2008 Spring

Lecture Schedule

| Course No. | 420.213 Section No. 002 | Course title | Circuit Theory 1 | Credits | 4
Lectures Class days TUE & THUR Hours 14:30 - 15:45 Room 301-202 Credits 3
Lab sessions | Class days TUE Hours 18:30 - 20:30 Room 301-308 Credits
Name : Kim Yong-Kweon (professor) Web page :
Lecturor E-mail : yongkkim@snu.ac.kr Office phone : 02 - 880 -7440
Ofice hours : during 30 munite after class
We introduce you to the most important and essential theory to analyze electric circuits and related lab sessions.
And we introduce you to the terminal caracteristics, and linear and lumped constant characteristics about electric circuit
elements, which are voltage source, current source, resister,
This course will combine
- Linear electric circuit analization by means of linear section of Op Amp.
- Application of Kirchhoff's voltage law and Kirchhoff's current law to analize circuit and circuit components.
- Introducing concepts about equivalent circuit which use Thevenin's Theorem and Norton's Theorem, and maximum
C.our.se power transfer.
objectives Teaching about transient phenomena on time field and emission and storage of energy by analysis of RL, RC and RCL
circuit.
- Teaching about principle and handling of electronic circuit device. Then, you can measure the voltage and current of|
circuit element.
- Designing the circuit which is introduced in the text and comparing between expected result and mesured result.
- Operating the project which will improve your practical ability by designing and manufacturing a practical circuit
which is related with text contents.
Textbook :
Richard C. Dorf and James A. Svobada, Introduction to Electric Circuits, 7th ed., John Wiley & Sons, Inc., New York,
2006.
References :
[1] Raymond A. DeCarlo and Pen-Min Lin, Linear Circuit Analysis, Oxford Uniersity Press, New York, 2001
[2] Charles K. Alexander and Matthew N.O. Sadiku, Fundamentals of Electric Circuits, 2dn ed., McGraw-Hill, New York,
Textbook & |2003.
references [[3] Charles A. Desoer, Basic Circuit Theory, McGraw Hill, New York, 1969
[4] Giorgio Rizzoni, Principles and Applications of Electrical Engineering, McGraw-Hill, New York, 2003.
[5] George B. Arfken and Hans-Jurgen Weber, Mathematical Methods for Physicists, Harcourt/Academic Press, 2001.
[6] Erwin Kreyszig, Advanced Engineering Mathemattics, John Wiley & Sons,Inc., New York,1993.
[7] Robert L. Boylestad, Introductory Circuit Analysis, 10th ed., Prentice Hall, Upper Saddle River, 2003.
[8] Raymond A. DeCarlo and Pen-Min Lin, Linear Circuit Analysis, Oxford Uniersity Press, New York, 2001
* [7] and [8] are resources for lecture and lab sessions.
c Attendance Homework Midterm exam Final exam Lab Other Total
ev:j;;in 5% 5% 30% 35% 25% 0% 100%
Remarks Unexcused seven class or two exam absences will result in an "F" grade for the course
TA : Jin Joo-Young, damugi@snu.ac.kr; Lee Yong-Suk, aca657@snu.ac.kr; Song Eun-Suk, geimelfd9@snu.ac.kr
General . .
Class board will be open at EE coarse bulletin.
Policies on [Cheating in any component of the course, including exams, quizzes and labs, reports, will be severely punished,
cheating & [according to Seoul National University policies. Also, anyone who has more than seven class unexcused absences will
attendance [receive an "F" arade for the course




Fall, 2007 Course Schedule Prof. : Kim Yong-Kweon
Circuit theory I (420.213 002)

Date Day | Cat | Class| Chapter Topic Course supplies | Week| Remark
2008-03-04 | TUES |lecture| 1 Ch.1 Introduction of Lecture, Pre-test 1
2008-03-06 | THUR|lecture| 2 Ch.1
2008-03-11 | TUES |lecture| 3 Ch. 2 Circuit Elements 2
2008-03-13 | THUR|lecture| 4 Ch. 2
2008-03-18 | TUES |lecture| 5 Ch. 3 Resistive Circuits 3
2008-03-20 | THUR|lecture| 6 Ch. 3
2008-03-25 | TUES |lecture| 7 Ch. 3 4
2008-03-27 | THUR|lecture| 8 Ch. 4 Methods of Analysis of Resistive Circuits
2008-04-01 | TUES |lecture| 9 Ch. 4 5
2008-04-03 | THUR|lecture| 10 Ch. 4
2008-04-08 | TUES |lecture| 11 Ch.5 Circuit Theorems 6
2008-04-10 | THUR|lecture| 12 Ch.5
2008-04-15 | TUES |lecture| 13 Ch.5 7
2008-04-17 | THUR | lecture| 14 Ch. 6 Operational Amplifier
2008-04-22 | TUES | lecture| 15 Reserve Day 8
2008-04-24 | THUR| exam 1 Ch.1~5
2008-04-29 | TUES |lecture| 16 Ch. 6 9
2008-05-01 | THUR|lecture| 17 Ch. 6
2008-05-06 | TUES |lecture| 18 Ch. 7 Inductors and Capacitors 10
2008-05-08 | THUR|lecture| 19 Ch. 7
2008-05-13 | TUES | lecture| 20 Ch. 7 11
2008-05-15 | THUR|lecture| 21 Ch. 8 First-Order RL and RC Circutis
2008-05-20 | TUES |lecture| 22 Ch. 8 12
2008-05-22 | THUR|lecture| 23 Ch. 8
2008-05-27 | TUES |lecture| 24 Ch. 9 Second-Order Linear Circuits 13
2008-05-29 | THUR|lecture| 25 Ch. 9
2008-06-03 | TUES | lecture| 26 Ch.9 14
2008-06-05 | TUES |lecture| 27 Reserve Day 8
2008-06-10 [ THUR| exam 2 Ch.6~9

Date Day | Cat Lab | Chapter Topic Course supplies | Week| Remark
2008-03-06 | THR lab 0 Laboratory Arrangement 1
2008-03-13 | THR lab 1 equipment guiding, team organization 2
2008-03-20 | THR lab 2 Introduction, Muli-sim 3
2008-03-27 | THR lab 3 Ch.1 Electric Circuit Variables 4
2008-04-03 | THR lab 4 Ch. 2 Circuit Elements 5
2008-04-10 | THR lab Reserve Day 6
2008-04-17 | THR lab 5 Ch. 3 Resistive Circuits 7
2008-04-24 | THR lab 6 Ch. 4 Methodes of Analysis of Resistive Circuits 8
2008-05-01 | THR lab 7 Ch. 5 Circuit Theorems 9
2008-05-08 | THR lab 8 Ch. 6 Operational Amplifier 10
2008-05-15 | THR lab 9 Ch. 7 Inductors and capacitors 11
2008-05-22 | THR lab Reserve Day 12
2008-05-29 | THR lab 10 Ch. 8 First-Order RL and RC Circuits 13
2008-06-05 | THR lab 11 Ch. 9 Second-Order Linear Circuits 14
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(1) positive, negative =4 2t UCH
(2) &X &ot2 F=i(-1.6x101°C)
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Systems of Units

¢ 19604 General Conference of
Weights and Measures 0| A SI units
£ 3%Ch .
Table 1.4-1 SI Base Units

o N 0SS @ H9ls HEXR &0, Table1a-15|Base Units
o J|& CS0ll D&l H(period)E ®X| 2=Ch SIUNIT
o« X3t le;ZO'" E_+_§8 M PJEEI'- QUANTITY NAME SYMBOL
o ©9l= IXA(EFH)E LC0H e sl
_ Mass kilogram kg
o SXI B AOIE ZO{MI|S BT i i
0l 100 m (0), 100 m (x), 100m (x). Electric current ampere A
Thermodynamic temperature kelvin K
= = Amount of substance mole mol
e F: ¥ HEY Luminous intensity candela cd
e PBEJISYMZ 20
o XL OFH HX2 B, A= XA
2, IHE= JISdNZ £Ch
0l vy v,, 100 V(CITIA ViE EFSIQ)).
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Derived Units in SI and SI Prefixes
Table 1.4-2 Derived Units in SI

JI2 HASS XEGIYH R ; .
N Table 1.4-2 Derived Units in 51
ES

ciel= (%] o
SPIE Ltk ALk UNIT NAME FORMULA __SYMBOL
Oll: C=A-s, W=J/s meter per second per second st
meler per second mis
e s Hz
kg mis N
Table 1.4-3 Prefixes P .
Kilogram per cubic meter kgfm
. oule Nom
Table 1.4-3 51 Prefixes i v =
coulomb A% C
MOCURLE ~ FRERIX.  SYMPBOL. volt WIA v
10" 1era T ahm VI 0
] 4 2 siemens AV s
10 giga G oV "
' mega M Vs Wh
107 kilo k WhiA H
{1} centi C
10 milli m
10" micro m - el o
10 ninoe n e 10002 2/0I6t= ke &A=t
- pico P e 1/1002 2|0I%l= c= A=1h
" femto f
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. d
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Basic electric circuit
Boylestad ® 34% & 2.7
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Imaginary plane
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#1 Chemical 4
netivity
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e
&9l : HMotE Z2lAdl= Ol E= &S Eot & U X
E&2 1 J/C =V (volts)
1VE 1 Jouled O XIZ 1 coulomb? EGHE

dw
S2INRTHE 20l

y=—-

dq W=11l]

i
VU =1 volt

Defining the unit of measurement for voltage

Boylestad 2 37% 1 2.10
Lecture 1-8
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Dc Voltage Sources and Batteries

+ Dc voltage sources

(1) batteries (chemical action)

(2) generators (electromechanical)
(3) power supplies (rectification)

o Batteries

(1) battery = battery of cells 22 H Szi.

(2) 2tA, battery = = il 0|4t cell & Z&2Z 4.

(3) primary 2 secondary £ #&.

(4) secondary = rechargeable.

(5) WEHQI O|XtE Xl = lead-acid battery (F2 XS X0l A 2!)2} nickel-
cadmium battery (H 4], S0IE &b, Jtoli2t EaiAl, HED| S)OF ULCH
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Alkaline and Lithium-Iodine Primary Cells

Positive

Can — steel
cover —

plated steel
[7.2Ah] [160Ah]  Capacity
0-1A)  (0-14) Continuous

Electrolyte — Current
potassium | _| Anode — ‘
hydroxide - powdered
zine
Current
Cathode —

manganese
dioxide, ——1——§
carbon

Inner cell
cover —
steel

Separator — Seal — nylon SV

non-woven — AA”

fabric !
cell

Negative 3
cover — [LIAR  (25Ah]  [520mAh] [22.0Ah] Capacity
ploced’seeel (0-300 mA) (0-500 mA) (0-250 mA) (0-1.5A) Continuous
Rivel — brass Current

Metal
washer

Metal spur

(a)

(a) Cutaway of cylindrical Energizer® alkaline cell; (b) Eveready ® Er{grgizer primary cells.
Boylestad & 40% 118 2.12

Lithium-Iodine primary cells,
Boylestad # 40% 1 & 2.13

ta) Lishiode™ lithivm-iodine cell ib) Lithium-iodine pacemaker cell
2.8 ¥, 870 mAh LEY, 2.0 Ah
Long-life power sources with printed circuit

board mounting capabality

Circuit Theory | Lecture 1-12




Lead-Acid Secondary Cell

led covers - electrolyte : sulfuric acid

- electrodes : spongy lead and lead peroxide.
- electrons: spongy lead -> lead peroxide
during discharge.

Heat-:

Extrusion-fusion
intercell connection

Flame-arrestor
vent

Liguid/gas

separator

; Z //
_[ 6V
2 _Z_
z_w_Z: /
A

Electrolyte

reservoir

Centered

plate strap
Wrought
lead-calcium -
grid

Encapsulated
plate

Separator cm‘clnper '
Maintenance-free 12-V (actually 12.6-V) lead-acid battery
Boylestad Z 41% 12 2.14
o HAN22 specific gravityS SF6H8 2 & UCH 1.28 ~ 1.30 0/ FHA0|2, 1.1
0| SN0 8t

e =Xol)| ?oil M= dc current source It 2 23tLCH
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Nickel-Cadmium Secondary Cell

Rechargeable nickel-cadmium batteries.
Boylestad ¥ 42% & 2.15

* 1000 charge/discharge cycles.
. ~© e« Ni-Cad batteryE ArEal0F St= J1 20l L Xt
L2V 72V 1.2V 1.2V HEXE ALESHH otEILh
4 Ah 1.2 100 mAh 500 mAh 180 mAh
e QIR &X=12VOlL}, 2X ®Xl=1.5V 0l
o, OIXt & XIE AtESt= J1+t= LRl S&

9 5t= 3122 201 UJIE 8171 W20ICH

‘_...-l- ; e Ni-Cad battery = S®& [ Ho SRt Mgt
- B "

B

(a)

Ol H5HX H2 MK 8 BRIALE SEECL

Evercady® BH 500 cell e 1dU, lead-acid battery = battery2| &'E{

1.2 V, 500 mAh Ol et MFJ 20l Biot=s 3ELAM 2olA &
App: Where vertical height is severe MEC
limitation =L

{b)
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Ampere-Hour Rating

.
.
\ !
09V |
LoV
v
0 200 400 600 800 1000 1200

Discharge current imA)
(a)

Discharge current = 50 mA

0°C

0 e
100 10 20 30 40 30 60 '.-'tT\‘I) SO 10110120130 F

24°C
by

Eveready ® BH 500 cell characteristics:
(@) capacity versus discharge current;

(b) capacity versus temperature.
Boylestad 2} 44% 12! 2.18
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BatteryS & A2 Ah £= mAhZ HAl.
HFR0| RBOIKIR 21, 4220 L Ko =L
CHXH M2 WEAIZI0l 22U X2 SHECH

ampere—hour rating(Ah)

Life(hours)=
amperes drawn(A)

1.5 : : ; |

14 |
@ 1.3 .\\“::"-q.____ I .l
? 12 T, . |
j 11— __I.*?\ Itlﬂn‘.\.-\ an.—\

1.0 — ; ! I

0.9 . l_ 1 |‘(

4]

1 2 3 4 5 6 7 8 9 1010 1213 14

Discharge time (h}

Eveready ® BH 500 cell discharge curves.
Boylestad 2 44% 1! 2,19
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Generators and Power Supplies

e Dc generators:
120 Vor 240V

o+ “Outpul
0V voltage

dc generator
Boylestad ¥ 45% & 2.20

+e +o 10V
% ey o
= Gnd{0V) [
1 .
. e Jumper
(E1]
.

Jumper —gi- 15V} +.
(= l /!
b——  — = |5V 5Vo
15V = |

‘ i D \

Circuit Theory |

« Power Supplies :
Rectification and filtering

dc laboratory supply.
Boylestad 2 45%
% 2.21

dc laboratory supply :

—a A
J_ (a) available terminals;
(b = (b) positive voltage with respect to
(w.r.t) ground;
= (c) negative voltage w.r.t. ground;
i e (d) floating supply
| crosing Boylestad # 46% & 2.22
?
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Applications - Flashlight

Bulb

Contact””

A

Sliding

switch

(a) Eveready® D cell flashlight;
(b) electrical schematic of flashlight of part (a);
(c) Duracell® Powercheck™ D cell battery
Boylestad & 51% )& 2.29

Circuit Theory |

1.5-VD
battery

Spring

Bulb

(b}

Battery : 16 Ah
Bulb : 2.5V, 300 mA, 30 hours.
Bulb 2C battery € A== wxlot= 0IR
(1) leakage current
(2) 95ALE0| Ot

- bulb: cool down S}

- battery: initial surge current
Battery = Uil 1.2 ~ 1.3V OIIA SZ
0.9 V 0I5H0l M= w XIoHOF &

Lecture 1-17

Applications — 12 V Car Battery Charger

Battery charger:
(a) external appearance
Boylestad & 53% 12 2.30(a)

Circuit Theory |

Cirmeles!
o chassis

1)

Battery charger:
(b) internal construction
Boylestad # 53% & 2.30(b)

Lecture 1-18




Applications — 12 V Car Battery Charger Circuit

e 12VOI¥2L O IHN.
e 12V OIS0l A= diode IH20ll 2&0| 2t
Peak =18V

/Y VOOV

\ﬁ/l

<+

Diodes Positive clamp
(rectifiers) of charger
6 ASH 2C AZAl, MS0l= 7~8 At Transformer
S2U SF0| IR0 M2t 2v3AR T (PO
O1&Ch fol 5y Tem o T
£25 £X0| D¢ EFS FXIAIHHOk 8tCh i e
L = Deeaker THE: Negative clamp
L&, battery M0l ¥2 M 52= A of charger

J[E XHEEAIHOF L
Electrical schematic for the battery charger of Fig.2. 30
Boylestad 2 54% :1%! 2.31
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App. — Answer Machines/Phones dc Supply

Capacitor

Diodes (2)

Answering machine/phone 9-V dc supply
Boylestad & 55% & 2.32

e 9V, 200 mA.
+ Regulator chip 2 #=4IEH0f| &XI.
¢ 0%

-2 g Ee

- Y38 VSS S017| /dlH Fat Jintolol &xXl. 9-V dc output

120-V ac plug

Internal construction of the 9-V dc supply of Fig. 2.32
Boylestad & 55% & 2.33
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Jet Valve Controller

c &2 AEHE 2F ZAA DD 20| F IS SR A2 F2E PHEIH 122
jet valve RIO{IDI0l OILUXIE MESCEH 122 40 mIE

SEStE HHE2I(BZ2AR 1)E
=ctoF 8t

*i(f) =De V0 mA forr>=0 0|1, &% 2 0l Zil=s ML v,)=B eV forr>=0 0l
Ck.

«HZ2 3JI DI EC 1 mA 2 RIStE O UCHH, B = L0H0I 01 OF 3tLt?

Q7L = tiE2I= olE 2401012

Wire
_ T Jet valve
* * controller
.. | Element Element |
1 2
Wire
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22 0|22 HE REE

=20

Starter coil

l—m—
Auto key
===
L
Resistor
o P
Battery

Capacitor

(b)

(b)
(a) An incandescent lamp.
(a) An automobile ignition circuit.

(b) Model of the ignition circuit for starting a car.

BHE ot

Homogeneity :i2| S volH ki 2| SE2

Circuit Theory |

Superposition : i, 2| 8Etv,,i, 2 €t v, 01H ij+i,2 SE=2 v, +v,.

(b) Voltage-current relationship for an incandescent
lamp. The lamp is linear within the range -i, < i<i,.
- M8 AXI= superpositionZ} homogeneity S

Lecture 2-1

gz 0|2 JHE

X| & whx of gt

1) MIk(ER) 227 FAE

2HF A7t =t
5, A7t =828, SAIH o2 HaElEir}

(2) Aloll & Mst= gict

(3) A2 74 & 7holl Ap7|H el At

=

rlo
=0
o
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ASds HA 2 A
- 7H8 (2 RN Itste E2IF (8, MR, ©eho| SAlo A<l Mo
g st 7 o).
= [ — —
r Elerst 23 F =%;==.—'=c';ok =5
= ) LX)
- ENoll= otEe| Mu £E 7t US.
sl mEe uH SIS, |
- 22| v B0 Al Sy} Mute = o Zals AlZHEI AlZhe
At=I/v  (s) olch

£ REo0| SANez 98
=2
-QEZRo| EYEYsS A= MO HTUl SE|22 Aol ZE B Eo| Z2 A7k
¢2 SIS AKX R} w2, 22 FAH 2| 25 2 cHF0{of ot
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= A
x'S@T

_x| el Alzke] 2| KoM Thel

H=Z BE6H= D

£ S2|Ze| F7|2ct o 2 =totof Fhet

At/T << 1
Ol TS BHEA|F| M AEHS A2 = 4 Uk
- MApAOl A MAFT| S & F = ¢ o|ck, 1

c= =3x10% m/s
Vot

-AABIol EM Zo|7} [o|2} 5 x| AlZk2

60 Hz2| AM A glofl CHaH A A

At=I[/c ol =1
s 2 Ar 1/3x10°  [x2
7_ 1/60 10
w2, /ol AetF (= km) ZXA| Lo H I H 2 Bolx Fsict,
- _P—r7l-109HZOI“._1Nh§EBIAI¢%I77PXI ’W*ﬁli Aol
At 1/3x10% [
— = <1
T 1/10° 03
0.3 m2C} 0§ Ztolof ict
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SlZ2AA-NHE
R : resistance € (Ohm)
+ % -
R= - 0——SVVA—0
1 1
-NEe E2E4 Mo 5o w2l dwel £S5 .

