positive values of t.

0, t<0
u(t) = {1, t>0
ult) &

2
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If the abrupt change occurs at t = fy (where f, > 0) instead of t = 0, the unit step
function becomes

0, t<ty
u(t—t ={
0) 1, t>¢
ult -ty 4
1+ i
] .
0 o t

which is the same as saying that u(t) is delayed by f, seconds.
If the change is at t = —tp, the unit step function becomes

0, t<-—t,
u(t+ty) = {1‘ > —t,
ult + tg) 1\
1
—tg 0 (‘r

meaning that u(f) is advanced by f; seconds.
We use the step function to represent an abrupt change in voltage or current.

For example, the voltage
(0, t<t,
v(t) = {Vm t> tg
may be expressed in terms of the unit step function as
'U(t) = Vg‘“(t — tg)
If we let t = 0, then v(t) is simply the step voltage Vyu(f).
t

W - sk fole ]

1
(=]

) m—
Vult) n\;‘/) s |

0 b o b

Similarly, a current source of lhu(f) is shown

Oa < ca

utt) (3) —_— b @
o b \[ o b
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The derivative of the unit step function u(f) is the unit impulse function &(f).

d 0, t<0
6(t) = d—u(t) = lUndeﬁned, t=0
t 0 t>0

The unit impulse function J(t) is zero éverywhere except at t = 0, where it is
undefined.

3(t) §(o0)

0 1
Integrating the unit step function u(f) results in the unit ramp function r(t).
t<0

OJ
r(®) ={t t>0

The unit ramp function is zero for negative values of t and has a unit slope for positive
values of t.
rit) 4

-

o
i e

For the delayed unit ramp function,
gy = O t<t,
T("")_{t—tn, t=>t,

For the advanced unit ramp function,
_ (0, t < —t,
(t+)= {t iy, Tt

Step Response of an RC Circuit:
The step response of a circuit is its behavior when the excitation is the step function,

which may be a voltage or a current source.
0

R 2

-
i

| = &4

V. /t\l C—o—=v Wut) \:n C—

The step response is the response of the circuit due to a sudden application of a dc
voltage or current source.
The complete response (or total response) of the RC circuit to a sudden
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application of a dc voltage source, assuming the capacitor is initially charged.
. Vo, t<0
v(r) = . _”-
Ve +(Vo—Vi)e™, t>0

Complete response = natural response + forced response

stored energy independent source
or
V=v,+ vy
where
1, =Waatt
and

v =V(1— PO
Another way of looking at the complete response is to break into two
components—one temporary and the other permanent, that is

Complete response = transient response + steady-state response

temporary part permanent part
or
V=1V + Vg
where
v = (Vo —Vo)e ™"
and

Vs = V5
The transient response is the circuit's temporary response that will die out with time.
The steady-state response is the behavior of the circuit a long time after an external
excitation is applied.
The complete response can now be written as
v(t) = v(0) + [1(0) — v(0)]e™/"
If the switch changes position at time f = {; instead of at { = 0 the equation becomes
v(t) = v() + [v(ty) — v(e0)]e™¢~H)/
To find the step response of an RC circuit requires three things:
. The initial capacitor voltage v(0).
. The final capacitor voltage v(o).
3. The time constant t.

N —

Step Response of an RL Circuit:

R __, 5
AAAN 7"\ .
¥

™o [T

v, (+) L3 v(0 Vol () L v
s =/ =
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The complete response of the RL circuit is

A Vs) e
z(t)—R+(IO—R e

or
i(t) = i(e0) + [i(0) — i(c0)]e~"/"
If the switching takes place at time t = {; instead of { = 0 the equation becomes
i(t) = i(0) + [i(to) — i(o0)]e~ =0/
To find the step response of an RL circuit requires three things:

1. The initial inductor current i(0) at ¢ = 0.

2. The final inductor current i(eo).

3. The time constant 7.

Example 1.25

In the figure shown, let v¢ (0) = 15 V. Find v, vy, and iy for > 0.
8Q
VNV ‘ IA.‘

< + ‘_.4-
5Q 2 IF == 120 2 v,

Solution:
We find the equivalent resistance or the Thevenin resistance at the capacitor terminals.
Our objective is always to first obtain capacitor voltage vc. From this, we can determine
vy and y.

