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Course Outline

1. Introduction to Electrical Engineering

Introduction to some practical electrical engineering examples.

2. Magnetic Circuits and Transformers

Principles of mutual inductance and transformers.

3. DC Power Supply
Diode characteristics. Rectifier circuits. Bridge rectifiers.

4. BriefIntroduction to DC Motors and Electric Generators
Basic principles of operation of DC motors and electric generators.

5. Digital Logic Circuits
Digital logic. Boolean algebra. Combinational logic. Logic circuit design.
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Textbook & References

1.

Basic Circuit Analysis for Electrical Engineering

By C. C. Ko and B. M. Chen, 2nd Ed., Prentice Hall, 1998

Electrical Engineering

By S. Elangovan and D. Srivivasan, Prentice Hall, 2005

Principles of Electrical Engineering

By P. Z. Peebles, Jr. and T. A. Giuma, McGraw Hill, 1991

Electrical Engineering Principles and Applications

By A. R. Hambley, Prentice Hall, 2011

Principles and Applications of Electrical Engineering

By G. Rizzoni, McGraw Hill, 2007
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Lectures

© Attendance is essential ®

Any question at any time during the lecture

is welcome!
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Tutorials

As in Part 1, there will be 4 tutorial sets for this part.

Week 8: Free tutoring session. You should take the opportunity to clarify

any doubts and problems you have.

Week 9: Free tutoring session. You should take the opportunity to clarify

any doubts and problems you have.
Week 10: Tutorial 5
Week 11: Tutorial 6
Week 12: Tutorial 7

Week 13: Tutorial 8

You are free to discuss among your classmates and/or to consult me or your tutors

if you have met any difficulties in attempting the tutorial problems.
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Office Hours

4:30-7:00pm
Every Thursday up to Reading Week
@ My Office ©



Introduction to Electrical Engineering

Disciplines and Examples
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Electrical Engineering Disciplines...

1. Power Systems
The oldest specialty within the field deals with the generation
and transmission of electricity from one location to another.
2. Electric Machinery

It deals with conversion of energy to and from electrical form,
and studies the design and operation of devices such as motors

and generators.

3. Electronics
This covers study and application of materials, devices and
circuits used in amplifying and switching electrical signals.

4. Computer Systems

These process and store information in digital form. It includes
design and development of computer hardware systems and the

computer programs (software) that control them.
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Electrical Engineering Disciplines...

5. Control Systems

These are a very important class of systems that gather
information with sensors and use electrical energy to

control a physical process.

6. Communications Systems

These systems transport information in electrical form
by encoding information on an electrical signal. Some
examples of such systems include cellular phone, radio,

satellite television, and the Internet.

7. Instrumentation Systems

They include sensors and instruments commonly used in &
engineering systems. Modern instrumentation systems

typically use electronic amplifiers and converters.

EG1108 PART 2 ~ PAGE 10 BEN M. CHEN, NUS ECE



Electrical Engineering Disci
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Example: A

Passenger Automobile...

Control systems

Communication:
Audio/video devices

2

jiCo i

Measurement and mstrumentation:
Meters on dashboard, Sensors, etc.

Motors:
Engine/transmission
Control of steering,
mirror, etc

Alternator:
electrical power
system

o

Computer systems: On-board

computers
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An Electric Circuit in an Automobile

Headlight System

Headlamps

\ (a) Physical configuration
/

Conductors \

representing

. wires
Switch \ / \
/ °

v () £ =N

/4 Resistances
. . . Voltage source o representing
Electric Circuit representing battery headlamps

\ (b) Circuit diagram
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Actual Flight Tests

......

: Xy,

"
5

%@Q . |
?%BL )j\\@ material engineering? ‘;m;

A
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Magnetic Circuits & Transformers

Basic Principles



Examples of Transformers

High Voltage ﬂ

I
[I oBuijop, w07 ”
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Magnetic Field and Material

In electrostatic, an electric field is formed by static charges. It is described in terms
of the electric field intensity. The permittivity is a measure of how easy it is for the

field to be established in a medium given the same charges.

The permittivity of free space or vacuum permittivity or electric constant is given

by
g, = 8.8542x107" F(arad)/m

JANEVAN
VARV

[f the insulator is free
space (or a piece of

paper), the resulting

capacitance

Plate
area A

Electric
field E

>
Plate separation d \%
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Permeability

Similarly, a magnetic field is formed by moving
charges or electric currents. Itis described in
terms of the magnetic flux density B, which has
a unit of tesla (T) = (N/A)m. The permeability

Coilcarrying B
electric current

L is a measure of how easy it is for a magnetic

field to be formed in a material. The higher the

u, the greater the B for the same currents.

In free space, puis g, =47x107 H/m and the

relative permeability p_is defined as

U
My =—
Hy
Most “non-magnetic” materials such as air and pure iron u. =5,000
wood have a p .~ 1. However, “magnetic silicon 6o steel . = 40,000

materials” such as iron may have p.~ 5000. supermalloy i =1,000,000
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Magnetic Flux

Consider the following magnetic system:

Magnetic material
Permeability «

e ~N If u is large, almost the
i . - entire magnetic field
D _ will be concentrated
N turns — // Cross sectional area A o .
; inside the material
3 J | Averagelengthl and there will be no
\ e Y, flux leakage.
: formFif.fsiﬂe;aths distribution of flux density: Since the field lines
- i ﬁ\\ J\D\V — form closed paths and
t) | [ ; e T — there is no leakage,
right ] B b the total flux ©
I;s;; d e | i jjj/ passing through any
— —;’ K\ ’i —— cross section of the
T o <) material is the same.
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Flux Density

Assuming the flux to be uniformly distributed so that the flux density B have the same

value over the entire cross sectional area A:

Total flux @
|
|
|
Cross sectional area A
RN
Same flux densityB = N /I/ I
|
|
O weber (Wb)
— : : . Nikola Tesla
B A Wlth units teSIa (T) o 2 Serbian American
m 1856-1943
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Ampere’s Law

The values of ® or B can be calculated using Ampere's law:

Line integral of B along any closed path = current enclosed by path
u

Permeability w

l.(\t) - N Andre-ll\:/[raerrilihAmpere
g 1775-1836
Area A
Nturns e rea
)
-\ ) ‘// Average length
— _
ine i B 4 LBl _( ]
Line integral of ; along dotted path = — = —A 0 i | .
H H ‘ A

= Current enclosed by dotted path N i
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Inductance

Consider the magnetic circuit:

Permeability u
() 7 N
> :
3 3 Area A
N turns 3 //
Average length |
C y 3// g g

Assuming no flux leakage and uniform flux distribution, the reluctance and the flux

linking or enclosed by the winding are

TR:,ULA and CD(t): Niﬂ(:)
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Side Note — Notation for a branch voltage

For this second part, the following symbols are identical

The arrow points to the ‘positive’ potential of the circuit element even

though it can be physically negative depending on the actual value of v.
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Faraday's Law of Inductance

From Faraday's law of induction, a voltage will be induced in
the winding if the flux linking the winding changes as a

function of time. This induced voltage, called the back emf

(electromotive force) will attempt to oppose the change and

is given b ’
8 y Michael Faraday

dd (t) N2 di (t) Flux linking winding 17]3911153_“15;67

t — N = -
v(®) dt Rt o(t) = 1D
\:\ |
|
\ | |

ml equivalent inductor:

>

N turns

v(t)= L d;gt) /[ = N

\ inductany ' '
| |
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Mutual Inductor

Thetwodotsare ’$================\\
(", _ _ Reluctance % _ \\\\\
associated with the '1\(t) ® A o ——————— N ® i (1)
-~ o 11 ~
directions of the wo oo
- : t N L TN V, (t
windings. The fields Vil )T ;T L N T (0
H T
produced by the " Il 'C J :ﬂ( "
o _ Primary N VYs==zg=s=z==z=z==z=zz=" :: Secondary
two windings will winding . Flux @(t) L winding
\====_============,)

be constructive if

the currents going

into the dots have R
the same sign. v (t)=N do(t) N,> dil(t)Jr(Nlszdiz(t)
S dt () dt L) dt
NN, \/W e .
= = dd(t) (N,N, \di,(t) (N3 di,(t
R R R v,(t)=N, dt():( 532j (lj'E )+( 9%} (21’[()
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Mutual Inductance

