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| ntroduction

Electric circuit theory and electromagnetic theory are the two fundamental
theories upon which all branches of electrical engineering are built. Many
branches of electrical engineering, such as power, electric machines, control,
electronics, communications, and instrumentation, are based on electric
circuit theory. Therefore, the basic electric circuit theory course is the most
important course for a computer science student, and always an excellent
starting point for electronics education. Circuit theory is also valuable to
students specializing in other branches of the physical sciences because
circuits are a good model for the study of energy systems in general, and

because of the applied mathematics, physics, and topology involved.

The course is an introduction to Electric circuit theory and electronics as well
digital design technology. It allows you to understand the basics of circuit

theory and electronics and helps you develop skills.

In this course the student will be learn the following topics: Basic Concepts
of DC circuits © Basic Laws of DC circuits - Methods of Analysis of circuits -
Circuit Theorems - Operational Amplifiers - Capacitors and Inductors -
Bipolar Junction Transistor (BJT) and Field Effect Transistor (FET) - BJT and
FET Applications (Amplifiers) [ AC circuits - Diodes Circuits and Applications [

logic circuits.

The following is a brief summary of the topics that are covered in each

chapter.



Chapter 1 presents the Basic Concepts of DC circuit’s for example Charge,

Current, Voltage, Power and Energy.

Chapter 2 introduces the basic Laws of DC circuits.

Chapter 3 covers the Methods of Analysis of circuits.

Chapter 4 Explains the Circuit Theorems.

Chapter 5 outlines the Operational Amplifiers and their applications.

Chapter 6 defines the Capacitors and Inductors.

Chapter 7  explains the Bipolar Junction Transistor (BJT) and Field Effect

Transistor (FET) - BJT and FET Applications (Amplifiers) _ logic circuits.

Chapter 8 presents the fundamentals of AC circuits.

Chapter 9 explains the fundamentals Diodes Circuits and Applications.
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Basic Concepts - Chapter 1

1.1 Systems of Units.

1.2 Electric Charge.

1.3 Current.

1.4 Voltage.

1.5 Power, Energy and Efficiency .
1.6 Circuit Elements.

1.7 Applications

Dr. Hany Ahmed Atallah

Introduction

Electric circuit theory and electromagnetic theory are the
two fundamental Theories for all branches of electrical
engineering.

An electric circuit is an interconnection of electrical elements.

A simple electric circuit

Dr. Hany Ahmed Atallah
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A complicated electric circuit

+9V(DC)
®

e

—AAN——————AMN—
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A V——
=
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Electret | |
microphone

52

—AMWW
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Electric circuit of a radio transmitter.

System of Units (1)

Dr. Hany Ahmed Atallah

Basic Units

Quantity Basic unit | Symbol
Length meter m
Mass kilogram Kg
Time second S
Electric current ampere A
Thermodynamic kelvin K
temperature
Luminous intensity | candela cd
Charge coulomb C

Dr. Hany Ahmed Atallah
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System of Units (2) Q

The derived units commonly used in electric circuit theory

Quantity Unit Symbol Factor Prefix Symbol
electric charge coulomb C 0° 5
electric potential volt A% 1 " giga G
resistance ohm 0 10 mega M
conductance siemens S 10? kilo k
inductance henry H _2 .
capacitance farad F 10 centi ¢
frequency hertz Hz 1073 milli m
force 1-1ewt0n N 10—6 micro M
energy, work joule J o
power watt w 10 nano n
magnetic ﬂuxl weber Wb 10 12 piCO P
magnetic fiux density tesla T

Decimal multiples and
submultiples of SI units

Dr. Hany Ahmed Atallah

| $hgy,
e
- "u&g

Electric Charges

T

e Charge is an electrical property of the atomi
particles of which matter consists, measured in
coulombs (C).

AN \ ! i
N\
QE\iE/j{,
_Af . \\»‘h

e 1A e
420N

) (=
::""/./) &=

Like charges repel

(= \ N S

Ny ol
&~ ?v/.

Opposite charges attract

Dr. Hany Ahmed Atallah
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Electric and Magnetic Field ﬁ

The Magnetic Field Lines The Electric Field Lines

\
/

Bar Magnet Point Charge

Dr. Hany Ahmed Atallah

Electric Charges ﬁ

e The charge e on one electron is negative and
equal in magnitude to 1.602 x 10-12 C which is
called as electronic charge.

PROTON
n _NEUTRON

ELECTRON

e The charges that occur in nature are integral
multiples of the electronic charge.

Dr. Hany Ahmed Atallah
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Electric Potential: Point Charges

A volt represents the amount of work per unit
charge (1C) required to move a charge between
two positions in an electric field v, = dw/ dq

For a point charge the absolute potential of any
position in its electric field can be calculated using
the equation

vabs = kQ/I‘

Coulomb constant K= 9 x 10°

1 ‘32”0 2 7 1
=——=——=¢c"-100"H-m™
¢ 4mey 47

= 8.987 551 787 368 176 4 x 10° N - m? - C 2,

Work (Energy)

Work (joule) —
If it takes 1 joule of work to move 1 coulomb of charge
between two positions in an electric field, then those
positions have a potential difference of 1 volt

(1 joule = 1 coulomb x 1 volt)
work is required by an external agent to move a
+1 C charge from surface A to surface B

Wexternal = qu
W ternal = q(vfinal - voriginal)

Dr. Hany Ahmed Atallah
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Electric Potential Energy

EPE represents a charge's electric potential
energy which is calculates as the magnitude of
the charge times the absolute potential of its
position in the electric field produced by the
dentral charge.

EPE = qV,,s = kqQ/r

Dr. Hany Ahmed Atallah

Current (1)

« Electric current is the time rate of change of—
charge, measured in amperes (A).

iﬁ 4.—6"‘{)““\J

YT _

e Electric current i = dq/dt. The unit of ampere
can be derived as 1 A = 1C/s.

The charge transferred between time
to and t is obtained by

~ I
Al .
= Fifl

"I Andre-Marie Ampere (1775-1836)

0

Dr. Hany Ahmed Atallah
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Current (2)

e A direct current (dc) is a current that remains
constant with time.

e An alternating current (ac) is a current that
varies sinusoidally with time. (reverse
direction)

TA

DC

~ ¥

0 o4 0 \/ v

Dr. Hany Ahmed Atallah

Current (3)

e The direction of current flow

Positive ions

Negative ions

Dr. Hany Ahmed Atallah
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Current (4)

Example 1

A conductor has a constant current of 5 A.

How many electrons pass a fixed point on
the conductor in one minute?

Dr. Hany Ahmed Atallah

Current (5)

Solution | = Cl/t

Total no. of charges pass in 1 min that is given
by 5 A

Q = (5C/s)(60 s/min) = 300 C/min

Total no. of electronics pass in 1 min is given

300_153/m1n =1.87x10* electronsmin
1.602x107" C/electron

Dr. Hany Ahmed Atallah
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Current (6)

Example 2

Determine the total charge entering a terminal

between t=1s and t=2s if the current passing
the terminalis ;= (3t> — 1) A

Dr. Hany Ahmed Atallah

Current (7)

115

0 [ dt

Solution

s 2
0= idt = [ (3t* — dt
“1

. 1
= — —_— i o 5.
| (8 — 2) (1 2) 5C

Dr. Hany Ahmed Atallah
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Voltage (1)

e \Voltage (or potential difference) is the energy required
to move a unit charge through an element, measured
in volts (V).

e Mathematically, Vo, =dw/ dq (volt)
- wis energy in joules (J) and g is charge in coulomb (C).

e The voltage 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; -
e Vab =Va-Vb
|::| thah
V =W/Q and Q =TI*t _

Voltage (2)

e Electric voltage, v,,, is always across the circuit
element or between two points in a circuit.

Vab =Va-Vb

- V,, > 0 means the potential of a is higher than potential of b.
- V4, < 0 means the potential of a is lower than potential of b.

Uab = “Upy [:| 9V

Alessandro Antonio Volta (1745-1327)

Dr. Hany Ahmed Atallah
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Power and Energy (1)

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

e Mathematical expression: p=—=—-—=Vi

)
Source
Absorbed power \Y \

(+) ‘ ‘

—— Passive sign convention

P = +vi p=-vi
absorbing power supplying power

P = i*i*R

Dr. Hany Ahmed Atallah

Power and Energy (2)

e The law of conservation of energy

2.p=0
e Energy is the capacity to do work, measured in joules

(J).
t t
e Mathematical expression W= J;O pdt = J; vidt

0

W (Joules) = P (Watts) * t (Seconds)

The electric power utility companies measure energy in
Kilowatt-hour (kWh) instead of using Joule

W (Kilowatt-hours) = P (Kilowatts) * t (hours)
1 Wh = 3.6001]

Dr. Hany Ahmed Atallah
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Example

Calculate the power supplied or absorbed by each element

* o |yea

+
20V {i} Py P U 8V P <+> 0.21

Solution

pp = 20(—5) = —100 W  Supplied power

p2 = 12(5) =60 W Absorbed power

Dr. Hany Ahmed Atallah

Example

I=5A P

* oo e

] +
20V @j Py P U 8V Py <+> 021

Pz = 8(6) =48 W Absorbed power
Py = 8(—0.2I)=8(—02 X 5)= —8W  Supplied power

The law of conservation of energy

2.p=0

Dr. Hany Ahmed Atallah
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Power and Efficiency

e The Power output rating of devices (ex. motors )

is usually expressed in a power unit called
horsepower (hp).

1 hp = 745.7 watts (W).

e The efficiency of a device can be calculated by

Efficiency (§) = Pout / Pin

The output power divided by the input power

(dimensionless)

Dr. Hany Ahmed Atallah

Circuit Elements (1)

An active element is capable of generating energy while a

passive element is not (consuming power)

Active Elements

Passive Elements

|

Il‘k%’

i mj

el

(f

al
T

(g)

¢ A dependent source is an

active

element in which the source quantity
is controlled by another voltage or

current.

e They have four different types: VCVS,

Independent Dependant
sources sources

Phasll Ale
Drrrary =iy

20

B ballol
reu—uanarl

CCVS, VCCS, CCCS. Keep in minds the
signs of dependent sources.

10/15/2021
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Circuit Elements (1)

Example 2

Obtain the voltage v in the branch shown in Figure 2.1.1P for i, = 1A.

V)

Figure 2.1.1P

Dr. Hany Ahmed Atallah

Circuit Elements (1)

Solution

Voltage v is the sum of the current-independent
10-V source and the current-dependent voltage
source Vv,.

Note that the factor 15 multiplying the control
current carries the units Q.

Therefore, v =10+ v, = 10 + 15(1) = 25V

Dr. Hany Ahmed Atallah
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Force on A Moving Charge in Electric Field

The electric field between the plates is

+ & + o+ o+
V - =
E=E /s _-_______.a—'"'
The magnitude of the force on the electron Charge particle ~ e Tt 1
and proton is
N
Q IL positive
PR S
SF—— -Electrons
gimaﬂeﬂsf - | Jri e =1 1o
[T potos
\\
=D G SN 265

S =) K IS

Like charges repel Opposite charges attract

Dr. Hany Ahmed Atallah

Applications (1)

m Cathode-ray tube (CRT).

TV Picture Tube
(A)
Elecron gun  pyies for (B)
F=gqE h'mzt:'nl‘ll deflection Plates for -
R‘ Foece is paralel ta the Fiald ‘N ..,H‘:.:.’ vertical deﬂectm /
The Electric Field ! f\ﬂ\ )4 5
o B
Hearted tilament
(source of elactrons) 7 \/\“H._L
Catlide ,qnndp £
=) +)
I—Iermn
beam \
Conductive coating
Fluorzscent
. \ % screen
Exercise : Example 1.8 N

Dr. Hany Ahmed Atallah
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Applications (2)

Electricity Bills

eThe cost of electricity depends upon the amount of
energy consumed in kilowatt-hours (kWh).

Dr. Hany Ahmed Atallah

Applications (2)

A homeowner consumes 700 kWh in January. Determine the electric-
ity bill for the month using the following residential rate schedule:
Base monthly charge of $12.00.
First 100 kWh per month at 16 cents/kWh.
Next 200 kWh per month at 10 cents/kWh.
Over 300 kWh per month at 6 cents/kWh.

Dr. Hany Ahmed Atallah

23
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Applications (2)

Solution:
We calculate the electricity bill as follows.

Base monthly charge = $12.00
First 100 kWh @ $0.16/k Wh = $16.00

Next 200 kWh @ $0.10/kWh = $20.00
Remaining 400 kWh @ $0.06/k Wh = $24.00
Total charge = $72.00

$72
Average cost = 100 + 200 + 400 10.2 cents/kWh

Dr. Hany Ahmed Atallah

Home work

Solving CH 1 Problems

Dr. Hany Ahmed Atallah

24 18



Chapter 2
Basic Laws

Dr. Hany Ahmed Atallah

Basic Laws - Chapter 2 o

Ohm'’s Law.

Nodes, Branches, and Loops.
Kirchhoff’'s Laws.

Series Resistors and Voltage Division.
Parallel Resistors and Current Division.
Wye-Delta Transformations.

8 Applications

AU LA, WNER

Dr. Hany Ahmed Atallah
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Ohms Law (1)

Ohm’s law states that the voltage
across a resistor is directly
proportional to the current 1

flowing through the resistor.

Georg Simon Ohm (1787-1854)

Ohms Law (2)

Dr. Hany Ahmed Atallah

u-_u,%
z
"m.i‘.;f

e Mathematical expression for Ohm’s Law is

as follows:

Q l -
- I
v=IR
e Two extreme possible values of R: -
(zero) and « (infinite) are related with “ = R
two basic circuit concepts: short circuit and
open circuit.
9]
Slope=R
Slope= R
(a) (k)
(a) a linear resistor, (b) a nonlinear resistor.

26
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Ohms Law (3)

Materials in general have a characteristic behavior of resisting the flow
of electric charge.

This physical property, or ability to resist current, is known as
resistance and is represented by the symbol R.

£
vy v

a1
Material with
. PR . resistvity p
where is known as the resistivity of the material Cross-sectional
in ohm-meters area A
la} (b}
A=mr?

Dr. Hany Ahmed Atallah

Ohms Law (4)

= Py —

where is known as the resistivity of the material in ohm-meters

Resistivities of common materials.

Material Resistivity (£1-m) Usage

Silver 1.64 x 107" Conductor
Copper 1.72 x 10°° Conductor
Aluminum 28 % 1078 Conductor
Gold 245 x 1078 Conductor
Carbon 4% 1077 Semiconductor
Germanium 47 x 1072 Semiconductor
Silicon 6.4 % 107 Semiconductor
Paper 10" Insulator
Mica 5 x 1oV Insulator
Glass 10" Insulator
Teflon 3> 10" Insulator

Dr. Hany Ahmed Atallah
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Ohms Law (5)

Two extreme possible values of R:
0 (zero) and « (infinite) are related with two basic
circuit concepts: short circuit and open circuit.

A short circuit is a circuit element with
resistance approaching zero.