The 8-Q and 12-Q resistors in series can be combined to give a 20-Q resistor.
This 20-Q resistor in parallel with the 5-Q resistor can be combined so that the

equivalent resistance is

R _20><5_4Q
47 204+5

The equivalent circuit is as shown below

R :: 1

eq <

— O1F

1]

The time constant is
T = ReqC =4(0.1) =045
Thus,
v =v(0)e"t/T = 15¢~t/04y, Ve = v = 15725ty
From the original figure, we can use voltage division to get vy; so

¥ = 0/6(15e™" ) =9e™t Y

x=12+8
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Finally,

Example 1.26
The switch in the circuit shown has been closed for a long time. At f = 0, the switch is
opened. Calculate i(f) for { > 0.

= O
I— FAATAY J YUY ‘ "(!)
@wv  Fea Zea Jov

Solution:
When t < 0, the switch is closed, and the inductor acts as a short circuit to dc. The 16-Q
resistor is short-circuited; the resulting circuit is shown in Fig. (a). To get /4 in Fig. (a), we
combine the 4-Q and 12-Q resistors in parallel to get

4x12 30

C4+12
W 4Q

‘ i)

aov (3) =120

(a)
Hence,
. T 8 A
| BT
We obtain i(f) from iy in Fig. (a) using current division

i(t)=12+4i1 =64A t<0
Since the current through an inductor cannot change instantaneously,
i(0)=i(07)=6A
When ¢ > 0, the switch is open and the voltage source is disconnected. We now have

the source-free RL circuit in Fig. (b).
40

RQ= S16Q = 2H

Combining the resistors
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Req=(12+4) 116 =80

The time constant is

Thus,
i(t) =i(0)e /T = 6e* A

Example 1.27 ‘
The switch in the figure has been in position A for a long time. At f = 0, the switch moves
to B. Determine v(f) for { > 0 and calculate its value at = 1 and 4 s.

3kQ A B 4kQ

Solution:

For t < 0, the switch is at position A. The capacitor acts like an open circuit to dc, but vis
the same as the voltage across the 5-k Q resistor.

Hence, the voltage across the capacitor just before t = 0 is

N O _
v(0 )—5+3(24)—15V

Using the fact that the capacitor voltage cannot change instantaneously,

#H0)=w0r)=v07)=15¥V
For t > 0, the switch is in position B. The Thevenin resistance connected to the capacitor
isRth=4 kQ,

T=RnpC=4%102%x05x10"3=2s
Since the capacitor acts like an open circuit to dc at steady state, v(ee) = 30 V. Thus,
v(t) = v(0) + [1(0) — v(w0)]e~/"
=30+ (15 —=30)e~t/2 = (30 — 15e705t)V

At t=1,

v(1) =30 —15¢7%° =209V
At t=4,

v(4) =30 — 152 =27.97V

Example 1.28
Find i(f) in the circuit shown for t > 0. Assume that the
switch has been closed for a long time.

Solution:
When t < 0, the 3-Q resistor is short-circuited, and the
inductor acts like a short circuit. The current through the
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inductorat{=0"

10
i(07) = == 5A
Because the inductor current cannot change instantaneously,
i(0) =i(0r) =i(0~)=54A

When t > 0, the switch is open. The 2- and 3-Q resistors are in series

[(c0) - 2A

i = =

2+3

The Thevenin resistance across the inductor terminals is

Rin=2+3=50

For the time constant,

Thus,
i(t) = i(o0) + [i(0) — i(e0)]e~t/"
=24+ (5—2)e Bt =243 LA t>0

1.7 SECOND-ORDER CIRCUITS

A second-order circuit is characterized by a second-order differential equation. It
consists of resistors and the equivalent of two energy storage elements.

Typical examples of second-order circuits are RLC circuits.

