Chapter 2

Resistors, Switches
and Power Sources
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Electric circuits consists of interconnections
of circuit elements.

Circuit elements may be represented by a
model of their behavior described in terms
of the terminal current and volatge of each
element.

The goal of circuit analysis is to predict the quantitative
electrical behavior of physical circuits. Its aim is to
predict and to explain the terminal voltages and terminal
current of the circuit elements

In this chapter we consider how electrical
elements may be described in order to
interconnect them in a circuit and then
describe the circuit's overall behavior.
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Motivations

Who was the first Electrical Engineer?

"Thomas A. Edison
(1847-1931)

Invented, developed, and

. marketed the first commercial
electric lighting system.

During the first 80 years of the of the nineteenth century, gas was
used to provide illumination in the United States. _

Edison realized in 1878 that the development of an electric lighting
device was of great commercial importance.

By 1882 he had built a system with 12,843 light bulbs within a few
blocks of Wall Street, New York.

By 1890 electrical engineering as a profession and an academic
discipline had begun with Edison as role model and leader and then
progressed to the formation of a professional society and a college
course of study.
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1879

The first light
bulbs made by hand
for Thomas Edison
at a rate of 200 per
day. In 1926, Cor-
ning machines in-
creased production

to 2,000 per min-
ute, bringing light to 1879 - 1929
the masses. 2 cents US Stamp

UNITED STATES POSTAGE

1947 US stamp Commemorating
Thomas Edison's 100th birth
anniversary.
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What do we mean by a circuit model?

Engineers use models to represent the elements of an
electric circuit. They then interconnect these element
models to form a circuit model

A model is an object or pattern of objects or an
equation that represents an element or a circuit.

Models of physical devices can be very complex
(nonlinear). In this course we will only deal with
linear models of electric elements that are

relatively easy to analyze.
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What do we mean by a circuit model?

An automobile
Igl"IITIDI"I cIrcult  Resistor Starter coil

— U

Auto key Starter motor

0
{)% \ Switch :(E:E Capacitor

Resistor

Model of the

|9n|T|Dn circult

T AAN———
-/
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Linear Elements

A circuit element is linear if the element’'s excitation
and response satisfy the following two properties:

I
— Element is subject to
T O [current ] provides voltage v

™ —

Superposition: [ — V),

| then 7 +i, > v +v,
Iy =V,

Homogeneity:
generty i—>v then ki—> kv

In this course we will be dealing with linear circuits: circuits
that only employ linear elements.
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Example:

Determine which of the following elements are linear.

O — (a)

O— —0 (b)

)

+('}l

e

L
O

—

_di
dt

v
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Solution: i

@ o=

v = Ri
Superposition: excitation response
Satistied I, —> V, =_Ri2

Homogeneity: I = v=Ri

Satisfied ki - kRi=kv
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Solution:

0 o}
y =i’

Superposition: excitation response
4
MNot satisfied :
Iy

VitVat 21, £ V14V,
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Solution:

]
© o— o
di

v T —
dt
T S Left for the student
Superposition. e:xc:1tg1:1011 response - complete.
l —> V, =
1 1
Iy, — V=

Homogeneity: i = V=
ki —
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Active and Passive Circuit Elements

A passive element absorbs (dissipates) energy.

An active element is capable of supplying energy.

Professor Mohamad H. Hassoun
Copyright 2000

13



Active and Passive Circuit Elements

A passive element absorbs (dissipates) energy.

i
—-

O— —0
+ —

%
Assume passive convention

For a passive element, the total energy delivered to it from
the rest of the circuit (and assuming passive convention) is
always positive or zero. Mathematically, we write:

W = Em vidr >0 forall values of ¢
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Active and Passive Circuit Elements

An active element is capable of supplying energy.

i
—-

O —)
+ —

1%
Assume passive convention

An active element is a potential source of energy. Examples

of active elements are batteries and generators. Assuming
passive convention, an element is active if its energy is negative
for at least once during its operation in a circuit:

W = Em vidr < foratleast one value of ¢
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Active and Passive Circuit Elements

Example: Consider the following simple electric circuit with

current and voltage specified for one of its
elements. Is the element active or passive?