Z' .
l v l

+

—

- Inductor “} Capacitor= 2| £330 w2} MRo| 257t X &S,

AL
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Ohm’s Law (I)

- 19M|7| = George Simon Ohm 0| &g
j=0'E (ji".j%—'“a'i o:EF 8, E:HA)

SHREH) - HEE dHM ZH= NRE Ealw
may A (R EH) 2ol MATER.
<=0 Lo HRE 7ot T Lol

— A g Hahs ®Ao oM riSE T,
E Mol wayst & glo| gictH MsHe Rois| 7f
| MEH san
o B, £ EolE R4s Be
= si7h UM T ZE =of 714 25
= smAl ol Wl W AW Hro| 2oz
v - ich
Mo TIETIY G s a8 uss (M8 55 Fo)
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Ohm’s Law (II)

5| 29o| IHHAE FA|Sl, MAE step function2 =2 718 5tA}
L d . .
E —V+ HV = iE
dt m
4 v(t) =w( e ")E

JO=N-gv) =4 q_)E
my
V:H=, g B, y(r): EE)

t—oo j—quE oF

(0=N—qz( ) EW8)
)
_t=0 ZHOIME Y0l AlAE MR SHEHshD, BE8 AlZ0] B8 F 2.
-palel 49, x=10"Hzo|2 2, AlM4E= 104 Z0|c},
-, ke gk (e ) ol FA|= o, onme| B Zl0| MR,
Circuit Theory | Lecture 2-7

Neea
300 K ol Al 2| &S (Qm)

Conductors
Aluminum 2.73 x 108
Carbon (amorphous) 3.50 x 105
Copper 1.72 x 108
Gold 2.27 x 108
Nichrome 1.12 x 106
Silver 1.63 x 108
Tungsten 5.44 x 108

Semiconductors
Silicon (device grade) 10571
depends on impurity
concentration

Insulators
Fused quartz >102!
Glass (typical) 1x 102
Teflon 1 x 101°

Circuit Theory | Lecture 2-8




Sheet Resistance

¢ Sheet resistance
R, =pd ()

o M 22 thin film resistor? X&=S 76tct. 01J1 M, sheet
resistance 2 100 Q O[Ct.

—\. =
5
N d
N 03cm P NS
\T| ——p6em

Thin film resistor
Boylestad  66% & 3.12
I I pl l
r A r dw d w " w
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Temperature Effects

¢ Conductors R
— Thermal energy increases the intensity %r;perﬂture
of the random motion of the particles. coefficient
— Positive temperature coefficient.
e Semiconductors 0l Temperature
— An increase in temperature results in
an increase in the number of free (a)
carriers. (a) Positive temperature coefficient-conductors;
— Negative temperature coefficient. R

— Temperature
e Insulators coefficient

— Positive temperature coefficient.

ol Temperature
(b)

(b) negative temperature coefficient-semiconductors.
Boylestad # 68% & 3.13
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Inferred Absolute Temperature

Absolute zero /

-
T o e .
T3 |.\.-c// —234.5°C

Inferred absolute temperatures(7;).
Boylestad 2 69% H 3.5

Inferred absolute zero

Effect of temperature on the resistance of copper.

Boylestad  69% 1& 3.14

Material C
X _y 234.5+T1,  234.5+T, Silver —243
— == = Copper —234.5
Rl Rz Rl Rz Gold —~274
. i =23
 -234.5°C: inferred absolute e s
ungsten 204
temperature of copper. Nickel 147
Iron —162
‘T;‘ + Tl _ Tz +Tz Nichrome —2.250
- “onstants —125,000
Rl R2 Constantan 1_ _(
Circuit Theory | Lecture 2-11

Temperature Coefficients of Resistance

*  ayo : temperature coefficient of resistance at a temperature of 20 °C

1
Ay =—— (°C/IQ
20 ‘7-;‘+2O OC ( )

various conductors at 20C.
Boylestad & 70% = 3.6

]g1 — R20 [1 + azo (Ti _ 20 OC)] Temperature coefficient of resistance for

* R, : resistance of the sample at 20 °C

+ R, :resistance at a temperature 7;. _TAmperiiare
Material Coefficient (eag)
Silver 0.0038
e PPM/°C Copper 0.00393
R ) Gold 0.0034
AR = Z “nominal (PPM)(AT) Aluminum 0.00391
6 o -
10 Tungsten 0.005
Nickel 0.006
*  Rpominal | Fesistance at room temperature. Iron 0.0055

Constantan 0.000008

e AT : the change in temperature from the Nichiome 0.00044

reference level of 20 °C.
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Types of Resistors

Fixed resistor 2} variable resistor Jt QILCt.
¢ Fixed Resistors {0
- Low-wattage. ]m‘;
4 B
— Molded carbon composition resistor. s
e e )
Leads " Insulation i
Golte ki \\ material T
Resistance material
(Curbon composition) hw
Fixed composition resistor. Boylestad & 75% 18 3.17 W
- A Freesing Roap temperature Hailing Fixed composition
i Syt resistors of different
o ]

wattage ratings.
Boylestad  75% 12 3.18

=01

10 ki1

P - O 107 207 4

pperatune (*C)
Curves showing percentage temporary resistance changes from +20T values.
(Courtesy of Allen-Bradley Co.) Boylestad  75% & 3.19
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Fixed Resistors (I)

Tinned
alloy Vitreous  Even High-strength
terminals enamel  uniform welded terminal )
coating  winding g ’ B
' ......... I..\« - '-/-’- o Z
i ~ _ o

= Resilient
mounting
brackets

Strong Welded resistance
Cerumic  wire junction
core C .
(b) High-voltage cermet film resistors (on
a high grade ceramic body).
App: For high-voltage applications up
to 10 kV requiring high levels of stability.

(a) Vitreous-enameled wire-wound resistor
App: All types of equipment

THAWMITE

Fixed resistors. [Parts (a) and (c) courtesy of
Ohmite Manufacturing Co. Part (b) courtesy
(¢) Metal-film precision resistors of Philips Components Inc.]
App: Where high stability, low Boylestad # 76% & 3.20
temperature coefficient, and low
noise level desired
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Miniature Fixed Resistors
Flexible J-bend
Recessed
foot mount

Standard

pedestal mount w

(a) Surface mount power resistor ideal for  (b) Precision power wire-wound resistors
printed circuit boards. Patented J-bends with ratings as high as 2 W and
eliminate need for solder connections. tolerances as low as 0.0.
(0.8 W o 3 W in wire-wound, film, or Temperature coefficiel
power film construction) 20 ppm/”C are also av

low as
ble.

Miniature fixed resistors. [Parts (a) courtesy of
Ohmite Manufacturing Co. Parts (b) and () Thick-film chip resistors for design
(c) courtesy of Dale Electronics, Inc.], fexibility with hybrid circuitry. Pre-
Boylestad & 76Z & 3.21 tinned, gold or silver electrodes
available. Operating temperature range
—55°C 1o +130°C.
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Variable Resistors

¢ Rheostat £ = potentiometer 2 ££L!.

[EFEE]

(1-alR @ Voltmeter @
P + Um .
R
P @ =&
u.ﬁ'p
P— . b)An equivalent circuit
(b) A model for (a) A circuit containing ( s
(3) The symbol the potentiometer a potentiometer containing a '.“Odel
of the potentiometer
a Rup Rap
,——L\*——O b A R
rS<+ob ao—AN\—oc¢ a O_M_o
R R, b€
L Rac = Rab + Rbc
(a) (b) () (d)

Potentiometer: (a) symbol; (b) and (c) rheostat connections; (d) rheostat symbol.
Boylestad ® 77% 1&g 3.23
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Potentiometers

Rotating shaft
[contrels position
e by of aliding contact)

(1) External view

Carbon _
element

() (k) Sliding contact ="
(wiper arm)

Potentiometers: (a) 4-mm( ~5/32")trimmer(courtesy of Bourns, Inc.); "-I'
(b) conductive plastic and cermet element (courtesy of Clarostat Mfg. Co.). 4
Boylestad & 78% & 3.26

(b) Internal view

Insulator

Molded composition-type potentiometer eniaiot A
(Courtesy of Allen-Bradley Co.) and support = )
Boylestad & 77% 1 3.24 Piclixe 3 ? :

{c} Carbon element

Circuit Theory | Lecture 2-17

Color Coding
o TXE M0 &2 MEN= M= MEF 22 LIEHHLY
o MO X= NEE ¥ 810 BH Ul HAAOICH
o XNEQ Z0AM IS ZRH A=
o (@2 20|
H FM: & Xel =X

- HMgM: 109 &= (power-of-ten)

- UIHM: M&Xe 322X (manufacturer’s tolerance) Resistor color coding.

- CHEEIR: 1,000A12F ALBAI 2SR &8, Boylestad 24 79% % 3.7

Bands 1-3% Band 3 Band 4 Band 5
0 Black 0.1 Gold ]mulliplying 5% Gold 1% Brown
| Brawn 0.01 Silver | factors 10% Silver 0.1% Red
2 Red 20% No band 0.01% Orange
3 Orange 0.001% Yellow
4 Yellow
5 Green
6 Blue
7 Violet

Color coding of fixed molded & Gray

composition resistor. 9 While
Boylestad & 78% 11& 3.28 With the exception that black is not a valid color for the first band.
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Standard Resistors (I)

Standard values of commercially available resistors.

Boylestad % 80% H 3.8

Standard values and their tolerances.
Boylestad & 80% = 3.9

Ohms Kilohms Megohms +5% +10% +20%
) (k) (M)
10 10 10
0.10 1.0 10 100 1000 10 100 1.0 10,0 11
O 11 010 1100 ISR ORI T 11.0 2 12
pa2 st iz o a200 12000 3 Ndz0 e 2 13
et I R T IS Ty TR KU ST R ) 15 15 15
015 L5 15 150 1500 | 15 150 | 1.5 150 16
016 16 16 160 1600 | 16 160 | 1.6 160 18 18
0le- 18 . 18 180 1so0 | i8¢ isonilidisliso 50
020 20 20 200 2000 | 20 200 [ 20 200 o 5 o
0.2 2.2 22 220 2200 22 220 22 22.0 24
024 24 Aoy :zzaun 24 i.m 24 = 5
027 e g 700 | 27 J08 |27 _
030 30 30 300 300 | 30 30 [ 30 ® 10 % SOLGHA B 2 -
033 33 aanaiiEng a0 | Lag s tiasnt A o= 0|92 = 22
036 36 36 360 3600 | 36 360 | 36 % 5
039 39 39 390 3900 | 39 390 | 39 5
043 43~ 43 430 4300 | 43 430 | 43 i
047 47 41 470 4700 | 47 470 | 47 47 47 o
o [ o TR T S | 51
056 56 56 560 5600 | S6  S60 | 5.6 36 36
062 62 6 620 6200 | 62 620 | 62 62
068 68 68 680 6800 | 68 680 | 6.8 68 68 68
Vi T e LR L ol (e ] 75
0.82 82 e P S ) RN T 10 82 82
091 91 91 910 9100 | 91 910 | 91 91

Circuit Theory |

Lecture 2-19

Standard Resistors (II)

47 0 £ 20% 100 €1 + 20%
I 1 I 1
37602 56.4 Q) 800 120 02
| |
470 68 0 100 £
[ 1
54402 68 2+ 20% 81602
(a)
56 (1% 10% |
1
471+ 1:)‘.+ﬂ 50.4 2 61.6Q 100 02+ 10%
I 1 1
4230 51.7Q 90 Q 1100
I |
56 0 68 {2 82 02 100 £2
I 1
61.210) / T4.8 0
] 1
68 {1+ 20% 7380 B20+10% 90.2 £)
(b)

Guaranteeing the full range of resistor values for the given tolerance: (a) 20 %; (b) 10 %.
Boylestad & 80% & 3.29
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Circuit Elements - Independent Sources

- Voltage and current sources

Source : non-electric energy=E electric energy2 H&.

independent : 3|Z= L2 MJR 2t M0 2H QL0 EH

dependent : 3|22 AF 2t M 0] Mt M3t

- Ideal independent voltage source : &3 LIS
HZ 20l 2AHIS0I XA & vE KX

- Ideal independent current source : 8 &g Lj°
e gol 2Hglol AE 87 iE |,

Circuit Theory |

Lecture 2-21

Circuit Elements - Dependent Sources

- Ideal dependent voltage and current sources.
3|29| CIE Ro| MY = R (v, i )oll 2l A Hat

<
1]

=,
. = P

<
1]

Circuit Theory |
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Voltmeters and Ammeters

- The probes are color coded.

- Positive: red, negative: black.

- Ammeters: series connection.

- Voltmeter: parallel connection.

- Voltage-ohm-milliammeter (VOM) and digital
multimeter (DMM). (a)

- Ideal ammeter: internal resistance = 0.

- Ideal voltmeter: internal resistance = .

(b)

Figure 2.7-1 (p. 38)

V=0 - i Element i (a) A direct-reading
(analog) meter.

(a) Figure 2.7-2 (p. 39) (b) (b) A digital meter.

(a) Ideal ammeter. (b) Ideal voltmeter.

Circuit Theory | Lecture 2-23

An Example Circuit

- Ideal ammeter: short
circuits.
e 2 volts
- Ideal voltmeter: open
circuits.
£ (b) - Ideally, adding the
voltmeter and
ammeter does not
disturb the circuit.
- The reference direction
is important.

Figure 2.7-3 (p. 39)

(a) An example circuit,

(b) plus an open circuit and a short circuit.

(¢) The open circuit is replaced by a voltmeter,
and the short circuit is replaced by an ammeter.
All resistances are in ohms.

fe)
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Switches

Switches have two distinct states : open and closed.
SPST : Single-Pole, Single-Throw

O—O>{O——O O—CXO——O

r=0 =0
Initially open Initially closed
(a) Initially open. (b) Initially closed.

SPDT : Single-Pole, Double-Throw

o—=0a a AL 0I= S A2
CO““O‘) co—oi’ ﬁ Lo 01201 XI T,
t=0 o—o0b (=0 cl—ob 3|29 SEAIRH0N HiaH

Ol WE A A< RS
Break before make Make before break

Circuit Theory | Lecture 2-25

Transducer - Temperature Sensor
Transducer : Devices that convert physical quantities to electrical quantities.
¢ Analog Device A2 AD590 2 2=E &
2Z BN 828 535l= AKX0ICH l I
o AXt= O I 2001 EAISCH H "

e Ol NS HHEol SHAIHT A2 v(n) AD590 vlz) i) = kT
4V 0lA 30V ALO| Ol RLO{OF SHCH.

Olgl Z2HU A BR=LE 1K #H3l

0l 1 pASl MJRIFE2 =L

(a) The symbol and (b) a model
i=k-T where k = u A/ °K for the temperature sensor

e AD590 £ 0I&5IH =x2 = 2=E £&dl= J=ZE €Hdtet.
AD590, ¥ 21, Mg, 83 (10, 12, 15, 18, 24 V)0l AtE JtsSHCh

300K 0| M7= 20t S2=01?
Ol HOI MIAH St AXMEL MIHE ASHUE M OH BB ASI?
o] 83 S O HBS AME6l0FSHED? O 01RE?
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Car Heater Fan Speed-Control Application

Ignition  30-A
switch fuse

Resistors

maotor

-Ate] 2 =" 2ls &FolE S2l™ M & gtol viRch
HE7)e MRIL e HA S8o| v,

-0l M 3| 2 & sliA{5t7| /1810] KCL, KVL 2| 3| 20|22 g5l 32 &

ciEch
Circuit Theory | Lecture 3-1
Maxwell Equations
0I=28 HEE
Gauss 2= 6-(6‘[77):,0 ﬁ ¢E-dS =I pdV
T BEC wa V.-B =0 § B-as=0
Ampere?| g ex]_-} 7+8(£E) § I?~df:fs j-d§+W
Faraday?2 > B = o[, B-dS
v ) VXE:_G_B j‘) E~dl=—J37
R CY ot ¢ ot
Hot BE ¢ v+ P g § 7a5+ etV _
ot s ot
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2HO Sdl S A0l 8% K& 8

°’1_HIODP LAE AdHO Sd HES ¥FI S2E= T4 F0= NAWR)I
&&= 2A0ICh

. 0IIIH Ao eee LEES A HE = JA=H 28£2 X &Jiss THo

MR YE0 = OE &It2e 0] RH S| Le= LIEHHCEH

0o
fell
=]

«HZ OOl dX R HEZ2 HdoZ JAUS QIE & IZYHE SHctE AUHS
ANAEQZ HH(WE S0, AAS JN0l RO 2R St A)AIINEH DL
2Cols A0l ML= RS 2DIStCH
e 0] MES RIN(FE)H 20l St
B poims ino page
and is increasing
in magnitude
®
(I} \
I|
\ /
/ g \“w“—z/
e sl
Circuit Theory | Lecture 3-3

gz 0|2 JHE

-3 Z 0|1E2 EADIE Y2,

-JIEE Sol 0IES H=dt

-3 Z 012E HEE Mol= 18 S Bt=ot= XIS THAOF 8t
s

(1) JIOH(EHRE) S0 RAIE 263 A &

E, A0 =AX2Z, SAHSE HESH I - HESE s .
(2) Aol 2 Hot= 8t
(3) He 4 25 2H0ll A= ZE2 il
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- - o| pdv
v.i+L - §J-ds+jv )
ot Y
C9ME (2) S S0l LW M5l §O0Z K 2 &9 A3 LEI} Ao|Ch
0
p=0 — Lo
ot
metd, Vv.J=0.

0129 Qb= 22e10t?

2 Ak(divergence)Ol E0lck= 29l 20|=?

Circuit Theory | Lecture 3-5
Divergence

o ZAK(Divergence)2 211 JHE0ICH

e {H HHo| BI|E SWotH Lhs M &S LIEHWH= A0l Z&H0ICH

e 0 YHOoZ SHE I LIDH= 20| 203 A2 HOICH

e SHR=E Y2 s 20| HoH Ya2 20ICH

v Vv gah Azt eh
N

' sHA0| LiDH

SICt
@) b

. Do NS0 SEIRI QUM ALRIO| A5
HLF MUK SH=CHRI(RBI BEs s
I 2OH) M20 SERI ot A 2E
o aJ‘ pdV HA(AZROR) ZIHE H0ITH
fss J-dS+ VT =0 0128 LIEIS 210] o1 YHA, &5
Z=o| i oLk

rr
o
0z
HL
a
el
[0
2
ne
1z
o

H
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Kirchhoff's Current Law (KCL)

e 220l 2M Mot= HS. 22 Mot S oot
o NGt EZE2 HMA M 2 0| &.

V.j=0= §>Sj.d§=o

lo
mny

2 Yoz &=X.

NodeE S H

Node e I 20lME BRI EMoE R0l &

& E0|Ch

o MiI2tA, 92 &
o

s dR ®

A

HZ0| =H0

A
HEEC

il
=

jSSJ-dﬁzo

U
< bﬂ
i
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Faradayl MRS & E

L B _ _  o|B-ds
UxE-_OB §E-dl=—s—
ot c

« Jd (3) 2 74 BE22 AIIFQ ZE0| 22z 3 2I} gte
X9 AlZ+E QL B5t0 HOICH

B _
ot

rr
2
filo
]
B
ol
rr

0.

Cw, G0,
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Rotation
+  3|™(Rotation)2 H JHE0ICH
HIZ JHH| 2ol £XH(KEH)E 2= 20| YAS O X0t SO X0 = U8
3/Z0| 90| OHLICH.

« F xy HOMOZR S2&= S0 SXE U0 ; 2E 5™ SF0| A= AOITH
Z — b — —_

T (Vxv), #0 Vxi:sl® (MES )
S|M2 HEO| B2 FXIE x-y HH, pzHM, zx
"ol g7k 2t Fo| 2|™ste g2 2 0|&
3 ger MEoZ St S M(Vxv) 2 LIE &=
Aol $£=AE WA 7= B2 A =l
U= 7ol 716l A= &= & 28t Azt 2ol

z
y Stoke’s theorem
x [ Vxv-dS=§ v-di
N C
Circuit Theory | Lecture 3-9

Kirchhoff's Voltage Law (KVL)

SIZ0) s Kl= X2 Al2EE Q! B 5H= giCH,
Faraday? HX S HENA B0l H.
6B

VxE = -0 :§ E-dl =0
61,‘ C
+ ho- S B2} QT B2 EUSIE NS AR BB}
L S0l 528 MM BHE XEse 20| Bk

| @ v - J®E, @A EWEE RE ATUIAE 0122 32
"0 o WEEE AN Het Actel Bz FECL

§E-dl=0=3v,

J

S 20M MHE UXHZE M, BL0| EOH XK= NS 222 6tRALH
- &, &8 & dol(Voltage drop)Jt 20ICH MetA, O8S 8122 3L, O3 20| €Ch

v, +v,+(-v,)=0
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8129| a4 Ol(KCL, KVL)

Transistor : Bi,, 8]RSE.

V,, Transistor 2 & 225},

node a: (=i, )+i+i =0

node b: (—i)+i,+iy; =0

node c: (=fi,z)+(—iz)+i, =0
i, = pi,

closed path (bedb): ¥, + R,i, +(—Ryi,) =0
closed path (badb) : (—Ri,)) + V., +(—=R,i,) =0

E#XIAEE dependent
sourceZ X| &gt 3|2

node(0il A = KCL,

closed path0il A= KVLE & &&tLl.

2r

Circuit Theory | Lecture 3-11

A
e
>
(]
ol
Hu

v

vV=v,+Vv,+V
N R ) R, i 1 2 3
—MM_MM_MM___5  =Ri+Ri+Rii
i 4l V) Vs . .

=(R +R,+R))i
- d -
R, _

cl; M/(/\ o V_Reql

R, =R +R,+R,
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Holiday Lights — Series Circuits (I)

e Bulb¥%:2.5Vat0.2A

° 50010t HE=Z HA,

e 50x2.5V=125V.

o APMHAB0x2.5x0.2=25W

o HF(8 (b) flasher unit)J HHRO|=(HRLH HACH 5tE) |8 J8S 210 £HoHE A,

o XHZ A M FotLhe] M2 filament Ot BHBES M ML =2 HPE DE HPE AEE £+
SiCh e, J3el &7 (a) & (b) E A20H2 Ul IRE S2) & £ QUL O Jel=?