Source-Free Series RLC Circuit:

Characteristic equation:

s+ % + - 0
_ _ T
Roots of the characteristic equation:

s, =—a+ /az—wg, Sy =—a— |a? — wi

_R
S22
The natural response of the series RLC circuit is

i(t) = Ajestt + Ae’2!

where

a Wy =

-
ﬁ

Three types of solutions:
1. fa > wy, we have the overdamped case.
2. If a = wy, we have the critically damped case.
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3. Ifa < w,y, we have the underdamped case.

Overdamped Case (a > wg)
When @ > w,, C > 4L/R?. Both roots s; and s are negative and real. The response is
i(t) = AjeSit + A,eset

it) A

—

0 t

Critically Damped Case (¢ = wg)
When a = w,, C=4L/R* and
R

31=52=-a=_'ﬁ

The response is
i(t) = (Az + Alt)e_at

iit) 4

B 7

i
H
0 1

a

Underdamped Case (@ < wg)
Fora < wg, C<4L/R?. The roots may be written as

5| = —a+ Y—(w] — &) = —a + joy,

SH=—a— 'J—(m%—az) = —@ — joy

where j = vV—1and w, = /w2 — a2, which is called the damped frequency.
The natural response is exponentially damped and oscillatory in nature.
i(t) = e"*(B; cos wyt + B, sin wgt)
i(t) A
-t
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Source-Free Parallel RLC Circuit:

RO

Characteristic equation:

Roots of the characteristic equation:

2
312=——-}-—+ (L) —ior Si12=—at ’az—wz
’ 2RC — |\2RC LC x - 9

i 1
a==—=, Wy=—F7=

2RC’ JIC

where

Overdamped Case (a > w,)
When a > w,, L > 4R?C. The roots of the characteristic equation are real and negative.
The response is

v(t) = Aestt + A,et

Critically Damped Case (ax = w)
Fora = wy, L =4R*C. The roots are real and equal so that the response is
'U(t) = (Al + Azt)e_“t
Underdamped Case (@ < )
When e < wg, L <4R?C. In this case the roots are complex and may be expressed as
S12=—atjwg

wg = ‘wg - a?

v(t) = e"* (A, cos wat + A, sin w,yt)

where

The response is

Step Response of a Series RLC Circuit:
The step response is obtained by the sudden application of a dc source.

S A T X
’] YWY

Li1a

Vs |+ C -y

=/
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Characteristic equation:
dv Rdv v _ Y
w2 LatTICTIC
The complete solution of the equation consists of the transient response and steady-
state response:

v(t) = v, () + v ()
The complete solutions for the overdamped, underdamped, and critically damped cases
are:
viy= V., + A" + Axe™  (Overdamped)

vin=V,+ (A; + Asne™®  (Critically damped)

W)=V, + (A, cos wyt + As sin wytle™  (Underdamped)

Step Response of a Parallel RLC Circuit:

TORRNEIINE I 3

Characteristic equation:
i, Vi, 1.5

df RCdt' LC LC
The complete solution of the equation:
i() = ip(t) + igs(t) _
The complete solutions for the overdamped, underdamped, and critically damped cases
are:
i()=1I, + A1e™ + A2e”™ (Overdamped)

i(=I+ (A +Ax)e™™ (Critically damped)
i(ty=1I,+ (A, cos ot + A, sin wyt)e™ (Underdamped)
Example 1.29

In the figure shown, R=40 Q, L =4 H, and C = 1/4 F. Calculate the characteristic roots
of the circuit. Is the natural response overdamped, underdamped, or critically damped?
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Solution:
R 40
=T 2@
1 i .
Wn = — =
Y {Ic 1
4 x=

4

S12=—azt ’az—w§=—5:t\125—1

s; =—0.101, s, =-9.899

The roots are

or

Since @ > w,, we conclude that the response is overdamped. This is also evident from

the fact that the roots are real and negative.

Example 1.30

In the parallel circuit shown, find v(f) for t > 0, assuming v(0) =5V, i(0) =0, L =1H, and
C =10 mF. Consider these cases: R=1.923 Q, R=5Q,and R=6.25 Q.

