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ABSTRACT

This doctoral thesis proposes a new mathematical model for analysis the complete
response analysis of a second-order oscillator which is based on a multi-time technique for
separating time-scale to observe phenomenon of the oscillator under forcing input condition. The
proposed mathematical analysis results in coefficient of natural response provide in closed from
solution. The obtained closed-form solution not only simplifies the determination of the complete
response but also the closed-form solution of the complete response. It is found from the obtain
closed-form solution that amplitude of the natural response is not constant but varies with the
force response of the system. In addition, the proposed analysis provides the identical solution to
that of the conventional analysis for a constant forcing input but provides the different solution for
a time-varying forcing input. The derived closed-form solution can be applied for controlling
amplitude of a second-order oscillator. Moreover, with the proposed technique, an oscillator can
be applied to amplitude modulator. In this application, a compact amplitude modulator is achieved
since modulating and carrier generating is accomplished in one circuit. Moreover, the proposes
mathematical analysis can be used to explain wide-band characteristic of the quadrature oscillator.
It is found from the experiments to control amplitude of the oscillator outputs that amplitude of
the oscillator outputs are oppositely changed to the amplitude of voltage or current inputs. The
obtained experimental results agree well with the analytical closed-form solutions. In addition,
when the input signal is time-varying, amplitude of the oscillator output is changed according to
the input function with opposite phase. The application of the closed-form complete response with

amplitude modulation shows that the AM outputs occupy the spectrums of the information inputs.
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For the quadrature oscillator using Op-Amps ptA741and LF351to confirm wide band of the
circuit, it is found that wide band characteristic depends on the active device. The circuits that
employ Op-Amps (A741and LF351 will provide 306.8 Hz — 99.6 kHz and 310.6 Hz — 303.5
kHz frequency range of usage, respectively. The numerical results, the simulation results and the

experiment results provide the results that agree well with the proposed theoretical analysis.

v



oy oy
naanssulszmna

3
o Ao o "

a = o = Y o o ° s o
Mmoninusetuiduie 1desed droduuii uazilineian saas. Usilund

e

= & ‘i‘l 7y a a ¢ Yy YR & éilul v
NAwou FuluensdgniuguIneiinus  Nwiansuadluanumaaingan Alalv
a1y "
ANuEYIATIEHAed WS LazvenswveuwszRaTupt I
o v @ ] a o
VONTIVVBUNIZAUAMINGG NN 9 MUNNADITUNSANY tazAuas Wiade-ms
- Qs : H a ﬁ.’ = o

unANy aAveanae i ldlszansiszaminnamd Idiudms

YOUDUNILAY AU INNMNAAS UM IMNAousrITiluecasei 1aldmsmiveyu

= 1 -] =) 1Y 9 =y £
numsinmmamaiousounsdmiduiluszozng 3 Imsdnmn

" d L 4
YovauRUNIAINNANT Auzinomans uminndousms #idanungandeile

"
=

d o o aw o o ' (=
aIUNn Qﬂﬂiﬂ! ﬁTﬂiUQ1H')ﬂU%Hﬁ1LS‘i]f!ﬁ’Nl‘ﬂuﬂﬂ'Nﬂ

b ¥
aamoiidmidenswvounszam ia s nazasevaivestminnidumdale

¥ a A o VY ¥ o =& =) o o cro = 4 3/ ]
ua:iﬂmﬁﬁuuaquﬁluun o “ﬂﬂ.111]1“!%1?711]1311“13713114“14'5ﬂ‘UU‘uﬁ'll'iﬂQﬁ'Nﬂ'JUﬂ

' o o e a = ¢ w A 19t 3
Auawazsz lenisuisiinninnidwuiaivi Swdweuevuadiinszauynvi

HHY UAUYNG



Wi

UNARABDNTHIING. ..o I
UNAABDATHITNNY .o+ s e e 111
AN TTUUTEMIPL . oovev e ee e e ee et e e e e s eeee e e e e %
IPTTIIY .o censenessmsemsnsosonosssnosssosa ki s 34K tisa A sk e e mmms as b e amsm s s men i VI
L atiT ) OO N SRR | IX
ikt | WU, N X
UMT L UM oo eee oo e e ee e ee s 1
L1 anandhusnuaganmu@dauoat oM. oo 1

ar o = = o
1.2 IaqUseaaf lumsMInoniinus 3
13 AUMATIHYOINITANEL .ot 3
o A a g g o a - o
L4 OuRnTouuIANUAAN 15 U S INOTINUT ...