Bulb
filament

Motion
when
heated

Current path
Bi-metal
Fuselink ructure
(few wraps
of thin coated
conductive
wire)
Bulb Bulb
base base
Standard bulb Flasher Unit

ib)
Holiday lights: (a) 50 unit set; (b) bulb construction
Boylestad & 151% & 5.62
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Holiday Lights — Series Circuits (II)

Flusher

L»E;-/// b

Bulbs in seris  Commector  Plug

iy

(a) Single-set wiring diagram; (b) special wiring arrangement;
(c) redrawn schematic; (d) special plug and flasher unit
Boylestad & 152% 12! 5.63
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0F
1y
>
0ot
ol
HU

i
o > v . % v
1, =— l, =— L, =—
+ i i i 4 s b I 2
1 2 3 Rl R2 R3
v R, R, R, l=ll-|-12-|-l3
- 1 1 1
=(—+—+—)v
° Rl RZ R3
i v=R,i
+ %
I=—
v R, eq
1 1 1 1
- fo——=—+—+—=R/R,/R =G,
Req Rl R2 R3
Circuit Theory | Lecture 3-15

Dimmer Control in Automobile — Parallel Circuits

£8 A9XE F2H HALL
0] A9X/= 50 Qrheostat2t dashboard2| 0ig{ =Y = HAEHCLL.
Rheostato| AIXIE a fld F= SHOIH H&0l HXIHA EFIH Z0LK D ZHO| OSFRARICH
Panel light = 2 (12 V) bulbE AIE6HA &1, & 42 &2 (6 V) bulb & ALERLE.

- 0|: panele SE& AXN 0 RS, 2L THS LMSICE
12V bulb 9 & =12V/ 300 mA = 40 Q.
6 Vbulb 2| Xig& =6V/ 300 mA =20Q.

e

t i
/" “Panel switch

#

e ———
1 OFF e
12-V battery y / ' S0 1W ’ d
—— =t L 15A T Parking |
Bt i ’ET N p——MV—0 license pl
3w \ s
i ~ & - e
&':h‘ = b Panel Ashtray Radio ;
SThe | OFF — +| Jights light +[ _display =
s 6V 3 6V
-»02  39p , 2
it e oo = 12v 3 .
o—\p 14300 mal u L1300mA  + 4500 ma
Sl . ~vac r 12v
Headlights, etc. 6V [ KAy Y e Glove
= I ks et o = Compartment

e = = light
Dashboard dimmer control in an automobile
Boylestad 2 88% 12! 3.40
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Car System — Parallel Circuits

TSI ®I| AIAEE2 FF AIAH,

e AISS Z [, 500 A 0|42 L4& F It starter motorZ S

ECh
o Battery Z2&J= 700 ~ 1,000 A 3 <O0IC}.
¢ Fuse link: 100 A O] &2] 8FJt S2HE JliY(open)& Ch
e Fuse: 2} AX2| 87 E HMISHEHLE
e 0I= Xt= ground 2 XHE AHESLLE =, SIZ20IA Ot
S0 AN, S0IR= 3ld2 gl AHAIE 0|8

@ 1

&

Car fuses : (a) fuse link; (b) plug-in.
Boylestad 2 196% 12! 6.61

ww

S 699999

e o=
g =

Expanded view of an automobile’s electrical system
Boylestad  195% & 6.60

Circuit Theory | Lecture 3-17

= (2 E) 2=

v, =Ri+Ryi
v,=Ri=—2>—v
P R+R,
R, R,
Vl :7‘}.; > V2 = vs
R +R, R +R,
MetAd, 2 XNEQ HE2 LA EICH

R,

RS 912317 Hol= _ y
> R+R,°

RS O &y, =7

Ry R, R,0| 8 GIZ.

Lecture 3-18
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Voltmeter — Loading Effect

¢ 10 kQ 2| A& voltmeter & HBZ HZ5tH S HE2?
Voltmeter 2= DMM (11 MQ)1 VOM(50 kQ on 2.5 V scale) £ 22} 0| Eotct.

DMM VOM
R, =10kQ [ 11MQ=9.99kQ R, =10kQ | 50 kQy =8.33kO)

e VOM 2 ohm / voltrating 22 S3 XX
OlXS dADIHE=Z ZE M HE2 HZ T = & 2SS LIEHHCY
OIE £0{,20,000Q/V2olVOM CZ =& [ Mo = Hlo Tt &g X
&H0| HHRCH
2.5V scale:2.5V x20,000 Q/V =50kQ

100V scale:100 V x 20,000 Q/V =2 MQ
250V scale:250V x 20,000 Q/V =5MQ
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Voltmeter — Ohm/Volt Rating

o« 80 Met2 S35t
Voltmeter 2= DMM (U £ X8 11 MQ)1 VOM (20,000 @ / V) 2 22} 0l
85l0 £3otct.
() LAl X 2H B S?
(b) LI M&0] 11 MQ 2l DMM 22 =F5IH A¢2?
(c) VOM (20,000 Q / V) ©Z X510 Mete?
Scale= 20 V2 100 VE A 22t S&ol 22t

R

_ Ay — MW
I MO + 1 MQ
i : 2oV & E===20V V.,

| R Y

Example 6.26 Applying a DMM to the circuit of Fig 6.55
Boylestad # 192% 12 6.55 Boylestad & 192% 12 6.56

Circuit Theory | Lecture 3-20




=F(AR) 82

A i v=0R, =R,
T Vo imimii, =Y
ll 12 s = = 1 2 = —_— —_—
i Rl RZ
CD Big g 1 1
= —+—1v
a - Rl R2
matM, i = HHS| 2 R 2T R,E LHFO0IH SECE
1 1
- v 1 i R, ; R,
2 T 5 T 5 - 1 1 s ll = lv
R2 R2 i_ﬁ.i —_—t i'i'i
R R, R, 2 R R,
Circuit Theory |
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Circuit Elements - Independent Sources

- Voltage and current sources
Source : non-electric energyE electric
energyE &
independent : 3|Z LS MJ 2t M0 2tH Q10|

— —_—=
EH.

dependent : 3|ZLH2 M2t M0 @it B3},

- Ideal independent voltage source : & Ui v
o MF g0l 280l JAE &gk v E KX

Ve

- Ideal independent current source : 83 Ui

TT e

,
of Mk 2toll A0l XAIE 87 iE =AL j

lSE kas
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Circuit Elements - Dependent Sources

- Ideal dependent voltage and current sources.

320 [HE RO MY F= HE (v, i)0ll QA #5}

Circuit Theory |

1 =

d
E XIAEE dependent sourceZ X| &8t 3|2

Lecture 3-23

Qemmmmmnn
VCVSor,, type
(a)

e

CCVS orr, type C
()

Dependent Sources

o v
SmV1

VCOCSor g, type

(b)

Bi,

'CCS or fliype

(dy

type | parameter unit appellation
VCVS u dimensionless | voltage gain
VCCS & Siemens COE?S«:Stfs;ce
cos |, ohm | eceance

CCcs i) dimensionless | current gain

Figure 2.29 Designations for the various
controlled sources.

- Dependent source : potential of generating power = Active element

Circuit Theory |
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o o
Iy MY HE MR
Equivalent Equivalent
Circuit Circuit Circuit Circuit
Q

! Iy

o—@—o—@—a Not allowed
o =]
0 " Ty () iy =iy

g MR HE MRAE Its o
g MRJAN HE MARE 2Edts
o o Vb Not allowed

Lecture 3-25
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Ideal Independent Sources

—0
- -
(=0 V(1) v(r)
Figure 2.7 ldeal current source with
—0 i(t)= 0 is an open circuit.
HBQo UL Hee R&H
—0 —o0
+
+
ov (_) ov
_ Figure 2.17 A 0-V voltage source is
L o L o equivalent to a short circuit.

Lo e HE2 0.
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i T
——
+

A V()

(a)

Non-ideal Sources

[Nia]

(a)

Circuit Theory |

1,

gl
| ——

Figure 2.36 (a) Nonideal voltage source
as an ideal voltage source with an
internal series resistance. (b) Nonideal
current source as an ideal current source
with a parallel internal resistance.

V. =R

s out

ud

(non-ideal voltage source)

i i = =GV

lout s’ out

(non-ideal current source)

Lecture 3-27

Internal Resistance of Source

o S5 AZED| MOl M2 M0l 40 V OIACH

¢ 500 Q2 H&

fulo
e

M
oh

#Hg Aelor?

9og B

~

Lo

40V

(no load)

(&)

Circuit Theory |

34

R, = 5000 36V

(b)

2ot 20l 36 V 2 EO FLLCH
o 3 Ol&d B0l LA L=01?
o MRS URXNEES L0OtRI0}

* 500 Q 20t 2 2ot M & Hgs dZE I dg2 O &

Example 5.51
Boylestad 2 147% 12! 5.54
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Adjustable Voltage Source (I)

e JZUA A0l ZHE = MARI0| ER0ICH
o AMZF:
e-5V 2 +5V AlO|2] &2H0[0{0F &
e 2SR E RAIE Q2 =L

* 32 JISE & H2 HES A=l OF &tCt.

0l
S

Ct.

o ALE JISEt 23
* Potentiometers : 10 kQ, 20 kQ, and 50 kQ.
e X&: 10 QUM 1 MQAIOIS EE 2% NEE.
e S AR 12V I, -12V 1, A HF= 212 100 mA.

Circuit Theory | Lecture 3-29

Adjustable Voltage Source (II)

« vE -5V +5V AL0|9] & 20|01 0F &HCH Sy
« i= g0|Ch f
sts = Circuit
o N& 13t M8 29 N& &t 2 otn, otH being ’ Load
XN&e AEstC designed B circuit
o 22 325 0|E510{ v & PBLLH o
o A2 MW MRS PEILL

The circuit being designed provides an
adjustable voltage, v to the load circuit.

aR, | (1-dR, =0

Load
circuit

12V =12 ¥ T

(a) (b)
(a) A proposed circuit for producing the variable voltage, v, and (b) the
equivalent circuit after the potentiometer is modeled.
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Methods of Analysis of Resistive Circuits

-0 e YR, DFR0|
-0t 22 32 E oA E M
-S&st 328 CUE M o

SA0 AZ =0 AE%:@‘E%@H’—#Q%‘R.
2o Al80ote 20l US.
I &dl= &Y : Node voltage 2t mesh current E AIS.

—_
b3

—_

>

(=N Fain Y
Y o
q
20 2Q 2Q 20
NN NN M AN
sa(} R fosa 3a(®) q R q jo.
6Q 12Q 6Q 12Q
A M M M
fa) (b)
Circuit Theory | Lecture 4-1

Node Voltage Analysis-KCL(I)

- Node= SH 0149 8|2 AXJF 201= &,

- J|E d9 2 426l= nodeS reference nodeZ 611, ground symbolS ZAl.
- reference node% 2t node a, b, c AHOI2] BRIE v, ,v,,v.E2 EAL

-v, s vy, v, b B0l D DIXIDFE & US.

-v,=v, 0122 0| XI4=} OF!.

R, KCLEZ 0|2 A node b, cOllA ZHAIE Ot
— W o= UCH
Node a
R R .
X\_\'ﬂz‘ o3 nodeb :
v, w=y, T, (Rzg S5l b—aZ s52= -|E)
Node b ode c + 2L xo
- > 4 (R,E Soll b>groundZ 52= & F)
Jol L 2%
T i i + (R:E Sdll b >c2 52= ®#8)=0
vb—va+vb—0 ~Ve _o

+
= R, R, R

Ground symbol

3
Reference node

i
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Node Voltage Analysis-KCL(II)

R
an—
Node a i
R, R;
AAN AAA
v, vy vy M V.
Node b
< > L
v, (_) SR,

=

Reference node

Circuit Theory |

Node c

Ground symbol

node c:

(R;E SHc> bR 2= ER)
+(RsE &6l c—> groundZ S2= A R)

+(R;E Sl c>azZ S2

v, =V,

R

-V, B

c

v.—-0 v
+ +
R

2

3 5

LD ()2 25D, v- r,= WA
HEUFAS o) Sk

I —

Lecture 4-3
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Cramer’s Rule

- HE AFHAE = 2
Ay Ay d;3ady Xy b,
Ay Ay daydy Xy | b, A dp dydy
A3 03 03505 X3 b, D = Ay Ay Ay dy
a,a,a,a X b -
@ pdyydy 4 4 Ay Ay aydsy,
x_& & x_& x_& A4 Ay 0430y
1 > 2 ) 3 ’ 4
D D D D
bia,a;ay,
Ay A3 4y Ap a0y
bray, ayay
D, = b =blayayay|-bylayaay
303 03305
b Ay A 4304 A gy A 4304
40 4 030y
Ap Q30 Ap Q304
tbylapasay|-bylayayay,
Ay dyydy A3 Ay adsy
Circuit Theory | Lecture 4-5
oL ol &
@:ll'tl0| All; 9—|§
- MRS UdFE MUS RAGIHN MF= AR 20| E2ICH
Node 20lH 122 S2= &7 =i,
R, v,= v, +10 (1)
M 18 ®
10V KCL
¢+ -@ v — W v
14 .
V1 S n V3 nodel: — "‘(_lx)"‘g:o 3)
i } 2 R1
X
< 15V 1)
éRz R 270 T
4 node2: I, R =V @
4 3
OIXI== vy vy i,
Al 3
Lecture 4-6
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Dependent Voltage Sourcelt U= 3 &2

)
@

V. =v3-v;

v, =v,+0.5v,
node 20l A 12 Dependent voltage sourcelil S2= JJ : i
R KCL 0
i v, — v, —V
node1: - +(=i)+1—32=0 3
R X
2 1
. . I
node2:i +(—i )+ =0 @)
3
vi=v, v;=v, v,—0
node 3 : + =0 (5
R R R ®
oO|X|4=: Vs by Y1y Vy, Vs
A 574
Circuit Theory | Lecture 4-7
Supernode

= =

* Supernode: =& £= 55
Supernode
i PS
K, % k. G

v
« OIXI<=JF & JHOI 21 A0

Circuit Theory |

-0
R,

-V,
.

a
| &

+

v, —0

2

v

s

+(=i;)=0

4IR0| HZEH U= & M2 nodeZ F4.
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Mesh Current Analysis
- Planar and Nonplanar Circuits

¢ Mesh current analysis is applicable only to planar networks.

Crossover

* Nonplanar circuit with

. L ]
a crossover. Planar circuit with four meshes.

Circuit Theory | Lecture 4-9

(c) This path is a loop

Path, Loop and Mesh ;..o

loops.

(a) The set of
branches
identified by the
heavy lines is
neither a path
nor a loop.

(b) The set of
branches here is
not a path, since
it can be
traversed only
by passing
through the
central node
twice.

(b)

(d) (e) )
(d) This path is also a loop but not amesh. (e, f) Each of these paths is both a loop and a mesh.
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Mesh Current Analysis-KVL

- Mesh : JI1& J|&20| ©l= EEE

- MeshOICt mesh currentE Xl &.
-KCL2 RSH= ¢HE,
-2 AR BEE HRE

-0l 1 R, MBI B

esh current? & = = 3.

U
rir
>
o3

(iR2)=i1_i3

mesh 1: R,(i,- i;) +Ry(i;- i) +(-v,)=0
mesh 2: R,(i,-i,)+v,+R,i,=0

mesh 3: R i;+ (-v,) + Ry(i;- i;)=0

[e]

- 2K LHOIIA & 20| Z6tel= a0l &

-

<
+ >
V4 (—) @ R, @ ?R4

Circuit Theory | Lecture 4-11

=

fol

Node AHOIOl 8 F/ &0l U=

R, - BN Lol BAS v 2 5K

mesh 1:R,i,+R,(i,-i;) +v,=0

mesh 2: V,+(-v) + Ry (4,-i5)=0

mesh 3 : R, i; + R, (i5- iy) + R, (i5- ;) =0
e NRINA LS BFIL ELO0FSIEZ

I=i,-i

A ws s
QIN ==ty by, 05, v,

Al 1400

Lecture 4-12
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Dependent Current Sourcell A= 32

R, R,

+ +
Vi (t) v, <I s v, :’ R,
oh (o}

\AJ

v =Ryi,
Bv.=i,-1;
mesh1:R i +v, +(-V)=0

mesh 2: R, i, + Ryi, +(-v,)=0
QLN ¢ gy, By, v, v

Al 2 400

Circuit Theory | Lecture 4-13

Applications — Logic Probe (I)
- NAEIO| & SASH=X 20| 21510 node voltage £ &2 &tC}.
- J 22 logic probe 3|25 20|12 ULt
-O2 59 LOGICIN HHAE 322 node 0l E=56H &2
- High &€l : 1.8 ~ 5V 2tX red LED I} S&.
- LOW &Ej : 0 ~ 1.2V 2IH green LED I S,
- Floating &/Fli : 1.2 ~ 1.8 V 2IH 2S5 & AH.

.

filo
i)l

He(maA)rm -

2A
4 LM324

LED
=" High I Red
= R
'\‘V\fl

(]
-]
o
3
3]
1]
=
oM

-8 Rs=1M

gole 0IR? : §' " [> b W LED.

13
LOGIC IN

Logic probe (a) schematic wuth nodal voltages
Boylestad # 306% & 8.90 (a)
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Appllcatlons - Loglc Probe (II)

-LOGICIN &0/ 1V Qo &=,

R, S68KQ o

O0{E LED Jt S&35H=01? = > e
- LED = diodel 22 S4£ 20| # $sg00 A b —a o LED

0, BRI} 520 WS W e A o i
-LOGICIN &20| 3V 2l &=, = s T i lon ¥‘\\|.'-..

O{® LED J} SX5H=01? nFama ' |>
-LOGICIN 20| 1.6 V 2! A2, .= A -

O™ LED Jt S&5ot=0t? I Lol
-0 (C) = QI‘” §-|§0|_T1_ ,O:IE‘l Il Logic probe (b) network with global connections

Boylestad ® 306% 12 8.90 (b)

S0l It ol AT

Logic probe (c) photograph of )
commercially available unit. Printed

Boylestad 2 306% 112! 8.90 (c) :”““I'

Circuit Theory | Lecture 4-15

Applications — Boosting a Car Battery (I)
- HSRQ HHEIZIDL S REAS F2 T2 X2 HIEIRIZ S8t F9It UL
- S HHEEIE HO0IEZ HEdtD 10 ~ 15 2 F & SESHCHL
- XSXtHHE2IY e HE2 A mQEZ02B2 MY I+ VIS AR
=& AJI SO Metd, ItSXt HiE 2l 82 JH0ISS AL OF 8tCh.
Z2olH = WA R SN ASK EIAIARS LIIEEIC

- OIS OE & Wot At E HFEst v -
el HEel + S X0l A stCh, .

- 017 0|20 DHet XS HE B XEO HY Wy
el - &R0l ¢Zotn, T2 B AS
Hels ol tiElel - SRl AZ B Current level if the booster battery is

-2 S XL AAL 220 X S improperly connected.
= Boylestad # 239% & 7.57
Fo|&tLt
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Applications — Boosting a Car Battery (II)

- 8 201 X2 HZ0l = ACHH CrSat 2001 sH Al
-HZ IHO0IZSS + X & MY E v et GHAL
-3 HiECIS M2 12V, HAE HiE 22 MY 11.7 V &} 5t

v-12 voIl7 - m2t, @12 HOIZH 2= B2 10 A 0[Ch
0.02 0.01
v=11.8V
A * Ay
BOOSTINg a car pattery
Boylestad ® 237% 1 7.55
Circuit Theory |
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Applications — Boosting a Car Battery (III)

-SH0| AYME I HNE X2 ASS 2 U MF[=EOEAN S2=X 4HERL
-HZ A0S + A & MYS vek SHA

- AS Z2EJtHHEZI} YEXOZ H2g N SEHES 100 mQ F=O0ICH
-ZY HiE2IY g2 12V, SN HiE2IS M2 11.8V et St AL

v—12 N v=0 N v—11.8 - MEkAl, AIS 2EI0l 32< &5 111.25 A 0ICh

0.02 0.1 0.01 ’ - A Xto] HHE2IolA 43. 75 A, & X+2| HHE
vy=11.125V 2l0lA 67.5 A Ot ®eLI2CH

- 2EE el 82 11V et SHAL

v=12 v=0 v-11 W T
+ + =0,
0.02 0.1 0.01 — . -
v=10.625V )
- MatM, AIS 2E0l 32= &3 106.25 ; g
A0ICH

- 32 X2 BHEICIOIA 68. 75 A, 2 & Xt
o HHEICIOA 37.5 A Dt EciLt2C

Current levels at starting
Boylestad # 238% 12 7.56
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Potentiometer Angle Display (I)
— Potentiometer 2 & 2IE HAISI= A X &=ST|.
- 3|&2A42-180°0lA 180 ° DtXl 3 A.
- +15V, - 15V power supplies, M & R,, R,, potentiometer £ AIS&tCH.
- 82 v= ad2 g0l Hlalstl, 518 01860 v, E v, 2 HIIE
oZ ZSESHCL volt
v, =k-6 where k =0.1

- I UR sz2s 08 20
S5V

degree

Amplif 100 Q —
H.’.

15V

Circuit Theory | Lecture 4-19

Potentiometer Angle Display (II)

—a%t 62 A
a= 4 +l:>6?=(a—%j-3600

360° 2
Vi v, —15 N v, —(=15)

: 0 R =REIE
2MQ R +aR, R,+(1-a)R,
ZAAE P&
aR, (1-aR,
R 100 Q
15y b S 2 Mo
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Source Transformations

+ O o®
+ 0O

O ON
o QO |

(a) (b)

- Nonideal voltage source L} nonideal current source E _1& 1}
#0| SItel2 =2 ZE & stl}.