Solution:
CASE1IfR=1.923 Q,
_ 1 _ 1
2RC 2% 1.923x10x 1073

ﬂ)n = |"'1_""= l =
VLC 1% 10x 107}
Since @ > w, in this case, the response is overdamped.

2 9
Sja=—ax\a —w;=-2,-350

the corresponding response is

a =26

10

W =A™ + Ae™ (1)

Applying the initial conditions to get A and A,.

W0)=5=A4,+A4, (2)

a0 _  w0) +Ri(0) _ 540 — _260
dt RC 1923% 10x 107>~

Differentiating Eq.-(1),

¢= G Y W 5044 ,~ S0t

(h ._.Aié - OA__C
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Att=0,
-260= =24, — 504, (3)
From Egs. (2) and (3), we obtain A1 =-0.2083 and A, = 5.208. Substituting A and Az in
Eqg. (1) yields _
w(t) = —0.2083¢™ > + 5.208¢7>" (4)

CASE 2When R=5 Q,
. |

2RC 2x5x10x 107
while wp = 10 remains the same. Since a = wy = 10, the response is critically damped.
Hence, s = s, =-10, and

a

V()= (A, + A0 (5)
v0)=5=4, (6)

dv(0) _ w0) + Ri(0) _ 540 _ 100
dt RC 5% 10x 107°
Differentiating Eq. (5),

4 _ (Z104; — 10421 + Ae™™™

dt
Att=0,
—100=—104, + A; (7)
From Egs. (6) and (7), A1 = 5 and A; =-50. Thus,
W =(5=500e"™"V (8)

CASE 3When R=6.25 Q,
| 1

a: fonm: —
2RC 2% 625%10x% 1073

while wg = 10 remains the same. As o < wy in this case, the response is underdamped.
The roots of the characteristic equation are

S|a=—ax \Ha3~m3=—81j6

Hence,
W) = (A, cos 6t + A, sin 61)e™™ (9)
v0)=5=A, (10)
dv(0) _ v(0) + Ri(0) el 530 _ 80
dt RC 6.25% 10x 1073

Differentiating Eq. (9),
-‘3“1 SR cnn B Bhsdin B3 il Bi6H- L6k conblie ™

Att=0,
—80=-84, + 64, (11)
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From Egs. (10) and (11), A1=5 and A, = —-6.667. Thus,

_ v(1) = (5 cos 6t — 6.667 sin 61)e™™ (12)
Figure below plots the three cases.

vi)V
5
4
3
2

1 Overdamped
!:" Critically damped
0F
~----Underdamped

_‘ 1 i3 1 >

0 05 1 15 tyg)

Example 1.31
Find i(t) and ig(f) for t > 0.
200

TRAR |

aA(P) 2043 2003 smF=v

(¥) 30u-nVv

Solution:
For t < 0, the switch is open, and the circuit is partitioned into two independent
subcircuits. The 4-A current flows through the inductor, so that

i(0)=4A
Since 30u(-f) = 30 when t < 0 and 0 when t > 0, the voltage source is operative for t <
0. The capacitor acts like an open circuit and the voltage across it is the same as the
voltage across the 20-Q resistor connected in parallel with it. By voltage division, the

initial capacitor voltage is
20

v(0) = 50120 (30) =15V
For t > 0, the switch is closed, and we have a parallel RLC circuit with a current source.
The voltage source is zero which means it acts like a short-circuit. The two 20-Q
resistors are now in parallel. They are combined to give R = 20 || 20 = 10 Q. The
characteristic roots are determined as follows:
1 1

T2RC T 2x10x8x10-3

= 6.25

a
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1 1
VLC +20x8x 103

S12=at /az — w2 = —6.25 +v39.0625 — 6.25 = —6.25 + 5.7282

Wy =

or
s; =—11.978, s, =—0.5218
Since ¢ > w,, we have the overdamped case. Hence,
i(t) = -’s +Ale—11.978t +A2e—0.5218t (-1)
where s = 4 is the final value of i(f). We now use the initial conditions to determine A,
and A;. Att=0,
i(0)=4=4+4,+4, = A,=-4A (2)
Taking the derivative of i(f) in Eq. (1),

di
_— —11_978A18—11.978t —_ 0'5218Aze-0.5218t

dt
sothatat t=0,
i(0)
';T = —11.9784, — 0.52184, (3)
But
di(0) di(0) 15 15
L= =v0=15 = a L 20 O

