University of Diyala
Collage of Engineering

Department of Chemical Engineering

Fundamentals of Electrical Engineering

Second Class

By

Asst. Lecturer. Sura. F. Yousif




Basic Concepts

1.1 System of Units

The International System of Units is commonly called Sl. In this system, there
are seven principal units from which the units of all other physical quantities can
be derived. The seven base units are shown in Table (1.1). The Sl units also uses
prefixes based on the power of 10 to relate larger and smaller units to the basic
unit. Table (1.2) shows the Sl prefixes and their symbols.

Table (1.1): The basic Sl units

Quantity Basic Unit
Length meter
Mass kilogram
Time second
Electric current ampere
Thermodynamic temperature kelvin
Light intensity candela
Charge coulomb

Table (1.2): The Sl prefixes

Multiplier Prefix
1018 exa
1015 peta
1012 tera
10° giga
10° mega

103 kilo
102 hecto
10 deka
101 deci
102 centi
103 milli
10-° micro
10~° nano
pico
femto
atto
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1.2 Charge and Current
1. Electric Charge (q): The electric charge is an electrical property of the atomic
particles of which matter consists, measured in coulombs (C). The charge e on
an electron is negative and equal in magnitude to (1.06 x 10~1°C), while a
proton carries a positive charge of the same magnitude as the electron.
. Electric Current (i): The electric current is the time rate of change of charge,
measured in amperes (A).

. _dq 2
i q= J idt
t

T dt
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Electric current can be classified into two basic types:

= Direct Current (dc): is a current that remains constant with time. The symbol
(1) is used to represent such a constant current.

Direct Current

= Alternating Current (ac): is a current that varies sinusoidally with time. The
symbol (i) is used to represent such a time-varying current.

\/

Alternating Current

Example: Determine the total charge entering a terminal between t=1s and t=2s if
the current passing the terminal is i = (3t? — t)A.

Solution:

tz 2 t% 12 1
q=f idt:f(3t2—t)dt=(t3——) =(8—2)—<1——)=5.5C
. ) 2711 2
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Q: If the current flowing through an element is:

i—{4A’ 0<t<1
S 4t%4, t > 1

Calculate the charge entering the element from t=0s to t=2s. Answer: 13.333 C.
1.3 Voltage

The voltage or potential difference (V,;) between two points a and b in an
electric circuit is the energy (or work) needed to move a unit charge from a to b.
The voltage is measured in volts (V). If the potential of point a is higher than that
of point b then:

Vab=Va—Vy if Vo>V,

1.4 Power and Energy

Power (P): is the time rate of expending or absorbing energy, measured in watts
(W).

_dw

P=—
dt

where P is power in watts (W), w is energy in joules (J), and t is time in seconds

(8)-

dw dw dq
P:—:—)(—:
dt dq  dt

v.i

P =vi

Energy (W): is the capacity to do work, measured in joules (J). The energy
absorbed or supplied by an element from time ¢, to time t is:

t t
W = f Pdt = f vidt
to t

0




The electric power utility companies measure energy in watt-hours (Wh),
where:

1 Wh=3600J

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

W =P.t =100 %2 X 60 x 60 = 720000/ = 720K]

Or W=100x%2=200Wh

Q: A stove element draws 15 A when connected to a 240-V line. How long does it
take to consume 180 kJ? Answer: 50s.

1.5 Circuit Elements

An electric circuit is simply an interconnection of the elements. Circuit

analysis is the process of determining voltages across (or the currents through) the
elements of the circuit. There are two types of elements found in electric circuits
which are:

= Active Elements: These elements are capable of generating energy such as
generators, batteries, and operational amplifiers.
Passive Elements: These elements are incapable of generating energy such as
resistors, capacitors, and inductors.

The most important active elements are voltage or current sources that
generally deliver power to the circuit connected to them. There are two kinds of
sources:

Independent Source: is an active element that provides a specified voltage or
current that is completely independent of other circuit elements.

Dependent Source or_controlled source: is an active element in which the
source quantity is controlled by another voltage or current.




Basic Laws
2.10hm's Law

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

Val V=1IR

Where R is the resistance. The resistance R denotes the ability of an element
to resist the flow of electric current; it is measured in ohms ().

R =

V
I

Example: An electric iron draws 2 A at 120 V. Find its resistance.

Solution:

R=—=——=60Q
I 2

Q: The essential component of a toaster is an electrical element (a resistor) that
converts electrical energy to heat energy. How much current is drawn by a toaster
with resistance 15 Q at 110 V? Answer: 7.333A.

For any material, the resistance R depends on its physical dimensions as
follows:
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Where p is known as the resistivity of the material.  and A are the length and
the cross-sectional area of the material respectively. Good conductors, such as
copper and aluminum, have low resistivities, while insulators, such as mica and
paper, have high resistivities. The resistivities of common materials are shown in
Table (2.1).

Table (2.1): Resistivities of common materials

Material

Resistivity ({2.m)

Usage

Silver

1.64 x 1078

Conductor

Copper

1.72 x 1078

Conductor

Aluminum

2.8x 1078

Conductor

Gold

2.45x 1078

Conductor

Carbon

4%x107°

Semiconductor

Germanium

47 x 1072

Semiconductor

Silicon

6.4 X 1072

Semiconductor

Paper

1010

Insulator

Mica

5 x 1011

Insulator

Glass

1012

Insulator

Teflon

3 x 1012

Insulator

Conductance (G): is the ability of an element to conduct electric

measured in mhos (&) or Siemens (S).

current; it is

The conductance is a measure of how well an element will conduct electric

current.

i=Gv




Example: In the circuit shown, calculate the current i, the
conductance G, and the power P.

Solution:

.V 30 - 6mA
TR T5x103 oM

= =g = 0.2m$

P=vi=30x%x6x10"%=180mwW
Or P=i?R=(6x%x10"3)% x5 x 103=180mW
Or P=v%G=(30)2x0.2%x1072 =180mw

Q: For the circuit shown, calculate the voltage v, the
conductance G, and the power P.

ra "'. '::
imA(}) 0k s v
Wl o

Answer: 30 V, 100 mS, 90 mW.

2.2 Nodes, Branches, and Loops

= A branch represents a single element such as a voltage source or a resistor.
= A node is the point of connection between two or more branches.
= A loop is any closed path in a circuit.

A network with b branches, n nodes, and [ independent loops will satisfy the
fundamental theorem of network topology:

b=1l+n-1




Example: For the circuit shown, determine the number of branches, nodes and
independent loops.

Solution:

l=2,b=4,n=3

b=l+n-1

4=2+3-1=4 mmmp 4=4

Q: For the circuit shown, determine the number of branches, nodes and
independent loops.

Answer:l=3,b=5n=3
2.3 Kirchhoff’s Laws

Ohm’s law by itself is not sufficient to analyze circuits. However, when it is
coupled with Kirchhoff’s two laws, we have a sufficient, powerful set of tools for
analyzing a large variety of electric circuits. Kirchhoff’s laws were first introduced
in 1847 by the German physicist Gustav Robert Kirchhoff (1824-1887). These
laws are formally known as Kirchhoff’s current law (KCL) and Kirchhoff’s
voltage law (KVL).




+ Kirchhoff’s current law (KCL) states that the algebraic sum of currents
entering a node (or a closed boundary) is zero.

Mathematically, KCL implies that:

N
Zin=0

n=1

Where N is the number of branches connected to the node and i,, is the nth
current entering (or leaving) the node. By this law, currents entering a node may be
regarded as positive, while currents leaving the node may be taken as negative or
vice versa as shown:

By rearranging the terms, we get:

i1+i3+i4=i2+i5

In other word, Kirchhoff’s current law states that:

(The sum of the currents entering a node is equal to the sum of the
currents leaving the node).

+ Kirchhoff’s Voltage Law (KVL) states that the algebraic sum of all voltages
around a closed path (or loop) is zero.

Expressed mathematically, KVL states that:

M
Zszo

m=1

Where M is the number of voltages in the loop (or the number of branches in
the loop) and v,, is the mth voltage.

To illustrate KVL, consider the circuit in figure shown below.




Vi — VU —VU3+0V,—vs =0

By rearranging the terms, we get:

v1+v4=v2+v3+175

This may be interpreted as:
(Sum of voltage drops = Sum of voltage rises)
Example: For the circuit shown, find voltages v, and v,.

Solution:

T A
IR I Y < 3 r Fs 1
0V i) > 2 - 0v (*

To find v4and v,, we apply Ohm’s law and Kirchhoff’s voltage law.
20—v;—v, =0 mmp 20—-2{—3i=0 wmmp 20-5i=0

20="5; memp =44

v, =2i=2%x4=8V v, =3i=3%x4=12V

E=v,+v,=8+12=20V ) 20 =20

Example: Find currents and voltages in the circuit shown by using Kirchhoff’s
laws.

\:b 'l 1 "7-
=30 Loopl| w32 h
=, <

-




Solution:
Using Ohm's law:
U = ilRl = 81,1 y VU, = iZRZ == 312 y V3 = i3R3 = 6l3

¢ Applying KCL at node a:

=l +is — i —iy—is=0 Eq. (1)
s Applying KVL to loop (1):

E—v,—v,=0 wemp 30—8i;—3i,=0 mmmp | j,
s Applying KVL to loop (2):
V= U3=0 oesmp v, =7; s 3i;, = 6i; mmm)
Substituting Egs. (2) and (3) into (1) gives:

30 -3i,

30—-3i, . i .

T—LZ—§=0 i, =24

il=w=3A, i3=i§2=§=1A

v, =81y =8x3=24V, v,=3i,=3X2=6V, v;=6i3=6X1=6V
i1 =i, +i3=2+1=34, 3A=3A

E=v,+v,=24+6=30V, 30V =30V

Q: Find the currents and voltages in the circuit shown by using Kirchhoff’s laws.

i3
—

ey
Wi ——
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T
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Answer: v, = 6V, v, =4V, v3 =10V, i; = 34, i, = 500mA, i; =1.254

2.4 Circuit Transformations

= Series Circuits: Two or more elements are in series if they have only one point
in common and thus they carry the same current.

For the circuit shown, if we apply KVL to the loop,
we have:

vV—v1—v,=0

V=01 +V, iy V= 01R; + 3R,

v=Ii(R, +Ry)

_ v
R, +R,

i

eq

In general, the equivalent resistance of any number of resistors connected
in series is the sum of the individual resistances.

For N resistors in series then:

1_ RT:R1+R2+R3++RN

V=E=vi+v,+v3+---+vy




Example: For the circuit shown, find:

a. The total resistance.
b. The total current.
c. The voltage drop across each resistance.

Solution:

b. i=£=1§=2A

Rt
c. v =IiR; =2X%X4=8V, Vv, =R, =2X2=4V

E=171+172=8+4=12V

Parallel Circuits: Two or more elements are in parallel if they have two points
in common and thus they have the same voltage across them.

For the circuit shown, if we apply KCL at node (a), we have:

R1R;

R, =—"—
® R,+R,

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




For N resistors in parallel then:

1. 1_1+1+1++1
Rr Ry R, R Ry

V=E=171=172:173:"':17N

i:i1+iz+i3+"‘+iN

Example: For the circuit shown, find: b

. The total resistance. i

+

. The total voltage. soma () zZokn
. The current for each resistance. [

. Determine the power to each resistive load.

. Determine the power delivered by the source
and compare it with the total power dissipated by the resistive elements.

Solution:

T ™ R,+R,  9+18

b. E=V=iR; =30%x 1073 X 6 x 10° = 180V = v, = v,

C. i =2 =—2_=20mA, =2 =—2_=10mA

TR, 9x103 R,  18x103
ip=1i,+i, =20+10=304

d. P, =i;v; =20%x 1073 x 180 = 3600 x 1073 = 3.6W
P, =iv, =10 x 1073 x 180 = 1.8W

e. P, =iy xV =30x10"3x 180 = 5.4W




Example: Find the total resistance for the network shown:

Solution:

1_1+1+1_1+1+
Rr Ry R, Ry 20 30

20037 3007300

60_857&2
=—=8

2.5 Open and Short Circuits

We often need to apply the open circuit or short circuit in the analysis of
electric network.

¢ Open Circuit: An open circuit is simply two isolated terminals not connected
by any element of any kind. An open circuit is a circuit element with
resistance approaching infinity.

For the circuit shown:

In general, an_open circuit can have a voltage
(potential difference) across its terminals but the current
is always Zero.

«» Short Circuit: A short circuit is a direct connection between two elements or
combination of elements. A short circuit is a circuit element with resistance
approaching zero.

For the circuit shown:

v=IR=0V




In general, a short circuit can carry a current of any level but the voltage
(potential difference) across its terminals is always Zero.

2.6 Voltage Divider Rule in Series Circuits

Consider the series circuit shown, we have:

RT=R1+R2

Ry

v
iR, = (—)R = v(
1 1 R, +R,

R, )

= iR, = (o) R2 = v (5
V2= =A\R,) "2 TV R, TR,

R, R,
= v(——— v, = v(—""
V1=V TR 2 =Yg ¥Ry

Example: Find the voltage across the three resistances for the circuit shown.