o = =) o
LS UDUIUAVOINITMIINUTUNUHD ..o eeseseeeseessenneens )

- = o
1.6 S0RZIBUAVOIINGVIWUT .o 5
=5 =1 a; P = d' — )
NN 2 NOERNUFIUNTF U IV A 10T MDOITOY. e )
a o @ as as d.
2.1 M3 A5 21997 W99 TS UaUN 2 oo 7
2.1.1 gUHDUAN VIR NUDDITUIIA. Lo 11

2.1.2 aumseaadna1nes nums Iiiadyainesasaan
T HOUADAONA ... 14
2.1.3 WARADUAUBITINU e e 18

2,14 HAADUTUBIUTYIO. ... oo 20

22 1UIIBUNA-0IANA FMSUHAAOUTUDI99T T 21
2.2.1 HAMAUIOANUT W3 DNAABUTUDIBT T . oo 22
2.2.2 Wddudwloufumanoumueaisdu layaooaon. ..., 24
223 VOUWAROU ..o 28
224 ﬂam?{ﬁssnmﬁﬁﬁﬁm‘?mﬁu ...................................................... 28
2.2.5 uvviaesilaniunieTou (s - model) voseos Wil ... 29
226 FUMUDVBITNA-BTT. .o, 31
2.2.7 HaAFUt 10 T OUNUNAADUAUOITITUT W oeoee oo 31

VI



CRETLTRG))

L
i
= d = "
2.3 NVIODATAAADTFUANTE T .ot eee e e e e e 33
a d = o
2.3.1 0T IUUTADDDEBARINDT - eeeeeeeeee e 33
2.3.2 VTAOU — W AODATAIRROT oo 37
2.3.3 DAVTNIU-NOOATAINDS oo 44
4 =Y o't
2.3.4 1995AIDAT VDI 0O ANAUAADT U THUANTEUD <o, 48
2.4 00U-HOUTIBAAUAR. ... 53

2.5 00U-uoud N IITUQAUAR ... 55

2.6 INALAAIUTIAIHAWAINUNITUONTINAIAY .+ e oo ST

= = 4 4 o
NOHEY MTAATIEHUAE IVTNUUTUD ... s s e eneeneeeaenn 00

3.1

3.2

3.3

3.4

3:5

3.6
3.7

a d a o @ A 4 -\
MIANTIZTHIVTODABAUNADIOUAVN 2 WO WA AL LA (closed — form)

@ a ' n’: -
Tugum lvesnsTns e DA UAN. ..o 60
a o : = o
mseaagaanveIdyau layrosasamanaruziszuuesadaanes
@ a e 3 ‘o @ @ a R Y aa
ouavi 2 gnileudavilanFuisdudunauuwaiadiioingziawisnms
a e n,: a
UNTRMUBDRUIY, ... coocoivimssenisimaimsfamnensonansesnsessarammens ssas esneamasnsnnbes 68
asa o =Y o o A &
I WATILHNVIDOABAAADTOUALN 2 tNOMIHAIRBHUVA (closed — form)1u
sl Tasordematindnnlsnamarsddemsuonmaana................... 72
] = oA 3 P Aad = L4 6‘: a o asa e
nisuiiouransinsizii 1dsen it ms Inneiuuua sauiuI s IR EHn
9 o o :
T Ui oM 3.3, 77
¥
" = = t A a o o
Aueulaye nazmavesnanouaueIsIINTIATENINITMI IR IEHNL 2 Ty
Ad W a ar = 4 o
nigifimdnlizang A uaz A iludsgaFadiou diodeens Iioanaiiu
o o o
T T RSP DS 79
a do  a = ~ as - " =
pamI IR zinudygusunenidudyauIiasmieminei.................. 81
msszgnaldaudumsmvquuemlagalunssesadammessiadisquu
¥ '
WugveIms T zvatomaia luin 18 weue. ..o 83
g9 ¥ @ a o = 4
3.7.1 Msdsggna lHNunU9S MU AV ATAAADS ...t 83
o’ ar 4 -
3.7.2 M3Yszgnd lFaumNsitou-N Ao AT AADT ..o, 87
o' a a ~ a o
3.7.3 Malszgnaldanuinasmiu-ReeaFamnns.............coooooeirie, 95
oq 3/ s o = o'
3.7.4 msdszgaaldnuiisesnieasuveseoadaames luTnuanszua........99