-RE abt A0l &l 22 S 8Y 2 EF

i

=KXl
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Source Transformations — R;and R,

P
a
li e Rp lis
b b
>— F——
- A2 abS X0 HEHE 22 S MY L MSE SO SIEZ,
2EA Ol 0| 2 short circuit 2F open circuit I HZ2 & HRLXE M26HAL
For open circuit, ab &It AHOIS] &V =V = ist
: | Vs i "R.=R
For short circuit, ab &At AIO|2] & & - — s - T o
s
S5 M3 0 BR20 X source transformation% Ot&OJHRI 2 Jbs6tLE.
CH 0] ZR0= B8t0ll oo B2 AAQ RO B0} Bislsixl orok &tCr. == Gl Al
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Thévenin and Norton Equivalent Circuits for Networks

- Sg&¢e 3= & testAl2! SOt 3lZ3 6l ol A.
-0
Circuits of
resistances
and R
sources o
Thévenin equivalent circuit Norton equivalent circuit

- Mg 3|Z2Bt0| OtLIct 22 A4 32 AXZE 0IFHE 2l 22= SIteot It s.

- OpenAl - Short Al
) ) p—C)
Circuits = Circuits i
SC
—)
Voo = V4 R, =V /g

- Openlit short &Ei2 V.2t RE & == UL
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Thévenin and Norton Equivalents

O
Rt
V; = g () Ry
o) O
v =V, v.=1l_ -R=V
= VIR SeTE
Example (Source Transformation)
O
100¢2 1002
N
15V so@ = (F)1sv 5052 @() 100 1009 509
O O O
O
15 100//50
= CDlOO A S 100x50 100 =
100+50 3 —Xx— V=5V
o 100 3
O

Circuit Theory | Lecture 5-4



Superposition Principle

Linear system?2 &4 :

superposition

y = ax, +bx,

ol(SE)E &t A2

- 220 JAHAM= 8t IOl 0142 indep. sourcelt @ 2+2t0
& Xl source & SH(SE) et 2Lt &, dH0l= HE XX H=CH.

—

Example 100

15V e 50

100
15V 5Q8

10Q
o z‘, .

Circuit Theory |

U™ 2+2+9 jndep. sourcel|

H =23 = deactivate, 88 =0. => open.

1YV, , =15x5/(1045) =5V

CHS 0l &2 deactivate, 8 = 0. => short.
Vi, =5x (50 2= &%)

5Q110 QM s=2= 872 &2 2 A0/, HIE2

10 : 52 LA S &L

5Q0 52 2 =2 x 10/ (10+5) = 4/3 A

IH2HA,V,, =5x4/3=20/3

20 2

ez, VvV, =V, +V,, —5+?—113V == Ol Xl

Lecture 5-5



Thévenin Equivalent CircuitE $06l= &8

+
General | I7est 520 =2 MeT =4 MR0|2
linear VTest 0l Y= BR E= SEEKADH QA=
circuit AL, S MRAQY=AR S B2 E
O A20 AIEE = U= 2t
VTest _Vt |
R — "Test

e VTest = Rt ITest +Vt
Thévenin equivalent circuit

== Ol Al

T —
Circuit Theory | Lecture 5-6



Thévenin Equivalent CircuitE $06l= &8
o
T

=2 MU Q= A

MT S

SEHAEEUES HD Y= =2

-V, : Open circuit2 #&

-R: S8 823 - short, S8 8F%& - openlz =1, & A AHO|Z
St N&E Hetlt. =, 83 = deactivate Al2!L}.

Circuit Theory |

50
— 5//20
200 — 3%

KCL
400
V=20V, | (2)=0
5 20 24V
- 4(V, —20)+V, —40=0 o
= V, =24V —~ O
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Linear circuit :|
only with Test
dependent VTest
sources L o -

Thévenin equivalent circuit
R
t ITest

VTest
O -

Thévenin equivalent circuit

Circuit Theory |

-3 20 &5 MAACH U=

- JHEEAl EH X} 2 H 0] HOI 2
The'venin S8 22 83 &
A0l = Cf.

V.., -V,

est
Rt
VTest — Rt ITest

Rt :VTest/ ITest

— I Test

== 0l Al

T
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Experimental Procedures for
Thévenin Equivalent Circuit (1)

a "
- ""..‘I
/ il Wy,
| " Tl

Determining £, experimentally
Boylestad ® 337% & 9.55

- The'venin SJI3|28 AEHAMOZE & &~ QUL
Vt (:Eth) =Voc = Vg
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Experimental Procedures for
Thévenin Equivalent Circuit (11)

0
E gy, g
| F
\_ e
L= & ! ¥
y
Determining R, experimentally
Boylestad ® 337% _1& 9.56
_JbH MBS A0 JHE AlS SHRF A Qo) |
15 0] E S 2 I H&t2 ZF B g
- 0B #, 01 MEO S SHE i
- Db M EHO| 2t0| Sot3l 22| X & 2H0ICH. =
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Experimental Procedures for
Thévenin Equivalent Circuit (111)

Hj'ir ] ,'?-"‘-._

Measuring /.,
Boylestad ® 338% 11& 9.57

- AL M E SFHOLL, 22 20| A NFRE
- Ot 2HAHI0IA Sotel=& g8z g = UL

Isc =V t(: ETh)/ Rt
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Maximum Power Transfer

-S280= 2l 88 M0 SRAl &= AIAE, 02 % . radio receiver2 20| £
Al OHHILIZ 2 H =4 ASE ZIEICE L0 0F o= AIAE! SO0HAM AFR.

Two-terminal
circuit of
sources and
resistances

R OIAS power p =R i/ =R,

R OIA S powerE %2 ot= R,

=0=|R, =R,
d R+R)

1V
] e power | P = Z

Circuit Theory | Lecture 5-12



Maximum Power Transfer (Example)

Example. & S22 8% = 20 €22

REILEN

L& 0| 3 Z2& Thévenin EJIsl22 HE

V, =50-5/(20+5) =10V R, =20//5=4Q

RS40Y [ ZH MO M

2 2
pmax — Vt — 4(£j = 625W
R+RL 4+4

== Ol Al
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Power in Equivalent Circuits

The The’venin equivalent cannot be used to calculate power consumption
within the network N.

Compute the power loss within the
actual N and within it’s The’venin

equivalent.
Within N,
P, =2x2°+1x2=10W
Thévenin
ss Smae , Within N,
N Mo th
5 o) v

s Py =1x1=1W

_________________

= Clearly, P # PNth
- The The’venin equivalent is not in general representative of power
relationships within the network.

- The The’venin equivalent simply maintains terminal i-v relationships.
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Applications — Speaker System (1)

Audio amplifier

O 0 a -—ﬂ R,

(b

- Audio amp = &%
- Speaker & L& %

- ()= EE8

Circuit Theory |

ol
(=]

Component of a speaker system:
(a) amplifier; (b) speaker; (c) commercially
Boylestad & 358% _1& 9.111

IIEAMEH)S 2D YD,
IS A(HENS 2D UL
ATAHOIL, 18 (c) = 8 Q woofer € 20|11 UL
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Applications — Speaker System (11)

R,
Wy -8Q ALY 20} B 62/8=4.5W 0ICh
+
12V 6V R 8- _ Sp_ec'-;\ker f:onne_cti-ons:_
speaker (a) single unit; (b) in series; (¢) in parallel
- - Boylestad & 358% 1& 9.112
— Amplifier - R, R peaker 1
_ (a) _ _ 8 ()
-8QAIHE F IHE B0 €= = U= &2 I =500 mA
=TIl 2 822 Hupeaker2
SRR HAE ZRIL (b) OlM, ALIH 22 & = Amplifier Series speakers
2 X0 82 4%2/8=2 W 0|11, &0| 4 WOICL. (b)
- HYE 2 A A2} (c) 010, ALIH 2249 & R, Rycserr  Rpeuer:
A2 X =82 42/8=2 W 0|11, &0| 4 WOILL. 80 - \ \
+ +
12V 4V ?Eﬂ 8 €
-Qojol 22 NE2 A= A0HSF HE AE &£ = = =
== o 24 F x S HE &2 sHCHH - O
OEE_ AZol A =0 Ol = Ct O J,— Amplifier Parallel speakers
o Y& 2= ALHE ALZOHOF B2 ©)
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Delta-to-Wye Equivalent Circuits (1)

R. a
a b
i Ry R,
¢ R (R, +R,)
= R :R // R +R = b a c
Delta : ac2t2| N& w = R (R, +R;) R, +R, +R ¢
R, (R, +R,)
otol at R, =R, //(R,+R)=—24>2_°
bCJ——I I-lo bc a ( b c) Ra—l-Rb_l_RC
ab2t2l &8 R, =R //(R,+R)= R.(R,+Ry)
R, +R, + R,
I:zac + Rbc + Rab = Z(RaRb + RbRC + RCR&)
R, +R, +R,

R.=R+R;, R.=R,+R;;, R, =R +R,

al

Wye : 1
R1+R2+R3 :E(Rac +Rbc +Rab) -

&&+&&+&&_S
R, +R,+R.
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Delta-to-Wye Equivalent Circuits (11)

- Delta to Wye

Rl :S_(R2+R3):S_Rbc — RaRb+RbRc+RcRa _ Ra(Rb+Rc) — RbRC
R,+R, + R, R,+R,+R., R, +R,+R,
R.R
R =S-(R,+R)=S-R__= a ¢
2 (R;+Ry) ““RR IR
R.R
R.=S—-(R+R,)=S-R_, = a_'b
3 ( 1 2) ab Ra+Rb+RC
- Wye to Delta
RR =l _pp _RR -T, R =1, R=1, R=1
R, +R, + R, R, R, R,
_ T°I(RR,R) T? (RR,)?

SR eV R,+1/R,+1/R,) RR,+R,R,+R;R, ] RR, +R,R; +RR,
SR, = i(Rle +R,R; +RR), R, = i(Rle +R,R; + RyRy),
R, R,
R = Ri(RlR2 +R,R, +R,R)

3
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Strain Gauge Bridge

= J|HE QI B (strain)

o
A
(i
fell
rr
&
[ton
S

O

R-AR R+ AR
. @® Voltmeter @
100 kQ§ vi oY T
R+AR R-AR
—e
Strain gauge bridge Amplifier
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Silicon Pressure Sensors - Structural Examples (1)

Di/aphragm
- All resistor axes are along one of the <110=> @ross.
di I _/ \_ Section
irections.
- The longitudinal stress on R, and Rj;is the
transverse stress at A, and R,, and vice versa. o
- If resistor R, experiences a longitudinal stress o, =
it must simultaneously experience a transverse Top
. . . Ry = R3 View
stress v o, (v is the Poisson ratio).
- The total change in resistance for /; would be -
Ry
AR
-y o, +moy=(r,+vry)oy
1
v =0.064 inthe [110] direction of (100) plane.
Oy
p-type |
AR | o}
7,=71.8x10"" 7, =-66.3x10 % - 2°L = 67.556 x10 ‘o, Lt

1

AR,

= (—-66.3+0.064 x71.8 = -61.704 x10 ~* _ _
2 ( " i )7 i i From Microsystem Design
o ——

Circuit Theory | Lecture 5-20



Silicon Pressure Sensors - Structural Examples
(1)

- Wheatstone-bridge circuit

Ri=R;=QQ+a,)R,, R, =R, =(01-2,)R,

V.'i‘
- a; and a, represent the product of the effective
piezoresistive coefficient and the stress.
VO:LVS_LVS = RlR3_R2R4 S ° R1:R3’R2:R4
R, + R, R, +R, (R, + R,)(R; +R,)
:Rl_sz _(A+a)-QA-0a,) a +a,
R,+R, ° (A+a)+0-a,) 2+a,-a,
Therefore, V, o +a,

- Since a; and a, are typically small (on the order of 0.02 or less), and differ

from each other by only 10 %6, this bridge gives an optimally large output

without a large nonlinearity. From Microsystem Design
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Strain Gauge Bridge — Situation, Assumptions
and Goals

- R =120 Q when the strain is zero.

--2Q=<AR =2Q

-20=sAR =2Q=28He MHv,e—-10V M 10V 2 HalOF StLt.
- MetAl, ChS ot 20| & Aol OF 8tCt.

V
vV, =5—-AR
Q
R-AR R+ AR
N 50 Q @ Voltmeter @
1oom§vi I
- bvi
R+AR R-AR

O
L

Strain gauge bridge Amplifier
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Strain Gauge Bridge — Plan

- Bridge 3292 The'venin SJt3 28 +&tL}.
- WAL M2 SOF HetE L 8tll.
- HEAl H 2 AR
v, =50 mV —
R
-SIIHHME :R>> AR 0|IHR,=R.
O ®
R + AR R - AR
AR R? - AR®
v= S 50mv “—Re= "
R - AR R + AR
o o
L

Circuit Theory |
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Strain Gauge Bridge — Solution

-Bridge 222 8 M2 v, = 2& 3|20l 26t *8tlt.

v =50 my AR, 100K 55y AR 09988 = 0.4162 - AR mV
R~ 100 kQ + R, R
-HU e Hey V, = bv, =b-0.4162 -AR mV
b-0.4162 /1000 =5 - v, = 5V . AR
b =12,013 2

-HE4A v, =12,013 x0.4162 /1000 - AR = 4.9998 ‘AR V

lI:O
% 50 Q
+

100 kQ§ V; @ Voltmeter @

_ + v, -
(i) Vi bv; 0
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Operational Amplifier

° N4
741
Offset null @ Top view @ No connection
Inverting input (2 . T @ V. (Li31ug|%
Noninverting o :
input o) L
' [uf.]ugl% @ Offset null

(a) A HA741 integrated circuit has

} i . (b) The correspondence between the circled
eight connecting pins

pin numbers of the integrated circuit and

= Q5 CHI the nodes of the operational amplifier.

1. inverting input

2. noninverting input
3. output

4. positive power supply ( v*) degradation
5. negative power supply (v))

e NC : no connection
e Balance(offset null) : compensate for a

T
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Symbol and Circuits

& l Positive

Inverting ; Q@ power supply
input node 1_,, N node is
f e ~— , Output
o + . hode
; > 1  Negative h(ﬁ)
2 Q power supply
1 o Noninverting ~; T node v,
2 input node )

O

= CL
L+iL,+i +i,+1.=0

An op amp, including power supplies v and v-.

Common node : reference
- All voltages rise from the reference node.
- All currents come into the amplifier.
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Ideal Operational Amplifier

Vo ) .
Op ampZt M&o|7]| flsi M=
Positive saturation CtEe| =712 ghEslof ettt
VAR
~—Llinear region Vo < Vsat
I : | <y
—V+/A \[r/A (Vo —vyp) y
v (T
VT (;t( ) <SR (SR, slew rate)
+
Negative saturation

—For A 741,
v, =14V, I =2mA, SR =500,000V /s

S
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Ideal Operational Amplifier

Inverting P
input node s ;
& ‘ _ - — Output
+ Noninverting "
. Oo—+ +
input node [ —
1’2 =l
V1

K3 =V

Table. Operating Condition for an Ideal -

Operational Amplifier The ideal operational amplifier
Variable |deal Condition — |deal operational amplifier
Inverting node input current i;=0 @ R o Op amp input current= SO0[Lt.
Noninverting node input current ;=0 =0, 1,=0
Voltage difference between Input node voltages 2C}.

inverting node voltage v, and

) ? V2-V1:0 @ A->w V2:V1
noninverting node voltage V,

* \irtual short condition.
T
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Ideal Operational Amplifier

s N s ™
Rest of circuit Rest of circuit
L eV ’\N\, E— A
i Ry i
Rin § . .
: A(v, — v_) _ AV, — v_)
'_!_ I+ A W
[ eV + > oV +
(a) (b)

Figure 4.4 (a) Op amp model. (b) Idealized model.
-Ideal OP Amp

(1) Infinite gain, (2) infinite input resistance, (3) zero output resistance

R —>o, R -0 A—>w

0]

— AHl AKX HES(e.g. saturation)=S H &38| DAIGHA R6tLE HA S =35,
S
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Op amp 3|22 2tk g}

Positive
power supply
node

Inverting
input node il

+\ ;2_"
v t\!oninverting ,;_1
input node

I
-— Qutput
+ hode
Negative v,
power supply
node

Yp

An op amp, including power supplies v*and v-.

Inverting =0
.] -_—

1pu53node — is
- -— _ Dutput
: . .
Nonmlvertmg + + node
input node | _—h()
I2=
t
Us = ) Vo
“ — I

The ideal operational amplifier

Circuit Theory |

KCL

L+ +i,+i,+1.=0

07[Mi,,i,2 i? &2z
L=, ~0

kM, iy =-(i, +1.)

—

Input current= & O|X|Zt output current=

i, +i +i,=02 &dESHK g=ct
ListH o] S E= ZtEFStst 35 20| 7|
i =0|C}.
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Nodal Analysis of Op Amp Circuits

Inverting
_~inputnode 30 kQ
—— A ——= AM
10 kQ o
"'_io ; Output
b ~ «— |~ node
2 = A )
w(@®  —W—o — :
10kQ \Noninverting ig =0
1%
vy (i) 30 kQ input node POk § ’
®
vi—V, Vv;-0
- e Node2 -1 P L
Op amp : virtual short condition

Input SFALOIA KCL & 8.
Node 1
Vi =V, 4 Vi =V, 4
10kQ2 30k

@

Circuit Theory |

+ +0=0 (2)
10kQ2  30kQ

Y

—v,-v,—=0 (1
g VaT 3 (1)
%w—%:O

(2')

kA, V= -3(vy-b,)
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Bridge Amplifier Circuits (1)

Virtual short condition

v,=v,=v,=0, 1,=0

v, V.+v.= Node Voltage & 2]

Node b2| KCL
0—(v.+V 0-v
( C + S) + C :O (1)
i R, R,
(a) A bridge amplifier, Node a2| KCL

including the bridge circuit
Va _(Vc +Vs) n V, =V n Va =V, 4 Va -0 (2)

Rl RZ R5 R6

Supernode ¢, d2| KCL

cVa Ve —0+vC tVs—Va VetV -0 0 (3)
R, R, R, R;
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Bridge Amplifier Circuits (11)

ao
R1R, R3R,

gRt: Ri+R> R+ Ry Ve, Vy V7 F 01 R[5,

+ Voc:( R; 3 Ry )Vs 1 1

oy Ry + R, Ry + Ry '( 4 ): VS (1|)
b Ry R, R3

(c) Its Thévenin (1 + 1 1 ) (_ _) - (2)
equivalent circuit R R RS R6 R R ¢ RS Rl

%Rt e —(— —)v +( L + L + L + L WV, :—(i+i)vS (3)

' R R R Ry Ry R, R Ry
Ow BT ~
jir -0 v, V. &HSHH v B e UCE

+ bd L
=0 X Vo (d) The bridge amplifier, including the
- Thévenin equivalent of the bridge
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Inverting Amplifier

(a) Inverting amplifier

‘Vo‘ <V, oloior 22

Ly, |<V, = |V, | <

f/R

Rf7P 81-= open loop?! &%
— -AV10| = ilz 00|B=2

v, & Vin7|' =},

Circuit Theory |

v,=00|v,=v, 0|22 v,=0,i,=0

KCLOIA] i, +ige = 0.