R,

VA
5 kQ
hl

— 10 kQ %Rz
75 kQ

VWA
R

3

Solution:

B ( R, ) 45x (5x10%)
1T VR + R, + R (5+10+75)x 105

R, 45 x (10 x 103)
o= rriis)

R,+R,+R;/ (5+10+75)x103

R, ) 45 x (7.5 x 10%)

1’3=v<1[21+1r32+1[23 G+10+75) x10°

17




E=v1+v2+v3=10+20+15=4‘5V

2.7 Current Divider Rule in Parallel Circuits

Consider the parallel circuit shown, we have:

RiR,

U=iRT, RT:R TR
1 2

' (Rfffez) .

R,

'(Rflffez) _ l,(

R,

iy =i iy = i)
17 "R, +R, 27 "R, +R;

Example: Determine the currents I; and I, in the circuit shown.

Solution:

_ RiR, _2><8_16_16kQ
" Ry+R, 2+8 10

Rt

_ 3% 5 sma
T16x103 -«°m

= 2+ 8) x 10° = 0.0184 = 18mA

R, )_ 22.5%x 1073 x 8 x 103

R{ + R,




I—I( R, )_22.5><10‘3><2><103_0004514_45 1
2="\R,+R,) - CQ+ox10°0 - Som

I=1,+1,=18+45=22.5mA
2.8 Series-Parallel Circuits
Series-parallel circuit is a combination of series and parallel resistors.

Example: Find R, for the circuit shown.

Solution:

6><3_18_ZQ
6+3 9

Reyg =4+24+8=14.4Q

Example: For the circuit shown, determine: (a) the voltage v, (b) the power
supplied by the current source, (c) the power absorbed by each resistor.

]

Wma () &2
30 mA \+/ =




Solution:

iz
—.
pi
J J

5 S 9 kO

Y

30ma (})

a.

___( R, )_30x10‘3x18><103_20 p
NT\R 4R T T @+18)x108

___( R, )_30><10‘3><9><103_10 1
T \R ¥R, T O+18)x108

Vo =9 %103 x 20 x 1073 = 180V, Vo = 18 x10% x 10 x 1072 = 180V
b. Py = vgip = 180 X 30 X 1073 = 5.4W

C. Piop = vi, =i5R = (10 x1073)2 x 12 x 103 = 1.2W

Pg, = iR =(10x1073)2 x 6 x 103 = 0.6W

Py, = i? xR =(20x1073)2x9x 10% = 3.6W
Py=12+0.6+3.6=5.4W

Example: Calculate the equivalent resistance R, in the circuit shown.

Solution:

4x12
4+12

1+5=06Q, =20, 2+1=30Q




1002 . 10 4

WY W W

3X?2

=120, R, =10+12=11.20
342 ab +

Problems

Q: Find R, for the circuit shown.

Answer: 10Q

Q: Find R, for the circuit shown

20 02

W w0 L

10
2 L\\

L Y
AN Y

Answer: 19Q)

Q: Find vyand v, in the circuit shown. Also calculate i;and i, and the power
dissipated in the 12 Qand 40 Q resistors.




b

5 =400

Answer: v, = 10V, i; = 833.3mA, P, =8.333W, v, =20V, i, =
500mA, P, = 10W.

Q: For the circuit shown, find: (a) vyand v,(b) the power dissipated in the 3k
and 20kQ resistors, and (c) the power supplied by the current source.

+
i = =
:\ ,: WmA  25kQ B l:: 0k

Answer: (a) 45V, 60V, (b) 675 mw, 180 mW, (c) 1.8 W.

Q: Determine the number of branches, nodes, and independent loops in the circuit
shown.

40
AR AN

WYY

12v(F)
b

Q: All resistors in the Fig. shown are 5Q each. Find

Req.

Answer: 8.125Q).




Q: Using series/parallel resistance combination, find the equivalent resistance seen
by the source in the circuit of Fig. shown. Find the overall absorbed power by the

resistor network.

010 3 60 0

LYY, A A e
WV { WY { VYWY {

wov (T 1600Z 1600 803

AMA A
»"J

200

Answer: 10002, P=400W.

Q: Find R, for the circuit shown.

Answer: 73Q).

Q: Calculate the equivalent resistance R, at terminals a-b for each of the circuits

in Fig shown.

MR

o )_E
ASAN

Swa =400

[

20 00

i

(@)

Answer: (a) 12Q, (b) 16Q.




Q: Find I in the circuit shown.

!

s0v(F)

120

AR

A
YWy

200

W

i Wity
[5 Q 150

150

g b

250

MG ‘
A A

-

80

Answer: 2.5A.

Q: Find the equivalent resistance at terminals a-b of in the circuit shown.

10 £2
A A

Al L2
A A

20 L2
A AR

L —

_'-.'ﬁ';"".'-'-.
30 L2

S0 L2
A A

Answer: 59.8Q).

2.9 Source Transformation

It is often necessary to have a voltage source rather than a current source or a
current source rather than a voltage source. In the circuit shown in Fig. (a), we
have a voltage source connected to a series resistance (Ry). We can replace the
voltage source by equivalent current source connected to a parallel resistance (R,)

as shown in Fig. (b) and vice versa.




In general, a_voltage source and series resistor can be replaced by a
current source and parallel resistor.

Example: Convert the voltage source in the circuit
shown to a current source.

Solution:

Example: Convert the current source in the circuit
shown to a voltage source.

Solution:

V=IR=2X3=6V

Example: Convert the current source to a voltage source in the circuit shown, then
calculate the current through the load (I;) and (V) for each source.




/|\> Is Rs
BmA 50Q2

Solution:

For the current source circuit:

I—I( R )_5><10‘3><50_0714 1
L='s\R,+R,) " " 50+300 ™M

V, =1, xR, = 0.714 x 1073 x 300 = 0.214V

For the voltage source circuit:

V. =I,R, =5%x1073 x50 = 0.25V
L 0.25
L™ 50+ 300

Vo 0.25 x 300
L™ 50 +300

= 0.714mA

=0.214V

Example: Use source transformation technique to find I; and I, in the circuit
shown.

Solution:
We convert the current source to a voltage source as shown.

V=IR=2Xx1=2V




Using KVL to the loop, we have:
8_2l1_1ll_2:0, 6_3l1=0, 6=3l1, l1=2A

Applying KCL on the original circuit, we have:

ll+2=l2, 2+2=l2, l2=4'A




Methods of Analysis

Having understood the fundamental laws of circuit theory (Ohm’s law and
Kirchhoff’s laws), we are now prepared to apply these laws to develop two
powerful techniques for circuit analysis: nodal analysis, which is based on a
systematic application of Kirchhoff’s current law (KCL), and mesh analysis,
which is based on a systematic application of Kirchhoff’s voltage law (KVL).

3.1 Nodal Analysis

Nodal analysis provides a general procedure for analyzing circuits using node
voltages as the circuit variables. Choosing node voltages instead of element
voltages as circuit variables is convenient and reduces the number of equations one
must solve simultaneously.

Steps to Determine Node Voltages:

1. Select a node as the reference node. Assign voltages vy, vy, ..., v,—110 the
remaining n — 1 nodes. The voltages are referenced with respect to the
reference node.

. Apply KCL to each of the n — 1 nonreference nodes. Use Ohm’s law to
express the branch currents in terms of node voltages.

. Solve the resulting simultaneous equations to obtain the unknown node
voltages.
The first step in nodal analysis is selecting a node as the reference or datum
node. The reference node is commonly called the ground since it is assumed to
have zero potential. A reference node is indicated by any of the three symbols
as shown:

Once we have selected a reference node, we assign voltage designations to
nonreference nodes. Consider, for example, the circuit shown. Node 0 is the
reference node while nodes 1 and 2 are assigned voltages v;and v,respectively.

28




)

Each node voltage is the voltage rise from the reference node to the
corresponding nonreference node or simply the voltage of that node with respect to
the reference node.

» The second step, we apply KCL to each nonreference node in the circuit. We
now add 1i4,iand izas the currents through resistors R4, R, and
R respectively. At node 1, applying KCL gives:

11 =12+i1+i2 Eq(l)
At node 2:

We now apply Ohm’s law to express the unknown currents iy, i, and iz in
terms of node voltages.

Note: Current flows from a higher potential to a lower potential in a resistor.

We can express this principle as:

i— vhigher — Viower
B R

vy —0 ) V1 — 7y ) v, —0

lh = R1 ) l = RZ ) l3 - R3 Eq (3)
Substituting Eq. (3) in Egs. (1) and (2) results, respectively, gives:

V1 — Uy
Eq.(4)




V1 — 7y

R + 1, Eq.(5)

The third step in nodal analysis is to solve for the node voltages. If we apply
KCL to n — 1 nonreference nodes, we obtain n — 1 simultaneous equations
such as Egs. (4) and (5). We solve Egs. (4) and (5) to obtain the node voltages
v, and v, using any standard method, such as the substitution method, the
elimination method, Cramer’s rule, or matrix inversion. To use either of the
last two methods, one must cast the simultaneous equations in matrix form.
For example, Egs. (4) and (5) after we simplify them, can be cast in matrix form

Eq.(6)

Eq.(7)

Which can be solved to get vyand v,.

Example: Calculate the node voltages in the circuit shown.

A
./ s i)
.\-_.:_.
40

20 = 60 =

Solution: The circuit below has been prepared for nodal analysis.




For node (1):

171—0 vl_vz
_|_
2 4

3 1
() v 3
For node (2):

v,—v; VU, —0 v, UV VU, ( 1) (1 1)
=1 — _——— —_— = —_— —_ — | =
2 + G 0-5, 2 4+ G 5 1 7 + v, 4+6 5

=5,

1 5

V4 (— Z) + v, (E) =5, —3v;+5v, =60 Eq.(2)

We will use Cramer’s rule to solve these two equations:

3 —11[ V1] _[20 _ |
[—3 5 ] [ vz} = [60} , We now obtain v,and v, as:
20 -1
Ay _le0 5 |
A = =—— =13
V1 A | 3 —1| 3X5—(—1X—3) 12 3.333V
-3 5

20 x5 (—1x60) 160

3 20
_1-3 60 _3X60—(—20X3)_180+60_

12 12 12 20V

v,

Q: Obtain the node voltages in the circuit shown.

Answer: vy = =6V, v, = —42V




Example: Find v4in the circuit shown using nodal voltage analysis.

10

A

—{:;j

Solution:

171—10 171—10 Ul—ZO 171—0
10 * 5 * 4 * 10
(1 1 1

1
1o+5+4+10)_1_2_5_0

=0

2+4+5+2 13 20x 8
171( 20 ) = 8, V1 <%> = 8, V= 13 =12.307V

Example: Find the currents I;through I, and the voltage v, in the circuit shown
using nodal voltage method.

Solution:

UO—O UO—O UO—O UO_O
=8-20
10 * 20 * 30 * 60

11,1 1y 6+3+2+1)_ .
(10 20 ' 30 60) v"( 60 =

12y _-12x60 o
v"(@)_ Vo= T T

32




10 10

—-60 »
60

Iy

14_=

Q: Using nodal analysis, find v in the circuit shown.

1254
N
=}

L

0=

100V ()

Answer: vy = 67.647V

Example: Use nodal analysis to find v4, v, and v5 in the circuit shown.

Solution:
For node (1):

U1—0+v1—172+171—173_5 3 1+1+1 1 1 _2
4 8 2 'v1(4 8 2) U2<8) v3<2)_

7 1 1
12 <_) -V, (-) — V3 <—) = 2’ 71}1 —Vy — 4'173 =16 Eq (1)

8 2

For node (2):

8




vV, —v; U, —0 v, —v; (1 1 1) (1)
=0, a4 )= )
g 2 ' 1 v2\g*277) " "1\g

-1 7 1
vy <?) + v, (g) — Vs (Z) =0, —v1+7v,—2v3=0 Eq.(2)

For node (3):

173_171 173_172 v3_12_
4

-1

7
36 —2 784+7240+1008—64—0
-1 343-8-8-112-28-7
7
-2

16

=10V

0
—4 36 36 0+128+144—0+ 504+ 112
= 180 = 5V

7 =1 16| 7 -1

-1 7 o(-1 7
-4 —2 36l-4 _2_1764+0+32+448—0—36

180 180

vy = 12.266V

Example: Find the current in the 12€ and 6€) resistors using nodal voltage
analysis for the circuit shown.




Solution:

There is one independent node and a reference node.

U0—60+U0—0+
12 12 6

g _12xo_ o
v"(ﬁ)" Vo= 7

| _60—v, 60-—27
2e= 12 7 12

/ _24-vy, 24-27
“T 6 T 6
Q: For the circuit shown, if R; = 1Q,R, = 2Q, and R; = 3Q, find I, using nodal
voltage method.