N 2
Inductance of primary winding on its own = L, = ER—I

Inductance of secondary winding on its own = L, =

di, (t)

dt

AU CAL

v, (t)=L, "

o
—
o
—

di, (t di, (t di, (t
v, (t)=4/LL, ai)uz ;E):M ag)

where M =,/L L, is called the mutual inductance between the two windings.
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AC Environment

M
i1(t) L\ iz(t)

' ' di (1 di» (1)
LN N e T torno flux leak d perfect coupl
1—?: 22?’ =17L, 10 NO TIUX 1ea age an pe eC Couplng
¢ why?How:....
M
Oz [
S
g ° °
Vi=joll; +joMI, T Ly L, T Vo = joMIL) + jol, 1,
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Why? How?...... It follows from the phasor technique

By using phasors, a time-varying ac voltage

v(t) = \/Ercos(a)t+¢9) [(relg)(felwt)J

becomes a simple complex time-invariant number/voltage

{V:re‘ﬂ:rz@ }

where I = \V\ = magnitude of Vand 6= Arg [ V] = phase of V.

a N

Using phasors, all time-varying AC quantities become
complex DC quantities and all DC circuit analysis

techniques can be employed for AC circuits without

virtually any modification!
\ yan J
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Why? How?...... It follows from the phasor technique

M
il(t) m iz(t)

° ° o
di (1) di, (1) I I 0 _Mdi1(1)+L di, (1)
) = L=+ M=~ : ? VoA =M 2 dt
Let i (t) = \/Erl cos(wt+6) = I =red | if(t)= \/Erz cos(wt+6,) = |,=re2
i i d(v/2r cos(wt + 6 d(v/2r, cos(wt + 6
L (on G0, G d(2resot=d)) | d(V2neos(t+4)

dt dt dt dt
=L \2 rosin (ot +6,)-M V2 r,osin (ot + 6,)

= \2(r oL, )cos (a)t + 6, +£j+ J2(r,@M )cos (a)t + 6, +£j
2 2

T

j(@ﬁzj j[92+5J i, jﬁ i, jﬁ
= |V rol, )e +(r, oM )e =roLe e 2+r,owoMe “e 2
1 1 1 2 1 1 2

T

]

NN

- . . _ T T
:(ja)l-l)rlew”r(ja)M)rze“gz:[ja)L1L+ja)l\/Ik] e —cosz+js1n2_1

EG1108 PART 2 ~ PAGE 30 BEN M. CHEN, NUS ECE



Why? How?...... It follows from the phasor technique

Similarly, one can derive

V= joM I+ ol 1, |

Thus, for an AC environment,

_ M
ll(t) m iz(l)

° ° h
diy (1) . di (1) I I =y di® o, dix(0)
Vl(t) = Ll PT; + Md—f 1 2 vz( ) = dt + Lo dt
M
I L\ %
> <
° ®

Vi = joLil + joMI, T L, L, /[ Vy=joMI + jol,I,
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Transformer

Now consider connecting a mutual inductor to a load with impedance Z;

M
% L~ b
~. <
Vlzja)Llll+ja)M[2 T Ll L2 T V2=]0)M11+]0)L212 ZL i Zle

by KVL

0=V, +Z,1, = joM 1 + joL,1,+Z,1,

V2_ja)(|\/||1+L2|2)_ L LI +L1,
Vi Jje(LL+ML) LI +JLL L, _ja)L2+ZL
\/7(\/71|1+\/72|2) , JoM

L |
\/Th‘*‘ 2|2) z—Ja)NT if [Z,|<<[ joL, |

—2 =n, turn ratio L L
L Z/ER Ll } - L2|_ - |_2 :
1
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Equivalent Load

Voltages and currents of the primary
and secondary windings of the ideal

transformer with | joL,|>>|Z |

—
—

vV =l

Equivalent Load: A load connected
to the secondary of a transformer
can be replaced by an equivalent

load directly connected to the primary.
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4

=]

nv,=—-2
1 n L
e equivalentl
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Application: Impedance Matching

A very important application of transformers is as an impedance matching device

using the concept of equivalent load. Recall that the maximum power transfer

theorem states that a power source delivers maximum power to the load when the

load resistance is equal to the internal resistance of the source. This can be

accomplished by using a transformer to match the two resistances.

4 =)

Source =
- NS
impedanc
Vs
)
NS

w 4

O

Load
resistance

Q

PLoacl

------------------------------------

Rsomce = RLoad

RLoad
|

By choosing an appropriate transformer turn ratio n, the effective load resistance

R, (or effective load impedance Z; ) can be made equal to the internal resistance (or

impedance) of the source. Such a process is called impedance matching.

EG1108 PART 2 ~ PAGE 34

BEN M. CHEN, NUS ECE



Example 1

A sound system with a loudspeaker can be represented in a circuit diagram below.
If the internal resistance of the source is 75Q), and the resistance of the load is

300¢, find an appropriate transformer turns ratio, which results in impedance

matching.
Solution: The equivalent / \ / \
load resistance seen by the o0
source (or the primary Ve (_D R vatont ond
winding) is given by
300 e
equivalent load = ? \ / K J

To match it with the source internal resistance, we set

L0 e 300

Requivalent load — 2 = = % 4 = n=2 <« the required turns ratio
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" imt tan 1Y A
----------------------- v Z=X+ ] y=(\/x2+y2)e] x
Example 2
Y
5 y 1Y
For the given circuit, 6’\ i , tanf== = O=tan’ =
X X
K X re -
find the phasor
N
currents and R, =1000Q |
1
voltages, and the +o_'.
power V. =1000 £0° V G) v, v, Z, =10+ j20 O
delivered to — B
the load. O O

Solution: The equivalent load impedance seen by the primary side is given by

Z, 10+ 20

L,equiv. — nz (1/10)2 o 100(10+ J20) € Rl 1000£2 _ |1
—O
The total impedance seen by the source is:
Vs Vl ZL equiv
Ztotal - Rl + ZL,equiv _ ’

=1000+1000+ j2000 =2828.£45° Q
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Example 2 (cont.)

The primary side current and voltage can be R, =1000 |
calculated as: —O—
© Vv
|1 = Vs = 100020 =0.3536/—-45° A VS ! ZL,equiv
Zoo 2828245° B
and O
Vi=1LZ o =0.3536£-45°x(1000 + J2000) =790.6£18.43° V

The secondary side current and voltage can be calculated as:

|_1:0.3536Z—45 3536/ —45° A
n 1/10

IZ

V,=nV, = %x 790.6£18.43°=79.06£18.43°V

2

The power delivered to the load: B =|I,|' R =3.536>x10=125 W
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Transformers Used in Power Transmission

Generation of Transmission Distribution
electricity
Power _ Power Power
generating transmiss distribution Home
station -ion
11kV 220kV 220kV  22kV 22kV 220V

Transformers used to raise/lower voltages in electrical energy distribution
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Application 2: Power Supply

AC mput
voltage DC output

Transformer Rectifier Filter voltage
And

/ U 3& /\\/ bridge NAAA T

Transformer used in DC power supply
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DC Power Supply

Rectifier Circuits



ANUS

National University
of Singapore

Examples of DC Power Supply

YT sy |

rcﬂllﬂllﬂ'1

= o el
I. Hi
Z >
= c,g
4
r-!!il
lonl

r“l.flﬂ[—l
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Learning Objectives

The main learning objectives for this topic are as follows:

To understand voltage-current characteristics of a diode
To understand operation of half-wave and full-wave rectifier circuits
To determination of output voltages and currents

To analyze operation of rectifier circuit with capacitor filter

A D

To calculate peak inverse voltages for rectifier circuits
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Diode

Diodes allow electricity to flow in only one direction. Diodes are the electrical version

of a valve and early diodes were actually called valves. The schematic symbol of a
diode is shown below. The arrow of the circuit symbol shows the direction in which

the current can flow. The diode has two terminals, a cathode and an anode as shown

in the figures.

& ~J

CURRENT FLOWS

Forward biased diode

|
Anode I Cathode

)

/

\
>

+ )

NO CURRENT FLOW

&Reverse biased diode

Anode >| Cathode

/
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g
AvA

O

Diode off

Diode on

~

\ Characteristics of an ideal diode /
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Characteristics of Silicon Diodes

-

N

ID
Reverse
Brealkdown
Voltage
—E
P \

I
| /
I
Reverse

/ breakdown

\ “D

Forward
voltage drop

The actual characteristics of a silicon diode is slightly different from the ideal one. In

particular, if the voltage v, is more negative than the Reverse Breakdown voltage, the

diode conducts again, but in a reverse direction.
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Diode Rectifier Circuits

One of the important applications of a semiconductor diode is in rectification
of AC signals to DC. Diodes are very commonly used for obtaining DC voltage

supplies from the readily available AC voltage.