Lamp

=@

First, we force the current to satisfty the passive convention
by changing its sign to make it flow into the + terminal of the
device voltage. Then, the current flowing into the + terminal is

-0.25A.

Next, we calculate the energy for this element for time 7 > (.

Note that for7 < 0 the circuit 1s open and the current 1s zero:

W(t) = jf) vidr = j(’)(l.s)(-o.zs)dr=-o.375rJ <0

W < O for at least one 7, the element 18 supplying energy.
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Active and Passive Circuit Elements

Example: The current entering the positive terminal of an

element is i=-3¢">' A, and the voltage across the

element is v =5; V. Is the element passive or active?
Assume =0 for7 < 0.

Solution:
First, we calculate the energy for this element for time 7 = (.

Note that forf < 0 the current 18 zero

el . t - A2
wn = [ vidr = [ 5i2dt = [,53¢*)dr
t
0

t , .
o 45¢¥dr = 11256 %
—1125¢¥ 411257 >0

Since ¢ ¥ <1 forall 7> (0, then W > 0 during operation of
the element.

The element 15 absorbing energy for all tume; it 15 PASSIVE
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Resistivity

The ability of a material to resist the flow of
charge is called resistivity, symbolized by 2,

the unit of resistivity is chm-cm

Materials that are good conductors of electric
current have low values of resistivity.

- Resistivity
Material o)
- Good
Copper 172 x 102 <~ Conductor
Aluminum 2.7 x10°
Carbon 4 x10°3
Silicon 2.3 x 105 Good
18 00
Polystyrene 1 x10°" <— liator
Values at room temp
Professor Mohamad H. Hassoun 18
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The relative resistivity of 54.6 60 2030

. 12.76
different metals as compared to copper
8.62
138 199
0.2 1.00
Silver Gold Tungsten Brass Iron Tin Lead Nichrome

Copper  Aluminum Zinc Platinum Nickel Steel Mercury Carbon
e 2

Tungsten # =3.2 (1.72 x 10
=55 x 10 L ohm-cm

Professor Mohamad H. Hassoun 19
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Resistance

Resistance is the physical property of an element or
device that impedes the flow of current; it is represented
by the symbol R and measured in ﬂP}ms (€2)

 ohm was chosen as the unit of
_ electrical resistance in his honor

O was a German
Physicist
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Resistance

Ohm's law relates the voltage and current in a
resistive circuit element (i.e., in aresistor):

] R
- Symbol for a
O m O resistor
+ V —

Ohm's law| |v= Ri | Note: 1Q =1 V/A

Ohm determined the resistance of a uniform conducting wire

with resistivity & length L, and cross-sectional area A to be:

Quantity  Unit

ohm=V/A
cm

'.'.3]11':l

ohm-cm

A

r=PrL

o Sy
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Resistance

1 (r
—— Symbol for a
O W\’ O resistor
+ V —

Ohm's law can also be stated in terms of the
conductance (7 of an element:

Ohm's law| |7 = Gv

G =1/R
Here (i is measured in siemens (S), where

S=1/Q) or O (mho)
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Physical Analogy of Resistance

etorance 1 messoreo i QHMS.
|T DEPENDS ON THE MATERIAL, “THE
AREA THROUGH WHICH {URRENT

FLOWS, AND THE LENGTH
IT MUST TRAVEL.

CoME,
LiTTLE
ELECTRONS

WERE TRYiNG!
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Physical Analogy of Resistance

R
A

KTTHNK OF WATER FLOWING THROUGH A PIPEFUL OF GRAVEL .

A SELTION OF PIPE TWICE AS LONG RAS TWICE THE RESISTANCE..
A WIDER PIPE UAS LESS RESISTANCE, BECAUSE 1T OFFERS MORE
SPACES EOR WATER TO FLOW..- AND RESISTANCE DEPENDS ON
TUE TYPE OF GRAVEL.

LoNG PIPE.
< HIGH RESISTANCE ks
\ NaRRoy PIPE,
SHORT PIPE L \ P 'é(e(«’,'fqme
' IDE YIPE,
LoW RESISTANCE ‘r_low RES\GTANCE

2 p

SMOUTH GREVEL, Lot RESISTANCE ROUGH GRAVEL, WIOH RESISTANCE

)
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Resistance changes with temperature.
For most materials, it rises slowly with
temperature, as vibrating molecules
interfere with the flow of charge.