=24 _ o vo(%+1_12+%)_5—4:0, vo(

=9

1+1+2)
12

vy 27
= 275A, IlZQ = E = E = 225A

—0.54

Answer: 3A.

3.2 Mesh Analysis (Maxwell's Loop Current Method)

Mesh analysis provides another general procedure for analyzing circuits,
using mesh currents as the circuit variables. Using mesh currents instead of
element currents as circuit variables is convenient and reduces the number of
equations that must be solved simultaneously. Nodal analysis applies KCL to find
unknown voltages in a given circuit, while mesh analysis applies KVL to find
unknown currents.




To understand mesh analysis, we should first explain more about what we
mean by a mesh.

A mesh is a loop which does not contain any other loops within it.

Steps to Determine Mesh Currents:

1. Assign mesh currents iy, i,, ..., i,,t0 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.

To illustrate the steps, consider, for example, the circuit shown.

= The first step requires that mesh currents and are assigned to meshes 1 and 2
Although a mesh current may be assigned to each mesh in an arbitrary
direction, it is conventional to assume that each mesh current flows clockwise.

= As the second step, we apply KVL to each mesh. Applying KVVL to mesh 1, we
obtain:

Vl - ilRl - R3(i1 - lz) == 0, V1 - ilRl - i1R3 + i2R3 =0
Gi(Ri +R3) —iR3 =V, Eq.(1)
For mesh 2, applying KVL gives:

_isz - Rg(iz - ll) - VZ = 0, _iZRZ - i2R3 + i1R3 - V2 =0

i1R3 — (R, +R3) =V, Eq.(2)




» The third step is to solve for the mesh currents. Putting Egs. (1) and (2) in
matrix form yields:

Rl + R3 _R3 ] [ll] — [VI]
R; —(Rz + R3)]li2] V>

Which can be solved to obtain the mesh currents i;and i,. After finding the
mesh current:

I, =i4,I, =103, I3=11—1,

Example: For the circuit shown, find the branch currents I, I,and Isusing mesh
analysis.

I ﬁsz

—_—

Solution:

We first obtain the mesh currents using KVL.:

For loop (1):

15 — 5i; — 10(i; —i,) — 10 = 0,15 — 5i; — 10i; + 10i, — 10 =0
15i; —10i, =5, 3i; —2i, =1 Eq.(1)

For loop (2):

—6i, — 4i, — 10(i, — i) + 10 = 0, —=10i, — 10i, + 10i; + 10 = 0
—20i, + 10i; = —10, 10i; — 20i, = =10, i; — 2i, = —1 Eq.(2)

We will use Cramer’s rule to solve these two equations:

[3 —2] [ ] = [_11] We now obtain i;and i,as:




|1 -2
™A |3 —2 —-6+2 —4
1 =2

=14

3 1
N At B T

=14

N — 7R

Il=i1:1A, 12:i2:1A, 13:l1_12=1_1=014

Q: Calculate the mesh currents i;and i, of the circuit shown.

Answer: i; = 2.54, i, = 0A.

Example: Apply mesh analysis to find i in the circuit shown.

Solution:

For loop (1):
12i, —2i, =6, 6i;—i, =3 Eq.(1)

For loop (2):




_4‘1.2 _2(l2 _ll) - 1(l2 _lg)_8 = 0,_4‘l2 _212 +2l1 _lz +l3 —8=0
—T7i,+2i, +i3=8, 2i;—7Ti,+is=8 Eq.(2)
For loop (3):

— 6i3 = — Eq.(3)

l _J H 5

_ —288+0+0-0+12+ 36

35231 050-0-6-12 ~ 10254

-1 3

2 =7 8|2
1 =2lo0 _84+0+6—0—48—4

234 N 234
i=i,—i30ri=i3—i,=—1025—-0.136 =—-1.16140ri = 1.1614

= 0.1364

There is no need to find i .

Q: Apply mesh analysis to find iy, i, and i3 in the circuit shown if V; = 10V, V, =
20V,and V5 = 30V.

300

7

4{1;1 (i) v

Answer:i; = 6.564,i, = 14,i; = 1.44

39




Example: Use mesh analysis to find v,,and iyin the circuit shown.

200

1

L+

Solution:

For loop (1):

80 — 20i; —30(i; —i3) —20(i; —iy) =0

80 — 20i; — 30i; + 30i; — 20i; + 20i, = 0,80 — 70i; + 20i, + 30i; =0
70i; — 20i, —30i; =80 Eq.(1)

For loop (2):

80 —20(i, —iy) —30(i, —i3) —20i, =0

80 — 20i, + 20i; — 30i, + 30i3 — 20i, = 0,80 + 20i; — 70i, + 30i3 =0
20i; — 70i, + 30i; = —80 Eq.(2)

—30(i3 —i;) —30i3 —30(i3—i,) =0

—30i5 + 30i; — 30i; — 30i5 + 30i, = 0,30i; + 30i, —90i; =0 Eq.(3)

70 —=20 —30
20 —70 lz
30 —90

No need to find i; and i,.




70
20
30

—20
—70
30

80
—380
0

70
20
30

—20
—70
30

70
20
30

—20
—70
30

—-30
30
—-90

70
20
30

—20
-70
30

0 + 48000 + 48000 + 168000 + 168000 — 0

'3 = 441000 — 18000 — 18000 — 63000 — 63000 — 36000

ip=is=1.7784, vy, =i, x 30 =1.778 x 30 = 53.34V

Q: Find the mesh currents i4, i, and i3 in the circuit shown.

2V{

fz'

1,
:

l Li!
Y

,.ﬁ'

10V

I
1
T

l L!z

140 |

Answer: i; = 5.25mA, i, = 8.5mA, i3 = 10.25mA

Q: Find the mesh currents i4, i, and i3 in the circuit shown.

-

{ da
~—_ oo *

30 L2
A —

r "

Answer: i; = —3A,i, = 04,i; = 34

Q: Determine vy and v, in the circuit shown using mesh analysis.

Answer: v, = 6V,v, = 6V

=1.7784




Circuit Theorems

4.1 Superposition Theorem

If a circuit has two or more independent sources, one way to determine the
value of a specific variable (voltage or current) is to use nodal or mesh analysis.
Another way is to determine the contribution of each independent source to the
variable and then add them up. The latter approach is known as the superposition.

The 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.

The principle of superposition helps us to analyze a linear circuit with more
than one independent source by calculating the contribution of each independent
source separately.

Steps to Apply Superposition Principle:

1. Turn off all independent sources except one source. Find the output (voltage or
current) due to that active source using the techniques discussed previously in
the last chapters such as Ohm's law, Kirchhoff’s laws, current and voltage
divider rules, source transformations, mesh and nodal analysis.

. Repeat step 1 for each of the other independent sources.
. Find the total contribution by adding algebraically all the contributions due to
the independent sources.

Superposition does help reduce a complex circuit to simpler circuits through
replacement of voltage sources by short circuits and of current sources by open
circuits.

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




Solution:

The first step is to replace the current source by an open circuit as shown:

_6x4_
8+4

(51

The second step is to replace the voltage source by a short circuit as shown:

3x8

i3=4+8=2A, v, =2X4 =8V, V=v1+v,=2+8=10V

Example: For the circuit shown, use the superposition theorem to find i.

Solution:

The current due to the voltage source 12V:




The resistors 4Q2 on the right and 8Q are in series:

4x12
4+12

448 =120 , The 12Q in parallel with 4Q gives: 30

4o

= 302

12

B = G = 2A

The current due to the voltage source 24V:

Applying mesh analysis gives:

For loop (1):

—24 —8i, — 4iy, — 4(ig — i) = 0

4i, — i, =—6 Eq.(1)
For loop (2):

—4(i, — i) —3i, =0, 4i,—7i,=0 Eq.(2)

0 b_|4 ~I| "y ATE
4

-7

[i _1][ia]=[_6], i —|i _06|_ 0 + 24

-7 ib




The current due to the current source 3A:

Using nodal analysis gives:

40 - 40
AT AT

LA

=

= 302

For node (1): Ll :

v—=v, v1—0 v -0

0 £

_l_

2 L
10 1
2 (E) -1, (Z) =0,10v; —3v, =0 Eq.(1)
For node (2):

v, —v; VU, —0
4 * 8

1 1 1
= 3, (%) (Z-Fg) — (Z) = 3, 2171 — 3172 = —24 Eq (2)

0 -3

_ _ _ 0—-72
[120 —g] [2] = [—34]"’1 - |1204 —33 = Soxe SV
2

-3
There is no need to find v,.

% 3
i3:?1=§:1A, thusi=i, +i,+is=2—1+1=24

Q: Using the superposition theorem, find v, in the circuit shown.

Answer: 7.4V.

Q: Find 1| in the circuit shown using the
superposition principle.

Answer: 375mA.




Example: Use superposition theorem to find I;.

Ry
AN

|
TR 3

Solution:

The current due to the voltage source 20V:

24+ 16

The current due to the current source 2A:

[[,=12-05=0.74

Q: For the circuit shown, use superposition theorem to
find i. Calculate the power delivered to the 3Q resistor.

Answer:i =1.8754,P = 10.546W.

Q: For the circuit shown, use superposition theorem to
find i,.

Answer: ig = 0.636A.




4.2 Thevenin’s Theorem

Thevenin’s theorem states that a linear two-terminal circuit can be
replaced by an equivalent circuit consisting of a voltage source Vo, In series
with a resistor Rry,, Where Vo4, is the open-circuit voltage at the terminals and
Ry, 1S the input or equivalent resistance at the terminals when the
independent sources are turned off.

Steps to Find Thevenin's Equivalent Circuit:

1. Remove the load R; from the circuit terminals a and b (The load may be a
single resistor or another circuit) and redraw the circuit. The two terminals (a
and b) have becomes open-circuited.

. Calculate Ry by first setting all independent sources to zero (voltage sources
are replaced by short circuits and current sources are replaced by open circuits),
and finding the resultant resistance between the network terminals.

. Calculate Erpby first returning all sources to their original positions and finding
the open circuit voltage between the network terminals.

. Draw the Thevenin's equivalent circuit with R; from where it was previously
removed.

. Finally, calculate the current flowing through the R; by the following equation:

Linear
circuit

a
) ) Vi
SR




Example: Using Thevenin's theorem, find the current in the R; of the network
shown.

12k

Solution:

Step (1): Remove R; as shown.

Step (2): Find Ryy,, remove the independent sources
(replace the voltage source by short circuit (S. C.) as shown.

—— A :. A
12kQ

Rpn = (1214) + 8 = 2% 1 § = 3 4 8 = 11kQ
e 1244 N

Step (3): Find V¢, return all sources to their original positions then determine V;,,
using any method discussed previously across the open circuit terminals a and b as
shown.




Vo = 48 x4 x 1000
Th ™ (12 + 4) x 1000

=12V

Step (4): Draw the Thevenin's equivalent circuit representing the network
between points a and b with R; added.

—®A

= R
< 5k

@ B

Step (5): Calculate the current flowing through the R; as shown.

Vrh

= = = 0.75mA
R, + Ry, 1145

I

Example: Using Thevenin's theorem, find the current in the R; = 10Q of the
network shown.

A
R

1
—+ -
(—) ov % g R2

Solution:

Step (1):

Step (2):




R = (613) + 2= 22 4 2 =40
e S 6+3 7

Step (3):

y _9x3
Th =346

Step (4):

Step (5):

Vrn

I = =
LR, +Ry, 4+10

=0.2144

Q: Using Thevenin’s theorem, find the equivalent circuit to the left of the terminals
in the circuit shown. Then find I.

a

|

Z40 210

o]

b

Answer: Vy, = 6V, Ry, = 30,1 = 1.5A.

Example: Find the current in the 3€Q resistor using Thevenin's theorem in the
circuit shown.




Solution:

Step (1):

R, =614 = = 2.4(), R; short circuited

Step (3):

Step (4):




__Em 4
Ry +R, 24+3

I = 0.8894

Example: In the circuit shown, find the current through the branch a-b using
Thevenin's theorem.

“n
’_——?_JV\"V-~$—-“

l ag | |
%2?_1 “47n d? %23-—.
*;30"/ 154

s

53 . J

Solution:

27 X 27
Ry = (44 23)I127 = 271127 = 13.5Q

27+ 27

[ 18 x 23
2344427
Er, =1(27) = 7.67 X 27 = 207.09V

= 7.674,

[ E;, — 108
"~ 13.5 447

_207.09-108
T 13.5+47

= 1.644

Q: Apply Thevenin’s theorem to find V in the circuit shown.

Answer: Vo = 12.8V.




Q: Find the Thevenin equivalent circuit to the left of the terminals a and b.

610

Answer: Ry, = 3Q, Vg, = 6V.
4.3 Norton’s Theorem

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

Steps to Find Norton’s Equivalent Circuit:

. Remove the load R; or any portion of the network across which the Norton's
equivalent circuit is found from the circuit terminals a and b.