O-v, O-v
in 0

=0
Rl Rf
R, R, _
vV, =——V,, (—:scaling factor)
Rl Rl

w2}, vy = -Av,, 0] 2
\v \<v /A olofof a2z

o < Ztotof Op ampZ} M & S &ttt

Lecture 6-10



Noninverting Amplifier

Vin O— Rt _ _
" >—ovout(1+R—1)vm i, ~00[22 R oflA2] MAzst=0.

ng 2, v, ~ v, O| v, ~ v,0| 22
V1: Vin
KeLoflAl  Vin = 0 4 Vin ~ Vo =0
R,
(b) Noninv:artin amplifier V_O = ( : T : )Vln
= Rf IQl Rf

Rf
V, =(—+1v,,
Rl
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Summing Amplifier

v1 O—AM\N—
R4
v2 — N W—— W\,
R, Rf
: V,=Vv,=00]|21 KCLEHE
vy O—ANWN——-
R, .\ Vout
] V.-V V. -V, V. -V, V_ —V
_Rf R R n o_|_n 1_|_n 2_|_n 3:()
vOUt__(R_1 V'|+R—2V2+...+R—”V”) Rf Rl R2 R3
R R R
(d) Summing amplifier V :(__f)v _|_(__f)v _|_(__f)v
0 R 1 R 2 R 3
1 2 3
2t v = scale® n7lie| &1 Merel ghol2 5= AXEHo| Ut
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Noninverting Summing Amplifier

R,/K;

Vp = Vn OI_T’_ KCL% &! % e 0 Vour = Ka(Kqvq + Kpvp + K3v3)
2 o—AM—
v, -0 vV, —V
n 4N 0 0= v3 o—AAM—
Ry (K4 -1) Ry Ry/(1 - (Kq + Ky + K3))
K,V Vv Y
4%n — 0 :>Vn — 0 = =
(K4 o 1) Rb (K4 o 1) Rb I‘<4 (e) Noninverting summing amplifier

vV, =V, +vn—v2 +vn—v3 v, —0

_|_
R,/K, R, /K, R, /K, R /1-(K +K,+Kj,))

KV, s K,v, s KgV, s 1-(K;+ K, + Ky))v, _ Ky + KoV, + Ky,
R, R, R R R

a a a

=0 =

v, = Ky, + K,v, + Kyv,

CCh2bA vV, = K4(K1V1 + K2V2 + K3V3)
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Voltage Follower and Loading Effect

= Voltage follower V=V, = Vout
Vout = Vin  (buffer amplifier)

Vin O +

Circuit #12| == 2 Circuit #2

i,=0 b _ _
: = S 5l &2t B5tD Lk 0
Circuit ' Circuit ’ Circuit Z |oading effectet ) L.
1 Va 1 Vb 2
= = El(b)et &2 A2 HHAHA =
(a) Circuit#1 before RPN :
(b) After Circuit#2 is connected [:|'. Op ampPJ Voltage follower
£ 0|0l 54828 = AUz &
ANg = UL
Circuit Circuit
1 2
o o (c) Preventing loading
_T_ using a voltage follower
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Voltage Follower (Buffer or Isolation Amplifier)

iy =0

20kQ 1 a0 60 3
A\—o o O8 (a)e 29 V, = Vi =—
+ (a) A voltage = o a In In
in(2) 60k v, gg’fg ' be.f(ire a 20+60 4
= ) - o resistor Is j_%l (b)9_| %l —C|>—
T 30kQ 2| Xet2 AZF o2
- 60//30 1
20kQ 1 b V, = =_v,
—AN—O o 20+60//30 2
Vin C 60 kQ v 30 kQ 8 (c)2F Z0]voltage followerE 4&¢l.
= Node a2| KCL
—l— V, =V, v -0 1 1 V.,
i(Sb;gd\g(letage divider after a 30-kQ resistor ZOkQ 60kQ O = (ZOkQ + GOkQ)Va = Z()—kQ
v, =3/4v,
30kQ V., =V,022v . =3/4v._
(c) A voltage i
follower is added =3 V /BOkQ V, /40kQ

to prevent loading

Circuit Theory | Lecture 6-15



Vsl |

Difference Amplifier

i,=00|2&2
G,(v, -V, )+G,v, =0

v
Rkef G, =G;
7ho} G, = kG

Circuit Theory |

i =00|E&2
Gy(v, =V )+ G (v, -V, )=0
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Saturation & the Active Mode

A Vout A Vout

Vsat \\

Segment 11 Positive

v \\ saturation
sat

- Slope = A
A
— - e -
) . v o Active o
(Active region) _sat Va=Vy ™ V region Va=Vy— V
Segment I A ©
© \ Negative
Segment 11 saturation
T Vsat o Vsat
(a) (b)

Figure 4.17 Piecewise linear (three-segment) curve for op amp, specifying the active and the
positive and negative saturation regions of operation. (a) Finite gain A. (b) (Ideal) infinite gain A.

V=V, —Vv_#0
(1) Finite gain : typically 10 to 106.

(2) Saturation : Output voltage cannot exceed the saturation voltage
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Typical Op-Amp

QOPA101
Parameter Units wA741 LF351 TLO51C AM QOP-07E
Saturation voltage, v, V 13 13:5 3.2 13 13
Saturation current, i, mA 2 15 § 30 6
Slew rate, SR Vs 0.5 13 2o 6.5 0.17
Bias current, i, nA &0 0.05 .03 0.012 1.2
Offset current, i, nA 20 0.025 0.025 0.003 0.5
Input offset voltage, v, my | 5 0.59 0.1 0.03
[nput resistance, K; ML) 2 10° 10° 10° 50
Output resistance, R, () 75 1000 250 500 60)
Differential gain, A VimV 200 100 105 178 5000
Common mode rejection  V/my 31.6 100 4.4 178 1413
ratio, CMRR
(iain bandwidth MIHz I 4 3.1 20 0.6

product, B

Circuit Theory |
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Equivalent Circuit of a 741 Op Amp

INVERTING INPUT

R A T "*

Qs Q12 Q13
[ ' A ‘ h : g Q14
[ ] Q15

NON- R6

INVERTING --ﬁl1 02)— :l: : 27 0
INPUT 1 0
o OUTPUT
o] <

‘A | Ny Q19 >'B7

22 0
R10
s Q21
30 pF 50 ki)
Q20
™~
]//
Q16 2
r\ﬂz
q Q17
OFFSET Q10 a1 023‘.'1
NULL
R9 RS >R11
R4 50 ki) 100 » Q24 50 ki)
5 kil
& @ V-
OFFSET
NULL

FIGURE 1-2 Equivalent circuit of a 741 op amp. (Courtesy of Fairchild Semicon-
ductor, a Division of Fairchild Camera and Instrument Corporation.)
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Simplified Internal Circuitry of a Basic Op Amp

1st stage diff-amp 2nd stage diff-amp Emitter-follower

(a) Circuit

0O 5-< Q—

<) VDlIt

(b) Block diagram

Ficure 1-10
Simplified internal circuitry of a basic op-amp.
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Practical Op-Amp

Ideal op amp.

1,=0, 1,=0, v;-v,=0
Practical op amp.
- nonzero bias currents (i,,, iy,)
- nonzero input offset voltage (v,) e

v1 O
b1 é
- finite i i . =~ tona
Inite input resistance (R;) vo o—(- %) operationa
.bzé

l

i1
—
Ip Vos

] amplifier
- nonzero output resistance (R,) ;
- finite voltage gain (A)
Iy =g, 1y = gy, V3mVp = Vg
.. ; (b) The offsets model of an
los = Tp1 = T2 operational amplifier

For A 741,
ipg| <500nA, |iy,| < 500nA
ipy_ip2| < 200nA

Vos| <5MV

T ——
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Practical Op-Amp

Ideal op amp. i R, iy
il — O, i2 — O, Vl'Vz — O v1 O vO
Practical op amp.
. . . R; oA fpss =
- honzero bias currents (i, 1) | g | 2 =v)
. I
- nonzero input offset voltage (v,,) s Ci»
- finite Input resistance (Ri) (c) The finite gain model of and
- honzero output resistance (R,) operational amplifier
- finite voltage gain (A R,
99 ( ) A4 —o Vo

g R, <:L> Ao + vy = V1)

i
—_—
v1 O
i1
i Vos =
—
- é

(d) The offsets and finite
gain model of an
operational amplifier

T
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Realistic Model - Inverting Amp(1l)

10 k&2 50 k&2 10 k&2 50 kL2

—‘VV\/—E‘VVV— —A\\N l NN
uhzal Ideal
Yas -
T - SO SRR W -
100 ke2 § Ug l . (‘Tb i, 100 k&2 § Ve

(a) An inverting amplifier (b) An equivalent circuit that accounts for the input offset
voltage and bias currents of the operational amplifier

- Op amp= pA 741,
- & Hl Op amp<= bias current source 5 JH 2t

offset voltage source & JiJ} ideal Op ampO|
Cold Ues A2 2 2= (O (b)).
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Realistic Model - Inverting Amp (11)

10 kQ2 50 kO
VM= b - 8 (c)«= ideal Op amp.

~ Ideal
CLD o >—G‘ B O-v, +0—V0 0

100 k&2 g Vo= =5 Vi 10kQ  50kQ

0 n

RS

(c) Analysis using superposition
- _1& (d) : Offset voltage source

10 kg2 50 kg2

Vos 0 Vos Vo _y Vy = 6V,
10kQ2 50k
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Realistic Model - Inverting Amp (111)

10 ki 50 kg2 ) ]
—A\\N—2 - 18 (e) : Bias current source, I,
ldeal . 0-0 O-v .
1 Iy + +—2>=0 = Vv, =50kQ-iy
+ 10kQ2 50k
ip1 C\[) 17 100 k&x vo = 50 kL2 - i,
L
Toks 50 ke2 - & (f) : Bias current source, i,
__deal i,=0, v,=v,=00[2=2
N 10k0ll 52= MF=00|22
@3 ook Z o0 50k0O| B2EHMF0. v,=0

Circuit Theory |

Superposition0fl 2|51 A
V, = —9V;, + 6V, +50kQ- itL
output offset voltage
Output offset voltage for pA 741
=6x5 mV + 50 kQ: 500 nA =55 mV
Z|CH Z|CH
5v..>500 mV 2l & 0l A offset voltageE FA.
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Offset Voltage - Inverting Amp

N REE

(a) Bias current 0l 2|of offset & 0| &4,
(b) Offset current®| 2|6l offset & 20| & A4,
(c) UIJH offset current= bias current 2| V4 &,
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Real Inverting Op-Amp Circuit

v —.0 v—-v. Vv -V
nodea: - +- s 00—
Rs a\ RI RS Rf

2n <+; e o) nodeh: Yo~ Vo Yo~ AQ=V,) _

=0
Alvp—vn) N Rf RO
e 1 1 1 1 2} 5
o — -G —=G.,—=G,, —=0G =
{ | . Ri i Rs S Rf f R 0

(Gi +Gs +Gf)vn _vao :Gsvs
(AG, -G, )v, +(G; +G,)v, =0

D, -G, (AG, -G, )v,
V J—

"D (G +G,+G,)G, +G,)+G, (AG, ~G,)

Ideal op amp2| &<,

Ao, G,—0, G, 0| 22 0| 5 L2l 5tH el of ot 2
&3 ciol 251X 8RS HZSHH v 7t HbH o o] ZLE KCLOM olsh A T 4 3
=1

Circuit Theory |
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Real Noninverting Op-Amp Circuit

nodea:GyVv +——2 +G, (v, —v,)=0
R +R,

" nodeb: Gy (v, —V,)+ G, (v, —A(v, —V,)) +GLv, =0

0{7|M,v_ v v ZF0|X[Z=0|2 Alo| M| 7Ho|E 2 v & T8 4= c}

p' ‘n* Yo 0
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Applications - D/A Converter
Building-Weighted Summing Circuit (1)

[bn—l"""bo] Vo =[bn_12”‘1+..+b121+bO]EO
—| D/A converter|—

Node 1 voltage : E/16
Node 2 voltage : E/8
Node 3 voltage : E/4
Node 4 voltage : E/2
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Applications - D/A Converter
Building-Weighted Summing Circuit (11)

& el [1,0,0,1]=[bs,b,,b,,b,]

Switch O : up

Switch 1 : down

Iﬂ I{J‘ -
| ! Switch 2 : down
3 ) 3 Switch 3 : up
=&, o [ wea

+_
S;up when v; = V¢ L\_ '

S;down when v; =0 ? E 23

Switch voltage Ua L))

I"mll

ROl 917t E2EZ
Voue = 2R X 9 1,
= 2R X 9 E/32R
= 9E/16
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Transducer Interface Circuit (1)

- Pressure sensor 2| 8= PCO| == otH 2 ADC (analog-digital
converter)E 0| &3dl OF &tCt.

-ADC=0—~10V 2 ¢85 ER=Z ol=Ul pressure sensorl 82 — 250 mV ~
250 mV O|C}.

- 0| A= &= AIAHO st f Interface ':*
Pressure circuit ADC
transducer | V1 ¥z
O & O
—-250mV <v, <250 mV
! V,=a-v,+b = v,=20v,+5 V
OV< V, <10V
V10— X 20 + —OV2=20V~|+5V

15Vo— X 1/3
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Transducer Interface Circuit (11)

Inverting amplifier

2.5kQ 50 kQ

1 o—AAN— - Inverting amplifier,

voltage follower, summing
ov,-20v,+5v  amplifierE 0|80l S 2E
2t etlt.

15V 0 Summing amplifier

oltage
follower

Voltage
divider

5 kQ (250.000m, 10.002)

10V |~

=
& SV
==
oV |~
(-250.000m, 4.7506m)
_5V I I I
-400mV  -200mV oV 200mV 400mV

V'I,V
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Electric Energy Storage Devices

Battery

— Capacitor® inductor= &J|1&E QI HIHXIE H&ES= AKX
- HIHAIE= M2 sS&HolH HUHXIE HE.
- OlE9H= X152 &80l HIUXIE d&.
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Capacitance

— Capacitance= &6teF Mo 2HE Holl== H 2.
o——c__ > C. = G
i 1x,-: ) Ty (0l velel dge )
=
— n+1 W2 SHIE A1 JIE SHOI A 2
+ q 1xi ] SHIJNvO MetS 2] UCH C.= UM &
Vj ~ S H = A
N — MOl Z0l v2 JFHE [ AW SR 24D
= S =me = &51D rqom Ol ZHE LIEHND ULk
CHRtAL | B SRI0N ATl = 16+E Z CyVigt =t
HEts MU AXIQ B2 4 ANM g (v, x)D =i},
Mzj=. dg o0gqov 0Oq 8x
| = = + ot §
gt ov ot ox ot O E
H22HSE0| MI|HOR MB0|2+H q=C(x)v Ol A
= C(x) dv vd(;(x) ‘;’t‘ (R 282 &= M7, 3|20|120M= &) .
X
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Displacement Current and Capacitor Current

- Capacitor? 22L& = &= AMOI0f| 2H 2 E(RNA, 582 VIR €= 2 X0|CH
- 2N 8 M F = Capacitordil S2= MK O0ICH 12{H HAHANE SolAd 8FIsS2=

Ol7re 2ef? =
- Amperel| ¢ & = f ot
- =0 2ol XtHOH M21CH= gEold, &3 M 1e2 &otol &gt 8&FE 2l0|oty], H

28t0| HP dFE 2J0|etlt. (Ml 2&2 MaxwellO| =&).
J

- &AL AIEE S 2 BotH 1120 8FIt = e A0l
- 220 vIt Ai dE0[ctH dF= HOILh vt OIE S0 AlZE2= Bole uE

30|t dF= SO0l OFLILH

M=, bi { .
+ VY
Vi T
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Capacitor Current

83 20 S2E= dMB= YEHEOZ S If &9 g2 FHolE L.
: dv. dC(x) dx
I=C(X)—+V ()
dt dx dt
- N 282 8301 BHHM &= AH01S Helot AMtE =z HEt UL =2 40| ot
Jl 20 ZAst= SO0ICH ®IIJIAHUHAM= Ol &0l € &ICH
- 2|2 0|2UIM TtF= Capacitor= 8=0] LEE(H JUALE2 = H 282 &&F HOIL.
dv
c=C dtc C : A=(Farads)
- Capacitor(il S2= &% i.= Capacitor ZH0l| Zcl= &2 20N S22 SEL
1 ERESE FHeth
- Lshi o HE2 v e 250 et B eE 20| OtLich v.ol AlI2H HatE2 250 et bt
2 Ct

1

1., t.
+ ‘ | dv, :Elcdt’ vc(t):E . I.dt +v(t,)

V(t)= =I| (t=t,) Ol Capacitor0il Z&!l &0|Ct.
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Stored Energy

- Capacitor= &0t SEHZ HIUHAIE H&ESH)| & ot &=0tJ| & Sttt
dv
p — | =V- C -
dt .
dW =Cvdv , W :ECVZ
-HUXIel S8
Capacitor 8FJt v, 0l ZtH 10| v.2 AlI2t HelE2 250 Tt &0 HHHE=Z
HIUXIDI AX2 EUII|E ot LIJID| & &t
(o, (o,
1 1.
Vc’-\l ic Ve A le
(o, (o,
p = V. i, : positive p=v.i=v,(-i;) : negative
0l XI € Capacitor0f X & 0l XI € CapacitorE FH &=
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Capacitances In Series and Parallel

Vvtv,ty, HE01BZ2 MFRE 5 28,

+V3_
H PN VP VA

dt dt ° dt
U Syt szoN  i=C. dv, -c, d(V1+V2+V3):Ceq(1 N 1 N 1 )i
LV dt dt C, C, C,
0-3 I( C 1 1 1 1
i C =~ T~ T
eq C, C C, G,
+V iy .Llé i =1, +1, +1,
‘ Cl‘ fl Cs HE0|2B=2 M0 25 &£ 3.
. dv dv dv dv
1=C,—+C,—+C,—=(C,+C, +C,)—
iU 1dt 2 dt 3 dt ( 1 2 3) dt
+
. dv dv
: =}5 | = «=(C,+C,+C;)—
CEQIM, =73 20l A S (C,+C,+C;) it
5 Gy =C+C, + G
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A
@
Q
e,
<
(D
Ty

-0l 2= & &= A018 Ed E
- 8= A0l REHMSE FHEE0 SS=
2SS

Relative permittivity (dielectric constant) of
various dielectrics.
Boylestad ® 381% X 10.1

Dielectric €. (Average Values)

Vacuum 1.0

Air 1.0006
leflon 2.0
Paper, paraffined ? e
Rubber 3.0
lransformer oil 4.0
Mica 5.0
Porcelain 6.0
Bakelite 1.0
Gilass T
Distilled water 80.0
Barium-strontium

titanite (ceramic) T7500.0

ermittivity and Dielectric Strength

- Dielectric strength.

- 7H8Ae HI|HO S0 AL = U=
StH DI U=,

- OH) M A0|2t A& &

-1 mil =1/1000 in = 0.0254 mm

Table 10.2 Dielectric strength of some dielectric materials

Boylestad & 382% X 10.2

Dielectric Strength
(Average Value), in

Dielectric Volts/Mil (€,)
Air 15 (1.0006)
Barium-strontium
titanite (ceramic) 15 {(7300)

Porcelain 200 (6.0}
Transformer oil 400 (4.0)
Bakelite 400 (7.0)
Rubber T00 (3.0)
Paper, paraffined 1300 {2:3)
Teflon 1500 (2.0}
Glass 3000 (7.5)
Mica 5000 (5.0)

Circuit Theory |
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Leakage Current

— Ok &0 CHCHE WDEAL K= & X2l S &= gt JrE st
- dilzs = 1I LH_J =20l FHM e 2 26t L M0 0l &

- &= 240 M0| 22l Xie dXte S8
- 01202 F& HRE 0F)IBHTH (
1
-0l & MBE OFF HOLA B2
S0 A= 2Alet A
- EH = 18 ﬂr 20l 100 MQ 9] X &t (a) Rieakage

=< + I\ -
- Electrolytic type capacitor 2 &2, F i < i 4
CH M2es W Ac %4 24
-SEE MNHAIEHII SN 22 2H (b) Wy
HE0| BOHAS M= A4 dF7R2 S5
2 Qloll == =0t 2™ stlh

Demonstrating the effect of the leakage current
Boylestad & 383% _1& 10.9

S T——
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Fixed Capacitors — Mica

- Mica, ceramic, electrolytic, tantalum and polyester film capacitors.

- Mica : & 832 AEY AN Zotd, U M SS0 &gl T
— Mica capacitors & UIJ} == pF Ol A 200 pF DtKAl A0|12, M2 100V A <O0|CH

Mica capacitors
Basic structure of a stacked mica capacitor (Courtesy of Custom Electronics Inc.)

Boylestad % 383% 1% 10.10 Boylestad & 384% 1% 10.11

Circuit Theory | Lecture 7-9



Fixed Capacitors — Ceramic Capacitors (1)

— OtcHel gt 20| & JbXl SEDF UL,
- 58 MFE 0kF D (Reggage = & 1000 MQ), 2R WF 3|20 ALS S
- CHIH == pF Ol A 2,000 pF JtX| A0]11, M2 5,000 V 8% 0|C}.

Dinped Lead wire
—— * ‘i N
G ! " ‘wli"" "L‘lj 1O
z ) lic coating M.

electrode pickup

Ceramic disc capacitors:
\‘\\ (a) photograph;
(b) construction
Boylestad ® 384% _1& 10.12

('.‘:.m-m' Metal

dielectric electrodes

(Alternately deposited layers of
ceramic dielectric material and

metal electrodes fired into a

single homogeneous block)

Multilayer, radial-lead ceramic capacitor
Boylestad ® 385% 11& 10.13
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Fixed Capacitors — Ceramic Capacitors (11)

— Monolithic (single-structure) chip capacitors as shown in Fig. (a).
- Microstrip (strip-line) circuitry as shown in Fig. (b)

Monolithic
chips

/I\

(b)

Monolithic chip capacitors
(Courtesy of Vitramon, Inc.)
Boylestad # 385% _1& 10.14
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Fixed Capacitors — Electrolytic Capacitors

HlA =& mF ItXI2 SS0l JtE 20| AtE =L
a2 = EAHAMOIXICH OE Edate2= THA.
=

i =
zAF S0 MELH L, B2 Al SE0 AtS=

T

m
g
S

X

o
=4
m

- DC working voltage : Z A2 T & K| 210 Q1S 5

—
A= XF Het

O}
.

CH

I

- Surge voltage : 2 AlZ2H0l QIDtE == /U&E =
M

___%_lé I|_-I'I§I'E O|-$ 33 (Rleakage E Qlli 1 Q), +
oty &2 S
CCHOH 4 pF OLA & pF DHK 01D, S5 =

&= 500 v EE0I0

= Electrolytic capacitors:

e (a) Radial lead with extended endurance rating of 2000 h at 85 C.
a Capacitance range: 0.1-15,000 uF with a voltage range of 6.3 to
ﬁ 250 WV dc (Courtesy of lllinois Capacitor, Inc.)
b H ﬂ i (b) Solid aluminum electrolytic capacitors available on axial, resin-
& l l l dipped, and surface-mount configurations to withstand harsh

environmental conditions (Courtesy of Philips Components, Inc.)
Boylestad ® 386% _1& 10.15
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Fixed Capacitors — Tantalum Capacitors

S JtXl &l : solid 2 wet-slug.
1) =% tantalum powderg AIZd £= 3382 =2 UN E=L.
Y32 lead wireg A =0 20 € =L,

-AE=S2 A3 AHlA D2 AZB(U20A == X) ot A UBd(ZEM)2 = 2H=L0

- U340l & ¥ 21

- &b g o) g

= Ct.