@ R
230V
AC —»| Transformer |™®| Rectifier Filter [~® Regulator [ R?gulated
Mains 5V DC
- J

There are many possible ways to design

C
o

rectifier circuits using diodes, e.g.,

= s 4 /—‘_O~7U/'\
in I NS | Out
- N/ N rhy
o I ) 4 X 4 n 11
R, 11 AN -\ 7 Rald
Vil OvSs 51 7/ . |
e =
= ~~—" 7 U I
Ha dave nectirier —h = =
] ~. [ 4 SE L
| s | ¥ S =
| S—) Zia U IR
| ~ Y1 -out L
| ~ P
F llW R .f. Bt ||
[ ' — il
” V e =
1 1 r LA~ p—
You I\ D, R,
LyAINTZ 301
{ Ll
1
i o
—— - <

e Bridge Rectifier
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Simple Half Wave Rectifier

/ b oyp — \ The AC power supply is given by
N . : : 1
L | v, =V, sin(wt) =V, sin(2z ft)=V, s1n(27r?tj
+
* We are interested in obtaining DC voltage
a ‘ B across the “load resistance” R;.

N N ™

. 8
voltage
During the positive half cycle, the - /\ /\

diode is on. The source voltage is i

Vo

= Vlll

directly connected across the load. L+ Vi

<
-

—
.—;
™)
o
—
.
— i
)

Output :
During the negative half cycle, the voltage i

diode is off. The source voltage is

0V
;/

"y varies between the peak V., and 0 in each cycle.

disconnected from the load. The

waveforms for v; and v, are shown This variation is called ripple, and the corresponding

in figure on the right... voltage is called the peak-to-peak ripple voltage, V, .
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Average Load Voltage & Current

If a DC voltmeter is connected to measure the output voltage of the half-wave rectifier

(i.e., across the load resistance), the reading obtained would be the average load

voltage V/,

displays the following average:

1T
V. =—|v (t)dt =
ave T.(')‘O()

T

ol

T/2
1|:IVmSIH(wt)dt+O:|=Vm I:COSO_COSwT:|: m[COSO—COSﬂ']:V—m
0 2 2

-~

Output
voltage

Average

voltage

-
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also called the DC output voltage. The meter averages out the pulses and

w=2rf :27rl

e\

T

Average load current:

V V
]L e ave _ m
R, 7nR,
a Truly speaking, the

output voltage & current

are notso ‘DC....
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Reverse Voltage of the Diode

/ N \ Ve A
vy —
D .

Source | £ n
Dl | voltage
.................... ] i I l ' l I oV
AN | /Y
’ Ry | ! | ! ! |
Vs Vo Vo A I 1 I I I - Vi
: | : I et Vi
- - Output I 1 1 I I
............................................................... ‘ : /\ ¥ %
I [ | I
\ / ‘ oy
0 T2 b 3072 2T 5T/2 r
By KVL: Vs =Vp +Vy = Vo =V —V,
Reverse A
I}Ef’rieukdawn lib VD
Voltage
;o +
U
o ) -
D
\ ov
Reverse Forward | | ! ! !
breakdown voltage drop : : : : :
I 1 I I I
I 1 I 1 1

'7
-V m

Clearly, the maximum reverse voltage across the diode is V.. Note that the diode will

function properly so long as V_, is smaller than its reverse breakdown voltage (i.e.,, V,).
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Example 1
4 )

A 50Q load resistance is connected across a half wave rectifier. The input supply

voltage is 230V (rms) at 50 Hz. Determine the DC output (average) voltage, peak-to-

kpeak ripple in the output voltage (V, ), and the output ripple frequency (f,). )

Solution: Peak amplitude of the source voltage is: V_=230x J2=3253V

V., 3253

Output DC voltage: V,, =-—" =103.5V
T 3.14

Peak-to-peak ripple voltage is the difference between max and min in v,

Vp-p :Vmax _Vmin :Vm -0=3253V / " “7 7777777 v \
Percentage ripple = (V,,/V,,.) x 100 = 314% o \//\\//\\/ ov
The ripple frequency is also 50 Hz, i.e., f.= 50 Hz. Oh" “ /\ /\+ '

LN LN,
0 T2 T 3T/2 2T 5T2 t J

Note that the peak-to-peak ripple and the percentage

ripple value are the measure of the smoothness of the output ‘DC’ voltage...
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Half Wave Rectifier with Capacitor

We have observed that the simple half wave rectifier does not really provides DC
voltage and current. To get a better load voltage and current, we add an additional

capacitor to the circuit...

» . \ @put load voltage \
Pr

2 ANVANYA

cE
” - ’ Output oV

v

/1
A

v
v

L EEEREEER
>

positive half cycle W
Qutput ov

A Disharg

’I PERRERRPD
A llll';'L'IT: /\f_\/\
+ A
H C, == R, Output ov
- - .
F 3
4444444
\\ negative half cycle
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a The output voltage is pretty ‘DC'...




Operational Analysis

During each positive half cycle, the capacitor charges during the interval ¢, to ¢,.
During this interval, the diode will be ON. Due to this charging, the voltage across

the capacitor v, will be equal to the AC peak voltage V at t,.

. . . Vo =V, . —V
The capacitor will supply current to load resistor R, / D Tmd o ~
: : : : o + D —
during time interval ¢, to t;. During this interval, | o
..................... ... [xrrerERR)
diode will OFF since the AC voltage is less than v,. T+ | |t
: : ce= vV, ¥
Due to the large energy stored in the capacitor, the ” sznd R D :gRL
capacitor voltage will not reduce much during t, to S |
t;, and v, will remain close to the peak value. k "/
/ V, Capacitor charging
4 Vp-p Capacitor discharging Smoothed
Vo | o N_____. / output voltage
—————— ' I Vo :
NS, (PR, . B L
' - _ Unsmoothed
' 1 ' | 4
v ond o output voltage
— — >
0 t t T/2 iy t:; ty 3T/2 t
\ Diode conducts « 7 discharging
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Reverse Voltage of the Diode

Tl A
° = > /\ /\

_ _ -V,

Q ..................................... ) /

By KVL:
V.4 vV
Vona =Vp, Vo = Vp =V =V, z
| / ___/\/\
The peak voltage across the diode is ov
Vp &=V, =V, =-2V Vp 4 oV
The maximum reverse diode voltage
is approximately 2V _.
pp Yy 4Vm <N
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Average Load Voltage & Current

In practical applications, a very large capacitor is used so that the output voltage is

close to the peak value. The average voltage (also called DC output voltage) across

the load can therefore be approximated to:

V

~\/

ave m

The average load current is then given by

e
I /
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IL

A . apaci 1schareine
\ Vp-p Capacitor discharging

Smoothed

/ output

. Unsmoothed
output voltage

~

voltage

o el - -
[

'
'
'
'
'
i
t

Diode conducts

3 1y 3172

-
>

/
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Capacitor and Capacitance

A capacitor is an electrical component used to store energy in an electric field. The

forms of practical capacitors vary, but all contain at least two electrical conductors

separated by a dielectric (insulator). The capacitance is defined as
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c.Q

V

For general situations, we have capacitor voltage

Noting that (the definition of electric current)

dt AT
we have

v _1da® _1 54 o]y =c MO
dt C dt C dt
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Peak-to-Peak Ripple Voltage & Required Capacitance

The voltage waveforms show a small AC component called “ripple” present in the
output voltage. This ripple can be minimized by choosing the largest capacitance

value that is practical. We can calculate the required capacitance as follows.

The charge removed from the capacitor during the discharge cycle (i.e., t, to t;) is:

AT

where [, is the average load current and T is the period of the AC source. As the

interval ¢, to ¢, is very small, the discharge time can be approximated by T.