Vil



MUY (A0)

)
Hi
o = [ a =
3.8 matlszgnaldauseseeadammeinunisuoaadaya udeuna (AM)
; 9 =
Uuwuﬂ’lu‘uQQﬂ'Iiiﬁlﬂﬂuﬂﬂ’lﬁllﬂﬂﬁlﬂﬁnﬁ'] .......................................... 104
a o ) & a 7 a v
3.9 ﬂ'ﬁ'Jlﬂﬁﬁ,’ﬁiﬂﬁQﬁ'i']ﬁﬂ')ﬂﬂﬁ'llﬂﬂiﬂElﬁ"lfﬁlﬁmﬂﬁﬂ'ﬂuﬂﬂ’]uﬂ'rm ....................... 113
uNn"n 4 Nﬁﬂ'lil.ﬁﬂull‘lJU'Nﬂiltaxﬂﬂﬂ’l‘i‘nﬂﬁﬂﬂ ....................................................... 121

4.1 waminaaeannmsilizgnaldautumsaguuentagadaanueeada-
DA IAYA(HARBLAUDIBITUTIA) YOI NITOOATAAABIFIIAMN A .........12]
4.1.1 wanimupuuemlayafudyanalnasedune v (1) =V, .......121

4111 FTIUUTAVOOATADIADT ..o sensesrsssenses e ee 2122
4.1.1.2 YV IADUANTOOTTUAADT o126
4.1.1.3 WITNIU-RODATAUAADS ..o 129
4.1.1.4 2903A0ATUVO3 DD ATAUAADT 11 TMUANZU e 133
4.1.2 wamimunuuelagaiudyapusune v, (1) Adnuae
wdseAon T mnn w30 WUUWASAR ..o oo 137

42 wWaminaaeannmslszgna l§uieesateaseeseaadaaime; funs

v
VOYAATYNBUTIVINAVUAUT IWYDINS IHmatianisuonamnana......... 153
4.3 Nﬂﬂ']iﬂﬂﬂﬂQ'Ni)‘iﬂ')Bﬂﬁ1!1]'E)';ﬂﬂﬁ%ﬂlﬁlﬂﬂgﬂ37ﬂﬁd1uﬂ%ﬁ ...................... 157
a aae 4

UNN 5 ﬁéﬂﬂﬁﬂ’lﬁ?%ﬂilazﬂﬂlﬁuBllux ................................................................. 160
WIBOITMIITEL ;. ciiinssinsbumnemmnmmn ms omssemm s s s e s S 5 e S A S N S S 163
L TP S S SRS SO el OO S | 165

av 4y Yo s a o "
WO U‘l’lvlﬂ UNITANUWIHBLING. 166
USEFARIVOU. ... e 186

VIII



GRRSTGTERERN

M319N

2.1 wmalumsauyaninaneauerisfy



1

U
CARITGTY

31l ni
2.1 SZUUNNTZAUAWTYRIUBUNA F(£) o ovooeet oo 8

o a s A
2.2 19y ¥00A0aeIANAYEIDBAFAAIADTIN0 0 > 0 ..ovoeeeeeeeeee e 15

L4 o o A
2.3 1y 00A0001ANAYDIDBATAAADTIID 0 < oo, 16
2.4 szvulinuiadygolayeoaeauSaninin 0 =0...........cocoooveeeveceeeee. 16
25 szuvdudviiaes sz liuiadyaya leywsovasauianiiieo ¢, =0................. 17

a d = o

2.6 NVTIUUTATODTBAIMADT ... oo e 33
2.7 9TAOU — INADBATAIADS ... ooooeoeteoeeeeeeeeeeee e 37

4 = o o A w = o
2.8 250U - aopaFanes Miwiindyaueoadann layyovaeamane.........44

a = L) 4
2.9 NUITNIU-NODAUDDIND Tt eeesestesenss s e e e ssnsaesenn e ereseneeneeneneennnnn B4