T + lf:u
An open circuit is a circuit element with o
resistance approaching infinity. —T

(b

Dr. Hany Ahmed Atallah

m_aqa
i
'm.j

Ohms Law (6)

e Conductance is the ability of an element to
conduct electric current; it is the reciprocal
of resistance R and is measured in mhos or
siemens. 1

G:—:—
R v

e The power dissipated by a resistor:

2
.2 v

=vi=i"R=—
P R

Dr. Hany Ahmed Atallah
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Type of Resistors

% %/ %_

(@) (b}

8

Fixed resistors: (a )wwewound type,
(b) carbon film type. )

Variable resistors: (a) composition type, (b)
slider pot.

Dr. Hany Ahmed Atallah

Resistor Color Code (1)

5 6 000 +5%

4 - band code

[ 1stDigit | | 2ndDigit| | 3rdDigit| | Multiplier |

Tolerance
Gold 5%
Silver 10%
No 20%

10% Silver|

5 - band code 47 k01 %
)

Dr. Hany Ahmed Atallah
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Resistor Color Code (2)

e J0A ga A —

_ral gl el Sl _ead sl A e = 3 g
g 8 7 6 5 4 3 2 1 0
1M
e
25410210

2540415

Dr. Hany Ahmed Atallah

Resistor Color Code (3)

Multiplier Tolerance

Colour Digit

Orange 3 1.000
Yellow 4 10.000

6/  1.000.000/  0,25%

Gold 0,10 5%
Silver 0,01 10%

Dr. Hany Ahmed Atallah
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Series and Parallel Resistors Combinations

1-Series Resistors

R,
R,

2-Parallel Resistors

f _H.0

Rl UR: R TR TR

Rroa = Ri+R; - ..

s

1
R

n

e
5 ||.m§‘

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

their sum. o _ _RiRe
9 R +R,

Series and Parallel Resistors Combinations

Dr. Hany Ahmed Atallah

£

5 ||m§z

R, R, R

=R+R+R, +..

: R
ANN—ANN—ANS— equivalent
Series
e S e e
equivalent ., = I !1

Series key idea:The current is the same in each resistor by the current law.

VY
= +i+—-‘+..‘:R, +R,+R +..
I, 3

| 1
— e e e e
Rl Rl R3 Re uivalent R R’ Rﬂ
Parallel :

Parallel:

equivalent

1

R

equivilent

Conductance Gy = Gy Pl ¥ G ¥+~

V
=I=0L+L+0+.=—+=

R,

+ Gy

31
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Series and Parallel Resistors Combinations

Exercises

Rs =60

Nodes, Branches and Loops (1

Dr. Hany Ahmed Atallah

A branch represents a single element such as a

voltage source or a resistor. (ex. ac, ab, ...)

A node is the point of connection between two
or more branches. (ex. a, b, ¢, ...)

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=l+n-1

10V i_J

54 b

W‘\“I—T—T\
20 § 3 u?} })2

Y
Ly

e

32
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Nodes, Branches and Loops (2)

b=l+n-1

Example 1

b

Original circuit

10V Equivalent circuit

How many branches, nodes and loops are there?

Dr. Hany Ahmed Atallah

Nodes, Branches and Loops (3)

b=[l+n-1 -

Example 2 Should we consider it as one
branch or two branches?

50

vy
v

4
P12 0 80 60 S3n
L

How many branches, nodes and loops are there?

Dr. Hany Ahmed Atallah
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Kirchhoff’'s Laws (1)

e
: IILf

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

N
Mathematically, Zin =0
n=l1

where N is the number of branches connected to the node

Dr. Hany Ahmed Atallah

Kirchhoff’'s Laws (2) v

an alternative form of KCL: The sum of the currents entering
a node is equal to the sum of the currents leaving the node.

Example 4
e Determine the current I for the circuit shown in

the figure below.
I+4-(-3)-2=0
—I = -5A

This indicates that

the actual current
for I is flowing
1 in the opposite
1 direction.

Dr. Hany Ahmed Atallah

We can consider the whole
enclosed area as one “node”.

34 10



Kirchhoff’'s Laws (3)

Kirchhoff’s voltage law (KVL) states that the
algebraic sum of all voltages around a closed path

(or loop) is zero.

o rs +
M
Mathematically, va =0

where M is the number of voltages in the loop

Dr. Hany Ahmed Atallah

Kirchhoff’'s Laws (4)

Example 5

Applying the KVL equation for the circuit of the
figure below.

. Vi V-Vi-Vp-Vy-V3 =0
1

A 8.
-/

LA A 8

vi

+

V,=1IR, v,=IR, v5= IR,

f +
v‘ C+> Vz EE Rl = Va-Vb = I(R1 + R2 + R3)
v, ] = _VaTVy
WA R +R, +R,

Dr. Hany Ahmed Atallah
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Kirchhoff’'s Laws (5)

an alternative form of KVL

Sum of voltage drops Sum of voltage rises + ™= _ 4

U T U3 T U5 =1 + Uy

Vaie = Vi + Vo — V5

(2) (b)
Exercises: solving examples 2.5 to 2.8

Dr. Hany Ahmed Atallah

Series Resistors and Voltage Division (1)&=

e Series: Two or more elements are in series if they—
are cascaded or connected sequentially
and consequently carry the same current.

e The equivalent resistance of any nhumber of
resistors connected in a series is the sum of the
individual resistances.

N
R,=R +R,++R,=>R,
n=1
e The voltage divider can be expressed as

R

n

v =
" R +R,+--+R,

v

Dr. Hany Ahmed Atallah
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Series Resistors and Voltage Division (2) 35

KVL ity = E:.Rl. ey = IRE
-+ v +uvr= 0 i R, R,
gl 2
. ——— AN ———— AR,
v=uvy+v:=0R; + R3) T
- L
pagest o ’ C—J
R, + R,
' b
= IR"—“"—I R-II = R] + R: @
a Ry
Voltage Division % +*-«'-:.-*-,_
Jlr*'_h\'l
R, R, i
e, Uy =" —U
R, + R- R, + R o

b

Dr. Hany Ahmed Atallah

Series Resistors and Voltage Division (3)

Example 3

Sr =

10V and 5Q
are in series

Dr. Hany Ahmed Atallah

37
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Parallel Resistors and Current Division (4) 3

e Parallel: Two or more elements are in parallel if ——
they are connected to the same two nodes and
consequently have the same voltage across them.

e The equivalent resistance of a circuit with

N resistors in parallel is:
1 1 1 1
= e+ —
Req Rl R2 RN
e The total current i is shared by the resistors in
inverse proportion to their resistances. The

current divider can be expressed as:

Dr. Hany Ahmed Atallah

v v ( 1 1 ) v s K 3 1
1= S =gl — =
R, R, Ri Ry Ry Rqy R Ry
R\R;
Req = 1 1
R, + Ry T L P
ch Rl 2 N

Dr. Hany Ahmed Atallah
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Parallel Resistors and Current Division (6)

R IR\R, ; -
=1 " t Node a
b R] it Rj — € ¥
v v iy iy
“ = —. ll2 =
R, R, » @) SR %R,
Current Division S
. Rz! - Rl i Node b
L T ———— ¢ —— e a
Rl + Rz R| + RQ 41
: Gy G 7 <
g = i i, = B ; v (== v < RyorG,
1 Oy -1y iy G, _sz (J = ey oy
2 oo Gu . b
"G +G -+ Gy Geg=Gi+ Gy + Gy + - + Gy

Dr. Hany Ahmed Atallah

Parallel Resistors and Current Division (7)#

L&, o
fi=0 fia=i l:.—: li""_ﬂ
o
g.q, Ry=0 SR Ry=oo
T 9]
O [ 5
(a) ib)
(a) A shorted circuit, (b) an open circuit.
{ '\NW W“
Example %
R
Find Req —
60 30 T
8Q
1440 AN, %
Dr. Hany Ahmed Atallah
39
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Parallel Resistors and Current Division (8) 7

Example 4

2Q, 3Q and 2A

. i llel
Exercises, solve Example 2.9 to 2.13 are In parafle

Dr. Hany Ahmed Atallah

Wye-Delta Transformations (1)

the wye (Y) or tee (T) network

1 3 Ry Ry
L T —y AM— 3
R R
<
2 Ry
g <
= 3
5 | p 2 4

the delta (A) or pi (I1) network

R,
1 \7 A 3 1 L A 3
Z g
R.b % = Ra %‘;
N

(S

Dr. Hany Ahmed Atallah
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RC
@ v AN = b —
.\_\. “‘\\‘ Rl R'.Z /
N\ M /ni\'\'-‘ ¥
Delta -> Star el i Star -> Delta
\7_ ?{’/
R,R, R.!;»"‘Z-’K = R, R - RR, + R,R, + RyR,
" (R,+R,+R,) \\ ;-%.;Ra/ R,
R.R, \ ,/ 2 _ RR+RR +RR
=— ‘e b=
> (R,+R,+R) ? R,
_ R.R, R - RR, +R,R, + RR,
PR, 4R, +R) o Ry

Exercises, solve Example 2.14 to 2.15

Dr. Hany Ahmed Atallah

Applications

1- Lighting Systems
1

"al
. @ @ ( D= |
EF“:H (a) L\HI“P X—(’\ }jj

o
Ey
L
N
L

Thomas Alva Edison (1847-1931)

Invented the electric bulb

Dr. Hany Ahmed Atallah
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Applications

e
ullui‘f;

2- Design of DC Meters

potentiometer

V. = V. = & V. o +
out be Rm- in l e Vuut
m

Rac = Rab ® Rbr'

An instrument capable of measuring voltage, current, and resistance
is called a multimeter or a volt-ohm meter (VOM).

Dr. Hany Ahmed Atallah

u-_u,%
z
"m.i‘.;f

Applications

2- Design of DC Meters

Moving Coil Instruments
An instrument capable of measuring voltage, current, and
resistance is called a multimeter or a volt-ohm meter (VOM).

/f;ﬂle \

/ / 1] \ Ammeter [
—a

spring - F.
& \@ = ' &)

Polnte% W
+
\/l /I: Voltmeter -,rv_\‘u Vv |::| Element
w7
I 2

permanent magnet

o
qmn@ \ rclta:lngcnli

slaliy HIary on corg

d’Arsonval meter movement

Dr. Hany Ahmed Atallah
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Home work

Solving CH 2 Problems

43

Dr. Hany Ahmed Atallah
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Methods of Analysis - Chapter 3

Chapter 3
Methods of Analysis

3.1
3.2
3.3
3.4
3.5
3.6
3.7

Motivation

Nodal analysis.

Nodal analysis with voltage sources.
Mesh analysis.

Mesh analysis with current sources.
Nodal and mesh analysis by inspection.
Nodal versus mesh analysis.

44




3.1 Motivation (1)

If you are given the following circuit, how can
we determine (1) the voltage across each
resistor, (2) current through each resistor. (3)

power generated by each current source, etc.

6Q
R AAA

1A @® §2Q ?Q§ Q@ 44

What are the things which we need to
know in order to determine the answers?

3.1 Motivation (2)

Things we need to know in solving any

resistive circuit with current and voltage
sources only:

e Kirchhoff’s Current Laws (KCL)
e Kirchhoff’s Voltage Laws (KVL)
e Ohm’s Law

How should we apply these laws to
determine the answers?
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3.2 Nodal Analysis (1)

It provides a general procedure for analyzing circuits
using node voltages as the circuit variables.

Example 1

3.2 Nodal Analysis (2)

Steps to determine the node voltages:

1. Select a node as the reference node.

2. Assign voltages v1,v2,...,vn-1 to the
remaining n-1 nodes. The voltages are
referenced with respect to the
reference node.

3. Apply KCL to each of the n-1 non-reference
nodes. Use Ohm’s law to express the branch
currents in terms of node voltages.

4. Solve the resulting simultaneous equations
to obtain the unknown node voltages.
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3.2 Nodal Analysis (3)

Example 2 - circuit independent current source only SR

Apply KCI at
node 1 and 2 W V2
MWW—B)
20 7Q
N\

VL

(a) (c)
Common symbols for indicating a reference node, (a) common ground,
(b) ground, (c) chassis ground.

*Refer to in-class illustration, textbook, answer v, = -2V, v, = -14V

3.2 Nodal Analysis (4)

Example

At node 1, applying KCL gives

.!ri:.!r3+!.|+!.g

At node 2, I -
&
L+ih=1 LR Ry
A an— 2
i Vi
<
n () § R, S Ry
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3.2 Nodal Analysis (5)

Current flows from a higher potential to a lower potential in

i Uhigh:—:r — Uiower
lI_ =
R
h
: v, — 0 - Uy —Us : vs — 0
b= e © B == i =r———
R' RE R3 =
By Substituti
y Substituting i, =
L= ¥ —F—
R R 11,12, R1, R2, and
= i = U, R3 are given
. R, R

Simultaneous Equations

Appendix A simultaneous Equations and Matrix Inversion

In circuit analysis, we often encounter a set of simultaneous equations having the form
dy Xy + Qpaxs + - + ayx, = by

121X + d22X> = R o onXny — bj

Xy + QupXy + -+ QppXy = bf!

where there are n unknown to be

determined. Equation (A.1) can be written
in matrix form as

Ay Az - Qg | | X b,
> dzp ... fday X2 b>
gy Opy ... gy Xn b.ﬂ
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Simultaneous Equations

This matrix equation can be put in a compact form as

AX =B

where
ayy ayz ... Ay Xy
H'!l! ﬂzz - wow '[3"3 .-1-"1
A= 5 : i (N X = o s B =
[l gy dpz ... dpgy A _3}1 3
4
Cramer’s Rule
Cramer’s Rule where the ’s are the determinants given by
tyy tyz " Ay by a
‘il (- A st {1 b i .
X = T A= ._l :2 :_fi ‘ -Ei - 2 FP
ﬂg r:I.rJJ aral ﬂrm bn Hn.‘_
Xa =
- A
@iy By v Big ay; dyo
A
_ fl o bj d> 21 dan
x”_,l Az =|", = ,J......'_"tn=
am by - Qg iy Bise
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Cramer’s Rule

l — = ﬂ| |ﬂ:_1 - ﬂ]_'._-ﬂ:]
7y dos
yy ayz s
2| Q22 Ua3 a2 d3
A =lay Gy apn|=a,(-1) + a5 (—1y
37 33 32 (a3
dy; iz dsz
sl s
) s Qi3

= A11(A22033 — @32023) — A21(A12033 — A32043)

+ 312023 — A22043)

Cramer’s Rule - Example

4.-':] e SI*} = ]?.,
—3x, + 5x, = —21

| W Y

4 -3

A= =4 x5—(=3)=-3)=11
= 5‘ (=3)(=3)
ir —8
A, = =17 X 5 — (=3)(=21) = 22
Sl (05 5‘ (—3X )
A, = 4 17—4><(—21)—17><(—3)——33
SRl .|
Ay 23 As -9
=l==3 gp=l=-—"=--3
T e T =) 11




Cramer’s Rule - Example

Obtain the solution of this set of simultaneous equations:

X, —xn — 2x; =1
—X + 6.-':2 — 3_:[3 =0
_211 == 3.1-2 + 6.1'3 =6

Answer: Xy =— 3= Azy Ao — 2

The elimination method for solving
linear systems

Another way of solving a linear system is to use the elimination
method. In the elimination method you either add or subtract the
equations to get an equation in one variable.

3y+2x==6
5y — 2z =10

We can eliminate the x-variable by addition of the two equations.

