S

EE 220

CHAPTER 2 — RESISTIVE CIRCUITS



2 OVERVIEW

= ¢ Ohm’s law
* Kirchhoff’s laws
* Equivalent circuits
* Wye-Delta transformations
* Wheatstone bridge
* Linear vs. nonlinear i-v relationships
* Light emitting diodes (LEDs)

* Superconductivity
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_ Y OHMSLAW

o Voltage across resistor is proportional to current o l |
[
v=IR

Power dissipated (or absorbed) by a resistor +
2 i % R

- =9 V -

B SR = e
Resistance: ability to resist flow of electric current S

I—. . Q_‘ R=p§ (€2),

R=— p =resistivity (Q2.m)
¢ =length (m)
_, A=[ross section area (rpj)
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materials at 20 °C.
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Table 2-1: Conductivity and resistivity of some common

Material Conductivity ¢ Resistivity p
(S/m) (£2-m)

Conductors
Silver 6.17 x 107 1.62 x 1078
Copper 5.81 x 107 1.72 x 1078
Gold 4.10 x 107 244 x 108
Aluminum 3.82 x 107 2.62 x 1078
Iron 1.03 x 107 9.71 x 108
Mercury (liquid) 1.04 x 10° 9.58 x 10~7
Semiconductors
Carbon (graphite)  7.14 x 10* 1.40 x 107
Pure germanium 2.13 0.47
Pure silicon 4.35 x 104 2.30 x 103

Insulators

4

Paper ~ 10710 ~ 1010
Glass ~ 10712 ~ 1012
Teflon ~33x10713 ~3x10!?
Porcelain ~ 10714 ~ 1014
Mica ~ 10713 ~ 1010
Polystyrene ~ 10716 ~ 1016
Fused quartz ~10~17 ~ 1017
Common materials

Distilled water 55 % 1076 1.8 x 10°
Drinking water ~5x 1073 ~ 200
Sea water 4.8 0.2
Graphite 1.4 x 107 71.4 x 103
Rubber 1 x 10713 1x 1083

Conductance: Ability to allow the flow of electric current

| =Gv

Gzc)'é:1
R

(S)

o =1/p=conductivity (S/m)

¢ =length (m)

A = cross section area (m?)
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e PER DUCTIVITY
) SUPERCONDUC

“ ¢ In 1911, Dutch physicist H.K. Onnes discovered that the resistance of a et
~solid piece of mercury at 4.2 K (0 °K = =273 °C) was zero! This

phenomenon is referred to as superconductivity.

* Superconductors have unique properties. The current in a superconductor
can persist with no external voltage applied. Some applications include

ultra high speed trains, and the medical field (such as MRI).

* Can room-temperature superconductors exist? The race is on! Recently,
scientists in Germany have hit a new superconductivity milestone -
achieving a resistance-free electrical current at the highest temperature
yet - just 250 °K , or -23 °C (*¥)

(*) Sciencealert.com (May 2019)




" RESISTOR CODES

4 bands (l]]:l: ] 25 L2 10%
3 1 \\ |
-’ 5 bands (I:[[[I - ::j 62 MG, 5%
=¢|Iﬁ bance I 00k 0257, 15
Y I e -
Silver T (oo ] [(10% | |
Gold hllf /! h‘ [ 01 || 5% | i
Black [N “ o K1 ! bg
Brown | 0L [0 [ 1 || 10 || 1% | (100 ppm |
Red | 100 |
Omange | 3 [ 3 [ 3 [ K |
vellow| 4 |[ 4 |[ 4 [[ 0K |
Green | 100K |
Bue [N I B T
ruric NN I I I ]
f
Gray [ENEIN [ERTTN (ERT Mulnpher Tolerance Tamperature
White | 9 || 9 |[ 9 | xjoh coefficient r

Ist digit 2nd digit 3rd digit # of zeros ppm/°C
4-, 5-, and 6-band color code system

The power rating of a color coded resistors usually ranges between 1/8 W and 1 W.
Resistors with power ratings of more fhan W are ’suclly referred to as power, Resistors. )

\ ). ' \
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\/V " RESISTOR CODES

(a) 4-Band color code: by b2 by bs

Note that a wider spacing exists between b3 and bs than between
the earlier bands. The resistor value is given by

R = (b1by) x 107 & bs,

with the values of by, b2, bs, and b5 specified by the color code
shown in Fig. 2-2. For example,

100 1=25%x10"+£10% =25+ 10% .