FOR S0ME MATERIALS, LIKE

MERCURY AND ALUMINUM,
THE RESISTIVITY FALLS To

IERO

AT VERY COLD TEMPERNTURES.
NEMZ PBSOLUTE 2ERO
(—272° CENTIGRADE), THESE
MATERIALS CONDUCT
ELECTRCITY WITHOUT PNY -
REQ\QTP\NCG AT ALL. THEN 0 TEMPERATYRE
THEY PARE CAtLep

'Ne‘j CATCH' CoLD Lier
ERSILY T F\COLD ?
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AMERICAN STANDARD WIRE GAUGES
Dimensions and Typical Resistances of Commercial Copper Wire

Current Capacity
(Amperes)
Diameter of
Bare Wire Rubber
Gauge No. (Inches) Insulation
0000 (4/0) 0.460 160-248
000 (3/0) 0.410 138-215
00 (2/0) 0.365 120-185
0 0.325 105-160
1 0.289 91-136
2 0.258 80-118
S 0.229 69-101
4 0.204 60-87
5 0.182 52-76
6 0.162 45-65
7 0.144 45-65
8 0.128 35-48
9 0.114 35-48
10 0.102 25-35
11 0.091 25-35
home __ 13 0.081 20-26
wiring 13 0.072 20-26
14 0.064 15-20
15 0.057 15-20
31 0.009 -
32 0.008 =
33 0.007 -
34 0.006 =
35 0.005 =
36 0.005 =




Electric blanket

The extension cord you use should
be rated so that it handles the
current flowing in the blanket.
Otherwise, the heat created by
the current can cause the
insulation to burn and cause fire.

Extension cord

Professor Mohamad H. Hassoun
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Example:

Determine the resistance of a stretch
of 100 ft of house wiring.

Solution:

House wiring is Gauge No 12. It is made of copper
(resistivity = 1.72 x 10~ ) and has a bare wire
diameter of 0.081 in = 0.206 cm (recall that 1 in.

=254 cm). L =100 ft=1200 in= 3048 cm

Area of a disc
with radius r :;.'5'1"2

b PL_ 1.72x107° x3048

A (0.206]2
;Z-—
2

R =016

100t

Professor Mohamad H. Hassoun 28
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Example (cont.): Mathcad Solution

i Mathcad - [math2-1]

7
B = A [ [F os =

=10] x|

|

8| x|

gt 172000 chmem L =3048 em

R =0157 &

Note how Mathcad can also deal with mixed unit

systems!
£ ”'”21 M 5217240  chmem  Li=100R

e
L

Ri=p_—
A

R =015 Q

K
AUTO

Frezs F1 for help.

Fage 1

5

Professor Mohamad H. Hassoun
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Resistance of basic home appliances

Orill Iron Heater Toaster

60 ohms 9 ohms 17 ohms 9 ohms

Notice that the resistance of an appliance is much
larger than the resistance of the circuit wiring (e.g.,

the resistance of house wiring is about 0.16 ochms per
100 foot).

Professor Mohamad H. Hassoun 30
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Example:

Is it safe to connect two irons to the
same electric receptacle at home?

Answer: Not safel

This question can be answered by first calculating the
amount of current each iron draws from the
receptacle. Next we multiply that value by 2 and

compare it to the current rating of the wiring. In electric circuits consisting

of (only) resistive elements

Employing Ohm's law we write: and powered by the common
ac source (say, from a house

I=V/R=120/9=1333 A electric outlet) and for the

Thus, the total current drawn by the two |purpose of power/energy
irons is equal o 26.67 A which exceeds |calculations one may model
the 20 to 26 A current rating of Gauge |the ACsource asa DC voltage
No. 12 house wiring. source of voltage 120 Volt.

Fortunately, city codes require circuit breakers to be
installed that act as switches to stop the flow of current.