If V, , is the peak-to-peak ripple voltage and C; is the capacitance, — |ay = AQ
The charge removed from the capacitor can also be expressed as C
AQ Vo Capacitor charging \
AQ EVp_pC:l — Vp_p - K 4 Vp-p Capacitor discharging Smoothed
C1 Ll . / output voltage
******* DN e
Required capacitance is given by P L __ Unsmoothed
o E i output voltage
(] [} 1 1 »
C — ILT _ VlﬂT F (FaradS) 0 g |53 T/2 T 3 4y 3T/2

| =
VD-P RLVD-D k Dioxde conducts /
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An Alternative Way for Finding Required Capacitance

During the capacitor discharging period (the green curves), the green portion of the

circuit below is governed by

444333344 1
A Dishar

A Current

A

9 _C -0 dt
+° 3
” C —T— VO : RL VO :_RLCI dot
dV (t) A 2 _t
A R C
44«««: Vo(t):Vme /L 1

v ! Capacitor charging

A
Vo-
Vm ______\_ ______ li E) _____

dv, (t
dv (1) R.C, U V,(1)=0
dt A
dv_(t) v
\ Transient Response...
Smoothed

Capacitor discharging

,/ ouputvolagel - Aq the discharge time can be

]

1
Lo
1

]

1

]
]
]

]

]

]

]

]

1

1

a5 o _

o Vo __ Unsmoothed approximated by T, we have

e Vo output voltage

] [] ]

1 | [ | > —

i T [ 1 R C

0t TR T tt 312 f Vo(T)=V,_ e /e =V, -V,
\ Di;de conducts / @ X =14 X+ X%‘+ .

Required |LT . VmT VmT

Capacitance Vp—p
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RV,

T
=~V V =V _ -V
<:| RLC p-p <j m[ R C ] m p-p

L™~1
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Example 2

/In the circuit of Example 1, a 10000uF filter capacitor is added across the load N
resistor. The voltage across the secondary terminals of the transformer is 230V

(rms). Determine the DC output voltage (i.e. average voltage), load current, peak-to-

erak ripple in the output voltage, and the output ripple frequency. )

Solution: Output DC voltage:V,, =V =3253V

ave —

Va

Ve

3253

Average load current: || = =6.51 A. This current discharges the capacitor

L
during the interval ¢, to t;.
The time period of the AC source = 20 ms (for frequency of 50 Hz). Thus, the peak-to-
peak ripple in the output voltage is given by
LT 6.51x20x107

JLI PR RNV = —=13.02V
V., RV, C,  10000x10

p-p

The ripple voltage is only 4% (= 13.02/325.3) now, its frequency remains at 50 Hz.
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Full Wave Rectifier

What is the shortage with the half-wave rectifier?

Vs A D,
I
.................. +V *
Source . >l
voltage +
—> 3 oF R
1 | I I I
1 | | I I
1 | | I I
Vo | e ! Y- y e -Vnp
= N
Smoothed
Vo, / output voltage
Unsmoothed
output voltage
>
T2 t

k Dioxde conducts /
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Solution...

The full wave rectifier...

Circuit operation

during the positive

half cycle...

-

N

1
.

+ + v, = V,Sin ot
: R
Vg - L
@ Vi 4+ VYV
— — vo +

v; =V,S1n ot :

-

D, I
L~
® +
v, = VpSin ot
L
° VAN
+
p— VO +
v; =V, Sin ot
N d

P A
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Circuit operation
during the

negative half cycle
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Average Load Voltage & Current

Vg

Source
voltage

Peak load
Voltage

Average DC
voltage

<

A [

Diode D1 Diode D2
on on
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Vave — 2Vm

T
I _Vave _ 2Vm
" R 7R
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Example 3

The transformer in the full-wave rectifier / b N
|\I ‘ —>
circuit has a turns ratio of 1:2. Its d
_ o
primary winding is connected across an N . |le & v=Visinor
- - RL

AC source of 230V (rms), 50 Hz. The load VS(\D & o VAW

_ _ + . - v, +
resistor is 50 (). Determine the DC output e s
voltage, peak-to-peak ripple in the output >
voltage, and output ripple frequency. \ D, /

Solution: The rms value of the secondary voltage = 460 V. Thus, the rms value of v,

(and v3) = 230 V. The peak value of v, (and v;): V_=+/2x230=325.3V

DC output voltage (average load voltage):V__ = Ny _ 207V
T

Peak-to-peak ripple voltage:V =V, —0=325.3 V. Ripple frequency = 100 Hz (why?)

a The ripple is still very large, but its percentage is reduced to 157%...
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Full Wave Rectifier with Capacitor

/ Dl i \ The required capacitance
ll>|| — can be found to be (half
° of the value required for
- R V,Sin ot R, the half-wave rectifier):
SOBE-§=% AW
- VuSin ot ”) C = 2' \L/ T B
- N C p-p

-

o

m

Q

<

Smoothed \

/ output voltage

Unsmoothed
output voltage

N

|
8] |5 T/2 tz Mty  § I

Diode D1 on Diode D2 on /

I
=)
)
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Full Wave Bridge Rectifier

+ Vlll

Circuit
operation
during
the
positive
half
cycle...

|jJe— _<:—>+
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Operational Analysis
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Circuit
operation
during
the
negative
half

cycle...

~

ARLE

=/
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Full Wave Bridge Rectifier with Capacitor

As usual, in order to have a smoother output voltage, we can add a capacitor...

--o--o--o--o--o--------.\

o

Vlll

-

Smoothed \

/ output voltage

Unsmoothed
/ output voltage

>
r

/
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Video: How to Make a Real DC Power Supply?
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DC Motors and Electric
Generators

A Very Brief Introduction



Electromechanical Energy Conversion

Electric Motor

-~

Electrical S Mechanical
energy _—> energy
Source Load

\

Electric Generator

- ™

Mechanical Electrical
energy ) energy
Source Load

N /
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Components of a DC Motor

DC motors consist of one set of coils, the armature
winding, inside another set of coils or a set of
permanent magnets, called the stator. Applying a
voltage to the coils produces a torque in the
armature, resulting in motion.

Stator

» The stator is the stationary outside part of a motor.

* The stator of a permanent magnet dc motor is composed of two or more permanent
magnet pole pieces.

* The magnetic field can alternatively be created by an electromagnet. In this case, a
DC coil is wound around a magnetic material that forms part of the stator.

Rotor

e The rotor is the inner part which rotates.

* The rotor is composed of windings (called armature windings) which are connected
to the external circuit through a mechanical commutator.

* Both stator and rotor are made of ferromagnetic materials.
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DC Motor Basic Principles

If electric energy is supplied to a conductor lying perpendicular
to a magnetic field, the interaction of current flowing in the
conductor and the magnetic field will produce magnetic force,
which attempts to move the conductor in a direction

perpendicular to the magnetic field, and is given by

F=B-1-L (Newton)

B : magnetic flux density; L: conductor length

John A. Fleming
English
1849-1945

I : current flowing in the conductor /

/ Left Hand Rule \

Direction —
of Force

Magnetic force

F=ILB
acts perpendicular
to both wire and
magnetic field

|\ Electric

Direction current supplied I
of Current externally through i
Qmmutmor

Fleming's Left Hand Rule

When electric current
passes through a coil in
a magnetic field, the

magnetic force
produces a torque
which turns the
DC motor
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DC Motor Operational Principle

The commutator reverses
the current each half
revolution to keep the
torque turning the

coll in the same
direction.

Electric |
current supplied i |
externally through

a commutator

When electric current
passes through a coil i
a magnetic field, the

magnetic force

produces a torque

which turns the
DC motor

A Nave

N\

/

\
-

Magnetic force
F=ILB
acts perpendicular
to both wire and

magnetic field

When electric curren

a magnetic field, the

magnetic force

produces a torque
which turns the

DC motor

t
passes through a coilh
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When electric current
passes through a coil in
a magnetic field, the
magnetic force
produces a torque

~

The turning torque
of the motor is
proportional to the

\magnetic field,

from the North
pole to the South
pale.

A Nanve

/

An actual DC
motor might

N

contain many
turns of
armature

windings in

its rotor...
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Electric Generators

Left Hand Rule

An electric generator is a device converting mechanical energy
to electrical energy. Electric motors and generators have many «
similarities. In fact, many motors can be mechanically driven to

generate electricity...