(b) 5-Band color code: by ba b3y by bs

In this case
R = (b1byb3) x 10%* 4+ bs.

(c) 6-Band color code: by b2 b3 by bs  bg

S -1

3 /) '
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J‘* “~" VARIABLE RESISTORS

Rheostat: 2-terminal variable resistor
- ) ) : :
Potentiometer: 3-terminal variable resistor.

Terminal 1 Movable 1 Movable
w1per wiper_p

TaLl T

T T

Terminal 2@

(a) Rheostat (b) Potentiometer




10 Ohm 10 Watt

~ POWER RESISTORS

4 Ohm 120W




" LINEAR RESISTORS
 An ideal linear resistor is one whose resistance is constant and

Independent of the magnitude of the current flowing through it,
In which case its i—v response Is a straight line.

 Unless noted otherwise, the common use of the term resistor in
circuit analysis and design usually refers to the linear resistor

exclusively.
n
2V R=2k v
R=m '
lr
1V R=1kL +

 — g K ]
_ IMax

- |

"r||;|~c

| —_—
/ 0.5mA 1 mA

(a) Ideal resistor

Linear region
(b) Real resistor

o
- I\ J.



\/« 9 EXAMPLE o

“ What fraction of power supplied by the battery is
supplied to the 2 Q resistor2 Assume copper wire with a

radius of 1.3 mm. ] — \4
R Wire (6-m long) _ Rl
+ - -1 R_=2Q S—
12V T 2.04
- Wire
O O = 5.88 A
Car battery R . = resistance of both wires P=1V
Solution: = 5.88 x 12
14
g 12
= 1.72 x 107° x
7(1.3 x 1073)2 b 2R
= 0.04 Q. we o /
R=R.+ Ry — (5.88)% x 2
— 0.04+2 = 69.15W, |
= 98% of P |
—2.04 Q. o P ).
\J o ) -~ \



. KIRCHHOFF’S CURRENT LAW (KCL)

o’

Algebraic sum of currents entering a
node is zero.
Also holds for closed boundary.

11 +14 =12 +13

N
Y in=0  (KCL),
o
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| 7 EXAMPLE

_ If Vj. the voltage across the 42 resistor in Fig. 2-12.1s 8 V, C/
’ determine Iy and I».

1 1Q b

- A%

o
2Q
10 A CD $30
T iov

=
2

Solution: Applying Ohm’s law,

Va 8
h=—=—=2A.
1T Ty
Atnode l: 10—-1) — L =0.

Hence.,

H=10—1L=10—-2=8A.




\_/klRCHHOFF’S VOLTAGE LAW (KVL)

N’
_The algebraic sum of voltages around a closed
path is zero.
Sum of voltage drops = sum of voltage rises
Sign Convention
N
2 :Un — 0 (KVL), e Add up the voltages in a systematic clockwise
1 movement around the loop.
n=
e Assign a positive sign to the voltage across an element
6V if the (+) side of that voltage is encountered first, and
- /53/ + ) assign a negative sign if the (—) side is encountered
B R, _/ first.
RS 1, N
! w3 —4+Vi=Vo—-6+V3—-V4=0
4V -
+ Vg — =
Y%

M V\J 9 )
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Table 2-4: Equally valid, multiple statemenis of
Kirchhoff’s Current Law (KCL) and Kirchhoff’s Voltage

Law (KVL).

KCL |

KVL |

KCL/KVL RULES

Sum of all currents entering a node = 0

[i = “+" if entering; i = “—"" if leaving]
Sum of all currents leaving a node = 0

[i = “+"if leaving; i = “—" if entering]
Total of currents entering = Total of currents

leaving

Sum of voltages around closed loop = 0
[v = “+" if 4 side encountered first

in clockwise direction]
Total voltage rise = Total voltage drop

N 7 | -

)4

—
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Determine the currents flowing through the 1 Ohm and 5

S

" EXAMPLE - KCL/KVL

Ohm resistors, and the voltage across the 2 A current source.