Professor Mohamad H. Hassoun 31
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Standard Resistor Color Code

Bl ) ) I,

1st dlng A/\ul‘rlpher
Toler'cmce

2nd digit

COLOR CODE TABLE

Significant Multiplying
Color Figures Value Tolerance

Black 0 1 —_
Brown 1 10 -
Red 2 100 ——
Orange 3 1000 —
Yellow 4 10,000 —_
Green 5 100,000 —_
Blue 6 1,000,000 —
Violet 7 10,000,000 —
Gray 8 100,000,000 —
White 9 1,000,000,000

Gold — 0.1 +59%,
Silver - 0.01 +10%
No Color - —_— +20%
Red - 2?'"0

Professor Mohamad H. Hassoun
Copyright 2000
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Example: R=7°

(47)x1+2% ohm

st digit / Multiplier /
2nd digit  Tolerance

COLOR CODE TABLE

Significant Multiplying
Color Figures Value Tolerance
Black 0 1 —_
Brown 1 10 C L —
Red 2 100 e
Orange 3 1000 —
Yellow 4 10,000 —
Green 5 100,000 -
Blue 6 1,000,000 —
Violet 7 10,000,000 -
Gray 8 100,000,000 —_
White 9 1,000,000,000 =
Gold - 0.1 +59%
Silver - 0.01 +10%
No Color - —_— +209%
Red +-2?"'o

Professor Mohamad H. Hassoun
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Source: Practical Electronics for Inventors, Scherz and
Monk, 4th ed. (McGraw Hill, 2016)
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Examples of Practical Resistors

50 Ohm, 100W, 5%
Power Resistor

1.8 KOhm, 1/4W, 5% Ll G, W, %

\ 4 SN 0 47 Ohm, 5 Watt, 10%

\ i
100 Ohm, 1/2 W, 5%

® —
271108 ) RadioShack.
Pkg. of 5 . 271130 ‘ ®Rnd_lg$_!ud§

RadioShack. 100-Ohm 047 Ohm
' B ARCHER » Besnstors Wirewound Resistor
RESISTOR /; watt » 5% tolerance . Swar » 10% telotance

>
1 8K OHM
!

1 hokm « 1/8-Wats
= | CARBON-FILM v
RESISTORS

Potentiometers
(Pots)

Professor Mohamad H. Hassoun
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Standard Resistor Values (+5%)

1.0 10 100 1.0K 10K 100K 1.0M
1.1 11 110 1L1IK 11K 110K 1.1M
1.2 12 120 1.2K 12K 120K 1.2M
1.3 13 130 1.3K 13K 130K 1.3M
1.5 15 150 1.5K 15K 150K 1.5M
1.6 16 160 1.6K 16K 160K 1.6M
1.8 18 180 1.8K 18K 180K 1.8M
2.0 20 200 2.0K 20K 200K 2.0M
2.2 22 220 2.2K 22K 220K 2.2M
24 24 240 24K 24K 240K 2.4M
2q 27 270 21K 27K 270K 2. ™M
3.0 30 300 3.0K 30K 300K 3.0M
3.3 33 330 3.3K 33K 330K 3.3M
3.6 36 360 3.6K 36K 360K 3.6M
3.9 39 390 3.9K 39K 390K 3.9M
4.3 43 430 43K 43K 430K 4.3M
4.7 47 470 47K 47K 470K 4.7M
5.1 51 510 5.1K 51K 510K 5.1M
5.6 56 560 5.6K 56K 560K 5.6M
6.2 62 620 6.2K 2K 620K 6.2M
6.8 68 680 6.8K 68K 680K 6.8M
79 75 750 7.5K 75K 750K 7.5M
8.2 82 820 8.2K 82K 820K 8.2M
9.1 91 910 0.1K 91K 910K 9.1M

Professor Mohamad H. Hassoun

Copyright 2000
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Power in a Resistor

ql R Passive sign
O_WV_O convention
assumed
+ vV -
The power delivered to a resistor is: /_ﬁoule’s ]__awﬂ
2
_ 1% 1% 5
p =VvVi=V| — |=— v
.2
R R p = — =] R
or 5 K
p=vi=(iR)i=i"R

The power in a resistor is positive; it is power absorbed
by the resistor (or dissipated in the resistor or delivered
to the resistor).