3y+2z==6
The value of y can now be substituted into either of the original equations to
+oy—2z=10 find the value of x
= 8y =16 y+2z==6
y -9 3:-242zx=6
6+2x=6
r=0
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The Gaussian elimination method

for solving linear systems

3x+5y=9 |1 01 x
2x+3y=5 At g1y
R
2 B1!15 0 1]3(=y

The Gaussian elimination method

for solving linear systems

2x + 3y =7
Ix -2y = 4 Solve for x and y
3 Ty
[2 3 ?] 1 § 1 &
3 -2, 4 0 1, 1]R2=r2%-2/13
3 | 0
v 2.2 10-2'./;%
3 .2, 4] rR2=r24r1%3 |g 1 1) ' y=1 |
3, Ty L 1 s
1 o
[ 123: 2 X ¥ Ri=r1+r2%-2/3
05 5
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The Gaussian elimination method

for solving linear systems

X+2y -z=-2 Solve for x, y, and z
X +z=0 | E
2x - y -z=-3 1 0 1,0
| | o 1 - : -1
1.2 4! 2 0 0 w4 4
1 0 1 | 0 .
2 1 41 3 1 . g
' ' 1 0 o) 4| X=-1
1 2 1 1 2 0 1 0! 0 y=0
0 2 21 2 2 & 114 1
|
0 5 1 1 X y z
3.2 Nodal Analysis (6)
% Example 5A T
*H=5 b ?.r|=5 —{:j'—
g o B 10 5
. e I AN
}:1 iz j_‘*.‘ L |
203 saf  @uoa 203 602 ()04

At node 1, applying KCL and Ohm’s law gives

. . . vy — Uz vy— 0
iy =i, + i3 = J=

53
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3.2 Nodal Analysis (7)

At node 2, we do the same thing and get

. . . . Uy — U Dgi==
5A
fo=a ™ bi=s
2 40 o =10
Equations & s ==
oo
3v, — v, =20 2Q§ 69‘;5‘ () 104

3.2 Nodal Analysis (8)
METHOD 1 Using the elimination technique |
vy — v, =20
—3v, + 5v, = 60

we add Egs.
4v,=8 = v,=20V

Substituting 40
3 —20=20 = v =—-=13333V

-

If we need the currents, we can easily calculate them from the
values of the nodal voltages.

; ; U — U : Uy
i} =5A, i = 5 = —1.6668 A, iz = ? = 6.666 A

. . Us
i, = 10A, is=—=3333A
- 6
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3.2 Nodal Analysis (9)

METHOD 2 To use Cramer’s rule,
3U| — Uy = 20  J—

—3v, + 5v, = 60 —3 5] v, 60

The determinant of the matrix is

3 =
a=‘ ‘=15—3=12
=g 5
20 —l‘
_A_1= 60 5 =10{)+60=
v = 3 > 13333V
‘ 3 20‘
. A, |3 60 _180+60_20V
27 A A 12

Exercise Example 3.2

3.2 Nodal Analysis (10)

Example 3 - current with dependant current source

40 40
‘v’\’.’\ v" A “a‘. "\‘a"
i". 4 = T FI by i ) ¢ fl
M an . 80 20 ke BB B
i A AN, 3 # AP A th
— —
3A T iy i ‘
%40 3A @ Z40
{0

answer v;= 4.8V, v, = 2.4V, v3 = -2.4V
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3.3 Nodal Analysis with Voltage

Source (1)

Example 4 —circuit with independent voltage source
10 Q

T}I

How to handle the 2V voltage source?

3.3 Nodal Analysis with Voltage

Source (2)

A super-node is formed by enclosing a (dependent
or independent) voltage source connected between
two non-reference nodes and any elements
connected in parallel with it.

*Note: We analyze a circuit with super-nodes using
the same three steps mentioned above except that
the super-nodes are treated differently.

56
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3.3 Nodal Analysis with Voltage

Source (3)

Basic steps:

1. Take off all voltage sources in super-
nodes and apply KCL to super-nodes.

2. Put voltage sources back to the nodes
and apply KVL to relative loops.

3.3 Nodal Analysis with Voltage

Source (4)

Example 5 - circuit with independent voltage source

Super-node => 2-j;-i,-7 = 0 i;= v1/2 , 12 =v2/4

Apply KVL => v,;+2-v, =0

57
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3.3 Nodal Analysis with Voltage
Source (5)

Example 6 - circuit with two independent voltage

sources
30
AAWA
* oo
: 3v,. %
# 00 3 _]
I AN {}, 4
. & 0 &
zu§ $40 sio
e

3.3 Nodal Analysis with Voltage
Source (6)

Example 7 - circuit with two independent voltage
sources

cig-iy +10+ i3= 0  -igmig-ig+i;=0  v;-20-v,= 0 V33V, v, = 0
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3.4 Mesh or Loop Analysis (1)

1. Mesh analysis provides another general procedure

for analyzing circuits using mesh currents as the
circuit variables.

. Nodal analysis applies KCL to find unknown
voltages in a given circuit, while mesh analysis
applies KVL to find unknown currents.

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

3.4 Mesh Analysis (2)

Steps to determine the mesh currents:

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

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

3. Solve the resulting n simultaneous equations
to get the mesh currents.

59
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3.4 Mesh Analysis (3)

Example 8 - circuit with independent voltage sources

h R, y bR’
VA AN

Note: g e
i; and i, are mesh current (imaginative, not measurable directly)

I,, I, and I are branch current (real, measurable directly)

Li=iyL=iyIl;=i-1,

3.4 Mesh Analysis (4)

As the second step, we apply KVL to each mesh. Applying KVL
to mesh 1, we obtain Lok -
! 2R

a4 —e b — £ c
ANV AW

—1-"r| +R]E:] + Rﬁ““l = fzj == D

'Rl E 7 R;.”i = R_;l;: = ‘I ! G d

For mesh 2, applying KVL gives

R] -+ R3 _Rn f| nf " .V|
Ryin + Vo + Ryli; — 1)) =0 —R, R+R\li] | —W

_R_;.l"| . 3 l.R: 3 R;M: — —"‘:
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3.4 Mesh Analysis (5

)

Apply m

We first obtain the mesh currents using by s
KVL. For mesh 1, B VYV

esh analysis to find Vo in the circuit

I i
2 80

=15+ 54 + 10(i; —i2) + 10=10

15V 1) @

For mesh 2,

ANV
1
l 1002

@ %4;‘1

BB A

6i; +4iz + 100 — i) — 10=0

et

-[i

h=1A
h=1A

f3=J'-|—J'r'3=U

3.4 Mesh Analysis (6)

Apply mesh analysis to find Vo in the circuit
SA
20 , 8Q
AN AN
1Q
g 40 @ »v
40V

* answer v, = 20 v

61
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3.4 Mesh Analysis (7)

Example 9 - circuit with dependent voltage source

*Refer to in-class illustration, textbook, answer I, = 1.5A

3.5 Mesh Analysis with Current

Source (1)

Circuit with current source

A supermesh results when two meshes have

60 Jr 100 a (dependent or independent)current source
MM AN in common.
% [ e} 10 ¢
: J A WA
wv (@ @ ﬂ) 240

Exclude these
elements

A super-mesh results when two meshes have a (dependent or
independent) current source in common as shown in (a). We create
a super-mesh by excluding the current source and any elements
connected in series with it as shown in (b).

62 19



3.5 Mesh Analysis with Current
Source (1)

applying KVL to the supermesh e

—20 + 6i; + 10i, + 4i, =0

(T) Z40

‘ 6i, + 14i, = 20

.5"][‘?'%_______ '__""

1 e L
gt Esclude these
fa elements
We apply KCL to a node in the branch where the two o e
meshes intersect. Applying KCL to node 0
=10 +6 p==3F8 aEG=120A

Exercise Example 3.7

3.5 Mesh Analysis with Current
Source (2)

The properties of a super-mesh:
1. The current source in the super-mesh is not

completely ignored; it provides the constraint

equation necessary to solve for the mesh
currents.

A super-mesh has no current of its own.

A super-mesh requires the application of both
KVL and KCL.

63
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3.7 Nodal versus Mesh Analysis

(1)

To select the method that results in the smaller number of
equations. For example:

1. Choose nodal analysis for circuit with fewer nodes than
meshes.

*Choose mesh analysis for circuit with fewer meshes
than nodes.

*Networks that contain many series connected
elements, voltage sources, or supermeshes are
more suitable for mesh analysis.

*Networks with parallel-connected elements, current
sources, or supernodes are more suitable for nodal
analysis.

2. If node voltages are required, it may be expedient to
apply nodal analysis. If branch or mesh currents are
required, it may be better to use mesh analysis.

64
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Circuit Theorems - Chapter 4

Chapter 4

Circuit Theorems

4.1
4.2
4.3
4.4
4.5
4.6
4.8

Motivation and Introduction
Linearity Property.
Superposition.

Source Transformation.
Thevenin’s Theorem.
Norton’s Theorem.
Maximum Power Transfer.
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4.1 Motivation (1)

Enhancing Your Skills and Your Career

Your success ds an engineer will be directly
proportional to your ability to communicate!

—Charles K. Alexander

4.1 Motivation (2)

If you are given the following circuit, are
there any other alternative(s) to determine

the voltage across 2Q resistor?

30 50
—A\V AVAVAVAY
+
S
w2202 @ sa @ 20v

What are they? And how?
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4.2 Linearity Property (1)

It is the property of an element describing a linear relationship
between cause and effect.

The property is a combination of both the homogeneity (scaling)
property and the additivity property.

A linear circuit is one whose output is linearly related (or directly
proportional) to its input.

Homogeneity (scaling) property

If the current is increased by a constant k, then the voltage
increases correspondingly by k;

v=iR — kv=kiR

4.2 Linearity Property (1)

Additive property

The additivity property requires that the response to a sum of
inputs is the sum of the responses to each input applied
separately.

then applying (i, + i,) gives

—> v=_(i;+i))R=v; + v,

We say that a resistor is a linear element because the voltage-current
relationship satisfies both the homogeneity and the additivity properties.
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Vg C’D Linear circuit é R

Suppose v, = 10V gives i = 2 A. According to the lin-
earity principle, v, =1V will give i = 0.2 A. By the same token,
i = 1 mA must be due to vy, = 5 mV.

*Refer to in-class illustration, text book, answer I, = 3A

4.2 Linearity Property (2)

Example 1

By assume I, = 1 A, use linearity to find the actual value of Io in the
circuit shown below.
i 6Q 2y o 20 1y 340
— . AAAN,

Ifl,=1AthenV, =3 + 5/, =8Vand [, = V,/4 = 2 A. Applying
KCL at node 1 gives
L=L+1I,=3A
Vi
7

Vo=V, +2L,=8+6=14V, L=—2=2A

Applying KCL at node 2 gives
!'4 = 1"3 + 1'2 = 5 A

Therefore, I, = 5 A. This shows that assuming I, = | gives [, = 5 A,
the actual source current of 15 A will give I, = 3 A as the actual value.

*Refer to in-class illustration, text book, answer I, = 3A
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4.3 Superposition Theorem (1)

It states that the voltage across (or current through)
an element in a linear circuit is the algebraic sum of
the voltage 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.

4.3 Superposition Theorem (2)

We consider the effects of 8A and 20V one
by one, then add the two effects together
for final v,.

3Q 5Q
e AVAVAVAY AVAVAVAY
+
J
w22 @ sa @ 20v
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4.3 Superposition Theorem (3)

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 nodal or mesh 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.

4.3 Superposition Theorem (4)

Two things have to be keep in mind:

1. When we say turn off all other independent
sources:
» Independent voltage sources are replaced
by 0 V (short circuit) and

» Independent current sources are replaced
by 0 A (open circuit).

2. Dependent sources are left intact because
they are controlled by circuit variables.
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4.3 Superposition Theorem (5)

Example 2

Use the superposition theorem to find v in the circuit shown
below.

80
ARAY L o
(Y @ 40 3 4
I;
3A is discarded ()
by open-circuit
8Q B g,
AW Wh——
[+ ;
6V 4Q 3 v 3A > 9sn @s:
- 6V is discarded
by short-circuit
[13)]
*Refrer to In-class Iillustration, text book, answer v = 10V
4.3 Superposition Theorem (5)
) 8Q
(a) calculating v, AN o —
~ : {L we set the current
6V \;’) (‘D 40z v source to zero
Applying KVL to the loop (a)
12i, ~6=0 === H=034
v, =4i; =2V

We may also use voltage division to get v, by writing

4
—— {6} =2V
L 4+8()
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4.3 Superposition Theorem (5)

) 80
(b) calculating v,. AP —e —
In
we set the voltage source to zero 402 n d:;" 3A
Using current division, ®) 8
I =750 =2A

U’_&=4fl_]=8lv

Use the superposition theorem

v=v,tv,=2+8=10V

4.3 Superposition Theorem (6)

Example 3
Use superposition to find v, in the circuit below.

200 4

AM—T
V=0, t 0, |.
10V 24 49%

1

2A is discarded by L
open-circuit 10V'is discarded Dependant source
by open-circuit keep unchanged
200 v, 200 v,

- — A —

oV %49 0.1v, 1)2a sa Doy,
L
. )

*Refer to in-class illustration, text book, answer Vx = 12.5V
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4.4 Source Transformation (1)

e It is the process of replacing a voltage source
V< in series with a resistor R by a current
source ig in parallel with a resistor R, or vice
versa.

e An equivalent circuit is one whose v-i
characteristics are identical with the original
circuit.

4.4 Source Transformation (2)

e The arrow of the
current source is

»\ﬁz»—é" a t. directed toward

_ [ the positive
— i@ T = terminal of the
b b voltage source.

(a) Independent source transform
e The source

transformation is
not possible when
R = 0 for voltage
source and R = o
for current source.

v, = iR or fy =
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4.4 Source Transformation (3)

R + e The arrow of the
o - current source is
" - 2R directed toward
s § i i
the positive
o b terminal of the

(b) Dependent source transform voltage source.
e The source
transformation is
. =ik or i, =— not possible when
' [ R R = 0 for voltage
source and R = o
for current source.

4.4 Source Transformation (2)

v, = i,R or ==

R
i o +a e The arrow of the

current source is

’ . ﬁ directed toward
the positive

(a) Independent source transform terminal of the
voltage source.

e The source

v‘vw—o e . .
transformation is
-— not possible when
= 0 for voltage

source and R = oo
Dependent source transform for current source.
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4.4 Source Transformation (3)
Example 4

Using source transformation to find v, in the circuit shown
below.
20 ER Y

4.4 Source Transformation (4)

Example 4
Using source transformation to find v, in the circuit shown
below. 20 30
/l AT
+
40 SA\\TD 80 %u,,, (D) 12v
@ 3// 6 =3%6/9 = 2 ohms

24 (y) 60 sn"L:h ”me 4A S;IJ"L:” ézn 2A
¢ i o {rguonf i+ g

We use current division

2
i =———(2)=04A = 8i = 8(0.4) = 3.
i =) v, = 8i = 8(0.4) =32V
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4.4 Source Transformation (5)

Example 4

Find i, in the circuit shown below using source transformation.

5V
€ I MW\
6Q§ 5A° 3Q§ ?Qg 3A. 4Q§

*Refer to in-class illustration, textbook, answer i, = 1.78A

4.5 Thevenin’s Theorem (1)

It states that a linear two-terminal o
circuit (Fig. a) can be replaced by an ol
i H i i Pt Lincar +
equivalent circuit (Fig. l:_)) con_5|st|n_g i y S
of a voltage source V7, in series with i ;
a resistor Ry, z
where (1)
Ry i
Load

e VTH is the open-circuit voltage at the
terminals. L

e RTH is the input or equivalent resistance at
the terminals when the independent (b)
sources are turned off.