()

sov(*)

+

(1 2A

10
A'A"A
350
40 10 Q2
vivivh Vi
T 2A
iy 2
1Q
PRl il
' Fz !
I + :
1 Vz%ﬁﬂ 1
I
+ Ll Lz 1
\ !
3 -------------
I - V3 + + V4

Solution:

—S5hL+ V. — (10 x2)=0.

(T)ZA —50+4+ 1y +5,+41I; =0, Loop 1

Loop 2

Next, we apply KCL at node 1 which gives

I =4A,
I» =6A,
V. =50V.

L

Lh—-—5L+2=0.

Yo Three equations with three unknowns:

=

N’

)



~ 4
— EXAMPLE

- —~

Apply KCL and KVL to determine the amount of power consumed
by the 12 Q) resistor.

S

4 Q 12 Q
VWA VWA

20v<ﬁ> $80 <I>811

(a) Given circuit

—20+ 41 + 81, =0, (KVL for Loop 1)
—81, + 1213 — 81; = 0. (KVL for Loop 2)

40 1 Node1 2 120
-

+ - I + -
41 - 12 1
" 25 5 20
20v<+> o2 %SQ <I>811 I = — A, I = - A, I3 = — A.
- /j /) 7 7 7 /
5 & 20\ 2
_2p_ (4Y _
| P—ng—(7) x 12 =97.96 W.
Node 2
(b) After assigning currents at node 1 b \J ( ) g ot \ )
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W, " EQUIVALENT CIRCUITS

N/

- If the current and voltage characteristics at nodes are identical, the ~*

circuits are considered “equivalent”.
« ldentifying equivalent circuits simplifies analysis.

Circuit Equivalence

V]
~af—
Original O
cirfuit ' 1 Restof
12 V - -
. V2 the circuit
segment O
2
i Vi
—~ ~
Equivalent 1 Rest of
. . ) . -
circuit 2 V2 the circuit
2



_ RESISTORS IN SERIES

'
Ll Ry R —/
O VWA VWA
+ Vi— +V2—- 4
%(Jf) V3§R3
T — vs+ -+ -
o WA WA

Vs = Riis + Roris + Riis + Rais + Rsig
= (R + Ry + R3 + R4 + Rs)i;

— ReqiSs

Vg C‘_") Equivalent circuit % Req

b O

Equivalent resistance of N series resistors:




w4 " VOLTAGE DIVIDER

), N/
gVoItage divider: voltage is divided over series resistors.
Voltage Divider . &
Ry % 6V
. | -
Vs _ __Cl)_- 30 3 6V _ —
Rz% V2 10V 0 =
— +
I 203 4V .
R> ———O
2 = Ug
Ry + Ry

(b) Voltage divider is equivalent to subdividing
a battery into two separate batteries

uu u\ )



| &
/- ADDING SOURCES IN SERIES

- Combining voltage sources
R z R
1 2
(- —awn

Q@

(a) '

: +
"L‘q Q % RL‘L{

(b) Veq = V] — V2 + U3 Req = R1 + R>

>

\ ). '
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/,_, " RESISTORS IN PARALLEL

T
v, C_f) gﬂl ERZ

(e \S

s
21,

(a) Original circuit

(o J g8

(b) Equivalent circuit

4

"/
Usg Us Us

s = — 4+ — + —

" Ry R, R3



CURRENT DIVIDER

Current Division

-> %eq

R\R;

2= R1—|—R2

Ri+ Ry



N’

Use the equivalent-resistance approach to determine V>, I, I,

=

_ EXAMPLE

and [; in the circuit of Fig. 2-28(a).

and

Returning to Fig. 2-28(b), we apply Ohm’s law to find /> and I5.

and

1042

h 2A

Vo=2I1=2x2=4V.

L2 _ % a4

*T 3 T3
Va

Iy = —= =2 =067A.

Vi 10Q 2 20
VWAA
1 R EIFZ R, lr;

s
360

@ L o S
==  Combine Ry and
' R4 in parallel
i 10 o
——MW——¢
2 VCI) $30
=-  Combining 3 € and
' 6 €2 in parallel
vi 10 O w»
—e—MW——9
1 R 2
2 VC[) $20
) L e
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~_/~ SOURCE TRANSFORMATION

a O d

B

- @ e ® i

o b o b

(a) Independent source transform

(b) Dependent source transform

e The arrow of the
current source is
directed toward
the positive
terminal of the
voltage source.

e The source
transformation is
not possible when
R = O for voltage
source and R = oo
for current source.