. Make the two terminals a and b short circuit.

. Calculate Ry by first setting all independent sources to zero (voltage sources
are replaced by short circuits and current sources are replaced by open circuits),
and finding the resultant resistance between the network terminals. In other
word, We find Ry in the same way we find Rrp,.

. Calculate I by first returning all sources to their original positions and finding
the short circuit current between the network terminals.

. Draw the Norton’s equivalent circuit with R;from where it was previously
removed.

. Finally, calculate the current flowing through the R; by the following equation:

Linear 0
two-terminal
circuit o b




InRy
="
Ry + R,

Example: For the circuit shown, find the Norton's equivalent circuit for the
network to the left of (a-b).

= |

R,
AANN,
i 3n |
E é
TQV R:<enn é R,

[ ]

=)

Solution:

Step (1):

[FL—'d —a
x




Example: Using Norton's theorem to find the current through the load resistor R;
in the network shown.

Solution:

Step (1):

Step (2):

Step (3):

; _10x5_50_5556A
N" 445 9 7

Step (4):

Step (5):

_IN_5.556_2778A
2 2 T

Example: For the circuit shown, find the value of the current passing through the
5Q) resistor using Norton's theorem. Calculate the power absorbed by this resistor.




Solution:

Step (1):

QN

!

_[l_zov

Step (2):

‘g I

[’“‘ o

[

[ AER——
tolfts=6n

AN l
€.

L
A

Ry = (15110) + 6 + 4 = 160

Step (3):

We have two sources, we can use superposition theorem to find the
resulting Ig.

The effect of the source 4A:

151110 = 15> 10
15410

The effect of the source 20V:

4 %6 —24—15,4
6+10 16

:6Q, IN=ISC= 16

ot

e AAAA s

lon

| % «C_‘J o

b

Ry = ((6+4)I10) + 15 = -

0x10
10 + 10

+

i 100
20

+15=5+15=20Q,




==

I 1
1A, ISC= 2 _E=05A,

I7

Step (4):

Step (5):

, CIyx16  2x16
M7 1645 21

= 1.524,

P =1% XRsq = (1.52)2 x5 = 11.6W

Q: Find the Norton equivalent circuit for the circuit
shown, at terminals a-b.

Answer: Ry = 30,1y = 4.5A.

Example: Find the Norton equivalent circuit for the portion of the network to the
left of (a-b) in the circuit shown.

Solution:

Step (1):

Step (2):

Ry = 41616 = 1.7140Q




Step (3):

We have two sources, so we use the superposition
theorem to find 1.

The effect of the source 7V:

7
Iy =—= 1.75A4,
Ny

because the resistors 6S) and 6£) are short circuited.

The effect of the source 8A:

The resistors 4Q and 6Q are short circuited.

I —8X2—2667A
N"o244 ™

Iy = Iy(1) = Iy(2) = 2.667 — 1.75 = 0.917A

Step (4): The Norton equivalent circuit for the portion of the network to the left of
(a-b) is:

a

-

| =,

Q: Find the Norton equivalent with respect to terminals
a-b in the circuit shown.

Answer: Ry = 10Q, I = 0.667A.

Q: Use Norton’s theorem to find V in the circuit shown.
K 2 10kD

WYY WYY

Answer: Ry =20kQ, Iy =—0.3mA,V, =
O. 2857mA Y Ll\, 24 k0

T <
(y)3ma 1603 v,




** Relation between Thevenin’s Equivalent Circuit and Norton Equivalent
Circuit

The Thevenin's and Norton equivalent circuits can also be found from each
other by using the source transformation technique, as shown:

)

Erp = IyRy Rrp = Ry

Example: Find the Thévenin and Norton equivalent

circuits with respect to the 7k€) resistor for the circuit
shown.

Solution:

Step (1):

Step (2):

Ry, = 101213 = 0. 545kQ

Step (3):

__ 5x3x1000
667+(3%1000)

Ve = 4.1V

Step (4):




R Y
A 1 — a5

Thevenin's equivalent circuit can be covert to Norton equivalent circuit as
shown:

Vi 4.1
Ry, 0.545 x 1000

Iy =

=7.522mA, Ry, = Ry = 5450

le

E——) r62zmn S 545 Ol

4.4 Maximum Power Transfer

In many practical situations, a circuit is designed to provide power to a load.
There are applications in areas such as communications where it is desirable to
maximize the power delivered to a load. The Thevenin equivalent is useful in
finding the maximum power a linear circuit can deliver to a load. We assume that
we can adjust the load resistance R;. If the entire circuit is replaced by its Thevenin
equivalent except for the load, as shown:

The power delivered to the load can be expressed as:

P=i*R, = ( )2 X R,

Th
RTh + RL




For a given circuit, Vy,and Ry, are fixed. By varying the load resistance
R;, the power delivered to the load varies as sketched shown:

We notice from this curve, that the power is small for small or large values of
R; but maximum for some value of R;between 0 and co. We now want to show
that this maximum power occurs when R; is equal to Ryp. This is known as the
maximum power theorem.

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

For maximum power transfer: Ry, = Ry,

2 2

Vrn Vrn Vin
)ZRTh = Ppmax = Eq.(1)

P = — —
L max (ZRTh 4Rp 4Ry,

When dealing with Norton equivalent circuit as shown, maximum power
transfer takes place when:

Ry = R,, P=i2RL=(IN>< i )ZxRL, PLmaxz(INxR—N)ZRN

Ry+Rj, 2Ry

Ry

Eq.(2)

Example: For the network shown, determine the value of R; for maximum power
transfer, and calculate the power delivered under these conditions.




Solution:

Rrn = (613) +8=2"+8 =2+ 8 = 100

For maximum power transfer R; = Ry, = 100

oo _12x3_
I
p =E72‘h _ @
Lmax = AR, 4 x10

=0.4W

Example: For the circuit shown, obtain the condition for maximum power transfer
to the load R;. Hence determine the maximum power transferred.

—_—
on

s

Solution:

Ry = ((10110) + 2)I3) + 5 = ((5 + 2)I3) + 5

R —<7X3)+5—7lﬂ
Th = \7 +3 e

R, =Ry, =7.1Q  for maximum power transfer

Er, Must be found for maximum power transfer.




We convert the voltage source to a current source
as shown.

_ 15x5
T 243+5

= 0.754,E;, = 0.75 X 3 = 2.25V

_ Ef,  (2.25)

= 0.178W = 178mW

P = =
Lmax = gRrn  4x7.1

Example: For the circuit shown, find the value of the resistor R4, such that the
resistor R4will receive maximum power.

k|

Solution:

Since R, receive maximum power, then:

R4 = RTh' RTh = SOQ

R —(RIIR)+50—R1X50+50
Th = V102 T R, +50

50 — 50R, L5 50R,
~ R, +50 " R, +50

R, =0 , for maximum power transfer, the circuit
will be as:

= 0,50R, = 0




Q: (a) For the circuit shown, obtain the Thevenin equivalent at terminals a-b.
(b) Calculate the current in R; = 8Q.
(c) Find R, for maximum power deliverable to R;.

(d) Determine that maximum power.

Answer: Ry, = 12Q,Vyp, = 40V, 1, = 2A, R, = 12Q, P} 0y = 33.33W

Q: Compute the value of R that results in maximum power transfer to the 10Q
resistor in circuit shown. Find the maximum power.

Answer: R=20Q, P; ... = 0.1W.




R-L-C Circuit

+» Capacitors

A capacitor is a passive element designed to store energy in its electric field.
Besides resistors, capacitors are the most common electrical components.
Capacitors are used extensively in electronics, communications, computers, and
power systems.

A capacitor consists of two conducting plates separated by an insulator
(or dielectric).

Dielectric with permittivity e

When a voltage source wis connected to the
capacitor, the source deposits a positive charge g on
one plate and a negative charge on the other. The
capacitor is said to store the electric charge. The
amount of charge stored, represented by g, is directly
proportional to the applied voltage so that:

. Metal plates,
each with area A

q=Cv Eq.(1)

Where C, the constant of proportionality, is known as the capacitance of the
capacitor.

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).

Although the capacitance C of a capacitor is the ratio of the charge q per
plate to the applied voltage v it does not depend on q or v. It depends on the
physical dimensions of the capacitor. For example, for the parallel-plate capacitor
shown, the capacitance is given by:

Eq.(2)

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. The circuit
symbols for fixed and variable capacitors are shown in the figure below.




i C i C
o= | . o || -
] i b =il
+ v — v —

To obtain the current-voltage relationship of the capacitor, we take the
derivative of both sides of Eq. (1). Since:

. _dq Eq.(3)
l—dt q.

Differentiating both sides of Eq. (1) gives:

'—Cdv Eq.(4

The voltage-current relation of the capacitor can be obtained by integrating
both sides of Eq. (4). We get:

]

v(t) =%j idt Eq.(5)

ty

The instantaneous power delivered to the capacitor is:

P=vi=ev™ Eq.(6)
=vi=Cv_; q.

The energy stored in the capacitor is therefore:

v ar = ¢
Vactt =

tq

1, q
:ECv Eq.(7) or WZE Eq.(8)

We note from Eq. (4) that when the voltage across a capacitor is not changing
with time (i.e., dc voltage), the current through the capacitor is zero. Thus,

66




A capacitor is an open circuit to dc.

Example: (a) Calculate the charge stored on a 3-pF capacitor with 20 V across it.
(b) Find the energy stored in the capacitor.
Solution:

(a)g=Cv=3x%x10"12x 20 = 60pC

1 1
(D)W =5Cv? = x 3 x 10717 x 400 = 600p]

Example: The voltage across a 5-uFcapacitor is:v(t) = 10cos6000tV,
calculate the current through it.

Solution:

dv d
i=C—=5%x10"°%x a(10c056000t) = —-5x%107° x 6000 X 10sin6000t

dt
i =—0.3s5in6000t A

Q: What is the voltage across a 4.5 — puFcapacitor if the charge on one plate is
0.12 mC? How much energy is stored?

Answer: 26.67 A, 1.6 mJ.

Q: If a 10-uFcapacitor is connected to a voltage source with:

v(t) = 75sin2000¢t V, determine the current through the capacitor.
Answer: 1.5c0s2000t A.

Example: Determine the voltage across a 2-uFcapacitor if the current through it
is: i(t) = 6e73°90tm A, Assume that the initial capacitor voltage is zero.

Solution:

t t
1 1 3 x 103 t
— — | idt = 603000t s 10-34t = ~3000t
v le 2><10—6je 23000 © 0
0 0




v = (1 — e 3000y

Example: Obtain the energy stored in each capacitor in the circuit shown under dc
conditions.

Solution:

Under dc conditions, we replace each capacitor with
an open circuit, as shown.

The current through the series combination of the
2kQ and 4kQ resistors is obtained by current division

Hence, the voltages viand v,across the capacitors are:
v, = 2000i = 2000 X 2 X 1073 = 4V, v, = 4000i = 8V

And the energies stored in them are:

1 1
Wi =3 Cvf = (2% 107) x (4)* = 16mJ

1 1
W, =5 Cv3 =2 (4% 107%) x (8)* = 128m]

Q: Under dc conditions, find the energy stored in the capacitors in the circuit
shown.




Answer: 20.25 mJ, 3.375 mJ.

+» Inductors

An inductor is a passive element designed to store energy in its magnetic field.
Inductors find numerous applications in electronic and power systems.

Any conductor of electric current has inductive properties and may be
regarded as an inductor. But in order to enhance the inductive effect, a practical
inductor is usually formed into a cylindrical coil with many turns of conducting
wire, as shown.

An inductor consists of a coil of conducting wire. |—Length, ¢—|

Cross-sectional area, 4

p
If current is allowed to pass through an inductor, it | | HE e o B.i/

Is found that the voltage across the inductor is directly h\u&m&““m material

proportional to the time rate of change of the current

as shown:

Mumber of turns, N

_Ldi Eq.(1

Where L is the constant of proportionality called the inductance of the inductor.

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, the inductance is
given by:




Eq.(2)

Where N is the number of turns, Lis the length, A is the cross-sectional area,
and u is the permeability of the core. We can see from Eqg. (2) that inductance can
be increased by increasing the number of turns of coil, using material with higher
permeability as the core, increasing the cross-sectional area, or reducing the length
of the coil. The circuit symbols for fixed and variables inductors are shown in the
figure below.

The current-voltage relationship is obtained from Eq. (1) as:

d'—1 d
l—zvt

Integrating gives:

t

1
i = I j vdt Eq.(3)

to

The inductor is designed to store energy in its magnetic field. The energy
stored can be obtained from Eqg. (1). The power delivered to the inductor is:

P= '—(Ldi)' Eq.(4)
=vi=(L)i q.

The energy stored is:

t2
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1 .
W=ELlZ Eq.(5)

We note from Eq. (1) that the voltage across an inductor is zero when the
current is constant. Thus,

An inductor acts like a short circuit to dc.