2.10 FyANHRIAZ IS TUYAYOY COIT ..ol 48
2.11 2INIDATUVOT DOATAMADS 14 THUANTEU Lo ovoeeeeoee oo 50
2.12 FyANHUBOBU-UOMT] ..o 53
213 00U-OUTIBIQANUAR. ... 54
2.14 2 95auyan T ouuU$1a0900U-auThFIQAUAR. ..o oo, 55
2.15 AEanyzve00U-uout] 1 WAL 56
2.16 umJﬁJ’1aﬂwmaaﬂ—uﬂnﬂ'ﬁ'lxi;ﬂuqauﬂﬁ ....................................................... 56
2.17 ﬁ”q;tugmiwmuﬂmﬁ;ﬁmmmﬁ Y(E) WUUIW. e 57
3.1 szuusudui ﬁﬁﬁunmﬂaunﬁ’w:jswu ........................................................ 60
32 Naﬂﬂ‘mumﬁssu‘mﬁ?}ﬂﬂﬁ%ammzﬁauq vamelmudninaves e’

iile o g reT SR WL AU N 67
33 STUURRATAININDI DU 2 Lﬁagﬂﬂauﬁmﬁum T, (T) i 7 109 72
3.4 H9snuLTATeeaFaImes il BB IBINA DU Y o ovminsmmenisesnmmsssssssnasins 83

. - o o =
35 vaiaou - maeeadammeiiunsoudy usunadan v, (1) .. ..., 87
3.6 WiInu-HeeaFaamesvastoudygudunn v, (7) o 95

o o I'd A ar a .
3.7 2wsmeasvesooadamaes lulnuanszumilofloudyapunszuadunn i (7)..99

= S
3.8 NIINBATUVOS BOATAIAADI NIIDUNA V(T) o 106
o = o
3.9 TR A3 9903AI0AT WIS DOAFADIADT.._...... oo 113
9V a o oo o ' =,
3.10 Taseari1enesduiinames iunuuuusiasseor-ueuil liflugaund. ... 116



U 1
a1 vl (99)

i )
JUN nin
o I=Y H o { [ =
3.11 2993 fmgamam 'm]E]'iEl't'lﬁ"]f'fllmﬂ'ﬂ{'ﬁllﬂ‘LILl‘U‘lJii’lﬂﬂﬁﬂﬂﬂ-lmﬁﬂﬁvllll‘ﬂHQﬂllﬂﬂ......1 18

a o L4 ) d o A o o
3.12 STUUNANYANUNIAIBAINIBI DOAFaIames vz M iadyanuesagama.....120

4.1 1nuUSATesaFaane; ﬁﬁﬁmmmﬁuum 7 g S —— 122
42 wamsi@ouuuunesne llsunsuiialdvesrssnuniatoeadaanos ............. 124
43 WAMINANDIVINNITABIITIZIVDINITIUDTATODATAUAADT ..o 124
4.4 03 UAAINENIAILANIBNARAITIUUTATIOATAANADS ... 125
45 2esaou-wlaveadannes ﬁﬁﬁ'ﬁgiymﬁu?gﬂ 1.07) = Vo cccmaronidosacnanssnd 126
4.6 wamsdounnnasdrolilsunsuialygveseesdeu-maoeadammos ............ 127
4.7 HAMINADBININNITADIIIITIVOINIIAOU-NTOBATAUAIADT ... oo 128
4.8 namluaaIHanIAIURUIENARAINT IR OU-HADOAFAIABS........ oo 129
49 2vINTu-Hooadamand Alidyaudunn VT) = Wppiasersomsssssrsisnsssinions 129
4.10 WamsiaouLVY99380 Ilsunsuita ldvoarsssniu-nesadammes................131
4.11 HAMINATDIVINNIIADIDTVFIVDINVTNIU-TDOATAAADT ..o 131
4.12 namuaasnamsnIunuieNlagA9 N Iu-Neaadaames. ... 132
4.13 2993A30A5 103 DO AFAAIADS 1 THuAN LA Ty B uNA (1) =Ipeo-eenei133
4.14 wamsiaounuy99sA Tsunsuiia ldue11993A20A35 1905 DO AFALAUADS ... 134
4.15 wamsiaounuy9sAe Tsunsuita ldvesasniensmesoeadamines.......... 135
4.16 HAMINANDININNTIABIVINIOAT IO DOATAIAADT IMUANTZUATUNAVIN. ........135
4.17 HAMINANDININNITADIIINIOAT VDS DOATAIAIADT IHUANTZUADUNADY. ..........136
4.18 n3MluanINamInIAUUENIIagAI995AIDATUTDS DO AFAAADT ..o 136
4.19 1vsnuiaieoaFanmnes fudyanubuna v, (7) ildnuuzumaing...........138
4.20 viten lavzunsuiees i lFuaAINARB LB YRl HARBUAUBIBS TUIA. ... 138
4.21 Nﬂ'sﬁ‘l%ﬁlumsf‘iﬁﬂﬁ'ﬂ;tgmﬁtﬁuwamauﬂumﬁaﬁu ....................................... 138
4.22 Namsﬁm'Jf,uﬁaﬁamwuﬁfumwaﬁ‘ﬁ"imi1:ﬁuuuﬁ:quﬁu§uvmﬂﬁiugﬂ"lmf........-‘143