Electrical

Electric Motor \

-

Electrical
Power

\Output

Power .
input Mechanical
k output
Electric Generator\

v Mechanical Input/
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Direction =
of Force
f

Misea <
I\

Direction
of Current

Rotating force from
mechanical means

Electric current
generated

é F=B-1-L A

F : the force; B : flux density

L : conductor length

I : current flowing in the conductor
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Video: Motors and Generators

Generators
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Examples of Electric Generators

The source of mechanical energy used in real situations for generating electricity
may be a reciprocating or turbine steam engine, water falling through a turbine or
waterwheel, an internal combustion engine, a wind turbine, a hand crank,

compressed air or any other source of mechanical energy.

plant
and
steam

turbine

generator ,

EG1108 PART 2 ~ PAGE 74 BEN M. CHEN, NUS ECE



Digital Logic Circuits



Introduction

Many scientific, industrial and commercial advances have been made possible by the
advent of computers. Digital Logic Circuits form the basis of any digital system, such
as computers, laptops and smart phones. In this topic, we will study the essential

features of digital logic circuits, which are at the heart of digital computers.

Digital Logic Circuits may be subdivided into Combinational Logic Circuits and
Sequential Logic Circuits. In EG1108, our focus will be on Combinational Logic
Circuits. These circuits can be easily analyzed /designed using Boolean Algebra, which

is the mathematics associated with binary systems.

We will see how Combinational Logic Circuits can be designed and used for
interesting practical problems. Circuit minimization techniques such as Karnaugh

maps for simplification of combinatorial logic circuits will also be covered.
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AINUS

National University
of Singapore

Some Devices Involved Digital Logic Circuits

Personal Computer

Aircraft

~ Super Computer

Smart Phones
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Learning Objectives

The main learning objectives for this topic are as follows:

1. To understand basic terminology, types of logic gates

2. Tounderstand the basic operations used in computers and other
digital systems

3. To study basic rules of Boolean algebra, De Morgan’s laws

4. To study Karnaugh maps for circuit minimization
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Flowchart for Designing a Logic Circuit

Example: Design an LED panel to displa
[ Product or Design Specifications } [ P Lgetters E orpC Py ]
Identify necessary input and i Two LED bars as shown in Red
output variables ./~ | andBlack on left are sufficient
Obtain a relationship between . To display Letter E, both R and B are
input and output variables ; required to be on; |
i To display Letter C, R is required to be
on and B is to be off
Determine a logical expression """"
characterizing the input-output | oo T
relationship E E=R°*B: C=R°*B ’
Implement the logical expression — N\ |
using logic gates —|NoT B AND/j—

EG1108 PART 2 ~ PAGE 79 BEN M. CHEN, NUS ECE



Flowchart for Designing a Logic Circuit (cont.)

Product or Design Specifications] [ K-map simplification ] A

A

Identify necessary input and

output variables SOP/POS eXpressionsJ

A

Obtain a relationship between
input and output variables

|
| |
| |

. Truth tables J

4

expression characterizing the
input-output relationship

3INPado.ad usisa( [enidy

A

**$3.1N)23 Ul pa.aao) soido],

Implement the logical
expression using logic gates

i
i

ﬁ[ Booleari algebra ]
i

Basic logic gates J

*

NS
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Number Systems

A number system is an ordered set of symbols (digits) with relationships defined for
addition, subtraction, multiplication and division. The base of the number system is
the total number of digits in the system. For example, for the usual decimal system,
the set of digitsis {0,1,2,3,4,5,6,7,8,9} and hence the base is ten (B = 10). In the
binary system, the set of digits (bits) is {0, 1} and hence the base is two (B = 2).

There are two possible ways of writing a number in a given system: positional
notation and the polynomial representation.

Positional Notation: A number N can be written in positional notation as follows:

N=(b

n-1

b,,bybb,-b b, b, ) forexample N=(2536.47)

10

Polynomial Representation: The above number can also be written as a polynomial

of the form
N=b_B"'+b _,B"?+---+b,B*+ b B +bB’+b_ B +b,B” +---+b_ B™"

For example, N =(2536.47) =2x10°+5x10* +3x10" +6x10° +4x10™" +7x107",
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Binary-Number System

The binary number is a base 2 system with two distinct digits (bits), 1 and 0. It is
expressed as a string of Os and 1s and a binary point, if a fraction exists. To convert
from the binary to decimal system, express the binary number in the polynomial

form and evaluate this polynomial by using decimal-system addition.

The following are mappings of some binary numbers to their decimal counterparts:

Binary  Polynomial Representation | Decimal Binary | Decimal
000 = 0x22+0x21+0x20 = 0 1000 = 8
001 = 0x22+0x21+1x2% = 1 1001 = 9
010 = 0x22+1x21+0x20 = 2 1010 =| 10
011 = 0x22+1x21+1x20 = 3 Similarly; 1011 = 11
100 = 1x22+0x21+0x20 = 4 1100 = 12
101 = 1x22+0x21+1x20 = 5 1101 = 13
110 = 1x22+1x21+0x20 = 6 1110 = 14
111 = 1x22+1x21+1x20 = 7 1111 = 15
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Boolean Algebra and Logic Gates

Boolean algebra is the mathematics of digital logic and is particularly useful in
dealing with the binary-number system. Boolean algebra is used in the analysis and
synthesis of logical expressions. Logical expressions are constructed using logical-
variables and operators. The value of any logical expression boils down to any one

of the two logical constants: true and false.

In Boolean algebra, a logical variable X may take any one of
the two possible values 1 and 0. X =1 and X = 0, which may

represent respectively

e truth or falsehood of a statement

e on or off states of a switch George Boole
. English
* high or low of a voltage level 1815g_1864

A logical expression is a finite combination of logical variables (which are also
called input variables) that are well-formed according to the rules of Boolean
algebra. The value of the logical expression is referred to as the output variable

(which itself is also a logical variable).
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Truth Tables

A truth table is a mathematical table used in logic to compute the functional values

of logical expressions on each of their functional arguments, that is, on each

combination of values taken by their logical variables. In particular, truth tables can

be used to tell whether a propositional expression (output) is true or false for all

possible combinations of input values. The following are the examples of the truth

tables for 1, 2, 3 and 4 input variables, respectively:

Input Output
A Z
0 1
1 0
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Input Variables | Output
A B w
0 0 1
0 1 1
1 0 1
1 1 0

= = = = O O O O|Pr

= =, O O B B O O|®

= O B O B O R O|0DO

= O O B O » O = |X

R R R R R R R RO O0OO0O0OOOOoOOoO|X

P =R 2R PR O OCCOORFR R PR R OOOO|®®

= =, OO R PR OO R R OORKR R OO|NO

) O RO R OFRORFRORKROROHRO|O

©O O O OO OO R O OO R O R R R|<
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Logic Circuits

Electrical circuits designed to represent logical expressions are popularly known as
logic circuits. Such circuits are extensively used in industrial processes, household
appliances, computers, communication devices, traffic signals and microprocessors
to make important logical decisions. Logic circuits are usually represented by logic

operations involving Boolean variables.
There are three basic logic operations as listed below:

 NOT operation
 AND operation

* OR operation

We will illustrate these basic logical operations in the following sections using
Boolean variables A and B. A logic gate is an electronic circuit/device which makes
the logical decisions based on these operations. Logic gates have one or more inputs
and only one output. The output is active only for certain input combinations. Logic
gates are the building blocks of any digital circuit. Logic gates are also called

switches.
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NOT Operation

NOT operation is represented by
C=A

The NOT gate has only one input which is then inverted by the gate. Here, A is the

‘complement’ of A. The symbol and truth table for the operation are shown below:

~

\\>O—

— 1 NOT

A L = A |C P
0 1 E C
1 0 o

~ Truth Table for NOT Gate
\”\o
- C

A |
Switch Circuit for a NOT Gate/
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AND Operation

AND operation is represented by C= A« B

Its associated TRUTH TABLE is shown below. A truth table gives the value of output
variable (here C) for all combinations of input variable values (here A and B). Thus

in an AND operation, the output will be 1 (True) only if all of the inputs are 1 (True).

A 5 L ¢ / _/ ._/ \
AN 0 0 0 A B M
AND — © 0 1 ] 0
B —1__~ 1 0| 0 —
1 1 | 1 ( C\\‘A
Truth Table for AND Gate o
The following relationships can be easily derived: \ /
A-A=A 1.A=A 0eA=0

A'AZO A.B:B.A

Note: The « sign can be omitted when indicating an AND operation. Thus, C=A B
and C = A B mean the same operation.
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OR Operation

OR operation is represented by C=A + B

Here A, B and C are logical (Boolean) variables and the + sign represents the logical
addition, called an OR operation. The symbol for the operation (called an OR gate) is
shown below. Its associated TRUTH TABLE is shown below. Thus in an OR operation,
the output will be 1 (True) if either of the inputs is 1 (True). If both inputs are 0
(False), only then the output will be 0 (False). Notice that though the symbol + is
used, the logical addition described above does not follow the rules of normal

arithmetic addition.