Example: The current through a 0.1-H inductor is i(t) = 10te~>t. Find the
voltage across the inductor and the energy stored in it.

Solution:

di d
v = La =0.1x a(lOte‘St) =tX(=5e°) +e S x1=—5te Pt +e 3t

v=et(1-5)V

The energy stored:

1 1
W= 5% 0.1 x (10te™>t)2 = 7% 0.1 X 100t2e~10t = 5¢2¢~10Yy

Q: If the current through a 1-mH inductor is i(t) = 60cos100t mA, find the
terminal voltage and the energy stored.

Answer: -6 sin 100t mV, 1.8 cos? (100t) uJ.

Example: Find the current through a 5-H inductor if the voltage across it is:

2
v(t)={30t’ t>0
0 t<o0

Also, find the energy stored at t=5s. Assume i(v) > 0.

Solution:

t t

'—1f dt—1j30t2dt—6xt3t—2(t3 0) = 2634
A I —°%3 00T N

to 0

P = vi = 30t% x 2t3 = 60t°W




t
6

5
t
W = detz j60t5dt= 60— |° = 10(5¢ — 0) = 156.25k]
0

6 10
0

orw = %Liz = %LiZ(S) - %LiZ(O) = %(5)(2 x 532 — 0 = 156.25kJ

Q: The terminal voltage of a 2-H inductor is v = 10(1 — t)V. Find the current
flowing through it at t=4s and the energy stored in it at t=4s. Assume i(0) = 2A.

Answer: -18 A, 320 J.

Example: Consider the circuit shown. Under dc conditions, find: (a) i, v.and i;(b)
the energy stored in the capacitor and inductor.

Solution:

(a) Under dc conditions, we replace the capacitor with an open circuit and the
inductor with a short circuit, as shown:

12

i=1 2A

LS55

The voltage v, is the same as the voltage across the 5Q
resistor. Hence:

v, =5i=5%2=10V

(b) The energy in the capacitor is:

1 1
W, =5CvZ =5 x1x (10)* = 50

And that in the inductor is:




1 1
WL=§Lif=§x2x(2)2=4]

Q: Determine v, i;and the energy stored in the capacitor and inductor in the
circuit shown under dc conditions.

Answer: 15V, 7.5 A, 450 J, 168.75 J.




Basics and Types of Diodes

¢ Introduction to Diode:

A diode is an electric device that permits the flow of current only in one
direction and restricts the flow in the opposite direction. The word “diode” is
traditionally aloof for tiny signal appliances, I £1 A. When a diode is positioned in
a simple battery lamp circuit, then the diode will either permit or stop flow of
current through the lamp. There are various sorts of diode but their fundamental
role is identical. The most ordinary kind of diode is silicon diode; it is placed in a

glass cylinder.

A diode starts its operations when a voltage signal applies across its terminals.
A DC volt is applied so that diode starts its operation in a circuit and this is known
as Biasing. Diode is similar to a switch which is one way, hence it can be either in
conduction more or non-conduction mode. “ON” mode of the diode, is attained by
forward biasing, which simply means that higher or positive potential is applied
on the anode and on the cathode, negative or lower potential is applied of a diode.
Whereas the “OFF” mode of the diode is attained with the aid of reverse biasing
which simply means that higher or positive potential is applied on the cathode and
on the anode, negative or lower potential is applied of a diode.

+» Diode Operation:

In the “ON?” situation the practical diode provides forward resistance. A diode
needs forward bias voltage to get in the “ON” mode this is known as cut-in-
voltage. Whereas the diode initiates conducting in reverse biased manner when
reverse bias voltage goes beyond its limit and this is known as breakdown
voltage. The diode rests in OFF mode when no voltage is applicable across it.

+» Function of Diode:

The key function of a diode is to obstruct the flow of current in one
direction and permit the flow of current in the other direction. Current passing
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through the diode is known as forward current whereas the current blocked by
the diode is known as the reverse current.

¢ Diode Equation:

The equation of diode expresses the current flow via diode as a function of
voltage. The ideal diode equation is:

av
I = Iy(eKT — 1)

Where:
| — Stands for the net current passing through a diode.

I,- Stands for dark saturation current, the diode seepage current density in the
deficiency of light.

V — Stands for applied voltage across the terminals of the diode.
g — Stands for fixed value of electron charge.

k — Stands for Boltzmann’s constant.

T — Stands for fixed temperature (K).

¢ Diode Circuits:

The basic aim behind this study is to show how diodes can be employed in
circuits. Now let us analyze a simple diode circuit.

o
——

(

1. When diode is in ON mode, no voltage is there across it; hence it acts like a
short circuit.

2. Whereas when diode is in OFF mode, there is zero current, hence it behaves
like an open circuit.




3. From the above two conditions, either one can take place at a time. This helps
us to check out what will happen in any circuit with diodes.

+» Diode Characteristics:

Diodes have attributes that allow them to carry out a number of electronic
functions. Three vital characteristics of diodes are as follows:

Forward Voltage Drop- forward bias about seven volts.

Reverse Voltage Drop- Weakened layer broadens, generally the applied
voltage.

Reverse breakdown voltage- reverse voltage drop that’ll force flow of current
and in maximum cases demolish the diodes.

¢+ Application of Diodes:

Diodes are employed in a variety of applications such as clipper, rectification,
clamper, comparator, voltage multiplier, filters, sampling gates, etc.

1. Rectification: Rectification symbolizes the alteration of AC volt into DC volt.
Some of the common examples of rectification circuits are- FWR (full wave

rectifier), bridge rectifier & HWR (half wave rectifier).

L
="
\‘/

HALF WAVE RECTIFIER

2. Clipper: Diode can be employed to trim down some fraction of pulse devoid of
deforming the left over fraction of the waveform.

CLIFPFIRS
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3. Clamper: A clamping circuit limits the level of voltage to go beyond a limit by
changing the DC level. The crest to crest is not influenced by clamping.
Capacitors, resistors & diodes all are used to create clamping circuits.

¢ Types of Diodes:

All sort of diodes are dissimilar in means of construction, characteristics &
applications. Following are some of the types of diodes:

Zener Diodes.
LED (Light Emitting Diodes).
Photodiodes.
Shockley Diode.
Tunnel Diodes.
Varactor Diodes.
s Zener Diode:

Zener diode works in reverse bias situation when the voltage attains the
breakdown peak. An even voltage can be attained by insertion of a resistor across it
to limit the flow of current. This Zener diode is employed to give reference voltage
in power supplying circuits.

|

=  Zener Diode Characteristics:

Special diodes such as zener diodes are intended & manufactured to function
in the opposite direction without being broken.

1. The zener diode acts like a common silicon diode, during the forward bias.
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. Changeable quantity of reverse current can go through the diode devoid of
destructing it. The Vz (zener voltage) or breakdown voltage across the diode
upholds comparatively steady.

. Producers rate zener diodes as per their zener voltage value and the highest PD
(Power Dissipation) i.e. at 25°C. This provides a signal of the highest IR
(reverse current), that a diode securely carries out.

Zener Diode Applications:

Zener diodes have many applications in transistor circuitry. Here we are

discussing various vital points in Zener diode applications:

. Zener Diode Shunt Regulator- This diode is commonly employed as a
Voltage Regulator or Shunt Regulator.

. Meter Protection- This diode may also come across its functions in meter
security.

. Zener Diode as Peak Clipper- This diodes can be employed to cut off the
maximum value of incoming waveform.

. Switching operation- This diode can generate an unexpected alteration from
low to high current, so it is functional in switching applications. It is relatively
speedy in switching processes.

+» Tunnel Diode:

A tunnel diode is a highly conducting two terminal p-n jnction diode doped
heavily approximately 1000 times upper than a usual junction diode. A tunnel
diode is also named as Esaki diode, it’s named after Esaki diode who is a Nobel
prize winner in physics for discovering electron tunneling outcome employed in
these diodes. Tunnel diodes are helpful in several circuit purposes like in-
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microwave oscillation, binary memory & microwave amplification. Tunnel diodes
are generally made-up from gallium or germanium or gallium arsenide. These
all comprise tiny prohibited energy breaks and elevated ion motilities.

¢ Light Emitting Diode or LED:

LED is a semiconductor appliance that produces visible light beams or
infrared light beams when an electric current is passed through it. Visible
LEDs can be seen in several electronic devices such as microwaves’ number
display light, brake lights, and even cameras to make use of Infrared LEDs. In
LEDs (light emitting diodes) light is created by a solid situation procedure which is
named as electroluminescence.

r7

A

LED LED Circuit Symbol

Light emitting diodes are available in various colors like- orange, red, yellow,
amber, green, white & blue. Blue & white LEDs are more costly in comparison to
other LEDs. The color of a Light emitting diodes is decided by the semi-conductor
substance, not by the coloring the plastic of the body.

Varicap or Varactor diode is that shows the attributes of a variable capacitor.
The exhaustion area at the p-n junction behaves as the di-electric and plates of an
ordinary capacitor and grounds expansion and contraction by the voltage applied to
the varicap diode. This action boosts and reduces the capacitance. The graphic
symbol for the varicap diode is shown below.

+» Varactor diode:




Anode D ” Cathode‘

Varactors are employed in fine-tuning circuits and can be employed as high
frequency amplifiers. Even though varactor or varicap diodes can be employed
inside several sorts of circuit, they discover applications inside 2 key areas:-

1. RF filters.
2. Voltage controlled oscillators, VCOs.

+»» Photo Diode:

Photo diodes are extensively used in various kinds of electronics such as
detectors in compact disc players to optical telecommunications systems. Photo
diode technology is popular because its trouble-free, inexpensive yet strong
configuration. As photodiodes provide dissimilar properties, various photodiode
technologies are utilized in a number of areas. There are 4 types of photo diodes:

1. PN photodiode.

2. Schottky photodiode.
3. Avalanche photodiode.
4. PIN photodiode.




Transistors:

Bipolar Junction Transistors (BJT)

¢ General configuration and definitions

The transistor is the main building block “element” of electronics. It is a
semiconductor device and it comes in two general types: the Bipolar Junction
Transistor (BJT) and the Field Effect Transistor (FET). Here we will describe the
system characteristics of the BJT configuration and explore its use in fundamental
signal shaping and amplifier circuits.

The BJT is a three terminal device and it comes in two different types. The
npn BJT and the pnp BJT. The BJT symbols and their corresponding block
diagrams are shown:

npn transistor pnp transistor

The BJT is fabricated with three separately doped regions. The npn device has
one p region between two n regions and the pnp device has one n region between
two p regions. The BJT has two junctions (boundaries between the n and the p
regions). These junctions are similar to the junctions we saw in the diodes and thus
they may be forward biased or reverse biased. By relating these junctions to a
diode model the pnp BJT may be modeled as shown:

The three terminals of the BJT are called the Base (B), the Collector (C) and
the Emitter (E). Since each junction has two possible states of operation (forward
or reverse bias) the BJT with its two junctions has four possible states of operation.
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Base-Collecror juncrion Base-Collecror juncition
B
/Ba se-Emitter junciion /B(.’S e-Emitter juncrion
-y
E

Before proceeding let’s consider the BJT npn structure shown:

Base-Emitter jurnction Base-Collector jurncrion

With the voltage Vg and Vg as shown, the Base-Emitter (B-E) junction is
forward biased and the Base-Collector (B-C) junction is reverse biased. The
current through the B-E junction is related to the B-E voltage as:

VBE
Ip=IgleVr —1

Due to the large differences in the doping concentrations of the emitter and the
base regions the electrons injected into the base region (from the emitter region)
results in the emitter current I'. Furthermore the number of electrons injected into
the collector region is directly related to the electrons injected into the base region
from the emitter region.

Therefore, the collector current is related to the emitter current which is in turn
a function of the B-E voltage.

The voltage between two terminals controls the current through the third
terminal.

This is the basic principle of the BJT.

The collector current and the base current are related by:




Ic=pBlp Eq.(1)
And by applying KCL we obtain:
Ig=Ig+1; Eq.(2)

And thus from equations (1) and (2) the relationship between the emitter and
the base currents is:

Ig=Ig+Ic=Ig+pBlp =Ig(1+p) Eq.(3)

And equivalently:

I
X E = ﬁ IE
1+ 1+

Ig

I, = ——,
B714p

I.=p Eq.(4)

B

— is called «a.
1+

The fraction

For the transistors of interest # = 100 which corresponds to a« = 0.99and I; =
Ig.

The direction of the currents and the voltage polarities for the npn and the pnp
BJTs are shown.

B,

’s VBE
LIE n

(a) npn transistor

E
(b) pnp transistor




+*» Transistor Voltages:

Three different types of voltages are involved in the description of transistors
and transistor circuits. They are:

Transistor supply voltages: V¢, Vgg.
Transistor terminal voltages: V¢, Vg, V.
Voltages across transistor junctions: Vgg, Vg, Vep-

All of these voltages and their polarities are shown for the npn BJT.