Professor Mohamad H. Hassoun 37
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Power in a Resistor

1 Y
Passive sign
q—
convention
O W\v O assumed
+ v -_

Energy delivered fto a resistor is:

w=["_pdr=[_Ri*dr=R[_i*dr

w=R[_i’dr

Since i-is always positive, the energy is always
positive and the resistor is a passive element.

Note: R always positive.

Professor Mohamad H. Hassoun
Copyright 2000
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Power in a Resistor

Example:

Find the minimum required power rating of a 10k{2
resistor operating at a voltage of 100 V.

Solution:

v 1002
p=_= =

R 10° W

The resistor should be able to dissipate at
least 1 W power; therefore its power rating
should be at least 1 W.

Professor Mohamad H. Hassoun 39
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Power in a Resistor

Example: The figure below shows a circuit model for a car
battery and headlights when the engine if off.
How long will it be till the battery " go dead?" A
fully charged auto battery typically stores 1 MJ.
L

F o™
el

12\«"(*'_) R=6 ohms

Solution: w

The voltage across the resistor is 12 V, therefore the
energy it dissipates from the minute the lights are furned
on (say time 0) till time £ is:

W= J'pdz'_fv dr = 162 I =241 Joules

The time (is seconds) can now be computed from:

106= 241 or [ = 41667 sec which is approx. 11.5hours.

Professor Mohamad H. Hassoun 40
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Your turn: The voltage across a resistor of resistance R is the
triangular pulse shown below. Determine the power p(t) and energy

w(t) dissipated in the resistor for 0 < ¢t < . Employ Mathcad to plot
these functions (assume R = 10Q).

e(r)

0 | S
P w(?)
A
= 2
R 3R
S
: 3R 3 .
0 ] 2 <243 0 1 2 Eosd
Professor Mohamad H. Hassoun 41
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Models for open and short circuit

Short circuit: L
. O
T ov=0 -
R =v1=0 ohm
Open circuit: I1=0
e
o—— —0
+ v -

R =v/i = infinity ohm

Professor Mohamad H. Hassoun
Copyright 2000
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Independent Sources

A source is a voltage or current generator capable of
supplying energy to a circuit.

An independent source is a voltage or current generator
not dependent on other circuit variables.

An ideal source is a voltage or a current genarator
independent of the current through the voltage source
or the voltage accross the current source.

Professor Mohamad H. Hassoun 43
Copyright 2000



Independent Sources
Ideal current source

Symbol
O

_I_

The voltage is .

the current is given to be
de‘rermmed by the V(1) 1(¢) aspecified fur?c’rnon e.g.,
rest of the circuit.

Professor Mohamad H. Hassoun
Copyright 2000
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Independent Sources
Ideal Voltage Source

Symbol

I(f) The current is determined
J, by the rest of the circuit

The voltage is given to
V(f‘) be a specified function

Professor Mohamad H. Hassoun 45
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Realistic Voltage Source

Example: 9V battery.

i The current is determined
> by the rest of the circuit
The voltage is given to i =vwR = O/R
be a specified function e.., R=1000 ohms
v=9V e R givesi = 9 m4

Battery

As resistance decreases, the current will increase. One
extreme is to replace the resistor by a short circuit.
Theoretically, this will draw infinite current. Realistically,
the battery can only supply a finite current. To resolve this
problem, the voltage across the battery drops below 9 V.

Professor Mohamad H. Hassoun 46
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Realistic Voltage Source

Example: 9V battery.

Ideal operation

range
volts
9 — ﬁ
I The battery's

I voltage drops if the
| current drawn by

| the rest of the

| circuit exceeds

| some upper limit

I
I

10 i mA

Professor Mohamad H. Hassoun 47
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Measuring Current and Voltage ina
Resistive Circuit

Use a voltmeter and an ammeter to determine the
current i, in the circuit, the voltages v, and Vi and
the power absorbed by the two resistors. Show that
the power absorbed by the resistors is equal to the
power supplied by the source.