A B C
4 _ N 0 0] o0
A —y 0 1| 1
| |1 e
/ o 1 1 1
B —
\ J Truth Table for OR Gate
The following relationships can be easily derived:

A+A=1 A+A=A 0+A=A
1+A=1 Switch Circuit for an OR Gate
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Multivariable Logic Gates

Many logic gates can be implemented with more than two inputs, and for reasons of

space in circuits, usually multiple input, complex gates are made.

3-Input

Input

AND

Gate

Truth

Table

el Ll k=R = N e =2 k=2 ~~,
o === O

~

®

-

el Ll el e A R
>\
$\ )
]

vy

Output 3-Input [Input Output
Z=A-BC OR A B C Z = A+B+C
0 Gate 0 1010 0
0 0 | 0 | 1 1
0 Table 0 1 1 1
0 1 0 0 1
0 1 0 1 1
0 1 1 0 1
1 1 1 1 1
C
- @ *{ ’
\*1
(zm g lL—]

/

=)

Ae(BeC)=(AeB)eC=AeBeC
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NAND Gate

We could combine AND and NOT operations together to form a NAND gate. Thus the

logical expression for a NAND gateis C= A-B.

The symbol and truth table are given in the following figure. The NAND gate symbol
is given by an AND gate symbol with a circle at the output to indicate the inverting

operation.

o X

@
- - 0O0|>r
- O -0\

C
1
1
1
0

A —} Truth Table for NAND Gate
T S
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NOR Gate

Similarly, OR and NOT gates could be combined to form a NOR gate.

C=A+B
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A B C
0 0 1
0 1 0
1 0 0
1 1 0

Truth Table for NOR Gate
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Realization of Logic Gates by Ideal Transistors *

Logic gates can be realized using ideal transistors, which have the properties:

1. There 1s no connection between G and D and G and S

2. If the voltage between G and D (Vgd) is less than X volts the switch is
open and there is no connection between D and S.

3. If the voltage Vgd is greater than X volts the switch is closed and D is
connected directly to S.

§ R 1V, N

L. Out == |V R%TVR
— Tl
B"—€./> e r@) _{ T -

V, —A+B

V=Vo+Vy = Vo=V whenVy=0,ie,[=0

- O =0
O = a a0

>

+
ws)

(a) NAND Gate (b) NOR Gate

Y - =1
- O =0

[=N=N=1Nlp]
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Properties of Practical Transistors *

RdS‘

_________________________________________________ X S S
RI
- G G l:
i v Ved
Switch ¢ Switch
Open T Closed
Changing State D D
(a) Typical transistor characteristic (b) NMOS transistor
B [ transient response]
Ideal logic waveform
I \Y% ™
> A
A —
\
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Practiéal Waveform
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Elements of Boolean Algebra

A symbolic binary logic expression consists of binary variables and the operators

AND, OR and NOT (e.g. A+ B * C ). The possible values for any Boolean expression
can be tabulated in a truth table.

Boolean algebra expressions can be implemented by interconnection of AND gates,
OR gates, and inverters.

4 N

,; ~ Dig.c
; |> 1/
N | /

As can be seen, the number of simple gates needed to implement an expression is

equal to the number of operations in the Boolean expression. We could use the rules

of Boolean Algebra or Karnaugh Maps to simplify a given Boolean expression. This

would allow the given expression to be implemented using less number of gates.
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Basic Laws of Boolean Algebra

Some of the basic rules of Boolean Rules:
algebra that may be used to /1’ 0+A= \
2: 1+ A=1
simplify the Boolean expressions 3. A+ A=
are shown on the right. These 4: A+A=
5: 0-A=0
rules may be proved using the é: 1. A=A
truth tables. Essentially, we 7 A-A=A
8: A-A=10
consider all combinations of inputs 0: A=A
and show that in all cases the LHS 10: A+B=B+A
11: A-B=B- A
expression and RHS expression 12: A+(B+C)=(A+B)+C
lead to the same result. Such a 13: (A-B)- C=A.(B-C)
14: A- (B+(C)=A-B+A-C
method of proving logical 15: A+ A. B =
equations is known as proof by 16: A- (A+B)=A

fect inducti 17: (A+B)- (A+C)=A+B-C
periect iInauction. 18 A+A.Be A+ B
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Example 1

Show by perfect induction that A + A -B = A + B [See Rule 18].

Proof: Let us create the following table and show the LHS = RHS for all the values of

A and B.
RHS LHS
A|B|A+B|A|A-B|A+A-B
010 0 1 0 0
01 1 1 1 1
110 1 0 0 1
1|1 1 0 0 1

identical \/
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De Morgan’s Laws

These laws are very useful in simplifying
Boolean expressions. According to

De Morgan's theorem, we have

Notice that the De Morgan's Laws give
the link between the OR operation and

the AND operation. Application of

De Morgan's theorem makes it easy to

design logic circuits using NAND and

. . . Augustus De Morgan
NOR logic gates which we will soon see. English

1806-1871

Because of the above relationships, any

~

logical function can be implemented by a

using only (i) AND and NOT gates or >°_ | A+B
(ii) OR and NOT gates. Thus, an OR gate > ) ‘ >

can be implemented with AND and NOT
gates as shown on the right.

/
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Some Side Notes on Boolean Algebra

In Boolean algebra, the equality of A + B = A + C does not only imply that B = C.

This can be shown by a specific the example: Let A=1,B =1 and C = 0. Then, we

have
A+B=A+C=1

Obviously, B = C.

Similarly, in Boolean algebra, the equality of A - B=A - C does not only imply that
B = C either.

This can be shown by letting A =0, B=1 and C = 0. Then, we have
A-B=A-C=0

Again, it is obvious that B = C.
Lastly, we notethatA+B-C=# (A + B) - C.

Note: In Boolean algebra, we do not define logical ‘subtraction’ and ‘division’.
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Universality of NAND and NOR Gates

Universality of NAND Gates

NAND gates can be used to A -
implement the functions of a A :)O— A-A=A+A=A

NOT gate, an AND gate, and

an OR gate, as illustrated

. i A —1 "
from the figures on the right. AB AB

Thus, any given logic

function can be implemented

by using NAND gates alone. A DOL _
o A
For this reason, NAND gate is A
A+B
said to be logically complete. Doi
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Example 2

Implement Z =A-B+C-D using only NAND gates.

Solution: A
_ — B=A
Z=A-B+C-D=(A-B)+(C-D)=(A-B):(C-D)

Circuit implementation using NAND gates:

AN N
D
/
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Universality of NOR Gates

Likewise, it can be shown that

any logic function can be

implemented using NOR gates

alone. This is so because NOR

gates can be used to implement / _ \
A —
the functions of a NOT gate, an A —j>(>7 A+B=

AND gate and an OR gate, as

shown in the figures on the Di
3
right. K /

A NOR gate is functionally

complete because AND, OR, and A A+B -
_|._
NOT gates can be implemented B

using NOR gates alone.

-/
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Example 3

Implement Z =A-B+C-D using only NOR gates.

Solution:

Z=A-B+C-D=A-B+C-D=A+B+C+D

>
.‘+
w| w
[
> |
oo |

Circuit implementation using NOR gates:

7\
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Exclusive OR and Exclusive NOR Gates

Exclusive OR operation is defined as

C=A®B =A-B+A-B

(This is to be proven in Example 5)

4 ] I
A AX “> i
B—) )

\_ J
A|lB|C=A¢B
0 0 0
0 1 1
1 0 1
1 1 0

Truth Table for exclusive OR Gate
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Exclusive NOR operation is defined as

C=A®B =A-B+A-B

=(A-B)-(A-B)
=(A+B)-(A+B)
e N
f\j .
N C
\_ J
A| B| c=40B
0] 0 1
0| 1 0
1 0 0
1|1 1

Truth Table for exclusive NOR Gate
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Example 4

Figure below shows a logical \ Solution: The output of each gate is

circuit that may be used to
_ _ _ labeled directly in the figure. It is
achieve exclusive OR operation.