+*» Transistor Operation and Characteristic i-v curves

The three terminals of the transistors and the two junctions, present us with
multiple operating regimes. In order to distinguish these regimes we have to look
at the i-v characteristics of the device.

The most important characteristic of the BJT is the plot of the collector current,
I, versus the collector-emitter voltage,V g , for various values of the base current,
I'5 as shown on the circuit below:




The figure below shows the qualitative characteristic curves of a BJT. The plot
indicates the four regions of operation: the saturation, the cutoff, the active and
the breakdown. Each family of curves is drawn for a different base current and in
thisplotIgy > Ig3 > Igy > Ip;.

Ic 4 Saruration Brealdowr:
™4 i' fea

< Active

Irs

Is>

I

[

/
[

Is=0

-

-

Cie roff

The characteristics of each region of operation are summarized below:
1. Cutoff region:

Base-emitter junction is reverse biased. No current flow.

2. Saturation region:

Base-emitter junction forward biased.

Collector-base junction is forward biased.

I Reaches a maximum which is independent of Iz and .

No control.

Vee < Vg




3. Active region:
Base-emitter junction forward biased.
Collector-base junction is reverse biased.

Control, I, = BIg (as can be seen from the fig., there is a small slope of I, with

4. Breakdown region:

I and V ¢ exceed specifications.

Damage to the transistor.

¢+ Basic BJT Applications:
1. As switch circuit.

2. Digital Logic.

3. Amplifier Circuit.




Operational Amplifiers

An operational amplifier is designed so that it performs some mathematical
operations when external components, such as resistors and capacitors, are
connected to its terminals. Thus,

An op amp is an active circuit element designed to perform mathematical
operations of addition, subtraction, multiplication, division, differentiation,
and integration.

The op amp is an electronic device consisting of a complex arrangement of
resistors, transistors, capacitors, and diodes.

The figure below shows a typical op-amp. It consists of 8 pins, Pin or terminal
8 is unused, and terminals 1 and 5 are of little concern to us. The five important
terminals are:

1. The inverting input, pin 2.
g input, p ——

2. The noninverting input, pin 3. Balance of | § p No connection

. Inverting input g 2 TpV*
3. The output, pin 6.

Noninverting input 0 3 6 1 Output

4. The positive power supply V*, pin 7. V-d 4

5 o Balance

5. The negative power supply V—, pin 4.

The circuit symbol for the op amp is the triangle as shown; the op amp has two
inputs and one output. The inputs are marked with minus (-) and plus (+) to specify
inverting and noninverting inputs, respectively. An input applied to the
noninverting terminal will appear with the same polarity at the output, while an
input applied to the inverting terminal will appear inverted at the output.

Inverting input 2 o—— :]

o . . =0 6 Output
Noninverting input 3 o———+ }
[sY=Fs]

Offset Null




As an active element, the op amp must be powered by a voltage supply as
typically shown. By KCL.:

i0=i1+i2+i++i_

The equivalent circuit model of an op amp is shown in
fig. below; the output section consists of a voltage-
controlled source in series with the output
resistance R,. R; is the input resistance. The

differential input voltage v, is given by:

Vg =V —Vq

Where v, is the voltage between the inverting
terminal and ground and v, is the voltage between the
noninverting terminal and ground. The op amp senses

the difference between the two inputs, multiplies it by
the gain A, and causes the resulting voltage to appear at the output.
Thus, the output v, is given by:

Vg =Avy; = A(vy, —vq)

A is called the open-loop voltage gain because it is the gain of the op amp
without any external feedback from output to input.

¢ Ideal Op Amp

To facilitate the understanding of op amp circuits, we will assume ideal op
amps. An op amp is ideal if it has the following characteristics:

1. Infinite open-loop gain, A=co.
2. Infinite input resistance, R; = oo.
3. Zero output resistance, Ry = 0.

An ideal op amp is an amplifier with infinite open-loop gain, infinite input
resistance, and zero output resistance.




For circuit analysis, the ideal op amp is illustrated in the figure below:

Two important characteristics of the ideal op

amp are:

1. The currents into both input terminals are zero:

il == 0, iz =0 Eq(l)

This is due to infinite input resistance. An
infinite resistance between the input terminals implies that an open circuit exists
there and current cannot enter the op amp. But the output current is not necessarily
zero.

2. The voltage across the input terminals is equal to zero; i.e.,
Vg=v;—v1=0
Oor vy =v, Eq.(2)

Thus, an ideal op amp has zero current into its two input terminals and the
voltage between the two input terminals is equal to zero. Equations (1) and (2) are
extremely important and should be regarded as the key handles to analyzing op
amp circuits.

s Inverting Amplifier

We consider some useful op amp circuits that often serve as modules for
designing more complex circuits. The first of such op amp circuits is the inverting
amplifier shown in the fig. below. In this circuit, the noninverting input is
grounded, v; is connected to the inverting input through R4, and the feedback
resistor Ry is connected between the inverting input and output. Our goal is to

obtain the relationship between the input voltage v; and the output voltage vy.
Applying KCL at node 1:

Ui - Ul Ul - UO
R, Ry

il = iz,




But vy = v, = 0 for an ideal op amp, since the noninverting terminal is
grounded. Hence:

Vi  —Vy
R, Ry’

Vo =

The voltage gain is:

1% R
a=2_ %
v; R4
The designation of the circuit as an inverter arises from the negative sign.

An inverting amplifier reverses the polarity of the input signal while
amplifying it.

Notice that the gain is the feedback resistance divided by the input resistance
which means that the gain depends only on the external elements connected to the
op amp. The inverting amplifier is used, for example, in a current-to-voltage
converter.

Example: Refer to the op amp shown. If v; = 0.5V, calculate: (a) the output
voltage v, and (b) the current in the 10-kQ resistor.

Solution: 25 kit

Ry 25 _ 10 k€2

(b) The current through the 10-kQQ resistor is: 46 +

"= I0x1000 10000 °H

Q: Find the output of the op amp circuit shown. Calculate the current through the
feedback resistor.

280 k€2

4 kL)

[ i S
1 It

Answer: -3.15 V, 26.25 uA. 45 mV |




Example: Determine v, in the op amp circuit shown 40 kQ

below.

Solution: v l v J-_

+
2,

Applying KCL at node a: _

Vi=Va _ Vg~ Vg
20 x 1000 40 x 1000’

v = 3v, — 12

But v, = v, = 2V for an ideal op amp, because of the zero voltage drop across
the input terminals of the op amp. Hence:

Vo =3%X2—-12=—-6V
Notice that if v, = 0 = v,, then vy = —12V
** Noninverting Amplifier

Another important application of the op amp is the noninverting amplifier
shown in the fig. below. In this case, the input voltage v; is applied directly at the
noninverting input terminal, and resistor R, is connected between the ground and

the inverting terminal. We are interested in the output
voltage and the voltage gain. Application of KCL at
the inverting terminal gives:

0—171_171—170
R, R

il == iz,

But:

Which does not have a negative sign. Thus, the output has the same polarity as
the input.




A noninverting amplifier is an op amp circuit designed to provide a
positive voltage gain.

Again we notice that the gain depends only on the external resistors. Notice that
if feedback resistor Ry = 0 (short circuit) or Ry = o (open circuit) or both, the
gain becomes 1. Under these conditions (R =
0 and R, = ), the circuit becomes as shown, which is
called a voltage follower (or unity gain amplifier)
because the output follows the input. Thus, for a voltage
follower:

Vo = Vi

Example: For the op amp circuit shown, calculate the
output voltage vy.

Solution:
Applying KCL at node a:

6—7v Vg — Vg
4a= alO but v, = v, = 4V

6—4_4_170
4 =

) v0=_1V

Q: Calculate v in the circuit shown.

Answer: 7V.

s Summing Amplifier

Besides amplification, the op amp can perform addition. The addition is
performed by the summing amplifier.




A summing amplifier is an op amp circuit that combines several inputs

and produces an output that is the weighted sum of the inputs.

The summing amplifier is shown in the fig., is a
variation of the inverting amplifier. It takes

advantage of the fact that the inverting

configuration can handle many inputs at the same
time. We keep in mind that the current entering
each op amp input is zero. Applying KCL at node a

gives:

Eq.(2)

We note that v, = 0 and substitute Eq. (2) into Eqg. (1). We get:

R R R
f f f
Vo = —(R1v1 + R, vy + R, v3> Eq.(3)

Indicating that the output voltage is a weighted sum of the inputs. For this
reason, the circuit shown is called a summer. Needless to say, the summer can

have more than three inputs.

Example: Calculate vy and i, in the op amp circuit shown below.

Solution:
Sk
This is a summer with two inputs. Using Eg. (3)
gives:

2v (@)

2.5 kL2
AAAA

10 kL2

10 10 @ 1v
vy = —<—><2+—>< 1) = —8V

5 2.5

The current i, is the sum of the currents through the

10-kQ and 2-kQ resistors. Both of these resistors have voltage v, = —8V across

them, since v, = v}, = 0. Hence:




—08—-—4=-4.8mA

Q: Find vy and iy in the op amp circuit shown
below.

20 k42

10 k2

—t
A 6 ki
15v () A
TaoveE) [
R { Y —_

Answer: -3.8V, -1.425 mA.

¢ Difference Amplifier

Difference (or differential) amplifiers are used in various applications where
there is a need to amplify the difference between two input signals.

A difference amplifier is a device that amplifies the difference between two
inputs but rejects any signals common to the two inputs.

Consider the op amp circuit shown. Keep in mind that zero currents enter the
op amp terminals. Applying KCL to node a:

V1 — Vg Vg — Vg

Ry R

Or

R, R,
Vo = (—+ 1)170L —R—v1 Eq.(1)

Rl 1

Applying KCL to node b:

V=V, Vp—0

R, R,

Or

vy = (L> v, Eq.(2)
R3; + Ry

But v, = v;,. Substituting Eq. (2) into Eq. (1) yields:




Eq.(3)

Since a difference amplifier must reject a signal common to the two inputs, the
amplifier must have the property that vy = 0 when vy = v,. This property exists
when:

R4 _ R; E (4)
R, R, T

Thus, when the op amp circuit is a difference amplifier, Eq. (3) becomes:

R,

Vo = R—l(vz —vy) Eq.(5)

If R, = R,and R; = R,, the difference amplifier becomes a subtractor, with
the output:

Vo=v,—v; Eq.(6)
Example: Design an op amp circuit with inputs v, and v, such that:
vy = —5v4 + 3v,.
Solution:
The circuit requires that:
vy = 3v, — 514
If we desire to use only one op amp, we can use the difference op amp circuit.

Comparing the previous eq. with Eq. (3), we see:




R3

=3, 2=1+—, R3=R,

Ry

R3 R3 - 5’ R,
R—4) 1+

If we choose R; = 10kQ and R, = 50k(, then R; = 20kQ and R, = 20kQ.
Q: Design a difference amplifier with gain 7.5.

Answer: Typical: R; = R; = 20kQ, R, = R, = 150kX).




Rectifiers

*+» Introduction

A rectifier is an electrical device that converts alternating current (AC)
which periodically reverses direction, to direct current (DC), which flows in
only one direction. The process is known as rectification. Rectifiers have many
uses, but are often found serving as components of DC power supplies and high-
voltage direct current power transmission systems. Rectification may serve in roles
other than to generate direct current for use as a source of power. As noted,
detectors of radio signals serve as rectifiers. In gas heating systems flame
rectification is used to detect presence of a flame. Because of the alternating nature
of the input AC sine wave, the process of rectification alone produces a DC current
that, though unidirectional, consists of pulses of current. Many applications of
rectifiers, such as power supplies for radio, television and computer equipment,
require a steady constant DC current (as would be produced by a battery). In these
applications the output of the rectifier is smoothed by an electronic filter (usually a
capacitor) to produce a steady current.

+» Rectifier circuits

Rectifier circuits may be single-phase or multi-phase (three being the most
common number of phases). Most low power rectifiers for domestic equipment are
single-phase, but three-phase rectification is very important for industrial
applications and for the transmission of energy as DC.

¢ Single-phase rectifiers
1. Half-wave rectification

In half-wave rectification of a single-phase supply, either the positive or
negative half of the AC wave is passed, while the other half is blocked. Because
only one half of the input waveform reaches the output, mean voltage is lower.
Half-wave rectification requires a single diode in a single-phase supply, or three in
a three-phase supply. Rectifiers yield a unidirectional but pulsating direct current;
half-wave rectifiers produce far more ripple than full-wave rectifiers, and much
more filtering is needed to eliminate harmonics of the AC frequency from the
output.