-solid tantalum capacitor £ OtS
J| 215t &tapS2t ot 2 1O
0l Moi=& =S 20 A @—’E% AI2ICH.
- & EH(wet acid)2 223 wet-
slug tantalum capacitor Jt € Ch.

Circuit Theory |

(o]
L &d
_|

(MNO,) 20| T2 4

o

U HHANHO0| SO &L

O L T

FOF

A= gl
=P
o

fe=) at
[— o
23 90

= Solder

A IGE |

Tantalum capacitor (Courtesy of Union Carbide Corp.)
Boylestad & 386% _1& 10.16
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Fixed Capacitors — Polyester-film Capacitors

-F 3590 EHS(0E =Y, Mylar®) 2 22| & UL

- 3AJJF AW HMSE0|L s& A2 20l datag QM StL.

- U, 3J101 #2™ color coding 2 §tCY.

- &2 U(band)Jt b2 & == 20| HE= lead P2 200 UM T UL

- Ol Wl IIH=2 lead JF E2 M0l HZ &0 0F StLt.

- T HFRE OFF B (Regrage E & 1000 MQ), X J2H W7 2| 20| AFSSHLL

- Axial lead variety = 0.1 uF 0IA 18 uF JtAl AIE &1, & 822 630 V Dt O Ct.
- Radial lead variety = 0.01 pF Ol Al 10 pFIHAl AFEE 1D, & M2 1,000 V IHK]
O|Ct. _ e R

(@) R (b)
Polyester-film capacitors: (a) axial lead; (b) radial
lead (Courtesy of lllinois Capacitor, Inc.)
Boylestad # 387% 1& 10.18

Polyester-film capacitor
Boylestad ® 386% 1& 10.17
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Color Coding of Molded Tubular Capacitors (pF)

Color coding of molded tubular capacitors (picofarads)

Boylestad ® 1206% Appendix D

for ratings up to 900V and a two-digit number above
900V. Two zeros follow the voltage figure.

Circuit Theory |

= —————
Significant Decimal Tolerance
Color Figure Multiplier + %
Black ] I 20
Brown 1 10 -—
Red 2 100
Orange 3 1000 30 1st | Capacitance |
Yellow 3 10,000 40 20d | st el i
5 hgure
Green 5 10 5 £
Blue §] 10° — L‘ Multiplier
Violet i -— — N
Gray 8 E o ——| ‘ =
White 9 = 10 e
- Tolerance = |
Note: Voltage rating is identified by a single-digit number Voltage

onif Ist =
s1gmncant

= 3 — |
figure end

(If required)

Boylestad & 1206% Appendix D Fig. D.1

Lecture 7-15



Variable Capacitors

- #2HE0| 27|0IC4.
-8 (e 2 d
- 08 (b)= DI 2= &

Variable air capacitors

[Part (a) courtesy of James Millen Manufacturing Co.; part (b) courtesy of Johnson Manufacturing Co.]
Boylestad & 387% _1& 10.19
o
Circuit Theory |
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Measurement and Testing

- Capacitance meter & =4 = 1ot S& St

- A 23 A=K (S0l, ZO0ILt electrolytic capacitors)2 HE =
MetH 2 SH 6t

- SEAI TN EASH BAALO0| LIHEEH A L0l 2 0HEICH.

- SHNG| LHES A2 F MEHE HNHAIHS 20| HHAN SE St

- =340 A= HHAIHE B2, 2S4S LDHAtH HE St

- EA0| MYEACHH 0 QUM = QE T2 Hats 2 NO0IT.

Digital reading capacitance meter.
(Courtesy of BK PRECISION,
Maxtec International Corp.)
Boylestad & 388% 1& 10.20

Checking the dielectric of an
electrolytic capacitor.
Boylestad & 388% 1& 10.21
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Standard Values and Marking Schemes

- HE U2 N 22 = ASEtL

- 0.1 pyF, 0.15 pF, 0.22 pF, 0.22 pF, 0.47 puF, 0.68 uF

Marking Schemes
-dNESE gt ol 2K 2ot = s& &
&= J|stlt.
-JHIHAIEH S 3010t & SE 4t 2/0(8tlt.
- &2 NS pF R0, 2
-2 Ak &)= E=
EII-I-|%I-I: DI-Ol j|0|°|'l.:|'
- A2 A2 pF ESR=Z JIg0l Z Uy, SE22= o
ELXE HAlStCt.
-M:+20,K:+10,J: x5, F: =1 %.
- 20K : 20 pF £ 10 %0, 200 nJ : 200 nF £ 5 %0.
- o & Ael =k= FIIE, ME M Xtele =Xtes
109 Ml==E 20IstCH(8: 0.01,9: 0.1 = 2 0.
-223F:22x103pF+£19%,339M:33x0.1
pF £ 20 %.

my!
2
=)

Circuit Theory |

(d)

Various marking schemes for small capacitors.

Boylestad & 389% T1& 10.23
e
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Summary of Capacitive Elements (1)

pe: Miniature Axial Electrolytic Type: Silver Mica
pical Values: 0.1 uF 1o 15,000 uF Typical Value: 10 pF 1o 0,001 uF

ical Voltage Range: 5V 10 450V Typical Voltage Range: 50V 1o 500V
citor tolerance: +207% Capacitor telerance: +5%

fications: Polanzed, used in DC Applications: Non-polarized, used in

power supplies, bypass filters, DC oscillators, in circuits that require a
mng. stable component over a range of
temperatures and voltages,

Type: Miniature Radial Electrolyte
Typical Values: 0.1 pF 1o 15,000 uF
pical Voltage Range: 5V w450V

Type: Mylar Paper
or folerance: +20%

Typical Value: 0.001 uF 1o 0.68 uF
Typical Voltage Range: 50V 10 600V
Capacitor tolerance: +22%
Applications: Non-polanzed, used in
all types of circuits, moisture resistant.

Type: Ceramic Disc

Typical Values: 10 pF 10 0.047 uF
Typical Voltage Range: 100V o 6 kV
Capacitor tolerance: +5%, +10%
ations: Non-polarized, NPO

Type: AC/DC Motor Run

: Typical Value: 0.25 uF 1o 1200 uF

type, stable for a wide range of Typical Voltage Range: 240V 10 660 V
hpﬂ‘uluﬂ:ﬁ_ Used in oscillators, noise Capacitor tolerance: T10%

filters, circuit coupling, tank circuits. Applications: Non-polanzed, used in
motor run-start, high-intensity lighting
supplies, AC noise hiltening.

Boylestad # 389% 1& 10.22
———,
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Summary of Capacitive Elements (I1)

Type: Dipped Tantalum (sohid and wet)
Typical Values: 0.047 uF 10 470 uF
Typical Voltage Range: 6.3V 1050V
Capacitor tolerance: +10%, £20%
Applications: Polarized, low leakage
current, used in power supplies, high
frequency noise filters, bypass filter.

Type: Surface Mount Type (SMT)
Typical Values: 10 pF to 10 uF

Typical Voltage Range: 6.3V io 16V
Capacitor tolerance: +10%
Applications: Polarized and non-
polanzed, used in all types of circuits,
reguires a minimum amount of PC
board real estate.

Circuit Theory |

Type: Trimmer Variable

Typical Value: 1.5 pF to 600 pF
Typical Voltage Range: 5V 10 100V
Capacitor tolerance: *10%

Applications: Non-polarized, used in

oscillators, ning circuits, AC filters.

Type: Tuning variable

Typical Value: 10 pF to 600 pF
Typical Voltage Range: 5V 1o 100V
Capacitor tolerance: +10%
Applications: Non-polanzed, used in
oscillators, radio tuning circuit

Boylestad # 389% T1& 10.22
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Inductance

L.. =
A ] : _ L
& i_ i, (ol ielel MFE %)
t o + noHe DOl YU, 2 AN T /I B2
X A Ch L= j 8l 20 88 i)t SE O i
_ T DY CHRIO AD| = KES(4 MD X+£)01 A
le' Ol04, O] Z*HZ LIEHH D QUCH
n
MarA, i 220 4l = Mn tae A=2, Ll orao
NI NS 29 9X|0 8t42 & 2 QA ,1:,1(i,x) Ot SIC}.

detve | _ di oA di 82 OX 3= )
dt  ai 8’[ oX ot
I %xlm MI|HOZ M8 0|2 /1=L(x)i 0101 A
di ALY X ose ac Fe 512 ORIAE ).

dx dt
T ——
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Inductor Voltage (1)

EHE Z0t =12 JIJI=200 Ard 222 €0 =2 +
c

=2=2= =

Ct.

= &Xl

— Inductorg|
X

- 20N F& A2 Inductorlil Zel= (M) MLOICH DI, M&
!

=0
o]
(=} HA
Of 20l M0l HMot= Ol RAIIN?

TTCT T A

=
- Faraday?| 81t & Y& oB

~ RFH Ol AIZHEOl 310} FefS WM A
- SZ0A v} =

v AlZtE o2

|_<
Mo
02
=
Q
(i
[w

‘el
D )
/_\ 2
> R =E
(a) Toriodal inductor (b) Coil with an iron-oxide (c) Inductor with a laminated

slug that can be screwed iron core
in or out to adjust the
inductance

Circuit Theory |

Lecture 7-22



- Ml 2gt2 DL0| SAHUAHA 2 2L A0|2 HelJt Al 2= Bot AL 222 &
&I JlAHI0A= Olel &0l E0&ICEH
Ol DHE ULSZ I 282 &4t

02
=)

Ol Hot)| 20 £Mat= &0ILCH.

- 22 0|20|lM CtH2= Inductore 2 €
di

Vi=L—= L& (H)

dt
- Inductorfil S2= & i= Inductor &0 22l= M2 AUHMNH S22 SECH
1 2SS E FEH.
-Esty o wEei 2 250 met B3R = 20l OtL
+ ct i 2 AlIZ2t Hat=2l 250 T2t 8t L.
: . 1 i 1 ¢t .
v, l I Tdi = rdet , 'L(t):ELOVLdH'(tO)

I(t,)= =21 (t=t,) ol Inductor®il £2= ®FO0ICH

Lecture 7-23
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Stored Energy

~ Inductor= Xt&0| HENZ KU KIS MASH)IE 6t 2EGHIIE Bt
. di .
p=Vvi=L—I
| at 1
dwW = Lidi, W =§Li2
- OlLIXIS B2

Inductor 820] i, 2 FS0 2AHEG0li 2 A2t Bet=2| 230 Mick 2et
Ol HHHE=Z U XD &2At=2 S0 T ot LK st

o o
+ +
o o
p=v_I_ :positive p=v_1=v.(-I) : negative
HIUHXIZ Inductor0fl X & HUHXE InductorEFH Y=

T
Lecture 7-24
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Inductances in Series and Parallel
+ Vv -

v v v
oy

+ 2 4 3 V=V, +V,+V, =zgooz dzs 2528
——Tir—Tm—Tr—e -
i St 20 A di di di
L, L, L, v=L—, V,=L,—, v,=L,—
U Tt dt dt
vl I ey
N Voo — eq dt - 1 2 3 d_
o——T—
............... B s A
g BRI =1+, +1, ===z 30 2=2s
L dr_ d, ) odi
v L, L, L tdt * dt ° dt
o= d|:d|1+d|2+d|3:(v+v+v)
i + d dt dt dt L, L, L,
‘ l v St 3 Z20A
di di v 1 1 1 1
L v=L, = —=— .. =—4+—+
eq - dt dt L, L, L L L
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Practical Equivalent

-alHl el e MEW HIMAIEHE
- _lelLh, 2l SE
- DM MR,

20l A_HAM= HWAIEHE F

O OCA
= TTL o

-HE22 S20 A HHAIE= O|&4E0|2t) TR E I B st sb &= QUC}.
- 2L 219 He Hat=2 112 ollOF ot1l, 5ol S& . \
N Resistance of the Inductance of
OHﬁO'”ooE IEI' : T i
) turns of wire coil
-RE = QUM = QEE 0|12, 2IEHS &It
JHsD 2B, KB 30l AL ¢ A q_ﬁﬁ :
- ZJ|, HAS DOIR AFRSEIIIE 51D, QISE 20 :
DEEN U= A0 Halot= A0[ UL E{
C Stray capacitance
Complete equivalent model for an inductor.
“ :: Boylestad 2 476% 1& 12.7
: L O TR A
Air-core [ron-core  Variable

(permeability-tuned)

Inductor symbols. Boylestad ® 476% 1& 12.8

Circuit Theory |

AL =

ez EC*'%'%EL

AFZEHCH (O 12.8).

Practical equivalent model for an inductor.
Boylestad & 476% _1& 12.8
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Various Types of Inductors

(c) molded inductors
(0.1 pH to 10 pH)

on reels (0.1 pH through
1000 pH on 500-piece reels in

46 values)
.-i.;-
idi (gl (£
(d) high-current filter (e) toroid filter inductors (f) air-core inductors
inductors (24 pH at 60 A to (40 pH to 5 H) (1 to 32 turns) for
500 puH at 15 A) high-frequency

applications
Boylestad ® 477% & 12.10
o
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Typical Areas of Application for Inductive
Elements (1)

Type: RF Chokes

Typical Values: 10 uH to 50 uH
Applications: Used in radio,
television, and communication
circuits. Found in AM. FM. and
LHE circunts

,|'-'|.'p1",' Ulpen Core Conl

Typical Values: 3 mH to 40 mH
Applicaions: Used in low-pass
filter circuits. Found in speaker

CrossOver networks

Type: Torond Con
Typical Values: | mH 1o 30 mH

Applications: Used as a choke in Af - e rm J
o s LS Lo | (B T | ype: NIOne s
!,;rr.ln-'l.ll.-: I. .!I.III.. l». -!"I.l I.III. II-IIII.IIl. _!Illll II. 11 rhﬂh'r” Values: 0.1 _,'."|| o 100 uH

\pplications: Uscd in a wide varety
of corcuit such as oscillators, fulters,
pass-band filters, and others f

|_|||| s found in many electno

apphance

. Boylestad ® 478% & 12.11
Testmg oylesta

- &AM 2tC short 2t MtEst MF, wH, HYE Z3H0l 28t openO] UL
-Open 2 Il Ne&Hz SEHE == %1[}.

- Short 2 & Ale| Bt=& == i} Z2t2| short O|2tEH M&tel HatIt 27| I Z0ILC}.
- JcHe ME gt £ g2 Hln 6HO|C StCH.

- A& DORAC short 02t = 29| M&tS SF S

- Ol gt2 LCR meter & =& stC}.

(1
Fﬁ
[z
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Typical Areas of Application for Inductive
Elements (11)

A Type: Surface Mounted Inductors
A "\\\ I'vpical Values: 001 uH w 100 gH

Applications: Found in many
¢lectromic circuis that redguine
minature components on
multilavered PCB

II':'””'-' Hash Choke Ciul

Typical Values: 3 yH o | mH
Applications: Used in AC supply
lines that deliver igh curments

Type: Delay Line Conl
T'ypical Valwes: 10 pH 1o 50 uH — .
Applications: Used in colog

i 3 - " ¥
lElEvisions o Cormect 1or biming

k
L

differences between the color

- 1 : U i Fil 'I; Lol |||.;- . I_.!-'j.!l'.' "l.l.jill"‘[.ll'lll.' H.I {"-'1[
signal and black and white signal ; S Iypical Values: | pH 1o 100 uH
insulnton it
Applications: Vanable inductor

vsed i oscillators and varnous RE

circuns such as CB ransceivers, 3
televistons, and radios

Nype: Common Mode Choke Gl
Typical Values: 0.6 mH to 50 mH
Applications: Used in AC line hilters
switching power supplies, battery

I.I"I-\.'_l'_';"\- and -:I!'.'r EIECINONIL LS IR AL L |

Boylestad & 478% 118 12.11

Standard Values

- J&0ILt FHINAIE U 201 & 84(5, 10 %)= AtE8tL}.
- 0.1 pH, 0.12 pH, 0.15 puH, 0.18 uH, 0.22 puH, 0.27 uH, 0.33 uH, 0.39 uH, 0.47 uH,
0.56 puH, 0.68 uH, 0.82 yHand 1 mH .
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Capacitance and Inductance in DC State

iC = C dVC ’ VL = Ldl
dt dt

Capacitor 8F 2} Inductor &2 242t 40| & Ch.

=0 when &0
dt

v, =0 when C;—Itho

[tetAl, Capacitor= HE 22, Inductore H&2 =z HSE L

(o)
_T_ T when av, =0 when di =0

t = dt

T 1 |
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Initial Values of RLC Circuits (1)

Swichz  eizmo| 3|2 0|IA CHS 22 5tk

Switchl ! g |L(O+) v (O+) ch (O+) dIL(O+)
20 Le Codt dt
(@) L
t=0 L " JbE: QB A2t SO AQIX 12 U YYD,
@ > 05F AQIX| 25 Ot ZO2 o2 0f YUt D2l
10V
° t=0JFK HAAENDF XIS QUCH
- 24, t=00A capacitor= 1222, Inductor
o N S ooz HELDZ =0 52} &
B ._‘ o, [2Al, 812 22 A1 20| S
20 2A 10 . _ .
o—& N ) IL(O ):OzlL(O+) 0l
+
V, ill Capacitor AIO[S] 822 1 Q M & At0| <
L
10V | 4 | A 20

Ve (07) =-2V =v,(0")
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Initial Values of RLC Circuits (I I)

swichy IS OS2 t=0*0lA ASIX 10| &5, A%
5 % 29t 9IZOZ KIZEH A%O 52t Of
Switcht | ‘ t=0 cie =2 At 22 3| Z2I} = .
20 2A 10 _ _
| o s = MBRAORE= 3|2 I AL X R
S v N i} T8, QOIA B Z2A00 QG A
C 1~
_ ' — + O DE
LoV | Vo(07)=-2V =v.(0") o

2Q Mg 0l= 12 VvIEZa2ldd, 6 AJl SEL0.
L (0)=0=i (0") o=z,

6 A= 25 CapacitorZ S&Lt.

t:o+ \) + +
@V o) ™0 WO
20 Q =====gt=====i[==]i2===
YT L i) =0=i(07) oe=.

‘ Ve X 05F ; L1 @ MEtolle MY @11, Capacitor
10V -] tH°P_ o ®etol Inductor 0l 25 ZRICH

. di, (0° i (07) -
v (0= IO _ 5 di(07) 2 __2Afs
dt dt 1
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Integrating Amplifier

IC{* Qled=2 A FEole 32
l\:;\[ i < Vee Vp :Vn = O
) N E - o ' Node a0l Al KCL HE.
" Vp “ vo O_V d
_v_ ; S—I—Cf—(O—VO):O
) R, dt
, av, + Ys =0
0 f 2ty t dt RSCf
t V
vl v, (t) :_J- S dt’+v,(t,)
t RC
s~ f
volt) HAE S& 99 o)A eE &82 Eo A
- . b N - = a0l 3.
| otet v (t,)=0 ore
S Ymh | 2 1 t
RsCr
| V0 == [ v,@)dr
RsCf 0
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Differentiating Amplifier

) e 2 0|26t 3l 2.
C 5 I R
| | A ’
1 1 M\ V, =V, =V, =0
1
Node alilA KCL &2

+ - —
USC_) ) >—$ Ci(O—vS)+O Yo 0
: dt R

- dv. v
5 s4+_0
dt RC
A differentiator impl dv
plemented V (t) —_RC s
using an operational amplifier 0 dt
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Integrator and Voltage-controlled Switch (1)

- HE2JIe & %‘Xﬂm ARXE EA.

V, = v J(D)dt+v_(t)

1:l
- 80| A7 M0(2tH Ot 2L,

Vo (tz) =K '(tz _tl) Vs +V, (tl)

- HUEOZ AQIX HHHAS ZHHA
RS

- A2 212 %A 5 ms OlAl 2 TH 200
ms It ZRO| Jbs.

- MNE JIsE B3

(D) E=2% N&

(2) 1uF, 0.2 uF, 0.1 uF capacitor.
(3) Op amp.

V.=58Y
(4)+15V/-15V &L, ’

ve(?)
(@]

Control
voltage

VH—

(1) o—o:/o—o V(1)

Vln
I
ve() o—13

@ Voltmeter @

Integrator

o ———

(5) 1 kQ, 10 kQ, 100 kQ JHH X&),
(6) voltage-controlled SPST switch. =

Circuit Theory |

‘am
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Integrator and Voltage-controlled Switch (11)

I =1

1, Ol 53 20| FOI2tD IHE.
_E|CH AIZE2HHQ [ 10V Ot B20| HEE &, )(c
10V
Vo (t;) = (t, - t) ] !
200 ms R ¢
vs(t) O IV\/\I -
- QI3 ®MOH0| 5 VOISR K 2 H& 2 QUL >—‘—OVo(f)
10V 1
K-V = — K =10—- e =
200 ms S ¢
_Op ampE AFZ5H H2J| M. )
1 ¢t ! T -
VO (t) - RC Ll VS (t)dt - _1O(t2 _tl) .VS r|1 ts t (ms)
- INIHAIEE 1 pF2 FHBHCH. =
L 105 RrR=1 —100ka 0 T
| R c Joltmeter @

Vo ()= _50(t2 -

O—AANN—
tl)V vbsv(gx
S

Circuit Theory |
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Response of First-Order RL and RC Circuits

O

202 08,

ﬂ'=’— HMR0| Sle= 22, & =IIZTAHN 2oilN 8F, 820 ZHE
= 3|29 ¢ : natural response.