76



4.5 Thevenin’s Theorem (2)

e RTH

e (ase 1: independent sources

are turned off.

e Case 2: dependent sources.
we turn off all independent sources. As with superposition, dependent

sources are not to be turned off because they are controlled by
circuit variables.

J a
!G
Circuit with —© Clilr_cu; wnl:i T ‘
all independent s all independent " +\'. .
sources set equal = sources set equal _0
to zero to zero
b b
v u
Ry, =— R b
T}' - 1 =
e v, =1V i, i,=1A

4.5 Thevenin’s Theorem (3)

Example 5

Rth = 12//4 = 3 ohms

Using Thevenin’s theorem, find the 60  60Q
equivalent circuit to the left of the W
terminals in the circuit shown a0 T g,
below. Hence find i. X
/ @
0Q 6Q 60Q

)=

(b)

to

=

s

e

"o
—AWWW—

s

L)

/

3
__W
-]
&

s 7L
_/\/\/\/7
»
el
|_|<+‘

b Ix=4*6/(6+6+4)=1.5A
I VTH = 1.5 * 4 = 6 Volts
I Y »n+ RL = 1 ohm
R + R, .
i=6v/(3+1)=15A
*Refer to in-class illustration, textbook, answer V;, = 6V, Ryy = 3Q, i = 1.5A
77
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4.5 Thevenin’s Theorem (4)

Example 6

Find the Thevenin equivalent
circuit of the circuit shown
below to the left of the
terminals.

eV

*Refer to in-class illustration, textbook, answer V;, = 5.33V, R, = 3Q

4.6 Norton’s Theorem (1)

It states that a linear two-terminal circuit —
can be replaced by an equivalent circuit ‘
of a current source Iy in parallel with a Linear

: two-lerminal
resistor Ry, circuit

Where

(a)

e I, is the short circuit current through
the terminals.

I Ry
* Ry is the input or equivalent resistance ) ="
at the terminals when the independent < b
sources are turned off. (b)

The Thevenin’s and Norton equivalent circuits are
related by a source transformation.
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4.6 Norton’s Theorem (2)

e I, is the short circuit current
through the terminals.

Linear
two-terminal Yi.=1Iy
circuit

® Ry is the input or equivalent
resistance at the terminals when the
independent sources are turned off.
(estimation like Rth (two cases))

Ry = Ry

4.6 Norton’s Theorem (3)

The Thevenin’s and Norton equivalent circuits are
related by a source transformation.
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4.6 Norton’s Theorem (4)

Example 7

Find the Norton equivalent
circuit of the circuit shown 2v,
below. i

1v

*Refer to in-class illustration, textbook, Ry = 1Q, I, = 10A.

4.7 Maximum Power Transfer (1)

Network of —g_r —
Sources L2
. . ey s af‘d L RL}:{-\/
If the entire circuit is replaced by fesistors =
its Thevenin equivalent except for b
the load, the power delivered to Rin a
the load is: o
2 Vg
P=i’R, = (VT" J R,
Ry +R, .
5 &
For maximum power dissipated
in Ry, Pnax, fOr a given Ry, P [ 2N
and VTHI ,/I \\..
2 g \““x
R =R, = P, =1 0 Ron R

The power transfer profile with
different R
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4.7 Maximum Power Transfer (1)

Power absorbed by load resistor: T ;
Fm "
Pr= j"LzRL = ( )2 R
R+ Rt
b
; . ; d.
To find the value of R, for which P is maximum, set ? =0
L

dP: o] (Rm+Rt)’ —2Ru(Rm+Ro) |
e VT]I- = i e 0
dRu (Rm+Ry) | PA
= (Rm+R.)*=2R(Rm+R) TN
= |Rm=HRK /// \.\\\\H

4.7 Maximum Power Transfer (1) &
The maximum power transferred to the load
2
P PR Ry Network of —————
4Rt 500:395 L
Resistors b g
b

The efficiency of power transfer
P. power delivered to the load Roy

_);l‘:

P. power generated by the source MW C

Virn
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4.7 Maximum Power Transfer (2)

Example 8 .
Determine the value of R, that will draw the maximum power. =——

Calculate the maximum power.

6Q 30 2Q g
AMA L AN wwﬁ%t
& = ) =
12v\\_) len \J‘bzA jRL
h
60 30 20
A ANV WWA—C
l e
%129 -
6:X12
Run=2+3+86[12=5+ = =90

4.7 Maximum Power Transfer (2)

Vth : Applying mesh analysis gives

6Q 3Q 2Q
A l AN ‘ WV\—E
v (& @ o Q O
1 L.
—12 4+ 18ij— 1215 = 0, I = =2 A i, = —2/3.
Applying KVL around the outer loop to get Vth
—12 + 6i; + 3i, +2(0) + V@, = 0 Vi =22V
For maximum power transfer, RL = RTh =9()
the maxim i Pmax = Viy = s =13.44W
um power is max AR, 4X09
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4.7 Maximum Power Transfer (2)

Example 8

Determine the value of R that will ol i
draw the maximum power from * ; _

the rest of the circuit shown below. e 1
Calculate the maximum power. v @ K

Fig. a
=> To determine Ry
Fig. b
=> To determine Vy

- _ Vin
(a) (b) Pmax = -'I'R,r_

*Refer to in-class illustration, textbook, R, = 4.22Q, P, = 2.901W
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Chapter 5

Operational Amplifier

Introduction

The op amp is an electronic unit that behaves
like a voltage-controlled voltage source.

An op amp may also be regarded as a
voltage amplifier with very high gain.

+V
Inverling 1
: o—-
input ;
Chutput 11

.\hm:_-nvu_rh ng 2
input

=¥
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Operational Amplifiers

An op amp is an active circuit element designed to
perform mathematical operations of addition, subtraction,

multiplication, division, differentiation, and integration.
The pin diagram corresponds to the 741 general purpose op amp made by Fairchild

Semiconductor.

——
Balance O | 8 O No conne
Inverting input 00 2 70V
Noninverting input O 3 6 0O Output

¥

(a)

5 o Balance

Noninverting input 3 &———+

l.-'+
a7

Inverting input 2 &————

000
415
V- ‘\\\

e
ullui‘f;

——0 6 Output

Offset Null

Operational Amplifier Model

e An operational amplifier circuit is designed so

that

1) Vo,e = A, (V4-V,) (A, is a very large gain)
2) Input resistance (R;,) is very large
3) Output resistance (R,,) is very low

V17

n

out

A,
Open-loop gain
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Practical Operational Amplifiers

The equiva_llent circuit . § R, A
Of the non-ideal op amp >

iry O—

o
Vg = U — 1Y =

Operational Amplifiers

Op amp output voltage v.as a function of the differential input voltage ve.

A practical limitation of the op amp is that

v A
the magnitude of its output voltage cannot
exceed |Vcd|.
Positive saturation
Veo I
—Vee =0, = Ve "
0 vy
the op amp can operate in three modes, - 1Y%
. . L Negative saturation
depending on the differential input voltage

V.

Op |Amp output:
v, as a function of V4

1. Positive saturation, v, = Ve
2. Linear region, — V- = v, = Avy; = Vo
3. Negative saturation, v, = — V.
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Saturation

e V,yr cannot exceed the supply voltages. ——
~Veoe =1, = Ve

e In fact, typically Vg, can only get to
within about 1.5 V of the supplies.

Vour o Vour 4

WA s

Desired Output Waveform Actual Output Waveform

Ideal Operational Amplifiers

An ideal op amp has the following characteristics:—
1. Infinite open-loop voltage gain, A, = 0.

2. Infinite input resistance, R; = co.

3. Zero output resistance, R, = 0.

4. The output voltage Vo=0; when V4 = V,-V; = 0

f1=O
i
o
+
f2=0 i
—— T
o
1o+
V.
Vo =¥ ’
o 0
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Ideal Operational Amplifiers

An ideal op amp is an amplifier with infinite open-loop gain,

infinite input resistance, and zero output resistance.

Two important characteristics of the ideal op amp are:

1. The currents into both input
terminals are zero:

i|:ﬂ. E2:D

2. The voltage across the input
terminals is equal to zero; i.e.,

Ug = U — U =

R — o

in

A—©

.f-| :ﬂ
—_—
[,
+
iz=0
[
C
EJ] +
Lt
o

.||_

Practical and Ideal Op-Amp Data

Typical ranges for op amp parameters

Parameter Typical range Ideal values
Open-loop gain, A 10°to 108 Q o
Input resistance, R, 10° to 10130 0 Q
Output resistance, R, 10 to 100 © 0Q
Supply voltage, V¢ 5to24V
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Practical Op-Amp Circuits

These Op-amp circuits are commonly used:
1- Linear Applications:

- Inverting Amplifier

- Noninverting Amplifier

- Unity Follower

- Summing Amplifier (Adder)

- Difference Amplifier (Subtractor)

- Integrator

- Differentiator

- Active Filters.

Digital-to Analog Converter (DAC)

Practical Op-Amp Circuits

These Op-amp circuits are commonly used: L
2- Nonlinear Applications:

- Logarithmic Amplifiers.

- Exponential Amplifiers.

- Analog Multipliers and Divisions.
— Comparators.

- Precision Rectifiers.

- Waveform Generators.
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Inverting Amplifier

Assuming an ideal op amp,

Applying KCL at node 1 — wﬁf{"»
'
L i Uy — Uy s vy — U, —l-. II’?I v i&.
1 = i = i
R Rf A | =
0ov
e - F +
i = Us Uy =L’2:D Y C_j "2 + !’,-,
Uy Up ' o
R, Rf -
The voltage gain is A, = v,/v; = —R¢/R,.
Ry
Uy = _R_ U; An inverting amplifier reverses the polarity
! of the input signal while amplifying it.

Inverting Amplifier

Refer to the op amp in Fig. If v; = 0.5 V, calculate: (a) the output
voltage v,, and (b) the current in the 10-k{2 resistor.

25kQ

AAMA,

Vo _ R 25 10kQ

=== 25

v, R, 10 — b;_o
+
%,

v, = —2.50; = —2.5(0.5) = —125V @

1|

(b) The current through the 10-k{} resistor is

v, -0 _ 05-0
R, 10 x 10°

= 50 pA
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Operational Amplifiers

TASK Determine v.in the op amp circuit shown in

40 kQ
0kQ |,
A >
+
+
6v (D 2v @) t

Noninverting Amplifier

Assuming an ideal op amp,

(o}

: 0—vu wvi—-1
= !'2 :‘l;. = E-1
R, Ry Ky g | m
A
Uy = U = Uy 25
16)
—U; e Ui — Uy
R] Rf T=r
A noninverting amplifier is an op amp circuit
designed to provide a positive voltage gain.
Ry o
B = 1+ — v; The voltage gain is
1

A, = UGfo =1+ RI/;RH
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Noninverting Amplifier

For the op amp circuit in Fig., calculate the output voltage ve. I

10k
METHOD 1 Using superposition, EN\’
4 kL) i V—l
m METHOD 2 Applying KCL at node a, b .
6V (+ 4V (* "
6—v, U,— Y, »
4 10 = ’
Butv, = v, = 4, and s0
6—4 4-—u, g p—
= o= — 7
4 10 ?
i, = =L\

Noninverting Amplifier

TASK For the op amp circuit in Fig., calculate the output voltage v.. I

4kQ2
—Wh—
+
vt ‘-{sgkﬂ
= 5 kQ ’
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The voltage follower

called a voltage follower (or unity gain amplifier) —
because the output follows the input

Unity Follower

U, = U
p——
+
(Y -
i"r l"-,.__.-r"' Fﬁ' uj’
L
The voltage follower
A voltage follower used to isolate two o g
cascaded stages of a circuit. (Rr= 0 and R) = =),

First ¥ * Second
stage L] % stage

Such a circuit has a very high input impedance and
is therefore useful as an intermediate-stage (or
buffer) amplifier to isolate one circuit from another,

93
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Summing Amplifier

Summing Amplifier is an op amp circuit that
combines several inputs and produces an output
that is the weighted sum of the inputs.

P B v, =0

h—Ug P8y YN

i = 2=
R, R;

1’2 o
: U3 Uy Ua Us G
I = R : = R +
3 F vy O—A v,

Rl RZ RT3

Summing Amplifier

Calculate v, and i, in the op amp circuit shown below.

5 kO
R R R
v, = (v + 2o+ 2o, q
R| Rz _R3 2V . ;_ikﬂ.

The current i, is the sum of the currents through the 10-k(} and 2-k(}
resistors. Both of these resistors have voltage v, = —8 V across them,
since v, = v, = 0. Hence,

. ) a G
i = + 2 mA = —08 —4=—48mA
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Difference Amplifier

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

Applying KCL to node a, Ry
Uy — Ug s Ug — U R, 2 0
R 1 R 2 AN =
& g
1 — R: + 1 s & 1 V] o ,L
Yo = R] Ya R] = Y2 i; Ry =
Applying KCL to node b, J—‘
et 1 1 R
o Sy 0 Iy = o U, But v, = v,
Ry R, R; + Ry ~

Difference Amplifier
(R] ) R R- B
= +:] ity
R| R'l, F R_{. RI

. =R2(1 +R|fR3}U —&U
“ Ryl + R;/R) ’ R, I

R: RI Rq It Rz = R| and Rj, = R4.
U, =220 —0) -
| ; v, = Uy — U,

L _R(+R/R) R R, R,
° R(+R,/R) > R R R,
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Difference Amplifier

Design a difference amplifier with gain 7.5.

_ R R_&
Pr S R (Uz — Uy) R, R,

v

Answer: Typical: R = R; = 20k{}, R, = R, = 150 k{}.

Design Amplifier

Design an op amp circuit with inputs vi and v. such that —
v, = —5u,; + 3v,.

Design 1
The circuit requires that difference amplifier

v, = 3v, — 51

Comparing ) e N
RZ(I + R If( RZ) % R: ) + + ‘Ir - > g

U = > _U
° R(1+Ry/R) > R '

B
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Difference Amplifier

\\\\\\\\\\

—i=5 = R2=5R|

=
-
=
=
< Fm
<
t:"
5 l
Y
+ O

6 - )
(1 + R,/R») - g 5 o
(1 + Rs/Ry) 1+ Ry/Ry 5

R
4
If we choose R, = 10 k{2 and R; = 20 k{1, then R, = 50 k{} and
R, = 20 k.

Difference Amplifier

Design 2

If we desire to use more than one op amp, we may cascade an inverting amplifier

and a two-input inverting summer, as shown in Fig.

For the summer, B ( )
R o s S 1 W e

U, = —

v, = —3vu,

which is the desired result. In Fig. 5.25, we may select R, = 10 k{1
and R; = 20k or R, = R; = 10 kf).

97
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Chapter 6

Capacitors and Inductors

6.1
6.2
6.3
6.4
6.5

Introduction.

Capacitors.

Series and Parallel Capacitors.
Inductors.

Series and Parallel Inductors.
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6.1 Introduction

In contrast to a resistor, which spends
or dissipates energy irreversibly, an
inductor or capacitor stores or releases
energy (i.e., has a memory).