N~ (
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SOURCE TRANSFORMATION

;= Us  VI2
R Ri

_

— S — —

R>

For the two circuits to be equivalent :

R R : Ug

— l¢g = —.

1 2 S R

N .

—
—
—
= —

Source Transformation

R I 1
VA O
_|_
i!'}_q (i) I'.J]E .
External
E circuit
- : —— - 2
Voltage source
(a) ‘
g i 1
S — —
FRE T Extterr{al
circuit
.I"H (T) g Rl n 12
. i 2
Current source
i =v/Ry
Rr=R

(b)
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EXAMPLE

Use source transformation to determine

The current I.

60 10
AAA A
=24
IMZMA<I) R, =20 389 39%

Step2 Ry, = 8Q
20 6 Q2 1Q)
VWA——AMA A%
Ry, Iy

$8a 303

1Q
VWA
11
SR, =4O 303
'Slvpﬁ
4 Q 1 Q ¢
VWA VWA
14
__ Y% _16_ 30
iria o8 A % N
—



R1,R3,R4=Y

R1,R2,R3=A
R3,R4,R5=A



Y circuit

A —Y Transtformation

R

R

R3

Ry R,

"~ R,+ R, + R,

Ra R,

" R,+ R, +R.

R, R,

~ R,+ Ry +R.

A circuit

Y — A Transformation

_ RiRy+ RoR3 + R R3

R
a R
RiRy + RoR3 + R R3
Ry =
R>
RIRy + RyR3 + R1R3
R, =
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" pod EXAMPLE

o’
Use Delta-WYye transformation to determine
The current |.

+
3\2‘ 1 1 100 V C_)

100 VC_

_|_
/
7S]

After A= Y transformation 2

60 (®)
Origial circuit 2 ‘
(a) . f
‘ —
100 V % 25Q -
L N (c) Final circuit

NeoVl ¥\ Y
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Mathematical and Physical Models
Linear resistor R=pt/A
p=i’R

Kirchhoff current law (KCL) Z in=20

in = current entering node n

N
Kirchhoff voltage law (KVL) Z v, =0
n=1
U, = voltage across branch n
Resistor combinations
N
In series Req = E R;
i=1
1 4
In parallel — = —
N

Voltage division

Y-A transformation Table 2-5
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Table 2-5: Equivalent circuits.
Circuit Equivalent
* 1 2
R, ] .
# $ Ry + Ry Ry Ry
R> Rs
L ]
* 3
< 4 Rle
R || R
- $R2 i (R || 2)$-R1+R2 t
1 R. 2
VWA

Ry = RpR,
* L™ Rat Ry + R.
Ry _ RaRe
. R0+R5+RC
(@ @2 => (D pye  Fafs
3T R+ Rp+ R
! ! R, — R|R2+R;R3+R|R3
1
R RiR2 + R2R3+ R1R3
b:
R>
R
) g, = RiRo+ RoRs + RiRs
Dg R3
e ForR, =Rp =R, -"‘R[=R2=R3=Raf”3
® ForRy =R =R3; =» R,=Rp,=R.=3R

=
—o.—O—O—oo—

s =
A

+—e
_/

s

+

NS
L.J

=

(



/c WHEATSTONE-BRIDGE

"« The device was initially developed as an
aecurate Ohm-meter for measuring
resistance. Today, the circuit is integral to
numerous sensing devices, including strain
gauges, force and torgue sensors.

* R, and R, are fixed with known values
* R;is variable with known value -
* R, is unknown.

» Determining R, is achieved by adjusting R,
so as to make I, =0 (i.e., balanced

condition).
Ia =0 ) Vl — V2
 Circuilt equations in balanced condition: ~/

R3V, RV, ,
3Vo  _ _BKaVo R\ Vo R Vo | R.o=(22)Ry,
R1 + R3 R> + R, Ri+R: R»+ R, : R

Nt \/ — /




\/E MPLE OF WHEATSTONE SENSOR

(Measuring small deviations from a reference condition)

Determine V_, in the circuit below in terms of R and AR.