S M0t 8FIF2XD] Jtol & el S : step response.
XI&t2 2, natural response, step responseE& 6l= POl 8I

% HH S_ [:'. ] Complete Response

oo ennnnnn

t=0
[”T >
S 0 -
’\N\ -
R,
= A cos (1000z + u)

S——

“
=+
=

|
no
|
—
——
—_—
—
e
—_—
—
==
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RL Circuit-Natural Response

t=0
° t=00lA

+ switch open ( i Vv

tcogmols | di o0 t>0 2 molls i (0)=1,

0 M
at HE= HEH0I2Zi(0) =i(0)
inductor L0 Il S&.

t>0 ¢ MHoll= KVLOI 2ol A

Lﬂ+Ri:O, Z2IIZ=2H 1(07) =1,
dt
dl R Rt. . _R¢ . _R¢ —R¢
—+—1=0, (et1)'=0, 1=Ke" >Iit)=1e " =1l,e"
i (e-1) (t) 0
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Time Constant

N i(t)=1,e ™ = 1,8
o | et
l, // ’ 7= L/R (time constant, A|& =
L SAHS LIEHHE A2
¢ UAt=7 Ol eZHH (37 %)
4 t=57 0| e5tll (1 % 0I&t).

l/r 2 t=00IK2 Hat== 20|
)P AU dFIFEe| Bl

ot 30U MFI A &S| Al
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Resistorlil Al & 2 &= Power
p=vi=Ri*=RI2e 7 for t>0'
Energy W ZJ: pdx = ngj;e_z%dx = Rlozg[l—e%]

:%ng(l—ez%) vr=—

t—>o0lH W=1/2LI2 Ol ZOA

MM 206t OlUXN= SRl =X
Hdge MSUH= 1,01AX B 5z=0= H2 0| &

i=1lget7

lo - MetA, =S
i=lg— g/t switching= &2 Al2tol &M
otll, &S H2 switching=

=
S=ol 21 Al2H0| Xt = &
=

0 T
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RC Circuit-Natural Response
Capacitorlil= vt Zellt (- 8 F = 0).

v(0") =V,, |=—|_C%

KVL: —-v+RIi=0 = —v—RC%zo
VL0 (e*vy=
dt RC

v=Ke ™, v(0") =V, =K
v(t)=V,e*  for t>0
_Ve_y 0471 A r—RC
Vi=V C— e’*)(C- e‘*C
p= (- )(Vo )( C )
2
:V_Oe_z%?c
R
_ [ '_1 2 e
, W_Lpdt_ECVO(l—e )

Circuit Theory | Lecture 8-5
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Sequential Switching (1)

320l A switching2 & H 0|4 GL &2 - sequential switching

Inductor & & 2t capacitor &

Example

t=0

t=1ms

Yo

O

10A(}) 2 mH 3| i) 20 gzg

(a) A circuit with sequential switching

10ACD i@

2

(b) t<0

Circuit Theory |

2Q 2mH 1:‘(‘r‘)

220

(c) 0<t<1lms

=012z 0| 4= 0|8t

t<0 L 0 3l2= (b)2F 2L
ek A, i(07) = 10 A =i(0%)

0 st<Ims € M e== (c)2 ZLH
2><10_3%+ 2i=0, i(07)=10

ﬂ+:|.000I 0

dt

|(t) ~ K e—lOOOt
ZJ18t0l 2ol K=10
0<t<1msOfl CHoll A
i(t) =10 e 10

i(lms)=10e" =3.68 A
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Sequential Switching (11)

t=1ms

t=0
o
Ims<tg M 3l2= (d)2 &Ll
10 () 2 mH 3 il) 20 Zo0  t=1ms2 I BRE %002
. .
2><10‘3d—+1|:0, 1(1ms) = 3.68
(d1ms<t dt
2 mH li(f) §‘IQ ﬂ+500i=0
10 dt
10 g -1000t

i(t) = K e
ZJ12t i(lms)=3.68=K e

3.68 e -°00(t-1/1000)

<

A 5F
368 ————
} K =3.68 e
| I . _
0 ] > 3 4 |(t) — 368 e 500t+0.5
t(ms) — 368 e—500 (t—l/lOOO)

Current waveform for t> O.

The exponential has a different time constant for 0O <t <t;
and fort> t; where t;, =1 ms.
o ——
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Comparator

=00y, Comparator
—-
i -0 V-

V, If v _>v_
Vo (t) —
V, 1If v <v
L + -
-gE dRE 4.
- JIS : Op ampll comparatoretdl 2.
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Comparator of Capacitor Voltage (1)

Comparator
? " R A comparator is
R § —o—/ - . used to compare the
v 1 capacitor voltage,
. C 3= veld) C+) v R; & vy(1) v (1), to a threshold
I = voltage, V.
R
(0 N
A
Wirr——- === V,>Vy> Ve (0) 2t JHE.
ViT > V(1) vV, (0)2RE V,8 HXHA V 0lA A0 20LID
vof | V=V, 28 V2 HHRAC
K >t Ol M Zcl= Al2tE ol 2 At
1
VoA :
Vo, b — & -
" | V, If v (t)>V;
V|_ 1 VO (t) — .
tl >t Vo oif v () <V,
1

Circuit Theory |
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Comparator of Capacitor Voltage (11)

- Noninverting StXH0| A KCL.

v. -V, C dv, _
R dt

RC dv,
dt

dv, v, V,

it TRC T RC
v.=V,+Ke™
zJ1g v,(0)=V,+K
K=v(0)-V,

Vo (1) =V, + (v, (0) -V, )e ™

0

+Vv, =V,

Circuit Theory |

Comparator

i (D) CT Iy
— T

t=t oA v (I)=V, et
Vi =V, +(v.(0) _\/A)e_é1C

!

|

|

|

|

:_ 4 :|n[ Va—Vi j
. RC V, -V, (0)
:

|

|

|

|

A _VT

1, =RC |n(VA —Ve (O)j

> 1
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Stability of First-Order Circuits

- Inductor, capacitor, resistor, independent source 2t2 Jt&l 3|2

& stabledtLCt.

- L, 2l2 SO0l AIZHEL=Z 2246HA H1 Xl
= S otLt.

- Inductorlt capacitor®ilA 2 R;,7t 2012 unbounded responsedt

LIEFLEA unstabledtCt.

- RC3IZ29 &R

oo

Moz

-

b

ol
el

=& UCt. Dependent source

dv, 1 v.=0 — VC:VOeﬁ
d R,C

OR¥

- 2 & g2 2 A8 S0l Thet Alst= L.
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Example of Stability of First Order Circuits

t=0 0l A AIXIDF 8ICH Ol T V,(0) =10V OICH V(1) =7?
pe KCLOIl A
4
" b 5x107° v, 1Yo ~7i, + ' _g
t=0 dt 10000 20000
10V 4~ 5uF Vo 10 mg Tia fﬂgzn kO Vv
- 0IIM I, =—2— 0122
B . 000
) 5x10° Moy Yo q T Ly g
—-— dt 10000 2 2
S ! dv Vv
) 5x107® —0 4 —° =
vy 1Dk51§ Tia r‘ﬂézom dt  -5x10
_ R, =-5x10°Q
L * dV
,/>K 0 _40\/0 :O
| \ dt

0V . 5uF Vo

Circuit Theory |

v, =V, =10e*" (.-v_(0)=10vV)

v,= 150V 2 [} Z i,

150=10e*" = t=(In15)/40 sec
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Step Response of RL Circuit (1)

220 A €& dA0|Lt dFE JI=E WS SE : step response.

- )E i t>02m V. =Ri+LYd
t=0 o) - hd
VZ_—_ /T\) ;v - - > - dt
b= - =i, +i
it} | ] - di - _y
Vs Forii Ri+L—=0, i =Ke”
f{F?r:Tt dt
T T For i, Ri+Lﬂ:VS,ip:V_s
ll it)=—2——S2et dt R
0.632%___ _ | v
| i(t) = Ke’” +-=
E X R
i I(O):IO ctotH |O:K+\%
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Step Response of RL Circuit (11)

Vs
I(t I ——e/
O =0 —2)e"+—
orer 1, =0, |(t)_E(1_e%)
t=0 mwggmg;ﬂ V. 1V
v tto R 7 L

—t

=00 ROINS d&Zot= S0IE=

_|
V.= 25 inductor(] Z&!.

0.367V,

V= vse_{nq”.)f

0 21 31 4 51
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Step Response of RC Circuit

- )3{—20‘ t<0O0lA V. (07)=Vv (07)=V,

t>00lA ]
: g C e KCL : —|S+V—C+C e _0
; - R dt
dv, 1 |
+—V, ==
A Vo) dt RC C
A R Vo (t) =V +Vg Voo (t) = Ke”
y Ve, (t) = RI,
> t v, (t) = Ke f+Rls_t
T =(v,—RI,)e” +RI_ fort>0
i(t
| If V, =0,
S v,(t) =Rl (1—e”)
. . dVC B v/
> t I.(t)=C it =1.e
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General Solution of Constant Source
- RL,RC 312 129 Y 3|22 Hel.

X(t,)=Ce” +K = C={x(t,)-Ke”
X(t) = {X(to)—zK}e_tjo + 1K

- Inductordil A 8=,
capacitor0il A 80| A5,

X(ty) = X(t5)
=0 (t) =1L (&), Ve (1) = Ve ()

X(t) =Ce”" + K
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General Solution of Nonconstant Source

Steady-State Response to a Forcing Function

Forcing Function
y(t)

Steady-State Response
Xi(t)

1. Constant

y(t) =M X;= N, a constant
2. Exponential
y(t) =Me™ X¢= N e -bt
3. Sinusoid

y(t) =M sin(eot+ )

X;=Asinwt+ B cos wt

Circuit Theory |
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Application — Flash Lamp Circuits (1)

- 23| EHAIDF EEl JtHaIet.

-15V O HEXZ =&V E LMAIAH EcHAIS S&.
- JHIHAIE D Ol KI(W=Pt=(VI) )& ME/UCIII B2
AZHH &2 MR E SN 2 H LS H =01,

-FR RS

(1) 160 pF, 330 V =4d3atE &Mool JHIHAIE : Z2HAl
SHI( RSt MOIE &,

(2) ZNAl T

(3) 1.5V AHEX

(4) chopper 3|2 : 300V € U= X2 M2 UM Flash camera : general appearance
Boylestad # 415% Fig. 10.72(a)

A&,

(5) trigger 2|2 : B2 AIZ2IO|XIBt =& vV & LM A

=

[
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Application — Flash Lamp Circuits (11)

Film cartridge Tngger _
//mt:chamsm Flash lamp
. 1 = 5
; .z I Lt
| {1l
= ¥ .
Back of
printed
circuit
board

[nitial charge

160-uF capacitor switch for flash
Flash camera : internal construction button on face of
Boylestad & 416% Fig. 10.72(c) camera

]
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Application — Flash Lamp Circuits (111)

- Nl SF2 HIHAIE O ALE S

(1) 160 pF, 330V =& 3tE &oll HINAIE - SchAl BIZ0) 228t &ot

(2) 22 nFHIHAIH : trigger S| 20 AFHZ.
(3) 470 pF HIHAIE : chopper 3|20 A D=0TF &2&0fl AS.

Flash tube High frequency

Clips for
1.5-V dc
battery

Flash camera : internal construction
Boylestad # 416% Fig. 10.72(c) -
Trigger coil .

a

chopper transformer

Diode (mcﬁﬁer}

Charge-ready indicator
(neon lamp)

Oscillator and
trigger network

| 470-pF capacitor

| 22-nF capacitor

_160-uF capacitor

Circuit Theory |
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Application — Flash Lamp Circuits (1V)

4V AV Vv

W LV | i
l'i"r

o \; ] 0 0l 0 I
Flash on \ l |

(face nl camera)

-y

r C \
On/Off _+J ________ b_:: E:«L\ W"l.r f/
! = |
I z R | o
—TRT [ High- [ T4 ardd
L3 ¥ : frequency : || 30V T |60 uF Rn e
| oscillator N B-V i
[ 1 : MR r]dhll
— I I High- _E light amp
= ! ! frequency - =
i I = s =
I | _transformer
= I Autoytransformer
ash [ ' eribme =
switch % | | | : 4000-V spikes —se-
(top of , THggarii! Ly ] ;
camera) } R s : -r - Lamp flashes
D i e e S e R s e T Bl S i 1
S Flash unit ‘ {l
ﬂ A as

0 UUU 7

Flash camera : basic circuitry
Boylestad # 415% Fig. 10.72(b)

|
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Application — Flash Lamp Circuits (V)

(1) SdA HES (2) 0l 3l2= =1t (3) D=Ih HED|J Ll & (4) 0] &2 160 pF
$28 1.5Vt &X S gL &l IJI1E A A EHIH(k IHAIEIE *OH/\-I 300V
X2l 20l Jtoll &I CH &) =100 H0l Zellh D) NIRS °.=,‘0| SchZth.
14 LV 1.1'
; ; L1l
! 'y |1 ’ H |1 [ ||| q ‘ | |1 H] I Y
L5V ‘ :

Il __||||L__L 7

|H‘| 0 0

I
|

i “;I?IEIHHIi_ilHHlfi; |

0 Ny
\
hY
4
Flash button
(face of camera)
B
v o
| OnfOfF ,J

i 08D
=iy : High- |1 Ry éﬁ‘
: frequency | ! 3NV T 160 UF "
oscillator | IRY

. - &
: I |

= | 2 |
|
I
]

(5) 0| 300 V IHXl 2247t
™ “sense” 2td HI|&El & A
S Soll AISE BU Y&D|IE
0, &8 AFHA0| E2

threshold 8¢} Ol S &
MHILXI O] AEHE | XISHCE.

o
nd
i
o

DEh(6) 160 uF HIHAIEIF SH

E/™ neon & X (flash
Autoytransformer ready Iamp)Ji HEICH

Flash o~ ‘—"I' T I 4000-V spike - = .

swilch —If}- ' (] F : — e

e i K Trgeer | (7) 1.5V ER M2 300V EFHLO2 S2l= 3|2E dc-dc converter 2t £
i | i = network | = CH
=

= Flash unit (8) chopper 8|25 1.5V X2 M2 HelAl(chop) REXME DFHSOA B0l At
28 & YT 2 B}

IHo)

“I:-T']I _L_ / *} neon

h._]ll:
frequency
ranstormer
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Application — Flash Lamp Circuits (VI)

(20) 160 uF HIMAIEH 22 2

(9) trigger &= = 300 prmy ) A3 GOX A BT HAID
VE AV 25501 N | 0""',,.. X et = (shut down) CtAl S&6HI| Al
Al HIZE &3} I On/Off +J SENSEN ANA . s BIC}.
(“firing”) AI2!C}. : _ = [ L. A B
(10) flash switch Jf & Tisv | st ] " v EI0 = et
5l® Mat R, R, It & bt oscillator || l :
o 522 TN H . il =L (e e
— o ) Dy }.Ii:T']I' I = it m
= : —_ gw requency
(11 R, 0l Zel= ¥y ] o

Flash

switch

SCR(silicon-controlled

f 'H.uln transformer

1000-V s

rectifier)2| gate G 0 Q! ’

Jtol0d SCRS S&AIA
SCR 2| A(anode) & X2t
K(cathode) EtAt AtOIE

short @& Bt=CH.

Flash unit

(12) 22 nF o HIHAIE =
300V E &Sd&E1], 300V
ol CHCl2 e B2t 32X

012
2 S, e

a@jaawMMaﬂg

Trigeer |
network |

V.
_TIL Lamp flashes
il (19) ¥Z0| 52= 2
HME= 160 pF HIHA
BHOIM S=¢8tlt.

=l coil 2 Soll M L&EBHI| Al ZEHCY.
= &=
(13) SCR O == &7 (15) 8 & coil 2 2IEEHS} NES

Jb 0| 22 AKX ES4H0l
9|8 A SCR 2 CtAl open
ol = Ch.

2 2494 =0, 0l i i XI= HIH
ANEIQ OIS AOIE QI &1,
012 “flyback effect” 2t11 StC}.

Circuit Theory |

I

2 29

O JtAIL
AI2E LHOll

(18) O] M0l EHAl = R
0l U= grid Ol JtoH X[ 2, &
4 & (exciting) 3t Ot

X Mo
T ey
2 MR SEHA LRI

X Of

—

(16) coil 2 S (“ringing”)otH A ZMotAH S LF.
(17) 0| M2 HAIIE Sl It HH A S Al
g &3t (“firing”) & == A= 4,000 VOl 012 & Ct.
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Delay between Computer and Printer (1)

- Computer?t printerAl0|Q ¢S &MY
52 08 (h)% 20 2 4 AULCH

- 4l = RG58 == J0l=W &2 o
HO2 YL Ol= RCaAIZZ 2 = U
Ct.
-HE=YH R=reL , r=0540/m
C=ceL , c=88pF/m

Q

®
+O

AVAVAY
R

Circuit 1 ) Circuit 2 c V-b

driver

: receiver V
i a
. f\j @ O

(b) Two circuits connected by a cable _ _
(c) An equivalent circuits
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Delay between Computer and Printer (11)

-0l 3l=& CXIE 3l=2t1] ot™ v,&= TTL (transistor-transistor logic)3 2H A= 2.4
V(Voy, ‘1)2 0.4 V(Vg,, ‘0)Z H 0| HHACE.

Ol

_0l0fl M2t v s 2T 20| N2 BAXOZ HIRE=H v, = 2.0 V(V,,) 014018 ‘1’2, 0.8
V(V,) 050|121 ‘0’22 2Lt v, 7t 0.8 VOIIAl 2.0 VY MOls ‘'Y 45, 1'Y &% UCH

0

va(t)

- DRO0IA v,= t, 0120l “1°0] S22 v,
25t Al2Ht, 286 t, DXl OX
&1 5|20| XAl BHEHBHCH.

At =t —t,

- 121, RG58 =302 AtEd A
KHAIZHES 2 ns OS2 6tAH H 0|22
2 0|E L0t2 oliOF ot=Jt?

Voltage that occur during a transition

from a logic O to a logic 1.
o T——
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Delay between Computer and Printer (111)
- AN&E = r=RC =054-/x88x102.¢=47.52/% %1071

-8 Vo (1) =Vou + VoL —Vou )e_(t_tO)/T

VIH :VOH + (VOL _VOH )e_At/T

24V

Voltage that occur during a transition
from a logic O to a logic 1.

Circuit Theory |

(VIH _VOH )/(VOL _VOH) = e_mlr

IN[(Vi —Vou )/ VoL Vo)1= -At/z
— At

Z' oy
In[(vm _VOH )/(VOL _VOH )]
B -9
475202 x10™2 = 2x10

 In[(2.0-2.4)/(0.4—2.4)]
/=5.11m

Va

. j;; ® O
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Communications and Power System

- 8| 82 = electrical signal £= electrical powerE &&6t= Gl AFS8HCE.

Source —p Transmitter p—p Transmssmn —p| Receiver |—p» End use

medium

Electrical system
- 4 AIAED (0l: Morse code, radio)liAe & 4ls Sit 22 2 AlSIFERA0| = L.
- HED|= MO fAI HEOIES ASE HESHT.

- HED|9 S 2 +40[0 ==& MKl OHME &I& st

M ANAE OA=E 281030 - 70 MWel S 2 AIZITH

-NEE SollAd MEE 28522 +=ZJH0l =58t
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Natural Response of Second-Order Circuits

VS
—yLt
/71
di , v, . Cdvc—O
KVL L2 4 Ri+v, —v =0 KCL (=i)+ i, +C—&=
dt
dv di
i=C—* v, =v, Vv, = L
dzdt ] © bt dt
VC VC —
LC e + RC = +Vv, =V, —L+lL+Cd:;L—in
d2v6+£dvc+ v, v, . _t . .
dt? L dt LC LC d’2L+ 1 di, i _
dzx dx dt RC dt LC LC
+20 —+w/x = (1)
dt 2 dt °
1 1 ]
_ R, _ Y% o=—— @, =— =—=
o= ®=75 T 2RC ° " IC e

S ——
Circuit Theory | Lecture 9-2



Second-Order Differential Equation

d’x dx
—+2a—+a)0x fiox=x,+x,

dt’ dt

d’x dx

dt’ dt

Ke" (s° +2as+a)0) 0 = SAYEA  s*+2as+w, =0

— [ 2

damping ratio { =a/l,
1. Over damped (¢ >1 o> w,) S, S, : negative real

2. Critically damped (¢ =1, o = w,) s, : negative real

=K, e" +K,t e™

3. Under damped (é’ <la< wo) S;, S, : complex with negative real
= K et L g el = o’ —a’) damped resonant
o o frequency
=K,e “cosw,t+K,e ™ sinw,t
T ——
Lecture 9-3
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Normalized Step Response of Second-Order Systems

- RLC 3| 20l step function2 &= JIUCEH
t=0 2
v(t)=Au(t) d°x dx
A +2a —+wix = Au (t)
1 RLC dt’? dt
A vl .
_ | circuit
> t
. A
P — (=l o) 20 2t =2 3ol
2 e [ _ B3t U3,
0 o -, - [\ i - 50l 4’21%%']:”2
ol ——1 1 B overshoot 2 QIC}.
.'“‘5\; | [ 1y A7 g - 389 E40 tiel damping
os[f /1 ANC - ratio= B StAIZICE
[ ¥
/AN | j”m o Underdamped, critically damped, and
R | overdamped response curves for parallel
T 20 40 | S0 100 120 -!-.'r': g _Ir-,u i*- -.‘.i-"'_- e RCL circuit of example 9.7.