For this reason, capacitors and inductors are called storage
elements.

6.2 Capacitors (1)

e A capacitor is a passive element designed
to store energy in its electric field.

Dielectric with permittivity

: Metal plares,
- each with area A

e A capacitor consists of two conducting plates
separated by an insulator (or dielectric).
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6.2 Capacitors (2)

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

g=Cv and C:ﬂ
d

| farad = 1 coulomb/vaolt.

e Where ¢ is the permittivity of the dielectric material
between the plates, A is the surface area of each
plate, d is the distance between the plates.

e Unit: F, pF (10-12), nF (107°), and pF (10-5)

6.2 Capacitors (3)

e If i is flowing into the +ve .
' 1 C
terminal of C — iz
- Charging => i is +ve & AN e
- Discharging => i is -ve + =

e The current-voltage relationship of capacitor
according to above convention is

; dv 1 ¢
i=C—| and |v=—|idt+v(z,)
dt C 4
dq dv
= _:C_
9=Cv dt dt
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6.2 Capacitors (4)

The instantaneous power delivered to the
capacitor is

: duv
p=uvi=Cv—/
dt
The energy stored in the capacitor is
Pl FL ”Jv I i)
w= plrydr=C| v—dr=C v dv = —Cuv”
- o AR dr Juf —=) e w{—=)

6.2 Capacitors (5)

e The energy, w, stored in

the capacitor is _’.... l':;
(9, 1< O
g
2
w=—Cv
2 L dv
p=uvi=Cv—

rr " do vit) 1 o)
w= l plrydr =C [ v—dr =C [ vdv=—Co?
' . 1, dr Jo—=) 2 um

e A capacitor is
— an open circuit to dc (dv/dt = 0).
- its voltage cannot change abruptly.
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6.2 Capacitors (6)

r,ff i
JI'.I' -
-'_‘--'_F'_'_'_‘_...-F' —m

(a) by (c)

Fixed capacitors: (a) polyester capacitor, {b) ceramic capacitor, (c) electrolytic capacitor.

Counesy of Tech America.

(4}

Variable capacitors: (a) trimmer capacitor, 33\
(b) filmtrim capacitor.

Courtesy of Johanson. %

h

6.2 Capacitors (7)

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

P Leakage resistance
A

A real, nonideal capacitor has a
parallel-model leakage resistance | 0

Circuit model of a nonideal capacitor.
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6.2 Capacitors (8)

Example 1 E—

o i C
The current through a 100-uF capacitor is siie:
+v-
i(t) = 50 sin(120 nt) mA.
Calculate the voltage across it at £t =1 ms and
t=5ms.
I I
Take v(0) =0. v="7 J tdt + v(0) and v(0) = 0,
0
Answer:

v(ims) = 93.14mV
v(5ms) = 1.7361V

6.2 Capacitors (9)

S0 sia( (2eTt) mA S
Jes
oo surare) d T

Answer:
v(ims) = 93.14mV
v(5ms) = 1.7361V
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6.2 Capacitors (11)

Example 2

An initially uncharged 1-mF capacitor has the
current shown below across it.

Calculate the voltage across it at t = 2 ms and

t =5ms.
y_YIZYZ_YI TmA) A
X=X X=X 166 L
Y% =m(_X_XI)
Answer: 0 . ! L »
2 4 6 1(ms)
v(2ms) = 100 mV

v(5ms) = 500 mV

6.2 Capacitors (12)

Example 2
X >t ¥ % ¥ N |
Y oI XXy Xy y—-y, =m(X—X,)
i=50t
i (MA) A
] i, 100
v =— J Idt-
Ch (2,100)
(x2,y2)
v=30 £ wy/
1mf 2o n,0) ’ 4 6 .f’(ms')
_50+10E—G*4/2 Answer:
V=" = 100 mv v(2ms) = 100 mV

v(5ms) = 500 mV

104



6.3 Series and Parallel Capacitors (1)

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

flt 53¢ JIJ.L l',q+ e e e R A
3 5 ’

* Eam= et 6 — Cy z

T - But iy = C; dv/dt. Hence,
(@) dv du du
= C C'! E v C'l_ t C
=l dt T Ydr N d
g dv dv
i —(Ef*)m— Car
b _
(b) C,=C+C+..+Cy

6.3 Series and Parallel Capacitors (2)

e The equivalent capacitance of N series-connected ==
capacitors is the reciprocal of the sum of the —
reciprocals of the individual capacitances.

i C| I':: C3 CN
o= I H H I U=1wm o ) s Ua o A Upy
+vp— + = vy — + vy —
; Lt
But vy = I l ilT)dr + vi(ty). Tharefore,
& In
W 1 T
(1) = J ilrdr + vyltg) + I ’ i{T)dr + valty)

L “Tg = g

i{r)dr + wvylty)

I I
e {

f

_(L . L+_.,+L) ’
NG 6 Cw/ |

=
— | il7)dr + vite)
111 1 -zl

ilmydr + vi(tg) + valts)

+ e+ vylty)
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6.3 Series and Parallel Capacitors (3)

| RN - C. = ]
G & G i AR
Example 6.6 5 uF 60 uF
n o
C‘?‘il
W0puF — 6 puF— 0 pF — -
o b
20%5
2015 1HF 4+ 6+ 20 = 30 pF

6.3 Series and Parallel Capacitors (4)

Example 3

Find the equivalent capacitance seen at the
terminals of the circuit in the circuit shown below:

50 pF
| 60 uF
5] | Answer:
. — Ceq = 40uF
— 70T == 20uF == 120pF
O
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6.3 Series and Parallel Capacitors (5)

Example 4

Find the voltage across each of the capacitors in
the circuit shown below:

WmF  30mF
| I
| 1l
1 + ¥ - +r— "
L T 0V AOmF == == 20mF
60 30 n T © T

The total charge 1s

g=Cuqv=10%x107x30=03C

jﬂ".,?.:i:j ::Caq

Thas is the charge on the 20-mF and 30-mF capacitors, because they are
in series with the 30-V source. (A crude way to see this is to imagine
that charge acts like current, since { = dg/dt.) Therefore,

6.3 Series and Parallel Capacitors (6)

. q 03 _
| Il
| Il
W= RS
+
3 ! NmF =—=ri — WmF
L= 93y T 1T
276 30%x107

Having determined v, and v,., we now use KVL to determine v by
U_'.|:3[I_l'.,'|_Uzz.ﬁl:‘l'lr

Alternatively, since the 40-mF and 20-mF capacitors are in parallel,
they have the same voltage vy and their combined capacitance is 40 +
20 = 60 mF. This combined capacitance i1s in series with the 20-mF and
30-mF capacitors and consequently has the same charge on it. Hence,

. q 0.3 _
_6DmF_60xlD‘3_5v

U3

107
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6.3 Series and Parallel Capacitors (7)

Example 4 -

Find the voltage across each of the capacitors in
the circuit shown below:

40 uF 60 uF Answer:
v, = 30V
_ v, = 30V
60V
vz = 10V
v, = 20V

6.4 Inductors (1)

e An inductor is a passive element designed
to store energy in its magnetic field.

|47 Length, | — ;‘;i}% if E

Cross-sectional area, A

T Caore material af ™

Numbcr of turns, N J! /

e An inductor consists of a coil of conducting wire.

108
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Inductors may be fixed or variable.

The core may be made of iron, steel,
plastic, or air.

The terms coil and choke are also
used for inductors.

(b}

Various types of inductors: (a) solenoidal
wound inductor, (b) toroidal inductor,
(c) chip inductor.

Courtesy of Tech America. i

6.4 Inductors (3)

Inductance is the property whereby an inductor
exhibits opposition to the change of current
flowing through it, measured in henrys (H).

di 2
y=r %L and LzN—“A
dt i

where N is the number of turns, | is the length, A is the cross-
sectional area, and Mu is the permeability of the core.

e The unit of inductors is Henry (H), mH (10-3)
and pH (10-9).

109
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6.4 Inductors (4)

AT

Tﬁ < e—é ” b T’ﬁw Circuit symbaols for inductors: (a) air-core,

-
| o= o -

(b} iron-core, (c) variable iron-core.

(a) {b) (c)

. diy.
p=uvi= (Lm)x
The energy stored is
i K !I Since i(—=) =
w = J plridr = L’ bl idT =k
- |
: e I ) ] ] w= lLEZ
= L [ pdi ==Ly = =Lit=m) 2

P e
—nc

6.4 Inductors (5)

e The current-voltage relationship of an inductor:
Ly T
z:—j (i) di+i(t,)
L ly +
v L
e The power stored by an inductor: -
1
w=—Li’ o

An inductor acts like a short circuit to dc (di/dt = 0)
its current cannot change abruptly.

110



6.4 Inductors (6)

Since an inductor is often made
of a highly conducting wire, it
has a very small resistance.

L R,
o—— T — AW ——0

Circuit model for a practical inductor.

6.4 Inductors (7)

The terminal voltage of a 2-H
inductor is v = 10(1-t) V
Find the current flowing through it at +
t = 4 s and the energy stored in it v 27
within 0 <t < 4 s.

Assume i(0) = 2 A.

Example 5 Ill 0

: 3 i
Since § = — I' vlt) dt + ilty)

O

- _ 10 &

I_? [4_50]_'_2 Answer:

=5[4-8]+2=-20+2 i(4s) = -18A
i=-18 A w(4s) = 320]
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6.4 Inductors (8)

Example 6

Determine v, i;, and the energy stored in the
capacitor and inductor in the circuit.

_1"_ 1 50
(a) Under dc conditions, we replace the s b
capacitor with an open circuit and the a0
inductor with a short circuit 12V % 2H :*:
) 12 we == 1F
et == =T
1+5
The voltage v is the same as the voltage across the 5-{) resistor. Hence,
ve="5=10V —E*Lfi 50
4102
v @) " ?
o
=

—-—
=0
=

i

6.4 Inductors (9)

The voltage v, is the same as the voltage across the 5-() resistor. Hence,

ve=5=10V

i 10 50
——Ay

40
v @) +T

(b} The energy in the capacitor is -7

Yooy 1
we = 7Cvg = E[I}flﬂl} =50]

and that in the inductor is

I —
aty = E.Lsi =722 =47

30
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6.4 Inductors (10)

Example 6 .

Determine v, /,, and the energy stored in the
capacitor and inductor in the circuit of circuit shown
below under dc conditions.

i 025H
— Answer:
W i, =3A
a0 1a ve 7~ 2F
b Ve = 3V
w, = 1.125]
we = 9]

31

6.4 Series and Parallel Inductors (1)

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

inductances.

ioL L L Ly v=vy+uv;tuovys+-+oy
_te 2
O - — T

o=t = = e+ =

R R w = L S e
L =i, dt T T Nt
i di
[}

=(Ly+ L+ Ly + -+ Ly)—

dr
N . .
di di
~(Zu)a-a

ri %:Leq Leq =L1 +L2 +... +LN

32
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6.4 Series and Parallel Inductors (2)

e The equivalent capacitance of parallel inductors
is the reciprocal of the sum of the reciprocals of

~the individual inductances. IO m

L= t

+ i ; .1 B—

- 'I* L 'a* ’.\‘ \\ "N‘ But i, = o J;" v dt + i;(ty); hence,
i % L Ly S L Ly

= 2

L. — .
o r r=L—‘f.vn‘r—.ruUr+:J‘ v di = iitg)
(a) i
+— | v dt + J
i N -ty
e ; O L
i =(L_| | !,— (R | LL] | vdt | ity | el
L | -2 NS 1y
- Ly [ 1% ]
oLy ;N ] k a3 N 1 -f
= ( &EI L_») J vdt + A_EI ity = : ! vdl — i)
(b) 1 1 1 1
— =t —+ .. +—
L, L L L,
33

6.4 Series and Parallel Inductors (3)

Example 7

Calculate the equivalent inductance for the
inductive ladder network in the circuit
shown below:

20 mH 100 mH 40 mH
e} A11IR S11R AL1R
{ | l |
e ? 50 miI ? 40 mIl ? 30 mH ? 20 mH
e}
Answer:
Leq = 25mH

34
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6.4 Series and Parallel Inductors (4)

Example 6.11
I l 3 | I L1,
s - g =
L-:q LJ LZ " IIII—‘I L -
4H 20H
¢ IR T
. B
—— S TH = 12H
211 [ T r
&H 10H
TX42_ o L,=4+6+8=18H
7+ 42

Practice Problem 6.12

Important characteristics of the basic elements

e Current and voltage relationship for R, L, C

Circuit

Capacitance

Units Voltage Current Power
element
1 +
ohms (£2) v=Ri .=% p=vi=i'R
: (Ohm's law)
Resistance
« di P | P - L}
henries (H) a-,(.-d—r 1=vad'r+k. p-w—L:d’
Inductance
I p AR di ’ duv
farads (F) u=EI|d.l'+f(; tﬂcd—I: p=v:-CUTj;'
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Important characteristics of the basic elements

ST

Relation  Resistor (R)

Capacitor (C)

Inductor (L)

U-i: v=1iR

porw: p=iR=

R
Series:  Ry,=R, + R,
RRy
Parallel: R,y =
Bl BT

Atdc: Same

Circuit variable
that cannot

Iy

Caq=l‘:|+c‘3

Open circuit

change abruptly: Not applicable v

t
J iirydr +vity) v=1L

di
dt
1
= 7 ]' vir)dr + ilty)

!I:l

| -
] = — =
i 2.L:

_ Ll
Lea = Ly 4-E;
Short circuit

Ly=L +1,
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Chapter 7

Transistors and its Applications

Bipolar Junction Transistor
(BJT)
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Bipolar Junction Transistor (BJT)

Device Structure and Physical Operation
Current-Voltage Characteristics
Modes of Operations

DC analysis of BJT circuits

AC analysis

BJT as Amplifier (C.E)

BJT as Switch

OOV L WNE

S
g o

Device Structure and Physical Operation

The BJT is constructed with three doped semiconductor
regions separated by two pn junctions, as shown in the
epitaxial planar structure in Figure (a). The three regions are
called emitter, base, and collector.

C (ecllector)

]
* Base-Emitter
| juncticn
T |
E(

(b} npn (ci pnp

(@) npn (b) pnp

emitter) E

Current Controlled Current Source
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Device Structure and Physical Operation

The pn junction joining the base region and the emitter
region is called the base-emitter junction. The pn junction
joining the base region and the collector region is called the
base-collector junction

’/N.IetaiizeI cnnta.cL'-\ Oxide Q

{a) Basic epitaxial planar structure

3= Collector

Device Structure and Physical Operation

Callector lesd
(metallic)

Electrons thai

BJT consists of rvarmes
two pn junctions e
constructed in a

special way and

COHLLECTOR in-type)

=— BC juncsion depletion region
||u.s: { p-type)

== BE punction depietion region
imetallic)

connected in Minority EMITTER (n-type}
. ibale) i

series, back to s

back
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Modes of operation ﬁ

Modes of operation

Metil =y
conlug! P W i
LIThe two junctions of BJT can be either ** |  Fue b S
forward or reverse-biased
&
LIThe BJT can operate in different b
modes depending on the junction bias
Mode EBIJ CBJ
LIThe BJT operates in active mode for
amplifier circuits Cutoff Reverse Reverse
o o o Active Forward Reverse
LISwitching applications utilize both
the cutoff and saturation modes Saturation | Forward Forward

'm.j

Device Structure and Physical Operation &#

Basic models of BJT T

Bipolar Junction Transistor Fundamentals
|~

lector Emitier | Base | Collector

B B

Emitter |Base | Col

Looks sort of

npn
like two tliudrs_u_n_ _H_DI_
back to back

l'I I"t E 'rl

f v I
£, + K L. ; - L

prp
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Current-Voltage Characteristics ﬁ

_ Circut &
Emitter Collector Symbol
—' NP [N I—
Base
v IE IE A IC
Ve Ve
| i koltk
S E
KCL KVL
Ig = Ic + Iy Vee = Vee + Vac

Current-Voltage Characteristics ﬁ
|

; Circuit E -
Emitter Collector Symbol
P N|P |
Base

Al 1s | B

vEEE VCE

| ———1|I[!