o a oo 4 ac a 4 e 4 L4
4.23 HaMIA TR VUNUTIMYBTE M InT iUy Inidunanaugl land..... 144

o = =] = 4 4
4.24 HaMSIAEUNUUMIMNNUYEII U ATeeaFamnes ounanaugl ol 145
4.25 wamsnaapan lAvnINnsae 995 sdunanaug land 1 kHz......................... 145
in ¥ a a y L4
4.26 HAMsNANDIN TANINNIIABISsITIBUNARAUI T9nT S KHz.. ..o, 146

XI



a3ty (Ae)

10

]
-~

4.27 wamsnanoan 1A Inmsaesessdunanaugl ol 10 kHze. oo

2.

4.28 namsnaaesil 1dannsanrsassounanaugllan 15 kHz..................

W

'
-~

- ' a a L4
4.29 WansNAIN IANINMIADI9 593 9BuNARAUY 19T 20 kHzee.. ..o

“

o aow -4 ada o ;’f a a 4 4
4.30 HAMIAIBFIRUAVUUAUTINYOIT A IHIVUR uANBUNAR AU T wdeo. ...

o a  w g ad = s 1 A 4
4.31 HANMIATUIDLTIANAY UuWH§1U‘Uﬂ<‘I’]ﬁﬂ”l‘i'Il!.ﬂS‘Iz11Llﬂﬂiﬁﬂﬂuﬂﬂﬂﬁugﬂﬂumﬂﬂ..149

o = o Y da 4 d'
4.32 HAMSIRELIUUMITNNUYEINISINUTATPR A FAIIADS DuNARAL U Hdey
4.33 Han13nAaRN 1A INNsABII 95 B UNARALHIADY | KHz................
4=: vV " aoa 4' d'l
4.34 HANMSNADDIN 1ADINMIIAB905 9598 UNARAUZIRLADY 5 KHzZ. ..............
4.35 HAMINAADIN 1AINMIABINNT V5 1BUNARAUFUTIAD 10 KHz. ..o

4.36 HANTNARBIN IA9INN3ADIN VT BUNARAUT I RDY 15 KHz.............

'
a =)

4.37 HaMINANDIN IAINN13AB 19T 9590 UNARAUF T ADE 20 KHZ. . ...

o a Aoa ar '
4.38 1vInIBATINBIRATAIMADI NTDUNA v, (7) Wudygrusnms ...

4.39 2vsiiadye ol ua IV INARDUAUBNTIAY. ..o
4.40 vamInaneINsVegaATYaaFIaduymily leywseoaea...............
4.41 vamsnaaeIMsuagATyYITINasunaudy WAy ...

4.42 HaMINATBININBYLIATYYTIVINABUNATUT Y IUTIHAOY. ...

o a o
4.43 'Ni]iﬂﬁlﬂﬂ'i’uilf)i't]'ﬂﬁ“]mlﬁlﬂf)ﬁTI1‘]?1111’115Ylﬂﬁﬂﬂ.......................