Determine the output C. easy to see that

T > AB C=(A+B)-(A-B)

0

C )
\o—L SaE ~ A®B
L AB
? checked v~

A TB X o A TBE Y | A[B|C=A4A.D8
0 0 |:0; . 0 0 |:i1; 00 ) v
0 1 |:ii: . 0 1 |:d: 01 L1 v
10 |; ‘ 10 |l 1[0 17 v
1 1 | i1 . 1 1 | :0; 1]1 207 v

Truth Table for OR Gate Truth Table for NAND Gate Truth Table for exclusive OR Gate
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Example 5

Simplify the expression for C in Example 4 and draw an equivalent logical circuit

for exclusive OR operation.

Solution:
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C=A®B
=(A+B)-(A-B)=(A+B)-(A+B)
=A-A+A-B+B-A+B-B
~0+A-B+B-A+0
=A-B+B-A

a

Y
A

DCzA@B

)
)

~

|

>| >

woll

/
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Logic Circuit Design - An Example

ﬁ majority detector\

has four input
variables A, B, C
and D and three
output light
indicators. Red light
will be on if
majority of the
input variables are
equal to 0. Design
an appropriate logic

circuit for this

@plication.
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/

*3INpado.ad usisaq

NS

Product or Design Specifications }

Identify necessary input and
output variables

~

Obtain a relationship between true
input and output variables table
Determine a logical expression p
characterizing the input-output 7
relationship
J

[
|
|
|
|

Implement the logical expression
using logic gates
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Logic Circuit Design - An Example

Construct a corresponding truth table for the red light output, for example...

#Os>#1s{

#0s>#1s

#0s>#1s
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B R R R R R R = O O 0 OO O o o >

P B PR B O OO0 O R R B R OO OO

Inputs

= = O O R = O O R =B O O m =»R O O N

= O B O R O R O R O R O R O R O O

Output
R
1
- \
1 D
Y,
0 003
1 » A
0 & &%
S
0 60 O
QO
0 &0 6\
1 Q &
Q L
0 Q "r'Q
<&
0
0
0
0
0
0
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Logic Circuit Design

In designing digital circuits, the designer often begins with a truth table describing
what the circuit should do. The design task is to determine what type of circuit
will perform the function described in the truth table. Although, it may not always
be obvious what kind of logic circuit would satisfy the truth table, two simple
methods for designing such a circuit are found in standard form of Boolean
expression called the Sum-Of-Products (or SOP) form and Product-Of-Sums (or

POS) forms.

Based on the description of the problem, natural language is first translated into a
truth table and Boolean expressions are found methodically using one of these
two methods. The Boolean expression is then simplified using rules of Boolean
algebra or Karnaugh Maps (which we will study later), so that it can be

implemented using minimum number of logic gates for practical implementation.
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Sum-of-Products Implementation

As you might suspect, a Sum-Of-Products Boolean expression is literally a set of
Boolean terms added (summed) together, each term being a multiplicative

(product) combination of Boolean variables:
{sum-of-products-expression} = {product term} + - - - + {product term}

Product terms that include all of the input variables (or their inverses) are called
minterms. In a sum-of-products expression, we form a product of all the input
variables (or their inverses) for each row of the truth table for which the result is
logic 1. The output is the logical “sum” of these minterms Sum-Of-Products
expressions are easy to generate from truth tables as shown in Example 6, by
determining which rows of the table have an output of 1, writing one product term
for each row, and finally summing all the product terms. This creates a Boolean

expression representing the truth table as a whole.

Sum-Of-Products expressions lend themselves well to implementation as a set of

AND gates (products) feeding into a single OR gate (sum).
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Example 6.a

Obtain C for the exclusive OR operation from the truth table below in the Sum of
Products (SOP) form.

Solution: ...... This term has a value of 1

When the output C is true? ifand only if A=1,B =1
Al plc=45 The output variable C is true if
0 0 0 v and only if X is true or Yis true
0 1 X ]_ .............................. >A-B — X
L | O [iyy (1% cdon >A-B Y ° @
1 ]_ O A — —
[ C=X+Y=A-B+A-B }
4 I
A Anxl - o ~
3 :
3 _/'Z This term has a Vallle of 1
- if and only if A=1,B =1
\ / N

EG1108 PART 2 ~ PAGE 110 BEN M. CHEN, NUS ECE



Example 6

Obtain W from the truth table in the Sum of Products (SOP) form. Draw the logical

circuit to implement it.

Solution:

Y

A\ 4

This term would have a value of 1
if and only if Z:I,gzl,C =1

s a
This term would have a value of 1

ifand only if A=1,B=1,C =1
o 4

s ™
This term would have a value of 1

> >l >

\4

A|\B

U100
01011
0] 1]0
0111
1100
1101
L 1]0
L1171

if and only if Z:I,B:I,Czl
N )

......................................... i et

ifand only if A=1,B=1,C =1

if and only if A=1,B=1,E:1

[ This term would have a value of 1 J

W=A-B-C+A-B-C+A-B-.C+A-B-C+A-B-C
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Example 6 (cont.)

x

*— >
oy
o
>>|
oy]]
@]

Y
:
sle

Y

—

~
VY

/

W=A-B-C+A-B-C+A-B-.C+A-B-C+A-B-C
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Example 7

Simplify the logical expression W obtained in Example 6 and show its implementation.

Solution: The Boolean expression can be simplified as follows

W=A-B-C+A-B-C+A-B.C+A-B-C+A-B-C =
_ A+A-B=A+B
=(A-B-C+ ABC) (A-B-C+A-B-C)+A-B-C [ Rule 18 }
=( ) +A-B ( +C ) +ABC
G K
-B-C+A-B+A-B-C=B-C+ B-(A+A-C):B-C+B-(A+6)
-B-C+B-A+B-C
/ BCABC \
Implementation g‘ > ] 1 : }
of W after > — e
simplification: - L[> = :
\ - /
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Product-of-Sums Implementation

An alternative to generating a Sum-Of-Products expression to account for all the
“high” (1) output conditions in the truth table is to generate a Product-Of-Sums, or
POS, expression, to account for all the “low” (0) output conditions instead. POS
Boolean expressions can be generated from truth tables quite easily, by determining
which rows of the table have an output of 0, writing one sum term for each row, and
finally multiplying all the sum terms. This creates a Boolean expression representing

the truth table as a whole.
{product-of-sums-expression} = {sum term} * --- * {sum term}

These “sum” terms that include all of the input variables (or their inverses) are
called maxterms. For POS implementation, the output variable is the logical product
of maxterms. Product-Of-Sums expressions lend themselves well to implementation

as a set of OR gates (sums) feeding into a single AND gate (product).
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Example 8.a

Find Z in terms of A, B and C in product-of-sum (POS)

form from the following truth table.

A B|C|Z
0101]0(1
01011
011101
O] 1(1]1
11010
| 1
| 0
1 1

A+B+C=A-B-C
A-B-C=A+B+C
~A-B.C+A-B-C+A-B-C
7-7-A.-B-C+A-B-C+A-B-C
A-B-C|(AB C)-(A B.C
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POS form
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Example 8

Find Z in terms of A, B and C in product-of-sum (POS) form from the following truth

Solution: Alternatively, we look for 0 in the truth table...

This term would have a value of 0
if and only if A=0,B=0,C =0

; _ _
> (A+B+C) if and only if A=0,B=0,C =0

_ {This term would have a value of 0 }

table.

AIBICTZ
01010] 1
010(1]1
01110]1
01[1]1
RIEREREDS
101
1100
1111

> (K+§+C)

........................... s

ifandonlyifﬂzo,gzo,C:O

L= (Z\+ B+ C)-(Z+ B +6)-(Z+§+ C) < Compare this with that in Example 8.a
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Karnaugh Maps

From the previous examples we can see that rules of Boolean
algebra can be applied in order to simplify expressions. Apart
from being laborious (and requiring us to remember all the
laws) this method can lead to solutions which, though they

appear minimal, are not. The Karnaugh map (or K map)

provides a simple and straightforward method of minimizing

. . . Maurice Karnaugh
Boolean expressions. With the K map Boolean expressions American
1924-

having up to four and even six variables can be simplified easily.

The simplified logical expression is then used so that minimum hardware is utilized

in the implementation of logical circuits.