DeCarlo # 351% Fig. 9.9
e
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Parallel RLC Circuit (1)

4

t=0 @l =2k switchJl €2l 87 24 mAJt 2| =0l Jtoll &I Ct.
Mk dt2 400 Q O|Lt.

t=0
! \( 1~ 25 nF 25 mH §H v

a)i,(0")=? i,(07)=0 g2z i,(0")=i(07)=0.

Bl 9 40)=0 ooz v(0)=0 T o
dt (=0" dt t=0"
Ve pjowey B, Lcd’L+iL+£ﬂ=1.
dt R dt dr’ R dt
di, 1di 1 1
+ + —

2 I =
dt RC dt LC LC
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Parallel RLC Circuit (11)

S FHA
2, 1 1 2
s+ S+ =0, s°+10000G +16x10° =0
RC LC
oz—i—leO4 @ —i—4><104
2RC 7 JLc
s =—5x10" +3x10%, 5, =—2000Q s, =—80000
i, =24x10° + 4, e + 4, 1 {mz‘”‘; Underdamped (R =625 (1)
di 24
i (0=0, ££(0")=0 o
dt fg: i Overdamped (R =400 )
= A4, =8x107°, 4, =-32x107° 16 | Citically damped (R =500 ()
If R=625Q, ol ol
o =3.2x10° < ‘ol A
= |
If R=500Q, i I

| | | | | |

20 40 60 80 100 120 140 160 180 200

o MR D

t (us)
a =4x10* = ,
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Complete Response of RLC Circuits (1)

t=0 4 Q

d
){ NN—
o L XMt vE skt
1H
ve =6 eStu(n) v v o /a4 F
’ 10V i) -
6 Q
&
(a) ZJ|=AS P5tet. oo 52
-t=0 29 3|2 _Ot)é)_,é\g/l\l °
_/\z/l\g/)\( T " Ty |6V
+
$+ v5—6e_3’u(t)V<i> —_— +> 1A VA= T4k
10V 1“) 6Q v T 6 Q
fl = .
/ v, ) =28 _o Al g
ve(07)=6V, i, (07)=1A L dt|,  dtl.

Circuit Theory |
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Complete Response of RLC Circuits (11)

t=0 4Q g
TS (b) KCL 2 Al AIRI2t.
It TH N v v dv
o6 etuny e, c% ;40258 =0
s = (r)VC_) 10 v(i) T T dt
6 Q .
di,
v.=1—-+6
: CTTar ot
(%%Q)—vs+4iL+%(%+6iL)=O set i,, = Ke"
72 g s°+7s+10=0
dtzL +7 d; +1OiL =V, = 68_3tu(t) § = _2’_5
=it = Koe ™ - Kl
4
set i,, = Ae” i, =Ke " +K,e™ —3e™
94+ (-214)+104 =6 i, (0")=1=K,+K,-3

A4=-3 i '(0")=0=-2K,~5K,+9
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Complete Response of RLC Circuits (111)

t=0 4Q 4

—) W\’ O
)o<c il K, +K,=4
1H
ve = 6 e Stu(f) V Cj) n o s F 2K, +5K, =9
10V K, =11/3, K,=1/3
6 Q
® iL — Ee—Zt +le—5t _36—3t
3
Ve =1%+6iL ole=z
v, = i(E e + E6_5’ —3e) + 6(E e + E6_5’ —3e™¥)
dt 3 3 3
_ _2_328—2t _58—5t 1907 4 @e—m +§e—5z _18¢”%
4 , 1
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State Variable Approach to Circuit Analysis

- State variable method : 3|22 MA S& =2 +26tJ| ?IoH A state variablef
1H DI22&AZ 0| E¢etHC).

- Inductor®| & F L} capacitor & Z state variableZ 0| Z8tC.

0II

KCL
1 Rz j R3 node1: Cl cil vl};V“ + Vl]; Vo -0
4 1 2
vatt(t) (—) :[ —) V(7 node 2 C, dvz N Vo —Vq n Vo =V ~0
dt R, R,
— Ground
E £ operator s& MM 82lotH,
t

C,s+1/R,+1/R,, -1/R, vi | |1/Ry, 0 v,
~-1/R,, C,s+1/R, +1/R, ||v,| | 0, 1/R,||v,
v, 3} v, Ol B2 MO RICH.

0|42 o E Fot= Y- 2 14F Laplace
(CS + D)Va + (ES t F)Vb transformOl A CHR 2 CH
s°+As+B

Vi, Vy =

Circuit Theory | Lecture 9-10




Roots in the Complex Plane (1)

Form of response for

- 2}” Dl‘i_ E’J-g/%l Alﬁ?‘:-lzl v v(0O)=1Vandi(0) =0.
( parallel RLC 3|2 ) 1 2v_er_ cll/am_perd
=7, a
S 1
sP+—+—=0
RC LC )
i
2 2
s=—at\a’ -w? »
2 2 ) 1 Critically damped
if @g)a, s=-atjjo,-a’ =-atjo, s=-1, -1
- s =24 oo O £ YU L
= O = i [
-—aexFhoeEF, candje
o (o) Under damped
U“i ___________ Undamped 1 s=—atjo,
\ s=tjw,
st v -

Circuit Theory |

-1 |—

Natural response of a parallel RLC circuit

Lecture 9-11



Roots in the Complex Plane (11)

jo
Undamped
Underdamped Liog ¢ 0
oa<wq
. Joy
Overdamped
o> wmq
X /B&( X (8]
Critically
damped
o=wmq
(two identical :
roots) X<— —joxg
X =j®o

YLE =24 o0 0 20

ol 2 BRE S

1) Over damped

The complete s-plate showing the location of the two roots, s,
and s, of the characteristic equation in the lefi-hand portion

of the s-plane. The roots are designated by the x symbol.

Circuit Theory |

S=-r., -, (B =529 F &)
1) Critically damped

S=-r;,-r, (82 == 72 & &)
iil) Under damped

S=-atjaoy (9 &+ HH 22 & &)
iv) Undamped

s==j oy GBl==s Y F &)

S —
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Auto Airbag Igniter (1)

1 2
—0 O

Airbag |

An automobile airbag ignition device

- Airbage S8 At2| ¢t& S Ploll A Ol S =Lt

- PendulumO| capacitor energyE igniterg EU{ &= A?[X|8tLC}.

- Mg ROUIM 22 tIUXZ 2t S= S2AIA airbagsS BEAIZILL

- Mg RUIA 132 OIHXIS 22010k ot12, 0.1 = O|LHOI E2]HalOF StLt.
- L, cQ| gt= &otet.

rol
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Auto Airbag Igniter (11)

r-————-—- =
- Box 2HHl pendulum O] OHE & UL
K K - IS EJ1 Jtol X 2- = 0f 26HK
M M pendulum 1t box= 2| He|Jt B ststC.
k
________ ma=kAx = a=—Ax
m
- Box2| 7, Ot Holl &== &XIotL AC =C, -C,
pendulum= =22 0|Estlh. £,4 £,A

- Box2| €, Otell &8 8 =1t pendulum =

) d—Ax d+Ax
M| MOt ol JbEHCH o .
_ pendulum®l I #5310l T2t $ of2y S el - )
Mo HEEL0| BB d 1-Ax/d 1+Ax/d

S 0|S 2ol A2 S ot 9 xHees _ &4 -
Al ~= [+ Ax/d) - (1- Ax/d)]
e A e A e A2
C, = —, C,= : :?TEAX
d — Ax d + Ax
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AIOIF 2Ky

i

Elé.;'cr:]ﬁroplated nickel and'
AinuM micromirror |

. & . |

"'J.‘ . : 15k "L‘ | 1,880 18 Km
- !

100kV 30 4527« COM 17.0 MIRROR1.ING |

Circuit Theory | Lecture 9-15




MEMS Accelerometer

Top Electrode K
I . [ ™
®
Y "
Bottom Electrode D

1
I
Relative Mass i
; e i
Displacement=x=y=z

General accelerometer structure and is
mechanical lumped model.

P Tether
Tether l. PRl

points

ADXL 50 accelerometer

Circuit Theory |

ADXL 50 accelerometer. The sensing
element in the center is surrounded by
active electronics. Chip size is 3 mm x 3
mm.

From Analog Devices, Inc.

Lecture 9-16



Vacuum Sealed MEMS Gyroscope

Non

densing electrodes

b

From Lab. for MiSA, SNU

Comb electrodes after deep RIE(DRIE)

Lecture 9-17
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Auto Airbag Igniter (1V)

1 2
o\ o
t=0 T 1 ve(07) =12V =v.(07)
| Airbag
12V<ﬁ> . L 4QS K jgniter : i,(07)=0A=i,(0")
T S ]

-0.1 Z O|LHOIIA E2lAHEHM under damped responseE 2 (40t &tCH.
- 0.1 =Jt F712 ¥4 &It & 0 OF StLCt.

e v g o =1/2RC, @, =1/ IC
d R T dr underdapmed condition : @ < @,
2. .
LU ci, lzL +IL€ CZL +i, =0 i, =K e cosaw,t+K,e ™ sinw,t
{ t
dZiL 1 dlL I (@, = W)

=+ + =0
dt® RC dt LC

Circuit Theory | Lecture 9-18



Auto Airbag Igniter (V)

i, =K, e“cosw,t+K,e™sinw,t t=0"
_ ] o\ 6
- i} 2 SE= R0l a=2 = HEi6tL}. 5 )
=1L | 1
+ | Airbag |
12V (T 12V L 4QZR iqiter |
a=1/2RC,w, =1/JLC 0|22 O c T on I___g___g_”_“_J
C=1/2Rax=1/16F 0|12
i,(0)=0A=i,(0%)
r=1_27 2% _g40c= .
S v, (07)=12v=L-L
L=(0.4/27)?1C =16(0.4/27)* = 65 mH a | .
K, =0
. -2t 2t o .
i, =K, e cosl5.57t+ K,e " sin15.57¢ di, :g:K215_57
(0, =&} —a® =15.57) dile L
=12 1186
15.57L

Circuit Theory | Lecture 9-19



Auto Airbag Igniter (V1)

i, =11.86e %' sin15.57¢
diy
dt

v=_L

=0.065x11.86(—2¢ * sin15.57¢ +15.57¢ % c0s15.57¢)

~12e " €0s15.57¢
p=v?*/R=36e"* cos?15.57¢

-0 =0IM 0.1 = DHAl HE A= Hol)|
HE20 d8Es ALECZ WD NUXIE +
StCt.

0.1 0.1
W = jo pa’t:jo vidt
:%36x0.095:1.71J>1J

- Ngo Mt MRE 2E0H=L
))
I__

Circuit Theory |

12

v(#) voltage across
the resistor (V)

i(f) current through
the resistor (A)

o V(1) e i(R)

20 40 60 80 100
Time (ms)
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2008_3| 20| =1_Ze| A& M xiIs ALSE=M=F
gl =5 (68
Wt Ol EI Za ZA| AA ZH = M| ==
Ch.i | 2%]13-1[132]|1.34]|16-1[16-2[16-4]1.68 DP 1-1| DP1-2 9
ch2 |25 ]23-1|23-3|251]255]|257]|258]26-1]26-4]|27-2]281]283]2.9-2[2.10-2|DP 2-1|DP 2-3 15
Ch.3 | 25| 3.3-2|3.35|3.3-10| 3.4-3 | 3.4-6 | 3.5-3| 3.5-5 | 3.7-6 | 3.7-9 [3.7-12[3.7-14 DP 3-1|DP 3-2|DP 3-3|DP 3-4| 15
Ch4 | 25)143-2|43-4|44-4|446|451|455|46-1|46-4|4.7-4|4.7-9]4.7-12[4.7-13 DP 4-2|DP 4-4 14
ch.5 | 2%5.3-3|5.36|54-5 | 5.5-3 | 5.5-7 [5.5-10 5.6-2 | 5.6-5 | 5.7-2 | 5.7-5 DP 5-1|DP 5-3 12
Ch6 | 25 6.4-5| 6.4-8 | 6.5-4 | 6.5-7 |6.5-10] 6.6-3 | 6.6-9 | 6.8-4 | 6.8-5 DP 6-2|DP 6-4| DP6-5 12
ch.7 | 25| 73-4|737|743|745|753|76-3|767]|77-2]|782]|7.9-2]796]7.10-3 DP 7-4|DP 7-5 14
ch.8 | 25| 83-4|837|839]|84-1]84-4|853]|863]|868]|8.75]8.7-6 [8.7-10 DP 8-1|DP 8-5|DP 8-6 14
ch9 | =% ]9.-3-3] 9.4-3]| 9.5-3| 9.6-3| 9.6-5| 9.7-3| 9.7-5] 9.8-2 | 9.9-3 | 9.9-7 [9.9-10/ 9.10-4] 9.11-4] DP 9-1| DP 9-5DP 9-9 16
Aged =5 (7E)

ol e o ZA| AA = = M| =
Chi |2%)12-1[122]|1.26]|151|152[15-4]158 DP 1-1| DP1-2 9
ch2 | 25| 22-1(223[24-1]|245|247]|248|251|254]262|271]273]|28-2]29-2|DP 2-1|DP 2-3 15
Ch.3 | 25| 3.2-2| 3.2-53.2-10| 3.3-3 | 3.3-6 | 3.4-3 | 3.4-5 | 3.6-6 | 3.6-9 [3.6-12[3.6-14 DP 3-1|DP 3-2|DP 3-3|DP 3-4| 15
Ch4 |25)422|42-4|434|436|441]|445|45-1|4a5-4]|464|472]|475]|47-6 DP 4-2|DP 4-4 14
Ch5 | 25| 5.2-3| 526 | 5.35 | 5.4-3 | 5.4-7 [5.4-10| 5.5-2 | 5.5-5 | 5.6-2 | 5.6-5 DP 5-1|DP 5-3 12
ch6 | 25 6.3-5| 6.3-8 | 6.4-4 | 6.4-7 |6.4-10] 6.5-3 | 6.5-9 | 6.7-4 | 6.7-5 DP 6-2[DP 6-4| DP6-5 12
ch.7 | 25| 7.2-4|7.2-7|733|735|743[753|757|762]|772|782]786]793 DP 7-4|DP 7-5 14
ch.8 | 25|83-4|837|839]|84-1]84-4|853]|863]|868]|8.75]8.7-6 [8.7-10 DP 8-1|DP 8-5|DP 8-6 14
cho | =2%]9.2-3|9.33]943]|953[95596-3]9.65]9.7-2]98-3]9.8-7[9.8-10| 9.9-4 | 9.10-4] OP 9-1{ DP 9-5[DP 9-9 16
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20084 257| 5|20/ 21 =2t A A8 DAY AX 2008 4.24

[B]12VERACZ 8V MRS USUHA 2otHE 68 kQ (1/4 W)S HZ5H0! At

[1] 22D 22 HHSIES SSD AJI0 SE3E otaf BTk e UM Tomg sl e ezad
1C= 1.118 mgol 25 S8t L. 600 A2| &= It 20 (38@) HETS - 10,12,15,18,29.27,33,39,47 56.68,82 x 107
=2 LIS AD|0 E2E 22 @ g0IJ}? (108) Hint: Xeel Rl 1 o S

XNz 14X
] S + (@) E=ME S IHE=2 0120t 8V &M& = & HotH 8 VoIl JtE
I IDFIOF 511 S6HS HZHUES [ 2ot ot IHE M &
Haotet (108). 328 el 220 H& gt2 Mek

(b) HEME0l 11 MQQOI & &t H
Hde((@)2 22 A= 2R H E % Ecthle
(5&). Fot Met=2 HZotkl H2 af e .

Jz
A
o

(c)8V & 20 FotHets HEotH M2 EHEYLZR

[2] AtsXe 2= AISOIJHA /US Mol M X0 2o 2 = S
= BH Z % ZtX=0? (58).

Ch 0121 ALEHOIA AISS 201 2H0IQ= &AI HALH S S
322 0l BA2 sl HSX MXs 12V01D, e X
512 0.04 Q 0ICH 210122 &2 200 Q01 D, AIS0| 22

AELE Ol = 150 A9 ® 20} £210F B+ (10).

() B3t AIXIOF Lol US W 1, S 12V 0IA 2 % ZOlR =
o (58)

(b) B3t AIXIOF 25/ 1,2 TVl (58 )

g0

o \J

[4] WERDL WM UERI2 2 2 822 8Eoted Sttt
Ol M, Ct2= +otet.(15&)
Network 1 Network 2

3ot AKX

+
(Meov | ovizeo0e #()
By 7 1504
+ S ;
12V CD Vou| | Radio Starter ok
(@ 7 =2 Va0 )

(b) UERI20 dL= 852 & W 2J1? (58) 1/2



2008E & =5t)| 5|20/21 =20 A} A2 DAY AF 2008 4.24

[6] L

Jol

[5] Strain guage = 2 0l CHoll Al EFGHet. StrainOl 24013 X &0l
Holotl Ol MY g =l 1 22= G310 &L

2<AR<2 R BIGtL, I, = KARS L O45t10 Kol &9l= OSC(+) OSC(-)
V/ohm OILCt (25&). 8
1Q -
A 120V0Y 1000 =
R-AR R+4R + + = PP
R2 e
v Sk ” @)/ Ideal o o )
‘ ’ oltmeter (@) S 320N K& 1Q A0S Mt THES SHG DA BHCH.
oy OSC(+) 2 OSC(-)= QA2 A DI O SHXt0|C
Ol 32t MY MBS =F5600 SHIE 31201 X =5tct
-B - SHI2X %CHH, 0 0|RE PAQIX =50, SHE M Tt
S0l U2 2 A= 5122 Dl 896tet(10R)

(a) AB SXH0ll Al bridgeZ Hi2t= SJF 3122 36tz (10X)
(b) 22 Mot 1, 2 T5tet. (15%)

©) R 50 mV & 0 K= 50t

002 e 2) (58

R, = OkQ R,=50Q, V,
Jé—l =

= 2000,
|S= p= Hotet. (HA Al AR

N X

=
i@

h
(b) E2E{S| 201210t ﬂxum AN 2 F22 FIE B0
CHoH Al CHS S =5tk (108)
- (Ohe (Lhel 220 to) 3125 Jeiey.
- (Ohel AZ D EAHO 2HDI0F 858 F29 (LHO BRI E2
Bl 2EI0I0 HEEr 2200 oA =5t OHE Ol THoH Al < 2ot

. 2/2



[1]
Aol0 =g 28 Fot7| floiMe BA 208 Sotel HotEs alof ehtt
Q=ixt=600x20x60=720000 C  (25%)

70| =5 22 &2 oo Hgstez,

720000 Cx1.118 mg =804960 mg =804.96 g o 20| Al7|0 MEEICt (25H)

1% QAIXE HEOZ 518 MEO| £ 9 FENOE FIHS A

[2]
(a)

Ve = 200 X 12V
°ut ™ 200 + 0.04
=——x12V
0.04
1+ 550
=~ (1 0'04) x 12V
12‘ ’ 200
.22 Yout - 0
TR 100 = 0.02 %
=> 55X
(b)
gt A9
0.040 A
Fapy WA c >+ 150 A
+
12v Voust Radio Starter

Hat A|X|71 e Z2 node AOA EHEAI2 Of2fet Z0| Lt2C|
Your=12 4 Yout 4 150 = @

1 0.041 200
— =12x%x25—-1
<0.04 + 200) Vout > =150
150
Vout = = T

0.02 200
1
1+(°'g‘5’2)
=6(1-=x1073)
=6(1-8x107%
=6V

2> 53



[3]

Metgtol Hlgo| 12 @ mEXNSS 242t R1, R22t & O,
25 H%el T7F ®A LIEFLEY| QBliME B8NS Bt EEXSo| 37|12 &, 121 B
Xsto| A ADBXM0| 1/8WO0|E 2 ADXMZ0| O|ELCH XA AH = 0o{opstCt

P= V?/R; = 64/R, < 0.125

+ Ry >512 O

0|2 BHESIE EZFEO| F3ES (330, 680) (390, 820) OfC}.
0 o673 -2 067

330+680 390+820

0| 27FX| &=t = 8V 0f 7t&t 2 ™st xste R1,R27F ZHZ+ 330Q), 680QY [ o|B2 &2
22E 12[H,

sto| =3t0| (390, 820) O|™, > 7.
Mato| gt HAA|, A2 ZAN, Nt QAE OS] ALt > 58

(b) HYA HZEAl 2Z=E O2|H ot 2Dt ZCf ol 680 Q o 11 MQe| etdMeS

ot
R
m "
4
3308 2. R

2 I
¥ 1M
12V (_) 6808 g v, § A

|||—



680x11x10° 680 1
= =680x ———
680+11x10° . 680 680
- o
11x10° 11x10
680

11x10°

;680><(1— ]=680(1—6.181><105)

6.18x10° % 74
SIML0 2= HYS AL,
680(1-6.181x107°)
330+680(1-6.181x107°)

AN
Il

x12

L

rok
)

v, = _ 680 %1
330 +680
o] W55 ALkelA,
V, ~vie

o
i
X
o,

2 o|Bm&

2 2

it 2o

S
a

680 ., 680(1—6.181x107) 15
330+ 680 330 +680(1—-6.181x107°) 6.181x10° = & 23}
680 C =
330 + 680
1 3 (1-¢)
_ 330+680 330+680(1—¢)
1
330 + 680
(- g)(1e 000 . 990
330+680  330+680
Ako] W3lE Asksba
2.019x10° % 7+4

x6.181x10™°

TARZLS] AlLho] FHEIH 2AS B2 (107 order) > 3F.
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