KCL KVL

Ig =Ic + Iy Vee = Ve + Vic
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Current-Voltage Characteristics

DC Beta (Bpc¢) and DC Alpha (apc) '

The dc current gain of a transistor is the ratio of the dc collector current (/) to the dc base
current (/g) and is designated dc beta (Spc).

Boc = - 'FE = Bpc

Typical values of Sp¢ range from less than 20 to 200 or higher.

The ratio of the dc collector current (I¢) to the dc emitter current (/g) is the dc alpha
(cpc). The alpha is a less-used parameter than beta in transistor circuits.

Ic

o =
DC Ig

Typically, values of apc range from 0.95 to 0.99 or greater, but apc is always less than 1.

BJT

Current Controlled (dependent) Current Source (CCCS)

Iz =iatiy
Commonbase current gain e
¥l
o
Common-emitter current gain: B= 1—
-
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BC reverse- BC reverse-
biased hiased
\\ . + \\ - _
g _-_- - v+—'—"—n
=  BEforward- ==  BE forwand-
_I biased * biased
(a) npn (b} pnp
DC Biasing
Biasing
Voltage divider
Vee
fCQl R
RTH +
A Vi
+ En -
B
Vrn —
T "Egl Rg

Rt =R1//R2
V14 = Vcc ¥ R2/ (R2+R1)

g,

&
0
@
5
@

i

Ihu-&)‘

5 |m§‘
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Biasing

Voltage divider bias or Self bias

Vee f \ Vee
Vg ! |I K. -
\R; + B
__ Ven—Ver 2 Re Re
Ry +Ry/(B+1) ' & Jr:-
— o
Vi 2 Vi Rz = R, || R4 J 5
R; 7~
. Rr |:/’\l Rr
Ry
Ry > - — —
¢+D = =
(a)
Circuit Equivalent circuit with

Vin& Ryy

Ic

0 0.7V VeEimax)
|
l

o ¢
(b) I versus Vi curve for one value of Iy
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Current-Voltage Characteristics

Ic

Cufefi regien

ol T

Vee

{c) Family of fi- versus Vg curves for several values of fg
(Ig1=< Iga< Iy etc.)

The Early effect

Early voltage (Va) is used for the linear approximation of Early Effect

The iccurve has a finite Shfraion
/ region

slope due to Early : i

effect

Active
region A

OThe characteristics
lines meet at vce= - Va

OVais called the Early ()
Voltage (~ 50 to 100 V)
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Regions of Operation

1- Cut off WA
Ie =0, Ic =0, Vce = Vcc , »

Vee < 0.5V , i .
M)lcs :é_évoc

2- Saturation getais Low "'aaj"fi :

2 o Veg 'V
i.=1e

Vce < 0.3V, VBE = 0.7V

3- Active .. High

Vce > 0.3V g =

o
p

DC Load Line

The bottom of the load line is at
ideal cutoff where I = 0 and Vg = V¢. The top of the load line is at saturation where
Ic = Iosyy and Veg = Viegiey- In between cutoff and saturation along the load line is
the active region of the transistor’s operation.

Ic

- Saturation

‘(‘Ia.-ll -
Vcc / Rc i
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DC analysis of BJT circuits

DC analysis of BJIT circuits

Dsﬂep 1: assume the operation mode
[1Step 2: use the conditions or model for
circuit analysis.

[IStep 3: verify the solution

[IStep 4: repeat the above steps with
another assumption if necessary

BJT Circuits at DC

I

(a) npn

127
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BJT

Determine /. Ic, Ig, Vg, Ve, and Vg in the circuit of Figure 4-9. The transistor has
a Bpc = 150.

== 10V

BJT

Determine /g, ¢, Ig, Vg, Vo, and Vg in the circuit of Figure 4-9. The transistor has

a Bpc = 150.
Solution  From Equation 4-3, Vg = 0.7 V. Calculate the base, collector. and emitter currents
as follows:
Vee — VBE SN —07V
Ig = = = 430 pA
B Rp 10k 4

Ic = Bpclp = (150)(430 pA) = 64.5mA
g =Ic+ Iy =0645mA + 430 pA = 64.9 mA
Solve for Vg and Vip.
Vee = Vee — IcRe = 10V — (645 mA)(10002) = 10V — 645V = 355V
Ver = Veg — Ve = 355V — 07V = 285V

Since the collector is at a higher voltage than the base, the collector-base junction is
reverse-biased.
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BJT

Determine whether or not the transistor in Figure 4-16 is in saturation. Assume
Vg = 0.2 V.

BJT

Determine whether or not the transistor in Figure 416 is in saturation. Assume
VCE(SBI} =N

Solution  First, determine /¢ gy).
Vec — VeEsay 10V — 02V 938V

I = = — = 9.8 mA
Cmt) Re LOKO LOkO =
Now, see if I is large enough to produce o).
Vs — V] Iv-0. 23
e Ve N OV 25V oy

Ry 0k 10kQ
Ic = Bpclp = (50)(0.23mA) = 11.5mA

This shows that with the specified Bpc. this base current is capable of producing an
Ic greater than Iosy). Therefore, the transistor is saturated, and the collector current
value of 11.5 mA is never reached. If you further increase /g, the collector current
remains at its saturation value of 9.8 mA.

129
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BJT Datasheet

A partial datasheet for the 2N3904 npn transistor is shown in Figure 4-20. Notice that
the maximum collector-emitter voltage (Vcgg) is 40 V. The CEO subscript indicates that
the voltage is measured from collector (C) to emitter (E) with the base open (O). In the text,
we use Veg(max) for this parameter. Also notice that the maximum collector current is
200 mA.

The Bpc (hgg) is specified for several values of /. As you can see, hgg varies with /- as
we previously discussed.

The collector-emitter saturation voltage, Veg gy, is 0.2 V maximum for fei,, = 10 mA
and increases with the current.

BJT Datasheet

FAIRCHILD :
2N3904 MMBT3904 PZT3904
o - soT23 e P ¥e ©

NPN General Purpose Amplifier

Thiz device |s dasigned as a general purposs amplifier and swich.
The usshi dynamic range exiends bo 100 mA as a saitch and io
100 M-z as an amolifer

Absolute Maximum Ratings®  «, - = c i s s

Symbol Parameter Value Units
Ve Collector-Emitter VoRage 40 v
Vino Collector-Base Voltage oo W
Mmoo Emilter-Base Vollage o0 v
ic ‘Collector Current - Condinuous 200 i
T, T“‘ ‘Operating and Storage Junchion Tempsrature Rangs -58 fo « 150 c

* s rateg aew et wers

130
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BJT Datasheet

Electrical Characteristics - - c e somwm o
Symbaol Parameter Test Conditions | Min | Max | Units
OFF CHARACTERISTICS
Wameen Collecior-Emitier Breakdown lc=10mA, le=0 40 by
Molage
Wamonn Collector-Bass Breakdown Vollage fo= i0pd, lg=0 (3]
Vmmess Emitier-Ease Ermakdown Vollage = 10ph o =0 an v
[ Base Culoff Current Vee = 30V, Ver = 3V 20 n&
[ Collector Cubaff Current Wez = 30 W, Vg = 3V ] n&
OM CHARACTERISTICS®
[ DG Current Gain =01 ma, V=10V [T
T
100 300
]
30
["7— Collecior-Emettar Salurabon Valtags [F] ]
o3 e
[ Ease-Emitter Saturabion Voltage .65 .65 W
I = 00 md, Iy = 3.0 mA .53 W
SMALL SIGNAL CHARACTERISTICS
1y Current Gain - Bandwsdth Product Ic=10mA, Ve =20V, 300 MHz
I = 100 MHz
Cog Cubput Capacitance Ve = ROV, I =0, 4.0 PF
1= 1.0 MHz
Ca Input Capaciance Vem = 0.5V, Ig =0, [T PF
= 1.0 MHz
HF Moiss Figure I = 100p A, Ve = 5.0V, 8.0 1]
Ry =1 0kil =10 Hr o 15 TkHz

BJT Configurations

+Vec

Vinput >>> E or B

Voutput >>> E or C | 5
|

|

+ +
o— — E C

Vi Voot 5 ﬂ' oLt

H—

l.

Two-Port Common Commaon Commaon
Model Base Emitter Collector
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e
s Ilhf

BJT Configurations
Vinput >>> E or B
Voutput >>> E or C

W . = +¥
i T g U L o
V. V. - _l_ _I_

Grounded-emitter Grounded-collectnr Gmounded-baze
fCommon-armittzr] fComimon-eolaciar] fCammombase]

W

BJT Configurations o
Vinput >>> E or B —
Voutput >>> E or C
Couunon-Emitter (CE) Cumnmori-Base (CB) Common-Collector (CC)
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AC analysis g
8 c
Circuit ¢ . » 1]0.7 volt ST —
Symbol 5 VWT‘ 7 %

oLt

E
Input resistance: Output resistance:
BV Vo4V small signal model analysis
e p—A CE Active region
T j 0 [
C At Q point ¢
AC analysis E% '
Hybrid-Pi Small-signal AC Model for
the BIT
B i | o
L . : ——=0 Transconductance:
+ + I
.,§ g, Us ® ; r gm—l'ff ;-’-Iﬂ)’c,
T
o T * - . . y
E [nput resistance:
BV
* The hybrid-p1 small-signal ;‘R_:.ﬁ:.i
model 15 the mtrinsic low- jC Em
frequency representation of the S
BIT. Output ltslsmmer.
, Vo4V
* The small-signal parameters are Fi= 4 CFE
controlled by the Q-point and !C
are independent of the geometry
of the BJT. . R/ 8
¥~ T I "L T Em

133
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AC analysis

small signal model analysis
Active region

B o——— ——oC Bo—— == —2 C
+ i
» <
wn$r 3" s 37 <+> !
Emls
i Neglect r,

BJT Applications

Used as Amplifier in Active Region

Used as Switch in Saturation and Cut off
Region

Used as Logic Gates in Saturation(on) and
Cut off (off) Region

134
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BJT as Amplifier : AC analysis

The electrical properties of the amplifier is represented by Rin, Roand Avo

The analysis is based on the small signal or linear equivalent circuit (dc components not

included) 5
v
MVoltage gain: 4,= —‘D = —LAW
i RL + Rﬂ
Overall voltage gain Gv — Vo - Rin Av _ R;;., RL ; 41,0
1‘51'3 Rm T -Rsfg Rin +Rsig RL 3! Rso

BJT as Amplifier

CE
Voltage Amplification

Since I, = I, the ac collector voltage is

V. = LRc

135
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BJT as Amplifier

CE

Uy g

&

n= fr

BJT as Amplifier

CE

a1
ko
£
=
=
=
-

M Input resistance: R, =1, ro= B
I Output resistance: R,=R.||1, =R, En
M Open-circuit voltage gain: A, =—g, (R |1,)~—g, R
"1 Voltage gain: 4, =—guRe | R [|7,) ~—gn(Re || Ry)
M Overall voltage gain ~ . | r,
G, —_Eg’m(ﬁc IR |l7;) = —SME(RC | Rp)

136
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The common-emitter (CE) amplifier

Common Emitter Amplifier

Vee (0V)

R

The capacitor Cg is called a bypass capacitor.

The common-emitter (CE) amplifier

DC analysis (Determine Q point)

(a) Replace the capacitors with open circuits. Look out of the
BJT terminals and make Thévenin equivalent circuits as

shown in Fig.

(b) Calculate g,,, ry, ro, and ry from the DC solution.

i = i r. — i Fe = -ﬂ o = —1 :1 B .I.J}H'E
Jrrs 1} W I[-_? e fji_' 1] f["
e B gl o= L

x .lrﬂ -l!(‘ gﬂl

137
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The common-emitter (CE) amplifier

DC analysis (Determine Q point)
=

Vee RTH := = + :
RB1 RB2 174

The common-emitter (CE) amplifier

DC analysis (Determine Q point)

DC Quiescent Powel Ppg = IcgVorg
VTH - VBE v

= e Belas TFrPpB C;

C

IE:= (B + 1)1B e

— I

VE = IE-RE :[ Rp
VB = VE + VBE T -

Verify that Ve > 0 for the active mode.

Vn=VeVe Ve > 0.3 V

VC :=VCC - IC-RC

138
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The common-emitter (CE) amplifier

Common Emitter Small-Signal Amplifier Analysis

‘V;;r o — o o I o - 0
= 1 i
Hig U @Ry, Ry U €% gu r g’ﬁ g"':
: 1 _L L3
— - — 'Lr\[ - —
|
F Ra |15 — R.=Rclr
I (Rl R
.
the overall
voltage gain G, =v, /v, voltage gain A, =v, /v,

The common-emitter (CE) amplifier

Uy =g v AR R N r,)

c
& . O ™ O » o
- - *.. -
' =
ig T RIF U Fa R{' R.I‘.
! = R: Il |'l

Ro=Rlr. Ry=r, E TR

current gain A, =i _/i,

3
Yo

139
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The common-emitter (CE) amplifier ﬁ

1 Input resistance, Rin.

R, =RBI ” RBZ || K

mn

> small-signal voltage gain, A..

v v}. = Vﬁ_
pr— a
=
V.

vu — _gmv;r (_ro ” RC ” RL )

A,=-g,(r IR R,)

The common-emitter (CE) amplifier ﬁ

3 Overall small-signal voltage gain, G..

v

1% v g R
= a G. — B e m~In 7 R R
G.’ vsig ¥ VSig I{EH +,Rq]g ( o H c ” L)
= — Rin -
M. = —gn,v_.,(f”o “ Rc “ RL) V=¥ = m sig
G N _ﬁ(’:} ”RC HRL) f;;_= ﬁ/gm

g+&%
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The common-emitter (CE) amplifier ﬁ

4 Overall small-signal current gain. G;. E—

1
G ==
L Vo=V
. Y A 3 v,
= R, and 1, = R v, =—g. Vv, (_!‘0 || R || R, )
G‘lr :l._u: Rin }_u: Rin —4‘, — rar HRBI ”R32 A
L RJ i I‘T’J‘J Rr. tT} R;

The common-emitter (CE) amplifier ﬁ

5 Short circuit small-signal current gain, 4.

signal current gain of the amplifier but with a short circuited
load (R, =0):

Ai's = _gm (’;r ” 1681 H 1632)

141
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The common-emitter (CE) amplifier

6

7

Output resistance R..

Rn = ‘RC ” ’;J
Power Gain P PR, s
e P =P ool

Summary for the common emitter amplifier:
v' Big vollage and current gains are possible.
v Input resistance is moderately large.
v Output resistance is [airly large.