Substituting this into Eq. (3) and incorporating Eq. (2), we get
0.75 = (11.978 — 0.5218)4, = A, = 0.0655
Thus, A1 = —0.0655 and A, = 0.0655. Inserting A1 and A in Eq. (1) gives the complete
solution as
l(t) =4+ 0.0655(6—0'521& — e—11.978t)A
From i(t), we obtain v(t) = L di/dt and

vt) _Ldi 11.978t
A =—=——=0, —11. — 0.0342¢70-5218t
ip(t) o 5o 0.785¢ 342e A

Self-Evaluation:
1. Which of these is not an electrical quantity?
a. charge
b. time
c. voltage
d. current
e. power
2. Voltage is measured in:
a. watts
b. amperes
c. volts
d. joules per second
3. A network has 12 branches and 8 independent loops. How many nodes are there
in the network?
a. 17
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b. 19
c. 4
d. 5
4. The maximum current that a 2W, 80 kQ resistor can safely conduct is:
a. 40 kA
b. 160 kA
c. 25mA
d. SpA _
5. In the circuit shown, the voltage v is: w 6a P

a. 8V v (@) '
b. 16V i
c. 16V
d. 8V =
6. The Norton resistance Ry is exactly equal to the Thevenin resistance Rryy.
a. True
b. False
7. The superposition principle applies to power calculation.
a. True
b. False
8. When the total charge in a capacitor is doubled, the energy stored:
a. remains the same
b. is doubled
c. is halved
d. is quadrupled
9. Inductors in parallel can be combined just like resistors in parallel.
a. True
b. False
10. A capacitor in an RC circuit with R = 2 QQ and C = 4 F is being charged. The time
required for the capacitor voltage to reach 63.2 percent of its steady-state value
is:
a. 8s
b. 4s
c. 28
d. 16s
11.For the circuit shown, the inductor ‘  ite)
current just before t = 0 is: 4

=< 5H

a 2A A 320 A
b. 6A t=0 N 330
c. 4A |
d. 8A
12. Consider the parallel RLC circuit shown. What type of response will it produce?

a. underdamped
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b. overdamped l l J
c. critically damped 1 =l

Qs 2 1H 'F
d. none of the above L J T

13.A parallel RLC circuit has L = 2 H and C = 0.25 F. The value of R that will
produce a unity neper frequency is:
a. 0.50
b. 40
e 26
d. 10
14.When a step input is applied to a second-order circuit, the final values of the
circuit variables are found by:
a. Replacing capacitors with closed circuits and inductors with open circuits.
b. Replacing capacitors with open circuits and inductors with closed circuits.
c. Doing neither of the above.

Review of Concepts:

1. An electric circuit consists of electrical elements connected together.

2. Current is the rate of charge flow past a given point in a given direction.

3. Voltage is the energy required to move 1 C of charge from a reference point (=)
to another point (+).

4. Power is the energy supplied or absorbed per unit time. It is also the product of
voltage and current.

5. According to the passive sign convention, power assumes a positive sign when
the current enters the positive polarity of the voltage across an element.

6. An ideal voltage source produces a specific potential difference across its
terminals regardless of what is connected to it. An ideal current source produces
a specific current through its terminals regardless of what is connected to it.

7. Voltage and current sources can be dependent or independent. A dependent
source is one whose value depends on some other circuit variable.

8. A resistor is a passive element in which the voltage v across it is directly
proportional to the current i through it. That is, a resistor is a device that obeys
Ohm’s law.

9. A short circuit is a resistor (a perfectly, conducting wire) with zero resistance (R =
0). An open circuit is a resistor with infinite resistance (R = ).

10.The conductance G of a resistor is the reciprocal of its resistance. A branch is a
single two-terminal element in an electric circuit. A node is the point of
connection between two or more branches. A loop is a closed path in a circuit.