6 kQ2
+ -
Va i, +
12V 4 kQ vb
Professor Mohamad H. Hassoun 48
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Measuring Current and Voltage ina
Resistive Circuit

Use the ammeter to
measure the current.
Break the wire and
insert the ammeter as
shown. Note how the
current enters the red
probe. Reversing the
probes measure -,

12V

-

iy =12 mA

+

]

2

mA

q) Ammeter (p

4 kE2

Professor Mohamad H. Hassoun
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and voltage values
of the circuit
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Measuring Current and Voltage in a
Resistive Circuit

Note the
placement
of the red
electroce

12V

+171. 12|V
(p Voltmeter q)

The voltage can also be
computed now that we
know the value of the
current in the resistor:

= Ri, = (6000)(0.0012)

=72V
Similarly, the voltage vl
given by:
a +
i = (/ 2
4 KO V} Vb (4000)(0.0012)
) ) =48V
Professor Mohamad H. Hassoun 50
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Measuring Current and Voltage in a
Resistive Circuit

Power calculations

p=vi

P,=(7.2)(0.0012)

= 8.64 mW
+ 72V -
—MWA—— Py=(48)(0.0012)
6 kQ 12mA . =576 mW
12V Ci) 4KQ & 48V
Power 1 source:
P,=(12)(-0.0012) = -14. 4 mW |P= p1+p’3

or 14.4 mW delivered

Professor Mohamad H. Hassoun
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Electronics Workbench Simulation

[7.19

V|

2w Al—

=

4.81

ﬂ Electronics Warkbench

Professor Mohamad H. Hassoun
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Switches

Switches have two distinct states: open and
closed. Ideally, a switch acts as a short
circuit (voltage is zero) when it is closed
and as an open circuit (current is zero) when

It is open.

Two types of switches are:

- Single-pole, single-throw (SPST) switches.
- Single-pole, double-throw (SPDT) switches.

Professor Mohamad H. Hassoun 53
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Switches

Single-pole, single-throw (SPST) switches.

O—(XO—O zero current for 1< 0
t=0

Initially open

Transition (switching)

is assumed to be
Instantaneous.

O—OXO—O zero current for /=0
(=0

Initially closed

Professor Mohamad H. Hassoun 54
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Switches

Single-pole, double-throw (SPDT) switches.

a
C o—crj)_o Break before make

(=0 O=——ODb

d

] Make before break
t=0 b

O

Professor Mohamad H. Hassoun
Copyright 2000
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Switching Example

What is the value of the current in the following
cirut at fime ¢t =1s? At £ =3 5?

t=23z

=]
i Rt
1
Solution
i L i
£ £ =

Circuit at f = 18 Circuit at f = 38
i =6/3000=2mA i=12/3000=4mA
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Dependent Sources

A dependent source is a voltage or current generator that
depends on another circuit variable (current or voltage).

o
Current-Controlled Voltage Source + Vd
(CCVS)
r 1s the gain of the CCVS. o2 l fe L
r has units of volts/ampere. 7
o)

There are four kinds of dependent sources:

CCVS, VCVS, VCCS, and CCCS.
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Dependent Sources

Voltage-Controlled Voltage Source Tl el
(VCVS) ¥

b 1s the gain of the VCVS. .

b has units of volts/volt. 1
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Dependent Sources

Voltage-Controlled Current Source Tl =0
(VCCS) +

g is the gain of the VCCS. Ue

g has units of amperes/volt. l
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Dependent Sources

o}
Current-Controlled Current Source + +
(CCCS) :
d is the gain of the CCCS. 2o O W st
d has units of amperes/ampere. - =
o)
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Dependent Sources

Example:

Dependent sources are used to model transistors. Here, a
VCCS is used to model a bipolar junction transistor
operating in its linear region.

Ib IC

e
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Dependent Sources

Example:

A simple transistor circuit.
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Example:

Dependent Sources

Linear model for the simple transistor circuit
utilizing a VCCS.
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Dependent Sources
Example:
Use Electronics Workbench software to solve for
the output voltage and the power delivered by the
dependent current source in the following circuit.

200 k Assume g =15

ohm
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Dependent Sources

Example (cont.)

200ks: e
iy *
o+
V. = = ke [EF Tmhe } 74.4 v
in VID T sum -
m Electronics Workbench
V= -744V

The power in the dependent current source
(employing passive convention) is:

P =(-74.4)(0.0249)=-1.85 W or 1.85 W supplied

Note that the circuut amplifies voltage since V=149V
111
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