4.44 dynuooadaima lyyrosaeaernaaneesin 1 eel-uewil ©A741
4.45 dygnuesagans layyesaoaranaenaesn 14 eedl-uenid LE351 ...

4.46 Nﬂﬂ'ﬁﬂﬂﬁﬂ\‘mﬁﬂﬂﬂﬁuﬂQﬂ’]'ll.la‘llﬂdiﬂ"lliﬂ’;lﬂﬂi'I!.ilﬂ'; .............................

X



' n’: ar [ [ [ . o o o = 4
Tanmsaoumamedsnandn Inauds dininnlfaimneinn laysosaoasoadaanes
a dx:‘ o = 4 o = o =
seiilums iz lunsdin szuuiidganusunaiiuguduas Iduiiadya ueeadann
5 v Y 4 A& & 14 -] 19 Il!'
yunued1d Taomwizodiadslunamsiniaiuumy lifimsnaniaasi drszuvldes
) 4 ¥ = a : ] o
AFAaAYUUAINY Barkhausen criterion wazdoymlsnghildyanauduwain luiilugud
(nonzero) ualanymzidunaind(dynamic) floulduszuy wu dyamlyyvevasa
a [ ¥ a = (4 "
oune dyanailudeniludu udrdyanandnavesszuuesadamanisziiluedials

v L
dmsuuamangesiudaneiinisnandaanieudy [12-15] uasuwizizeeas lliy

.
do @ w -

S ar - 1 o M e Y ' 3 '
nstnlanFusuduna(dygrudune) iluminsinsodygia Idas Pifoariniu ua

Il
A e

T | Y § i .
fnmunmwmgtymamgwmﬂ’ﬂaﬂwnm‘u Fauiuisndunulsnldoullauaai(time -

varying forcing function) ‘Ll‘L!UQ‘liJHﬂ'I5'Jlﬂ‘i'lw‘ﬂMﬁ°’ﬂ'ﬁ‘]J'IUiHﬂ')'Illﬂi“’ilN‘BﬂLﬂU’Jﬂ‘]Jﬂ‘iﬂl‘u

ny

A o ay Y ° ad “a 's o fa a A
@oiEa 9 1 laimninauedtnmsimszininamasveseeadaames susuian
14 ¥ s oW o & 1 a o
A lamaiiadunlsnamatwdfie] daldnunlunszuiumsiniziminamasyes
1 " ' ¥ ¥
podFaaAnsduAUaes F I msudaumseyiuisuduiansdisiimsuuududmiu
wilwamaon 1A weudgavesdygiusoadann noNanoUAUDITITUVIALIAY
" A o wa 9 o =) Yt o ) 1 = 'S
uanAInInHamInaanInlfialasse Seldimstinauemaiinlnilunsinszim
a o a 4 o 4 b4 a oo
uowldyavesdygruesagaanil laverdomsuonamnanaiduilumslfimaiinduls
o Y o by J Y w " " - [ u’: ar
nawma1waa [17] nlsdunmsudaumamauentdgadenann uawamaoi 1a lu[16] viuds
] 9 U o'/ ar ] ar L] ar 4
Tildeglugdaunisialy wazdahildsaliegludnumzvesgtnnilacclosed-form) 1