A K map provides a pictorial method of grouping together expressions with common
factors and therefore eliminating unwanted variables. The values inside the squares
are copied from the output column of the truth table, therefore there is one square in
the map for every row in the truth table. Around the edge of the K map are the

values of the two input variable.
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Simplification Process

7.

Draw out the pattern of output 1’s and 0’s in a matrix of input values

Construct the K map and place 1s and Os in the squares according to the truth

table.
Group the isolated 1s which are not adjacent to any other 1s (single loops).
Group any pair which contains a 1 adjacent to only one other 1 (double loops).

Group any quad that contains one or more 1s that have not already been

grouped, making sure to use the minimum number of groups.

Group any pairs necessary to include any 1s that have not yet been grouped,

making sure to use the minimum number of groups.

Form the OR sum of all the terms generated by each group.

We illustrate the concept of K Maps in examples...
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/Group 2" number >

K Map for 2 Variables of 15 which are
adjacent to each
Consider the following truth table. other, with n being
K Map ' :
: _ the largest possible
A B X A A integer.
1 Bli1: O A-B n=0,2"=1
4L [% ) _—1= n=121=2
1100 1:1 A-B ’
L]0}0 B 0|1 A-B n=2 22-4

kn=3,23=8 /

The logical expression Xis givenby X = A-B +A-B

Consider Y =A-B+A-B Consider Y =A-B+A-B+A-B
A A A A
B BIl1]] 1
@b =) [v_B i B ‘[YZA-I—B}
B| 0|0 BlL1J] O
K Map K Map
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/ Group 2" number\\?

K Map for 3 Variables Sl i e
adjacent to each
Consider the following truth table. other, with n being
K Map -
T % ’.che largest possible
0001 AB AB AB AB  \nteger /
00 ] 1711
0[1]0][1 clojof1]o
O[1]1]0 = | | P cC
11010710 C —3 O 1 E_ B-C
L{O]1]0 n
1 011
1 1|0 o
A-B
The corresponding Boolean expression
using SOP is ‘

X=A-B.C+A-B-.C+A-B-C+A-B-

0|
M)
>
I
> |
oo |
_|_
wy]
@]
—__

EG1108 PART 2 ~ PAGE 120 BEN M. CHEN, NUS ECE



More Examples for K Maps with 3 Variables...

/ Group 2" number Nﬁ

of 1s which are

adjacent to each

Consider other, with n being
_ S the largest possible
Y=A-B-C+A-B-C+A-B-C+A-B-C integer.
Consider km e5et j
AB AB AB AB W=A-B-C+A-B-C+A-B-C+A-B-C

Cl10[O0O|[0]O0

AB AB AB AB

Ol

dEED c 1)

~

=

X
o
Ol

R

oo (1]
LYoo\ |
K Map

e

It is obvious that K maps is an excellent tool for simplifying Boolean expressions...
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K Map for 4 Variables

Knowing how to generate Gray code should allow us to build larger maps. Actually,
all we need to do is look at the left to right sequence across the top of the 3-variable
map, follow a similar sequence for the other two variables and write it down on the

left side of the 4-variable map.

K map of four variables A, B, C and D is shown in the following figure. As we have

shown in the previous examples, we may easily prove that:

Combining eight adjacent squares B AB AB AB AB i
in K map eliminates three variables 2 _\ F
from the resulting Boolean CD (

Ol
vl

expression of the corresponding

Ol
O

S
L )
-

squares. _
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Example 9

Consider X =A-B-C-D+A-B-C-D+A.
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O O O
o O O

Ol
O

AB AB AB AB,

O O LT | 1
o|l0]0]| O
o|lO0[O0]O
o[o i

A

K Map

B is don’t care and

Cis also don’t care...

f Group 2" number\

of 1s which are
adjacent to each
other, with n being
the largest possible

Kinteger. /
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/ Group 2" number Nﬁ

Example 10 of 1s which are
adjacent to each

Consider Y =A-B-C-D+A-B-C-D+A-B-C-D other, with n being
+A-B-C-D+A-B-C-D+A-B-C-D the largest possible
+A-B-C-D+A-B-C-D+A-B-C-D \_integer. J

K Map
AB AB AB AB
el ol o t y' Loop 3 ~-> Bisdon’tcare, Cisdon’tcare, A-D
_ 1 B
Lbjejo e > (is don’t care, D is don’t care, A-B
cO| o | o|f1] —1]
Loop 2 : ’ : ’ N~
_ = -->  Bis don’t care, D is don’t care, A-C
co(C | 1 [\ ﬂ
Loop 4
B [YzK-B+K-6+K-D+6-D}
Aisdon’t care, B is don’t care, C-D
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/ Group 2" number Nﬁ
Example 11: K Map Simplification for POS of 1s which are

adjacent to each
other, with n being
the largest possible

\_integer. J

From the table shown below, find Z in terms of A, B and

C using Product-of-sums (POS) form. Use K map to

simplify the resulting expression.

A B Cl|z|zZ B
o o ol 1o Solution: Follow the usual K map simplification for z:
0 0 1|01 B - B
0 1 0 0 1 AB AB AB AB
0o 1 1|1]o0 1 0 @ 0
1 0 o001 —
1 1 0 1
Lo 1o C a
1 1 0] 0|1
1 1 1|01

Z=B-C+A-B+A-C+A-B-C

Then, the POS simplification can be obtained by the following manipulations:

)iz |

Z:E:B-6+A-B+ .C+A-B-C

(Be)(r8)(ac
=(§+C)-(A+ B) (
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A-B-C ) De Morgan’'s Law

(A+B+C) De Morgan's Law



Summary: K Map Simplification Process

1. Draw out the pattern of output 1’s and 0’s in a matrix of input values

2. Construct the K map and place 1s and Os in the squares according to the truth

table.
3. Group the isolated 1s which are not adjacent to any other 1s (single loops).
4. Group any pair which contains a 1 adjacent to only one other 1 (double loops).

5. Group any quad that contains one or more 1s that have not already been

grouped, making sure to use the minimum number of groups.

6. Group any pairs necessary to include any 1s that have not yet been grouped,

making sure to use the minimum number of groups.

7. Form the OR sum of all the terms generated by each group.
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Design Example

ﬂ majority detector has\

four input variables A, B, C
and D and three output
light indicators. Green
light will be on if majority
of the input variables are
equal to 1. Red light will

be on if majority of the

" 3Inpado.ad usisaq

input variables are equal
to 0. Yellow light will be
on if there is a tie. Design
an appropriate logic

@cuit for this applicati(y
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NS

Product or Design Specifications

Identify necessary input and
output variables

Obtain a relationship between
input and output variables

characterizing the input-output
relationship

o Y e N e N N A

Implement the logical expression
using logic gates

Determine a logical expression J
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Truth Table

Solution: Construct the corresponding truth table...

Outputs

Inputs

BEN M. CHEN, NUS ECE
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/ Group 2" number Nﬁ

K Maps and Logical Expressions of 1s which are
adjacent to each
K Map for G other, with n being
AB AB AB AB the largest possible
j o C \_ integer. j
CD 1 0 0 0
CD 0 0 0 0
co [ o o o G=ABC+AC DB CD+ABD
K Map for R
AB AB AB AB
CD 0 0 0 0
cCD 0 0 1 0 R=A-B-D+A.C-D+B-C-D+A-B-C
5 o (@ 1 D e e
CD 0 0 [ 1) 0

Exercise: Construct K map for Y and show that Y =G-R=G +R
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Logic Circuit Implementation

///, AABBCCDD \\\\

e T )
e D_I } G
e =1
ol -
D_Dc....'__j—

-
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TNUS

National University
of Singapore

Actual Logic Circuit Implementation

2k
sl

|
|
o

Logic Circuit Trainer Integrated Circuit Chip
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Video: 3-bit Binary Counter

H
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Final Exam & Final Grade

Final Examination:

e There will be a final exam for this module.

The final exam will have 4 questions (2 from Part 1 and 2 from Part 2).

The final exam will have a duration of 2 hours.

The final exam is of closed book.

Students are allowed to bring an A4 sheet (double sided) of formulae

with them into the examination venue.

Final Grade:

 Your Final Grade = 80% of Final Exam Marks + 20% Lab Marks
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That’s all, folks!
Thank You!

N P

Bugs Bunny
Hollywood Movie Star
1940-?

BEN M. CHEN, NUS ECE