Hali-wave rectifier

2. Full-wave rectification

A full-wave rectifier converts the whole of the input waveform to one of
constant polarity (positive or negative) at its output. Full-wave rectification
converts both polarities of the input waveform to pulsating DC (direct current), and
yields a higher average output voltage. Two diodes and a center tapped
transformer, or four diodes in a bridge configuration and any AC source (including
a transformer without center tap), are needed. Single semiconductor diodes, double
diodes with common cathode or common anode, and four-diode bridges, are
manufactured as single components.

laga ¥ lana
| \_/ I ' t

Graeiz bridge rectifier: a full-wave rectifier using four diodes. =

For single-phase AC, if the transformer is center-tapped, then two diodes
back-to-back (cathode-to-cathode or anode-to-anode, depending upon output
polarity required) can form a full-wave rectifier. Twice as many turns are required
on the transformer secondary to obtain the same output voltage than for a bridge
rectifier, but the power rating is unchanged.

DN

Full-wave rectifier using a center tap transformer and 2 diodes.




The average output voltage of an ideal single-phase half-wave rectifier is:

Vpeak

V, =
dc -

The average output voltage of an ideal single-phase full-wave rectifier is:

_ vaeak

V
dc T

Where:
Ve = Vo, the DC or average output voltage.

Vyeak, the peak value of the phase input voltages.

* Three-phase rectifiers

Single-phase rectifiers are commonly used for power supplies for domestic
equipment. However, for most industrial and high-power applications, three-phase
rectifier circuits are the norm. As with single-phase rectifiers, three-phase rectifiers
can take the form of a half-wave circuit, a full-wave circuit using a center-tapped
transformer, or a full-wave bridge circuit.

1. Three-phase, half-wave circuit

An uncontrolled three-phase, half-wave circuit requires three diodes, one
connected to each phase. This is the simplest type of three-phase rectifier but
suffers from relatively high harmonic distortion on both the AC and DC
connections.

3-Phase signals Half-wave rectification

s
. W\\/—\/—\/
» » »
r ks h , ~
v y . \ A . o
le / 3
B ; b p kS il
~ . )
\ |

N
‘i
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2. Three-phase, full-wave circuit using center-tapped transformer

If the AC supply is fed via a transformer with a center tap, a rectifier circuit
with improved harmonic performance can be obtained. This rectifier now requires
six diodes, one connected to each end of each transformer secondary winding. This

circuit has a pulse-number of six, and in effect, can be thought of as a six-phase,
half-wave circuit.

3-Phase signals

Full-wave rectification

Voltage (V)
Voltage (V)




Amplifiers

*+» Introduction

An amplifier, electronic amplifier is an electronic component that can
increase the power of a signal. An amplifier functions by taking power from a
power supply and controlling the output to match the input signal shape but
with a larger amplitude. In this sense, an amplifier modulates the output of the
power supply based upon the properties of the input signal. An amplifier is
effectively the opposite of an attenuator: while an amplifier provides gain, an
attenuator provides loss.

AN,
T I

The blue signal is an ampliication of the red signal with &2
gain 2

An amplifier can either be a discrete piece of equipment or an electrical circuit
contained within another device. Amplification is fundamental to modern
electronics, and amplifiers are widely used in almost all electronic equipment.
Amplifiers can be categorized in different ways. One is by the frequency of the
electronic signal being amplified; audio amplifiers amplify signals in the audio
(sound) range of less than 20 kHz, RF amplifiers amplify frequencies in the radio
frequency range between 20 kHz and 300 GHz. Another is which quantity, voltage
or current is being amplified; amplifiers can be divided into voltage amplifiers,
current amplifiers, transconductance amplifiers, and transresistance amplifiers.

s Amplifier categorization

Amplifiers are described according to the properties of their inputs, their
outputs, and how they relate. All amplifiers have gain, a multiplication factor that
relates the magnitude of some property of the output signal to a property the input
signal. The gain may be specified as the ratio of output voltage to input voltage
(voltage gain), output power to input power (power gain), or some combination of
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current, voltage, and power. In many cases the property of the output that varies is
dependent on the same property of the input, making the gain unitless (though
often expressed in decibels (dB)). Amplifiers are usually designed to function well
in a specific application, for example: radio and television transmitters and
receivers, stereo equipment, microcomputers and other digital equipment.

s Amplifier architectures

Amplifiers can be categorized by the way they amplify the input signal.
1. Power amplifier

A power amplifier is an amplifier designed primarily to increase the power
available to a load.

2. Operational amplifiers (op-amps)

An operational amplifier is an amplifier circuit which typically has very high
open loop gain and differential inputs. Feedback via an external circuit can be used
to control the transfer function, or gain.

3. Fully differential amplifiers

A fully differential amplifier is similar to the operational amplifier, but also has
differential outputs. These are usually constructed using BJTs or FETSs.

4. Distributed amplifiers

These use a balanced transmission lines to separate individual single stage
amplifiers the outputs of which are summed by the same transmission line.

5. Switched mode amplifiers

These nonlinear amplifiers have much higher efficiencies than linear amps, and
are used where the power saving justifies the extra complexity.




Logic Gates

Digital systems are said to be constructed by using logic gates. These gates are
the AND, OR, NOT, NAND, NOR, EXOR and EXNOR gates. The basic
operations are described below with the aid of truth tables. Truth tables are used to
show logic gate functions.

» AND Gate

The AND gate is an electronic circuit that gives a high output (1) only if all its
inputs are high. A dot (.) is used to show the AND operation i.e. A.B. Bear in
mind that this dot is sometimes omitted i.e. AB.

2 Input AND gate
B A B

0
0
1

» OR Gate

The OR gate is an electronic circuit that gives a high output (1) if one or more
of its inputs are high. A plus (+) is used to show the OR operation.

2 Input OR gate
A B A+B
0

1
1
1

> NOT Gate

The NOT gate is an electronic circuit that produces an inverted version of the
input at its output. It is also known as an inverter. If the input variable is A, the
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inverted output is known as NOT A. This is also shown as A', or A with a bar over

the top, as shown at the outputs.

e

» NAND Gate

NOT gat

A,
O
1

This is a NOT-AND gate which is equal to an AND gate followed by a NOT
gate. The outputs of all NAND gates are high if any of the inputs are low. The
symbol is an AND gate with a small circle on the output. The small circle

represents inversion.

2 Input NAND gate

=

> NOR Gate

This is a NOT-OR gate which is equal to an OR gate followed by a NOT gate.
The outputs of all NOR gates are low if any of the inputs are high. The symbol is
an OR gate with a small circle on the output. The small circle represents inversion.

2 Input NOR gate

A,

E

A
]
0
1

1




» EXOR Gate

The "Exclusive-OR" gate is a circuit which will give a high output if either, but

not both, of its two inputs are high. An encircled plus sign () is used to show the
EOR operation.

2 Input EXOR gate
A B A B

A
Bﬁ:DiA@B 0

1
EOR 1
o

» EXNOR Gate

The 'Exclusive-NOR' gate circuit does the opposite to the EOR gate. It will
give a low output if either, but not both, of its two inputs are high. The symbol is
an EXOR gate with a small circle on the output. The small circle represents
inversion,

2 Input EXNOR gate

A Al B[ A
Bj:Do—A_@B 0

ENOR

Table below is a summary truth table of the input/output combinations for the
NOT gate together with all possible input/output combinations for the other gate
functions.

IMPUTS OUTPUTS
OR | NOR
0 1

1 o
1 o
1 0




Example: Obtain the EXOR gate by using AND and OR gates.

Solution:

A@B=AB+AB

Exclusive-OR equivalent circuit

-
L
L

Input,

Inputg,

Example: Obtain the equivalent circuit to EXNOR gate.

Equivalent gate circuit
Input
P )W Output
Inputg

Example: Draw a logic circuit for the function: F= (A + B) C.

Solution:

-

Example: Draw a logic circuit for the function:
F=A +BC +D.

Solution:




Example: Draw a logic circuit for: F= (A + B) (C + D)C.

Solution:

-

Example: Draw a logic circuit for the following functions:

(a)F=AB + CD
(b)F = C(A + B)

Solution:

(a)

Q: Draw the logic circuit for the following functions:

(a) F=AB + AC

(b)F= AB(C+D)

(c)F=(4 + B)(C + D)

(d)F=A(B + C + D)

<+ BOOLEAN OPERATIONS AND EXPRESSIONS

Variable, complement, and literal are terms used in Boolean algebra. A
variable is a symbol used to represent a logical quantity. Any single variable can
have a 1 or a 0 value. The complement is the inverse of a variable and is indicated
by a bar over variable (overbar). For example, the complement of the variable A is




A IfA=1then 4=0.1f A=0, then 4 = 1. The complement of the variable A is
read as "not A" or "A bar." Sometimes a prime symbol rather than an overbar is
used to denote the complement of a variable; for example, B' indicates the
complement of B. A literal is a variable or the complement of a variable.

e Laws of Boolean Algebra

The basic laws of Boolean algebra-the commutative laws for addition and
multiplication, the associative laws for addition and multiplication, and the
distributive law-are the same as in ordinary algebra.

» Commutative Laws
1. The commutative law of addition for two variables is written as:

A+B = B+A

This law states that the order in which the variables are ORed makes no
difference. Remember, in Boolean algebra as applied to logic circuits, addition and
the OR operation are the same. The fig. below illustrates the commutative law as
applied to the OR gate.

2. The commutative law of multiplication for two variables is:
AB=B.A

This law states that the order in which the variables are ANDed makes no
difference. The fig. below illustrates this law as applied to the AND gate.

L




» Associative Laws
1. The associative law of addition is written as follows for three variables:

A+(B+C)=(A+B)+C

This law states that when ORing more than two variables, the result is the
same regardless of the grouping of the variables. The fig. below illustrates this law
as applied to 2-input OR gates.

2. The associative law of multiplication is written as follows for three variables:
A (BC)=(AB)C

This law states that it makes no difference in what order the variables are
grouped when ANDing more than two variables. The fig. below illustrates this law
as applied to 2-input AND gates.

4
' 21 - |
- A(BC B
‘/..; _D_r D—
A DN
) F &1 8 MADIL

» Distributive Law
1. The distributive law is written for three variables as follows:

A(B+C)=AB+AC

This law states that ORing two or more variables and then ANDing the result
with a single variable is equivalent to ANDing the single variable with each of the
two or more variables and then ORing the products. The distributive law also
expresses the process of factoring in which the common variable A is factored out
of the product terms, for example, AB + AC=A (B + C).




The fig. below illustrates the distributive law in terms of gate implementation.

X—-A(B+C)

e Rules of Boolean Algebra

The table below lists 12 basic rules that are useful in manipulating and
simplifying Boolean expressions. Rules 1 through 9 will be viewed in terms of
their application to logic gates. Rules 10 through 12 will be derived in terms of the
simpler rules and the laws previously discussed.

+0=A T A - A=A
+1=1 8.A-A=0

.0 =0 9.A=2A

- 5= 10.A + AB = A

+ A=A 11.A+ AB=A + B

+ A =1 12.(A + B)A + C) = A + BC

A, B, or C can represent a single variable or a combination of variables.

Rulel. A+0=A

A variable ORed with 0 is always equal to the variable. If the input variable A
is 1, the output variable X is 1, which is equal to A. If A is 0, the output is 0, which
is also equal to A. This rule is illustrated in fig. below, where the lower input is
fixed at 0.




Rule2. A+1=1

A variable ORed with 1 is always equal to 1. A 1 on an input to an OR gate
produces a 1 on the output, regardless of the value of the variable on the other
input. This rule is illustrated in fig. below, where the lower input is fixed at 1.

Rule3. A.0=0

A variable ANDed with 0 is always equal to 0. Any time one input to an AND
gate is 0, the output is 0, regardless of the value of the variable on the other input.
This rule is illustrated in fig. below, where the lower input is fixed at 0.

Rule4. A.1=A

A variable ANDed with 1 is always equal to the variable. If A is 0 the output of
the AND gate is 0. If A is 1, the output of the AND gate is 1 because both inputs
are now 1s. This rule is shown in fig. below, where the lower input is fixed at 1.

Rule5. A+ A=A

A variable ORed with itself is always equal to the variable. If A'is 0, then 0 + 0
=0;andif Ais1,then 1+ 1=1. Thisis shown in fig. below, where both inputs are
the same variable.




Rule6. A+ A=1

A variable ORed with its complement is always equal to 1. If Ais 0, then0 + 0
=0+1=1.IfAisl, then1+1=1+0 = 1. See fig. below, where one input is the
complement of the other.

Rule7. A. A=A

A variable ANDed with itself is always equal to the variable. If A =0, then 0.0
=0;and if A=1. Then 1.1 = 1. Fig. below illustrates this rule.

Rule8.A.4=0

A variable ANDed with its complement is always equal to 0. Either A or A will
always be 0: and when a 0 is applied to the input of an AND gate. The output will
be 0 also. Fig. below illustrates this rule.




Rule9A=14

The double complement of a variable is always equal to the variable. If you
start with the variable A and complement (invert) it once, you get A. If you then
take A and complement (invert) it, you get A, which is the original variable. This
rule is shown in fig. below using inverters.

Rule 10 A+ AB=A

This rule can be proved by applying the distributive law, rule 2, and rule 4 as
follows:

A+AB=A(1+B) Factoring (distributive law)
=A Il Rule2: (1+B)=1
=A Ruled4: A.1=A

The proof is shown in table below, which shows the truth table and the
resulting logic circuit simplification.