"’
o
Vour = V2 =V
n _ W(R+AR) W
Vo == 2 v, 2R + AR 2
- 2Vo(R+ AR) — Vo(2R + AR)
- 22R + AR)
R+ AR B Vo AR B Vo AR
Flexible " 4R +2AR  4R(1+ AR/2R)
= resistor
- Since AR/R < 1, ignoring the second term in the denominator
would incur negligible error. Such an approximation leads to
Solution: Voltage division gives
L Vou = 22 (ﬁ), (2.64)
R+ R 2 4 R
and —

Vo(R 4+ AR) Vo(R + AR)

V, = _ .
2T RI(R+AR)  2R+AR | \ 4 9 /




THE/DIb’If: SOLID-STATE NONLINEAR ELEMENT

-

Anode (P‘I}"PC}\

Cathode (n—l';.a'pc)"'lr

-+

¥ip

(a) Diode symbol

Ip

F

Knee voltage = 0

Vb
(b) i-v of an 1deal diode
_ I
Approximate D
. ' |
practical
diode response Real diode response
Forward voltage V'
= VD
———

(¢) i-v of a real diode

N/

F

y

.

 The main use of the diode is as a one-
way valve for current. The current can
only flow from the anode to the cathode.

 An ideal diode looks like a short circuit

for positive values of V, (forward bias),
and like an open circuit for negative
values of V (reverse bias).

« The voltage level at which the diode

switches from reverse bias to forwarg
bias is called the forward-bias voltage.

« For an ideal diode, Vg =0 V
» For a practical diode, V.= 0.7 V

u-\/ e /

. / - \

N’



. / AMPLE: CIRCUIT WITH DIODES

~ The circuit in Fig. 2-36 contains two diodes, both with -/
VE=0.7V.
The waveform of the voltage source consists of a single cycle
of a square wave. Generate plots for i1(¢) and i2(z).

g Solution:
- - . v, — 0.7
N L | i = "
() C*) T + D2 6 {I}?
D - —0.
" - = 53 =0.1A forO<r <1s.
R.'$53n R, 3106 Q
12(t) =0 forO <t <1s.

- i1H=0 forl <t <2s,

(a) Diode circuit
: 6 —0.7
i2(r) = R
05 () 6—0.7
= = 0.05A forl <t < 2s.
6V 106
i) =
0.1 A :
- 1(5) i2(7)
1 2 0.05A
, N
-6V + | 5 t (S)
(b) Source voltage waveform et (¢) Current waveforms )



\/ A \/LIGHT EMITTING DIODE (LED)
A light emitting diode is a special kind of diode in that it emits light
! if the current exceeds a certain threshold that corresponds to a
voltage threshold (V).
* The figure below displays plots of current versus V for five LEDs of
different colors. The color of light emitted by an LED depends on the

S’

semiconductor compounds from which it is constructed.

Forward current

I(mA)

Longer Epoxy
1 case
cg ~ ‘-\*

Amber
Green
Blue

Red

/Anode
504 +

Metal /
40 4 leads \
30 Cathode

I

20+

Light-emitting + | 47
semiconductor A"
diode -

10+
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" THE THERMISTOR

'

.+ For some metal oxides, the resistivity p exhibits a strong sensitivity N’
o temperature.
A resistor manufactured of such materials is called a thermistor (or
thermocouple), and it is used for temperature measurement,
temperature compensation, and related applications.
L/
| N
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A " THE PIEZORESISTOR

n 1856, Lord Kelvin discovered that applying a mechanical load on a
bar of metal changed its resistance.

e
The phenomenon is referred to as the piezoresistive effect. Today, its

IS used in many practical devices to convert a mechanical signal into an
electrical one. Such sensors are called strain gauges.

In its simplest form, a resistance change AR occurs when a mechanical
pressure Is applied along the axis of the resistor.

R (Q)

Al n* epi

Ta/Ni/Pt (piezoresistor)

STRETCHING
- - ‘ g > =

P FORCE (N) §g§

4



- HOMEWORK ASSIGNMENT

~ SOLVE THE FOLLOWING PROBLEMS:

RSN s 7, 11,13, 15, 19, 23, 25, 29, 33,:37% 24115
43, 47,49, 51, 53.