BJT as a Switch

(b} Saturation — closed switch

{a) Cutoff — open switch
. . _ Vee = Vegean
Vereatom = Vee lesan = " Re
VeE(san is very small compared to Ve,

I sl )

Tiimim = B
DC

142
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BJT as a Switch

{a) For the transistor circuit in Figure 424, what is Vg when Viy = 0V?

(b) What minimum value of Iy is required to saturate this transistor if Bpc is 2007
Neglect VCE(sat)-

(¢) Calculate the maximum value of Rg when Vpy = 5V,

Vee
+10V

BJT as a Switch

(a) When Vpy = 0V, the transistor is in cutoff (acts like an open switch) and
VCE ek VCC =10V

(b) Since Veg(sa is neglected (assumed to be 0 V),

Vee 10V

feway = % == ok ~ 10mA
Icsay  10mA

I3 (min) = Boc 200 50 pA

This is the value of Iy necessary to drive the transistor to the point of saturation.
Any further increase in /g will ensure the transistor remains in saturation but there
cannot be any further increase in I

143
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BJT as a switch.

(c) When the transistor is on, Vgg = 0.7 V. The voltage across Rp is
Yo =¥y Ve =3V 0TV =43V
Calculate the maximum value of Rp needed to allow a minimum /g of 50 pA
using Ohm’s law as follows:
Ve 43V
Inmin) S0 pA

RB(mﬂJ[}I == = 86 kﬂ

BJT as a switch.

A Simple Application of a Transistor Switch

A transistor used to switch an LED

on and off. +Vee
RC
N
ON  ON
e, —_—y
V. Ry

0 1l s t—~—
OFF

144
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BJT as a Logic gates (NOT).

Inverter ( NOT ) “Vee

NOT Gale

Symbel Table of truth

N —Do— out m | our R Q=0

Loglz functon: . ! A O )m \b Tran_sistor
IN-A DUT-0; 1 o 1 Switch
0=NOTA
BJT as a Logic gates (AND).
+Vee
A— R
AND AB A @—'\/\/\,—@ T1
B_ .
Transistor
Al B | Out R Switches
ofo] o B @_/\/\/\/_@ T2
. ) 2 = OUT
4 (RON O B A|out ' Q- AB
L] 5 0] 0
D _I G RE Nindw AND G.qlr\Il
+Vee 1 0f o0
5v
1 1 1 R
R = R Jut
Inputs Q
High 5v A A1 Output B
Ce
Low Ov B _|_—°
Ov
- X =
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BJT as a Logic gates (OR).

Symbol +Vee

A A
Bj}“’

Truth Table

Diode OR Gate

‘J’

e =l =11

bt | ot | et |
>

Transistor
Switches

ouT
Q=A+B

BJT as a Logic gates (OR).

ST

5 |||.1ésr

3 Input OR gate
+

A
R, R,
2

Vv
%ﬂ
— c Y,
Hy
2, @
4
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BJT as a Logic gates (NOR). ﬁ

Implement the Nor Gate with BJT

+Vee
B A|OUT
0 0 1
0 1 0
1 0 0
1 1 0 ouT
T1 Q-AB
R
A o—ANN\
Transistaor
Switches
R
B O /\/\/\/

BJT as a Logic gates (NAND). s
Implement the NAND Gate with BJT —
+Veo
ouT
Q=AB
AND + NOT
+Vee A T
Transistor
Switches
B T2
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Field-Effect Transistors (FETs)

AT

Ih.u%

5 |||.;ér

Field-Effect Transistors (FETs)

Few important advantages of FET over conventional Transistors

1. Unipolar device i. e. operation depends on only one type of
charge carriers (h or e)

2. Voltage controlled Device (gate voltage controls drain
current)
3.  Very high input impedance (#109-1012 Q)

Source and drain are interchangeable in most Low-frequency
applications

5. Low Voltage Low Current Operation is possible (Low-power
consumption)

6. Less Noisy as Compared to BIT

7.  No minority carrier storage (Turn off is faster)

8.  Self limiting device

9. Very small in size, occupies very small space in ICs

10. Low voltage low current operation is possible in MOSFETS

11. Zero temperature drift of out put is possiblek
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Introduction to FET

e FET: Field Effect Transistor

e There are two types

> MOSFET: metal-oxide-semiconductor FET

> JFET: Junction FET (Field Effect Transistor)

e MOSFET is also called the insulated-gate FET or IGFET.
> Quite small
> Simple manufacturing process
> Low power consumption and High Input Resistance

> Widely used in VLSI circuits(>800 million on a single IC chip)

> Disadvantages : low gain ------ narrow bandwidth

Classification of FET

e According to the type of the channel, FETs can be —
classified as

> MOSFET
« N channel

- P channel

> JFET
« P channel

« N channel

149
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Classification of FET

. p-channel
JFET n-channel

enhancement
» Types of FET Y o-channel {

depletion
_ MOSFET

enhancement

n-channel {
depletion

Field Effect Transistor (FET)

The input-output transfer characteristic of the JFET is not as straight
forward as it is for the BJT

In a BJT, B (hrr) defined the relationship between I (input current) and I
(output current).

In a JFET, the relationship (Shockley’s Equation) between V 54 (input
voltage) and I, (output current) is used to define the transfer characteristics,
and a little more complicated (and not linear):

2
Ip =1Ibss (1 - Vos j

Ve

As aresult, FET’s are often referred to a square law devices

150
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JFET Construction

There are two types of JFET’s: n-channel and p-channel.
The n-channel is more widely used.

T Drain (2)

Ohmic b i
n-channe
contacts y

il

[=¥7]

Voltage
Controlled Gate
Current
Source

Depletion
region

Depletion oS8

region
by Climew L symbol

O Source (5)

There are three terminals: Drain (D) and Source (S) are connected to
n-channel
Gate (G) is connected to the p-type material

% H—
(o]
+
o
G
e Vbs
Ves
-0 -
S
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Case Construction and Terminal

Identification

2N2844

CASE 22-03, STYLE 12
TO-18 (TO-206AA)

3 Drain
(Case)

1 Source

JFETs
GENERAL PURPOSE
P-CHANNEL

This information is found on the specification sheet

Specification Sheet (JFETSs)

INS4ET
UASE SHM, HIYLES —_—
T2 1TO-23644)
MAXIMUM RATPGE 1 e

[ Rt | vkl | Ve it
i, Sovarve Viluge Y | 1 e o
T-ain-fhaie ¥ oage. Vige| T e
esaria Lite Sourse bokaae Vi | 2 i i
Taz Coremt I | e 33 -

[ Touad i thask anT ¥ 1]
S | [ [ GENERAL PURPOSE
Tarcticn Temperius Rawe T 125 © * CHANNEL - BEFLETION
Shorags Chanl Temperiiee Bang Tay | waim] T
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JFET Operating Characteristics

There are three basic operating conditions for a JFET:
JFET’s operate in the depletion mode only

A. Vs =0, Vbs 1s a minimum value depending on Ibss and the
drain and source resistance

B. Ves <0, Vs at some positive value and

C. Device is operating as a Voltage-Controlled Resistor

For an n channel JFET, Vcs may never be positive™*
For an p channel JFET, Ves may never be negative*

N-Channel JFET Operation

Operation of JFET at Various Gate Bias Potentials

- 7

-
gf%@r

Depletion

=N

i

% 5 0= Ugs> "Jm %5 g = "Jm %S

(a) Bias 15 vero and depletion layer 1s (b} Moderate gate-1o-channel reverse () Bias greater than pinch-of !
thin; low-resistance channel exisis bias results in namower channel voltage; no conductive path
between the drain and the source rom drain to source

The nonconductive depletion region becomes thicker with increased reverse bias.
(Note: The two gate regions of each FET are connected to each other.)
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Field Effect Transistor (FET)

41, i
T I Saturation level i
| Increasing resistance due
| to narrowing channel D
| +__?f:
| =
|
f n-channel resistance
|
I L
0 Ve Vs

At the pinch-off point:
» any further increase in V ;g does not produce any increase in Ip,. Vg at
pinch-off is denoted as Vp.
* ID is at saturation or maximum. It is referred to as Ipgg.
* The ohmic value of the channel is at maximum.

Transfer (Mutual) Characteristics of n-

Channel JFET

n channel JFET: ip vs. Vas ip (mA)
]2 IDSS /18
— 8
‘ Vas (off) =1VP =n
|

vgs (V)

-3 -2 -1

Figure: Transfer (or Mutual) Characteristics of n-Channel JFET
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Transfer (Transconductance) Curve

s
JFET Transfer Curve
b (A 4 1y (mA)
+_;t: — 10 10—
= -9 9
Vg =0V
Vog==1 VW
Vas=-2V
T Y
1 | o Yos==A N
15 a0 25 Vs

Sy =0mA Vg = ¥,

From this graph it is easy to determine the value of I}, for a given value of V4
It is also possible to determine Ipss and Ve by looking at the knee where Vas is 0

Plotting the Transconductance Curve

Using Ipgq and Ve (or Vasem) values found in a specification sheet, the Family of Curves
can be plotted by making a table of data using the following 3 steps:

Step 1:

Solve  In=Ivss (1 - “IIGS j for Vgg=0V

P

Step 2

V 2
Solve  Ip=Ibss (1 - VGS J for Vas = Ve (aka Vasem )

P
Step 3:
V 2
Solve  Ip=1Ibss (1 " ) for 0OV >Vas> Vr in 1V increments for Vas
P
January 2004 ELEC 121 78
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Chapter 8

Sinusoidal Steady-State Analysis

8.1
8.2
8.3
8.4
8.5

Chapter 8

Introduction and Motivation.

Sinusoids’ features.

Phasors.

Phasor relationships for circuit elements.
Impedance and admittance.
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8.1 Introduction

A sinusoid is a signal that has the form of
the sine or cosine function.

| /\

= Vo, sin(ef + ¢

8.1 Motivation

How to determine v(t) and i(t)? —

o= G it
Y b =
o

¥y = Vi, Sinat + )

< +

) 0.1 F =

How can we apply what we have learned
before to determine i(t) and v(t)?

v,= 10 cos 41
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8.2 Sinusoids (1)

e A sinusoid is a signal that has the form of the
sine or cosine function. —

e A general expression for the sinusoid,
v(t) =V, sin(wt + @)

o) i)

b Y

. L\— /\\ / 3 : b\ y’/-\" ]
-V, |> '\/5!1! '3TI:\/:1'I'T i ¥, }» f\/ %JT r

ia) b

where
Vm = the amplitude of the sinusoid

w = the angular frequency in radians/s
(Radian Frequency = 2 1 f

<D the phase

8.2 Sinusoids (2)

A periodic function is one that satisfies v(t) = v(t + nT), for
all t and for all integers n.

) :P:I. i ot %
L:""'“" — S
".' % '." ".‘ .‘" :TV/'T :
1 & ]
i) > * l"-'r mf
\/ fegH: @= 27f
V- e
irn o= Vo sin{ant = o)

e Only two sinusoidal values with the same frequency can be
compared by their amplitude and phase difference.

e If phase difference is zero, they are in phase; if phase
difference is not zero, they are out of phase.
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8.2 Sinusoids (3)

“;L\ i W 1’/\ e, Y —
_»;,,|> ﬁ\_/é" SEM" L ;,;ﬂ}; %\\_/" %JT r

" w(t) =V, sin(at + ¢)

=0t ------- Angle completes one cycle every 2n/w

(b

0 is the angle it forms
with the real axis

at t = ne2n/w, for integer
values of n.

1 radi
radian T=2l
[0}
* There are 2 radians in one circle.
(21 = 360°)

. S
.
/ .
‘ .
. \
. '
,
i \
' '
' '
' '
v '
. "
\ v
T . .
s E
3 7]
5 .
r S o L]
Mg A e =
Ao .H_<
r

8.2 Sinusoids (4)
Converting degrees to radians

Example
150°
n .
degrees<——=radians 150+ 2
l 80 1507
180
Converting radians to degrees 6
150° = % radians
. 180
radiansx——=degrees
n |
Example —3—'?1. mdiansz—zxﬂz(—é- 80°=-135°
4 4" x 4 jl
1 radian = 1x A I/

T
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8.2 Sinusoids (5)

sinfd = B)=smAcosB * cosAsinB —
L 5

B) =cos Acos B

cosiA sin A sin B

With these identities, it i1s easy to show that

sifwt = 180°) = —sinwt
coslwt = 180°%) = —coswi
sinfwt = 90%) = *coswt

cos(wt = 90°) = Fsinwt

+ COS ol
+ CO8

Acoswt + B sinwt = C cos(wf — &)

C=VA> L B* 6 =tan '—

+ sin wf 2 + sin e

8.2 Sinusoids (6)

Example 1
Given a sinusoid, 5sin(4z#—60°), calculate its

amplitude, phase, angular frequency, period, and
frequency.

v(t) =V sin(wt + @)

Solution:

Amplitude = 5, phase = -60°, angular frequency
= 4nrad/s, Period = 0.5 s, frequency = 2 Hz.

fz%Hz C():27y{
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8.2 Sinusoids (7)

Example 2
Find the phase angle between i, =—4sin(377¢ + 25°%)
and j, =5cos(377t —40°), does i, lead or lag i,?

Solution: sinfet = 90%) = *coswt

Since sin(wt+90°) = cos wt
i, =5sin(377t —40° +90°) = 5sin(377¢ + 50°)
i, =—4sin(377t +25°) = 4sin(377t +180° +25°) = 4sin(377¢ + 205°)

therefore, i1 leads i2 1550, sin(fwt + 180°) = —sinew?

8.2 Sinusoids (8)

Square wave lriangle wave
< onewave cyde = < onewavs cycle =

Sawfoath wavs
o O Y o, T i, A o T 5 Sine
wave
o Sqguare
wave
Saw-tooth
wave
Triangle
wave

wwow.explainthatstuff_com
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8.3 Phasor (1)

Imaginary axis

e A phasor is a complex
number that represents the y
amplitude and phase of a
sinusoid.

Real axis

e It can be represented in one
of the following three forms:

X =rcosd, Yy =rsing
a. Rectangular z=x+ jy =r(cosg+ jsing)
b. Polar z=rZ¢
. _ ¢ — /2 2
c. Exponential Z=re’ r=yx>+y
where »
¢=tan™ =
X
the imaginary number j= V—1;

8.3 Phasor (2)

z=x+jv=r/d = r(cosd + jsing)
Mathematic operation of complex number:

1. Addition 242, = (% +x) +j +3,)

2. Subtraction =5 =00 =X)+ /(01 ~¥,)

3. Multiplication L5, =hh L4+

4. Division bt |

5. Reciprocal zi=r14_¢ o
6. Square root Jz =r 24/2

7

Complex conjugate  ,«_ X—jy=rZ—g=re’

8. Euler’s identity e =cosp+ jsing

162



8.3 Phasor (3)

E:-"""fF:?'&:r(cosd)-kjgm@
Example 3 —
e Evaluate the following complex numbers:

a. [(5+)2)(-1+j4)-5£60"]

b. 10+ j5+3240°
-3+j4

+10£30°

Solution:
a. -15.5 + j13.67
b. 8.293 + j2.2

8.3 Phasor (4)

e Transform a sinusoid to and from the time
domain to the phasor domain:

vit)=V,cos@t+¢@) —— V=V L
(time domain) (phasor domain)

e Amplitude and phase difference are two principal
concerns in the study of voltage and current sinusoids.

e Phasor will be defined from the cosine function in all our
proceeding study. If a voltage or current expression is in
the form of a sine, it will be changed to a cosine by
subtracting from the phase.
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8.3 Phasor (5)

Sinusoid-phasor transformation.