4 | 5 | a5 | a-as B
0O , 0 ; 0
0 1 ‘ 0 B )
1 } 0 l 1 l
1 1 1
t

t_ equal

straight connection

Rule11. A+ AB=A+B
This rule can be proved as follows:
A+ AB=(A+AB)+AB Rule 10: A=A+ AB

= (AA + AB) + AB Rule 7: A= AA
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=AA +AB +AA +AB Rule 8: adding AA=0
=(A+A)A+B) Factoring

=1. (A +B) Rule6: A+A=1
=A+B Rule 4: drop the 1

The proof is shown in table below, which shows the truth table and the
resulting logic circuit simplification.

0
1
0
0

Rule 12. (A + B)(A+C) = A+ BC
This rule can be proved as follows:
(A+B)A+C)=AA+AC+AB+BC Distributive law
=A+AC+AB+BC Rule 7: A A=A
=A(1+C)+AB+BC Rule2:1+C=1
=A.1+AB+BC Factoring (distributive law)
=A(1+B)+BC Rule2:1+B=1
=A.1+BC Rule4: A.1=A
=A+BC
Example: Using Boolean algebra techniques, simplify this expression:
AB+AB+C)+B(B+C)

Solution:




Step 1: Apply the distributive law to the second and third terms in the expression,
as follows:

AB + AB + AC +BB + BC

Step 2: Apply rule 7 (BB = B) to the fourth term.
AB+AB+AC+B+BC

Step 3: Apply rule 5 (AB + AB = AB) to the first two terms.
AB+AC+B+BC

Step 4: Apply rule 10 (B + BC = B) to the last two terms.
AB+AC+B

Step 5: Apply rule 10 (AB + B = B) to the first and third terms.
B+AC

At this point the expression is simplified as much as possible.

1
EDED— AB+AB+C)+B(B+C) s

] P‘ﬁ & iDJ

=)

% DEMORGAN'S THEOREMS

DeMorgan, a mathematician who knew Boole, proposed two theorems that are
an important part of Boolean algebra. In practical terms. DeMorgan's theorems
provide mathematical verification of the equivalency of the NAND and negative-
OR gates and the equivalency of the NOR and negative-AND gates.

One of DeMorgan's theorems is stated as follows:

The complement of a product of variables is equal to the sum of the
complements of the variables,

The formula for expressing this theorem for two variables is:
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XY=X+Y
DeMorgan's second theorem is stated as follows:

The complement of a sum of variables is equal to the product of the
complements of the variables.

The formula for expressing this theorem for two variables is

X+Y=XY

Example: Apply DeMorgan's theorems to the expressions XYZ and X + Y + Z.

Example: Apply DeMorgan's theorems to the expressions WXYZ and W + X +
Y + Z.
Solution:

WXYZ=W + X +Y + Z

WH+X+Y+Z=W+X+Y+Z
Q: Simplify the Boolean expressions, and then draw their logic circuits.
1-AB+A(B + C)+B (B + ().

2- [AB(C + BD) +4 B] C.

Example: Apply DeMorgan's theorems to the following expression:

A + BC + D(E + F)




Solution:

Step I. Identify the terms to which you can apply DeMorgan's theorems, and think
of each term as a single variable. Let A+ BC=Xand D (E + F) =Y.

Step 2.Since X +Y=X

A+BC+DE+F) =A+BODE+F)

Step 3. Use rule 9 (A = 4) to cancel the double bars over the left term (this is not
part of DeMorgan's theorem).

(A + BE) (D (m)) = (4 + BC) <D (ﬁ))

Step 4. Applying DeMorgan's theorem to the second term,

(A+BC)D(E+F)=(A+BC)(D +(E + F))

Step 5. Use rule 9 (A =A4) to cancel the double bars over the E + F part of the term.

(A+BC)(D +E+F)=(A+BC) (D +E+F).

Q: Apply DeMorgan's theorems to each of the following expressions, and then
draw their logic circuits:

(a) (A +B + O)D (b) ABC +~ DEF (c) AB + CD + EF|




Flip Flops

*+» Introduction

In electronics, a flip-flop or latch is a circuit that has two stable states and can
be used to store state information. The circuit can be made to change state by
signals applied to one or more control inputs and will have one or two outputs. It is
the basic storage element in sequential logic. Flip-flops and latches are
fundamental building blocks of digital electronics systems used in computers,
communications, and many other types of systems. Flip-flops and latches are used
as data storage elements. A flip-flop stores a single bit (binary digit) of data; one of
its two states represents a "one" and the other represents a "zero". Such data
storage can be used for storage of state, and such a circuit is described as
sequential logic.

* Implementation

Flip-flops can be either simple (transparent or asynchronous) or clocked
(synchronous); the transparent ones are commonly called latches. The word latch
iIs mainly used for storage elements, while clocked devices are described as flip-
flops. Simple flip-flops can be built using logic gates.

< Flip-Flop Types
1. Set-Reset Flip Flop (S-R)

When using static gates as building blocks, the most fundamental latch is the
simple SR latch, where S and R stand for set and reset. It can be constructed from a
pair of cross-coupled NOR or NAND logic gates. The stored bit is present on the
output marked Q. While the R and S inputs are both low, feedback maintains the Q

and Q outputs in a constant state, with Q the complement of Q. If S (Set) is pulsed
high while R (Reset) is held low, then the Q output is forced high, and stays high
when S returns to low; similarly, if R is pulsed high while S is held low, then the Q
output is forced low, and stays low when R returns to low.




S (set)

Inputs L Outputs

R{reset)jo———

)

T
Dy

(b) RS Latch Flip Flop NOR Gate (a) Latch Flip Flop NAND Gate

SR latch operation’

Characteristic table Excitation table

R Q R Qi Action Q Qua S R
0 Q  holdstate | 0 0 0 X
— 1 0 reset 0 1 10

S Q

0 1 set 1 0 0
RS Latch 1| X |notallowed | 1

Note: X means don't care, that is, either 0 or 1 is a valid value.

2. Gated SR Flip Flop

A synchronous SR latch (sometimes clocked SR flip-flop) can be made by
adding a second level of NAND gates to the inverted SR latch (or a second level of
AND gates to the direct SR latch). The extra NAND gates further invert the inputs
so the simple SR latch becomes a gated SR latch (and a simple SR latch would
transform into a gated SR latch with inverted enable). With E high (enable true),
the signals can pass through the input gates to the encapsulated latch; all signal

combinations except for (0, 0) = hold then immediately reproduce on the (Q,0Q)
output, i.e. the latch is transparent. With E low (enable false) the latch is closed
(opaque) and remains in the state it was left the last time E was high. The enable
input is sometimes a clock signal, but more often a read or write strobe.

s Q

E
Gated SR latch operation —_

R
E/C Action Q

S

Symbol for a A P :
gated SR latch circuit diagram constructed from
1 The same as non-clocked SR latch gatecl SR latch NOR gates.

0 No action (keep state)




3. D Flip Flop

This latch exploits the fact that, in the two active input combinations (01 and
10) of a gated SR latch, R is the complement of S. The input NAND stage converts
the two D input states (0 and 1) to these two input combinations for the next SR
latch by inverting the data input signal. The low state of the enable signal produces
the inactive "11" combination. Thus a gated D-latch may be considered as a one-
input synchronous SR latch. This configuration prevents application of the
restricted input combination. It is also known as transparent latch, data latch, or
simply gated latch. It has a data input and an enable signal (sometimes named
clock, or control). The word transparent comes from the fact that, when the enable
input is on, the signal propagates directly through the circuit, from the input D to
the output Q.

Gated D latch truth table
D Q Q Comment

D Q

0 Quev | Qpey | Nochange E Q

1 0 0 1 Reset Fo }
Symbaol for a

1 1 1 0 Set gated D latch A gated D latch based on an SR NAND latch

4. T Flip Flop

If the T input is high, the T flip-flop changes state (“toggles™) whenever the
clock input is strobed. If the T input is low, the flip-flop holds the previous value.
This behavior is described by the characteristic equation:

Qnext:T@Q:Ta‘I'TQ

And can be described in a truth table:

T flip-flop operation®!
—T o] Characteristic table Excitation table

Qpext Comment Qnext Comment

— 5_

hold state (no clk) Mo change

A circuit symbol
for a T-type flip-
flop

toggle

Q
0 | hold state (no clk) | O 0 Mo change
1
0
1

1
1 Complement
(4]

1
1
0 toggle Complement




5. JK Flip Flop

The JK flip-flop augments the behavior of the SR flip-flop (J=Set, K=Reset)
by interpreting the J = K = 1 condition as a "flip" or toggle command. Specifically,
the combination J = 1, K = 0 is a command to set the flip-flop; the combination J =
0, K =1 is a command to reset the flip-flop; and the combination J=K =1 is a
command to toggle the flip-flop, i.e., change its output to the logical complement
of its current value. Setting J = K = 0 maintains the current state. To synthesize a D
flip-flop, simply set K equal to the complement of J. Similarly, to synthesize a T
flip-flop, set K equal to J. The JK flip-flop is therefore a universal flip-flop,
because it can be configured to work as an SR flip-flop, a D flip-flop, or a T flip-
flop. The characteristic equation of the JK flip-flop is:

Qnext = ]6 + jQ
And the corresponding truth table is:

JK flip-flop operation®”

—!
—+
I

Q Characteristic table Excitation table

K | Comment | Qnext | @  Qnext  Comment

(o) =

Mo Change

A circuit symbol reset
for a positive-
edge-friggered

JE flip-flop

0 | hold state Q 0
0
1

Reset

0
1 Set
0
1

1 a
a set 1
1 toggle a |1 Mo Change




Digital-to-Analog Converter

The digital-to-analog converter (DAC) transforms digital signals into analog
form. A typical example of a four-bit DAC is illustrated in fig. shown below.

Digital
input
(000011110 &

Four-bit _ Analog
DAC " output

The four-bit DAC can be realized in many ways. A simple realization is the
binary weighted ladder, shown below.

’_A Wi

T

The bits are weights according to the magnitude of their place value, by
descending value of Ry/R;so that each lesser bit has half the weight of the next
higher. This is obviously an inverting summing amplifier. The output is related to
the inputs as shown in the equation below:

Ry Ry Ry Ry
—V0=R—1V1+R—2V2+R—3V3 +R_4V4 Eq(l)

Input V4 is called the most significant bit (MSB), while input V, is the least
significant bit (LSB). Each of the four binary inputs V/;,... , V, can assume only two
voltage levels: 0 or 1 V. By using the proper input and feedback resistor values,
the DAC provides a single output that is proportional to the inputs.

Example: In the op amp circuit of the previous fig. , let Ry = 10k, Ry =

10kQ, R, = 20k, R; = 40k, R, = 80k . Obtain the analog output for
binary inputs [0000], [0001], [0010], . .., [1111].




Solution:

Substituting the given values of the input and feedback resistors in EqQ. (1) gives:

R R R R
f f f f
0 Ri'' R, 2 R; 3 R, *

=V, + 0.5V, + 0.25V, + 0.125V,

Using this equation, a digital input [V, V,V;V,] =[0000] produces an analog
Output Of _VO == OV, [V1V2V3V4_] == [0001]9”]85 - VO = 0. 125V

Similarly,
[V1V2V3V4] = [0010], _VO == OZSV

[V,V,VsV,] = [0011], —V, = 0.25+ 0.125 = 0.375V

|

[V,V,VsV,] = [1111] —V,=1+05+ 025+ 0.125 = 1.875V

Table below summarizes the result of the digital-to-analog conversion. Note
that we have assumed that each bit has a value of 0.125 V.

Input and output values of the four-bit DAC.

Binary input Outpurt
[V VaVaVyl Decimal value —V,
O 0

OO0 0.125

0010 0.25
o011 0.375
0100 0.5
0101 0.625
0110 075
o111 0.8B75
10O 1.0
10401 1.125
1010 1.25
1011 1.375
11040 ? 1.5
1101 3 1.625
1110 r 1.75
1111 = 1.875

CW=-lThEWN=0

=

Example: A three-bit DAC is shown in the fig. below, determine:




(c) If V; = 1. 25V is desired, what should be [V, V,V;]?
(d) To get V, = 1.75V, what should [V, V,V5]?

; A
Ly — —_—

40 kL2

Analog-to-Digital Converter

An Analog-to-Digital (A/D) converter converts an analog voltage into a digital
number. The three-bit ADC can be realized in many ways. A simple realization is
shown below. The figure shows an A/D converter built by three op-amps to
measure voltage V,,, from 0 to 3 volts with resolution 1 V.

Due to the voltage divider, the input voltages to the three op-amps are,
respectively, 2.5V, 1.5V and 0.5V. The outputs of these op-amps are listed below
for each of the input voltage levels.

P 2.5V

Input voltage 0

Op-amps Outputs 000
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