11.Kirchhoff's current law (KCL) states that the currents at any node algebraically
sum to zero. In other words, the sum of the currents entering a node equals the
sum of currents leaving the node.

12.Kirchhoff's voltage law (KVL) states that the voltages around a closed path
algebraically sum to zero. In other words, the sum of voltage rises equals the
sum of voltage drops.

13.Two elements are in series when they are connected sequentially, end to end.
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When elements are in series, the same current flows through them (i1 = i2). They
are in parallel if they are connected to the same two nodes. Elements in parallel
always have the same voltage across them (v¢ = v2).

14.Nodal analysis is the application of Kirchhoff's current law at the nonreference
nodes. (It is applicable to both planar and nonplanar circuits.) We express the
result in terms of the node voltages. Solving the simultaneous equations yields
the node voltages.

15. A supernode consists of two nonreference nodes connected by a (dependent or
independent) voltage source.

16.Mesh analysis is the application of Kirchhoff's voltage law around meshes in a
planar circuit. We express the result in terms of mesh currents. Solving the
simultaneous equations yields the mesh currents.

17.A supermesh consists of two meshes that have a (dependent or independent)
current source in common.

18.A linear network consists of linear elements, linear dependent sources, and linear
independent sources.

19. Network theorems are used to reduce a complex circuit to a simpler one, thereby
making circuit analysis much simpler.

20.The superposition principle states that for a circuit having multiple independent
sources, the voltage across (or current through) an element is equal to the
algebraic sum of all the individual voltages (or currents) due to each independent
source acting one at a time.

21.Source transformation is a procedure for transforming a voltage source in series
with a resistor to a current source in parallel with a resistor, or vice versa.

22.Thevenin’s and Norton's theorems allow us to isolate a portion of a network while
the remaining portion of the network is replaced by an equivalent network. The
Thevenin equivalent consists of a voltage source Vr, in series with a resistor Ry,
while the Norton equivalent consists of a current source ly in parallel with a
resistor Ry.

23.For a given Thevenin equivalent circuit, maximum power transfer occurs when R.
= Ry,; that is, when the load resistance is equal to the Thevenin resistance.

24.The current through a capacitor is directly proportional to the time rate of change
of the voltage across it. The current through a capacitor is zero unless the
voltage is changing. Thus, a capacitor acts like an open circuit to a dc source.

25.The voltage across a capacitor is directly proportional to the time integral of the
current through it. The voltage across a capacitor cannot change instantly.

26.Capacitors in series and in parallel are combined in the same way as
conductances.

27.The voltage across an inductor is directly proportional to the time rate of change
of the current through it. The voltage across the inductor is zero unless the
current is changing. Thus, an inductor acts like a short circuit to a dc source.

28.The current through an inductor is directly proportional to the time integral of the
voltage across it. The current through an inductor cannot change instantly.

29.Inductors in series and in parallel are combined in the same way resistors in
series and in parallel are combined.
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30.At any given time t, the energy stored in a capacitor is %Cvz, while the energy

3 i O | o
stored in an inductor is ELLZ.

31.The natural response is obtained when no independent source is present.

32.The time constant T is the time required for a response to decay to 1/e of its initial
value. For RC circuits, T = RC and for RL circuits, 7 = L/R.

33.The singularity functions include the unit step, the unit ramp function, and the unit
impulse functions.

34.The steady-state response is the behavior of the circuit after an independent
source has been applied for a long time. The transient response is the
component of the complete response that dies out with time.

35.The total or complete response consists of the steady-state response and the
transient response.

36.The step response is the response of the circuit to a sudden application of a dc
current or voltage.

37.The determination of the initial values x(0) and dx(0)/dt and final value x(«) is
crucial to analyzing second-order circuits.

38.The RLC circuit is second-order because it is described by a second-order
differential equation.

39.If there are no independent sources in the circuit after switching (or sudden
change), we regard the circuit as source-free. The complete solution is the
natural response.

40.The natural response of an RLC circuit is overdamped, underdamped, or critically
damped, depending on the roots of the characteristic equation.

41.If independent sources are present in the circuit after switching, the complete
response is the sum of the transient response and the steady-state response.
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