Time domain representation Phasor domain representation

V., cos(wt + &) Vi /&

Vi sin(wf + ¢) Vafo—90°

I, cos{wt + @) 1, ﬁ

I, sin{wt + 8) I. /0 —90°

. - . L : dv -
Differentiating a sinusoid is equivalent s = JjoV
to multiplying its CorreSponding phasor (Time domaln} {Phasor domaln)
by J.
- Vv
Integrating a sinusoid is equivalent to vdt - ;
dIVI,dIng its Correspondlng phasor {(Time domaln} {Phasor domain)
by j.
8.3 Phasor (6)

Example 4 ]

Transform the following sinusoids to phasors:
i = 6cos(50t — 40°) A
v = =4sin(30t + 50°) V

Solution:

a. 1=6£-40° A

b. Since -sin(A) = cos(A+90°);
v(t) = 4cos (30t+50°4+90°) = 4cos(30t+140°) V
Transform to phasor => V=4/14(> V
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8.3 Phasor (7)

Example 5:
Transform the sinusoids corresponding to
phasors:

a. v=-10£30° V

b.

I=i5-jl2)A

Solution:
a) v(t) = 10cos(awt + 210°) V
b) Since I =12+j5 =+12°+5° Ztan"(%) =13£22.62

i(t) = 13cos(wt + 22.62°) A

8.3 Phasor (8)

The differences between v(t) and V:

v(t) is instantaneous or time-domain
representation
V is the frequency or phasor-domain
representation.

v(t) is time dependent, V is not.

v(t) is always real with no complex term, V is
generally complex.

: Phasor analysis applies only when frequency is

constant; when it is applied to two or more sinusoid
signals only if they have the same frequency.
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8.3 Phasor (9)

Relationship between differential, integral
operation in phasor listed as follow:

W) ——  V=VZg
v .
dt y ’ ]a)V
Ivdt — L
Jw

8.3 Phasor (10)

Example 6

Use phasor approach, determine the current i(t)
in a circuit described by the. integro-differential

equation.
But w = 2,
Converting

4i+8jidt—3% = 50003(%t+75°)

31
41 + — — 3jwl = 50/75°
Jw

S50
14 — j4 — j6) = 50/75°

50/75° 50/75°

= — — = 4.642/143.2° A
4—j10 10.77/—682°

this to the time domain,

i(f) = 4.642 cos(2t + 143.2°) A

Answer: i(t) = 4.642cos(2t + 143.2°) A
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8.4 Phasor Relationships

for Circuit Elements (1)

Resistor: Inductor Capacitor:
i I : .
il i i 1 i 1
+0 o —_— —_— N s
1 1 + 1
:::; R Y ; R ; I L% é L = Y
_ _ - _ = %
=iR V=IR ; -Lf:j V= jill
(@) ® w0 )
Im A Tm
v
b ‘\"'
-’ 3 \.’
L/ !
P "
Fll i ’
i Re u KRe :
i lag v by 90 i lead v by 90
v lag i by 90

8.4 Phasor Relationships

for Circuit Elements (2)

Summary of voltage-current relationship

Element Time domain Frequency domain

R

v=Ri V=RI
L di

gy _
v i V = jolLl
dt joC
167
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8.4 Phasor Relationships
for Circuit Elements (3)

Example 7

If voltage v(t) = 10 cos(100t + 30°) is applied to
a 50 pF capacitor, calculate the current, i(t),
through the capacitor.

yo_ 1 I o dv

]a)C l_Cdt

Since j = 1/90°,

coslwt = H°) = Fsinwr

A4

Answer: i(t) = 50 cos(100t + 120°) mA

8.5 Impedance and Admittance (1)

* The impedance Z of a circuit is the ratio of the phasor
voltage V to the phasor current |, measured in ohms Q.

Z=%=R+jX

where R = Re, Z is the resistance and X = Im, Z is the
reactance. Positive X is for L and negative X is for C.

» The admittance Y is the reciprocal of impedance,
measured in siemens (S).
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8.5 Impedance and Admittance (2)

Impedances and admittances of passive elements

Element Impedance Admittance

R 1
_ Y =—
Z =R R
L : 1

= Y=—no

Z=joL ol

JjaoC

8.5 Impedance and Admittance (3)

— e —

Z=joL

()

(h)

Short circuit at de

—_— O—
Open circuit at
high frequencies

—0 D—
Open circuil at de

00—
Short circnit at

high frequencies

w=0,7=0

W —> 0,/ — 0

w=0,Z >

w—>0,Z =0
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8.5 Impedance and Admittance (4)

After we know how to convert RLC components
from time to phasor domain, we can transform
a time domain circuit into a phasor/frequency
domain circuit.

Hence, we can apply the KCL laws and other
theorems to directly set up phasor equations
involving our target variable(s) for solving.

8.5 Impedance and Admittance (5)
Example 8

Refer to Figure below, determine v(t) and i(t).

i
From the voltage source 10 cos 4, @ = 4, == A

Wiy

V,=10/0°V
n=10cos 4t (¥) 0.1F==v

The impedance is

1
Z=5+—=5+

jwC G e
A 10/0°  10(5 + j2.5)
Z 5-—j25 52 + 2.5%

= 1.6 + jO.8 = 1.789/26.57° A
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8.5 Impedance and Admittance (5)

Example 8

Refer to Figure below, determine v(t) and i(t).
8, I

—_— -
The voltage across the capacitor is MW

5,=10cos4t (%) 0.1F = v

1 1.789/26.57°

Y=llo=g o= 0
jwC j4 X 0.1

1.789/26.57°

=——————=447/-6343"V
0.4/90°

Converting I and V in Eqgs. (9.9.1) and (9.9.2) to the time domain, we get

i(f) = 1.789 cos(dt + 26.57°) A
v(f) = 4.47 cos(4f — 63.43°)V

8.5 Impedance and Admittance (5)

Example 8

Refer to Figure below, determine v(t) and i(t).

v, =5cos(10) (£)

Answers: i(t) = 1.118cos(10t - 26.56°) A; v(t) = 2.236cos(10t
+ 63.43°) v
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8.7 Impedance Combinations (1)

» The following principles used for DC circuit
analysis all apply to AC circuit.

« For example:

voltage division

current division

circuit reduction
impedance equivalence
Y-A transformation

®Qo oW

8.7 Impedance Combinations (2)

Example 9

Determine the input impedance of the circuit in figure below
at w =10 rad/s.

2mF 0@ 2H
|—wvww 411 |

Z.

e i i gsog

Answer: Z,, = 32.38 - j73.76
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Chapter 9

Diodes and its Applications

Diodes

NhrWNR

Introduction.

PN junction.

IV Ch/s.

Diode Models.
Diode Applications.
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Introduction ﬁ

e The diode is the simplest and most
fundamental nonlinear circuit element.

e Just like resistor, it has two terminals.

e Unlike resistor, it has a nonlinear current-
voltage characteristics.

e Its use in rectifiers is the most common
application.

i ' ] © N ©
~ Cathode

= Anode

m_r%
&
5 |||.;ér

Types of Diodes

Hﬂ@@@@_

Junction Zener Tunnel Schottky “Yaractor
Diode Diode Diode Diode Diode
Diac Triac ScR Light Emitting Photodiode
Diode (LED)

Y 774 @/)
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PN junction

Physical Structure P N
o —Ppr——o —
Anode Cathode
Metal contact Metal contact
{
p-type ntype
Anode silicon silicon -

The most important region, which is called pn junction, is
the boundary between n-type and p-type semiconductor.

PN Junction Under Open-Circuit
Condition

e Usually the pn junction is asymmetric, there are p*n and pn-*.

e The superscript "+” denotes the region is more heavily doped
than the other region.

e
-—

Baound charges

Holes o ° [Eree slectron F|g (a) shows the pn
+ 4+ = 4 . - - - .
M PP~ junction with no applied
il @@l 0 voltage (open-circuited
e - terminals).

Depletian regian
(ap
Fig.(b) shows the
potential distribution

i along an axis
"““‘f* % perpendicular to the
junction.

X

Potential

{1:3]
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PN junction under Forward Biasing

Physical Structure

el The pn junction excited

s by a constant-current
++++ @@ - - - Y .

e source supplying a current
mateh ° ° e o 1 in the forward direction.
. - he depletion |

: Ll The depletion layer
+ s :
e ° ° L narrows and the barrier
depletion layer voltage d_ecreases by V
volts, which appears as an
—HiA external voltage in the
forward direction.
Y
N

I-V characteristic equation:

I-V characteristic equation:
v,
I,=1(e""" -1

Exponential relationship, nonlinear.

I, is called saturation current, strongly
depends on temperature.

- n is emission coefficient in general n=1
V5 is thermal voltage. v,=0.025v

The thermal voltage at T = 300K (27°C) is

=] k_T B 1.38 x10% x 300

V
g 1.6x107%°

= 25.88mV
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I-V characteristic

Exponential -

VD
1,=1(e Ity —-1)

= Forward Jl .
- f F Ideal
|
| -
0 : D7V v ) ;
05V fosmsabine: T Forward bias
= v v,
st R = F
— + v =
o
E o—pH—o
- {
[43]

Iy
(¢) Ideal V! characteristic curve (blue)

I-V characteristic equation:

e Turn-on voltage

A conduction diode has approximately a constant
voltage drop across it. It’s called turn-on voltage.

Vo =07V For silicon
VD(on) = (.25}) For germanium
e Diodes with different current rating will exhibit

the turn-on voltage at different currents.
e Negative TC, TC=-2mv/°C
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The pn Junction Under Reverse-Bias

Conditions
Ip—
Ie
SE g g ;f-—
+ + + - - -
|90, I
® O
o—[l;.-+c
S

The pn junction excited
by a constant-current
source I in the reverse
direction.

To avoid breakdown, I is
kept smaller than I.

Note that the depletion
layer widens and the
barrier voltage increases
by V; volts, which appears
between the terminals as a
reverse voltage.

The pn Junction Under Reverse-Bias

Conditions

I-V characteristic equation:

Z — [J Independent of voltager
Y

Where I, is the saturation current, it is
proportional to n? which is a strong function of

temperature.
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The pn Junction Under Reverse-Bias

Conditions
i A
|
Forward |
|
) Compressed |
"[;:.er scale 1
0 I 07V u
| Is 0.5V
I =
Breakdown | | Reverse = E + o —
1" 3 o—ph—o
" §. e
5 i

The pn Junction In the Breakdown

Region

I n
o v+ o—e
a
;

The pn junction excited by a reverse-current source I, where
I > Ic. The junction breaks down, and a voltage V;, with the
polarity indicated, develops across the junction.
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The pn Junction In the Breakdown  &#}
Region =

e Supposing />>1, , the current source
will move holes from p to n through the
external circuit.

e The free electrons move through opposite
direction.

e This result in the increase of barrier
voltage and decrease almost zero of
diffusion current.

e To achieved the equilibrium, a new
mechanism sets in to supply the charge
carriers needed to support the current I.

The pn Junction In the Breakdown

Region

P A

: |
Compressed |
Via scale
.
i 0 »

|
|
Breakdown | | Reverse
-
|

Expanded scale =
% d :
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Regions

Terminal Characteristic of Junction
Diodes

e The Forward-Bias Region, determined by .,

* The Reverse-Bias Region, determined by  _p <y <0

e The Breakdown Region, determined by v<—V,

Diode Summary

Tdeal dinde model

Ideal dindz rwodel
"o

A

R =k
>

- +
BIAS Vains ||

1
+1.1, - - 1.+
[ 1l

{B) Reverse bias

L

==

(a) Forward hias

Ideal Ig = 0A Ve = Viias

Vom0V fp= A

. Rumre

Practical _
v -V Ir = 0A

[ = YBias ¥

F= " p — VR = Vaias

LIMIT
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Breakdown Mechanisms

e Zener effect
Occurs in heavily doping semiconductor
Breakdown voltage is less than 5v.
Carriers generated by electric field---field ionization.
TC is negative.
e Avalanche effect.
Occurs in slightly doping semiconductor
Breakdown voltage is more than 7v.
Carriers generated by collision.
TC is positive.

Remember:

pn junction breakdown is not a destructive process, provided
that the maximum specified power dissipation is not exceeded.

Zener Diode
A -
rzl +
[ R v, Circuit
_________ . v symbol
The diode i-v
_____ e characteristic with the

breakdown region

shown in some detail.
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The Diode Models

e Models

Mathematic model
Circuit model

Mathematic Modelq

i=1, (" 1)

7 e%VT Forward biased

~

. . Reverse biased

S

The circuit models are derived from

approximating the curve into piecewise-
line.

The Diode Models

Circuit Model
Simplified diode model

The constant-voltage-drop model
Small-signal model
High-frequency model

Zener Diode Model

183
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Simplified Diode Model

Circuit Model
Simplified diode model

in A in

Ideal

-".r) vf}u

0 Voo

(a) (b)

Piecewise-linear model of the diode forward characteristic
and its equivalent circuit representation.

The Constant-Voltage-Drop Model

ip A
ip
—_—
o—
+
< Vp, = 0.7 V> Ideal
Up
B —V, =07V
o—
0 2

(a) (b)

The constant-voltage-drop model of the diode forward
characteristics and its equivalent-circuit representation.
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High-Frequency Model

High frequency model

Iy

11
11
L

Zener Diode Model
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Method of Analysis

Graphical analysis

iA
Voo Load line
Diode characieristic

Diode
characteristic
0
(operating point) Q is the intersect
point

Load line . . .
Visualization

The Application of Diode Circuits

e Rectifier circuits
Half-wave rectifier

Full-wave rectifier
e Transformer with a center-tapped secondary winding
e Bridge rectifier

The peak rectifier
e \/oltage regulator
e Limiter

186
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Half-Wave Rectifier

Half-Wave Rectifier

Ideal V;m rn

D
B o
L R % o g
> O

(a) (b)

(a) Half-wave rectifier.

(b) Equivalent circuit of the half-wave rectifier with the diode replaced
with its battery-plus-resistance model.

187
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Half-Wave Rectifier

O »> O —

'
b 5
Slope
R i
0]

Vi

(c) Transfer characteristic of the rectifier circuit.
(d) Input and output waveforms, assuming that o <<R

Full-Wave Rectifier

ov-L

‘f/\ I“_ Full-wave _;0 oV / Avr\..[\v/\f/‘\{\\
/ rectifier s

(a) During the positive half-cycle of the input, D, and D, are forward-biased and conduct current.
D5 and D, are reverse-biased.

188
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Full-Wave Rectifier

F

M\ o

© Ly i

{b) During the negative half-cycle of the input, D5 and D are forward-biased and conduct current.
Dy and D, are reverse-biased.

Full-Wave Rectifier
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Full-Wave Rectifier

The Bridge Rectifier
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Full-Wave Rectifier

(b) input and output waveforms
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Diode Limiter
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Diode Limiter
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Diode Limiter
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Applying a sine wave to a limiter can result in clipping off
its two peaks.
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