AwWanouaueuIYsel lugdaumsnalidae

1u"3ﬂﬂ1ﬁwuﬁ'ﬁ’%§a1é’ﬁ1muamﬁmswﬁmwaﬁ‘auaumu?ysnfmm"lcuu«mmﬂﬂa
poaFaiames suduiians Taverfumaindaunlsnamaresisolumsdinaey Fams
S5 liravesnmismmidulsz@nsuiensnildgavosnanouausssssumalu
anvazvesgduuuia %qwn’hmmmﬂﬁmﬂ'lﬁ’fﬂﬁamquﬁas:nuaaﬁ%mmﬁﬁﬁmmm
sunaiduilandutiarumumaind Faldnuausindsu/aou lamna 188nda0 nazihwa
voamsunerdina1 ldszgndldiumsmiuguuentayadygrusoadamalay
WOUADAIDIRNA YBIINTEDAFAAADI VAN q FarlsznenTdro 2evse0aFamnnilu
Truausadu Il i(voltage mode) 191 1993513 V5ATPOATARINDS (Wein bridge oscillator)
2995180 - lerooaFaiaInes (phase-shift  oscillator) 2995 NIU-NOOATAAIADS (twin-T
oscillator) 1A 2995AI0AT D3 DO ATAIAADS (quadrature oscillator) waluTnuausaduuas
TnuanszuaItheurrent mode)  Bavandnmisdandr dacnnsminer lsyresaea
ﬂaﬁ%‘mamﬂ%’f‘:'lﬂih::qnﬁ“lﬂi’fsmfﬂué'huagmmﬁ'agmgmn1wu1ﬂ(amp1itude modulator, AM)

= g a o a o
186ndu ganoeziumsinseioslnseadiavessesnioaseesooadaames



' =y o o ' 9 < 4
Tz ladsansonda layvevasamranannud ludmn1a(wide-band) 18 Taoue

Uaga lunlaoumlaa

o’ o s = <
1.2 :mqﬂssmn‘lumsmmmuwuﬁ

12,1 HEuemsins e HaumsoyRussuduT 2 voessooadaannisudui
2 ovmmanouauosuiysaiuuTa(closed-form) Hinamaveglugiia
Tavodumaiindaulsnamalsdidionisuonainanal(multi-time variable
with separate time scale technique)

122 thwamsdinneii Idiumue ludagussasive1.2.1 unlszgnaldaudy
minuguuenlagavesdynuesadann laysovasaiana nienne
HANBUAUBIBITUYIAVDII9500ATAIANDS DUMIT2 Filaga SRR RITY
soadaamossudud 2 TilszgndlFauiludmegaadyaruFauiia
(amplitude modulator, AM) lag@1fEHaNNIIAINGT

1.2.3 ieuemsingizd Inssadnansaieasnesseadamimesinemanma
marzngla ooadammeiviiail seannsandnniudugmnielgTavi

a o = o ar o {
uowagavesdyguesaFaaaeIANAdIvLIARIN

1.3 auufAgiuveansinm

m3dinsiziauniseyiuisudui 2 Fufuaunisanuduiuivesaaes
poaFannessuduil 2 Taverdumaiindausnamaldidaonsuonananaiause
ihhliffundesdiofenmamasudysaluguuula (closed-form) Y83199300aTAAADS
Sudui 2 uazamsnesuw ldhnuenliynveinaneuaunIsIIuNA  niedu
aaﬁfﬁammmﬁwmmi:nvwiji’uagjﬁ'uﬁ'nymz wazgduuvvesdyanaudunaiiilunaad
fiflouldiuszuy ﬁ'c‘ﬁaﬁ’m;iymﬁmqmﬁ”ﬂxtﬂuﬁqﬁ%’uﬁqﬁuﬁuwﬂ(forced function input)

¥ -4 o o o o ar
Tnszduszun ssvues Idnanevaueumdyaeonuuuranouaueasfuailanu

3
o A

auduna udmaneuauesisdviies liinadesmomldgavesnanouauossssumna
a ) 4 £ a 1 [ "
layaouanaininavosszuudniiniia Femuisoosuieldodgndoanazusiuing
A a o ¥ a < d " a o ’q @
WBNTAANSHIUDANAY  dunnmneanudunimusaneziThilszgadldausunis
= ar = o 9 o o ar
muauuevlagavesdygruseaFanmernyald uazii hliszgnaiiluduogian

o a Y a w a " ¥ s
AU IUBIVUIA(AM) 1ﬂﬂﬂﬂ'§ﬂ uﬂﬂil'lﬂu!.!.ﬁ’lﬂ15’}lﬂ'j"izﬁiﬂiQﬁi?\?ﬁ!ﬂ@?ﬁﬂ‘iﬂ')ﬂﬂﬁ'ﬂ%ﬂi



a o ' o = o]
f]ﬂﬁ"’l‘ﬁlﬁlﬂﬂ§ﬂ$ﬂ11ﬁl§1n31U71 INg 1311‘7%1?1'1“]iﬂ'lﬂﬂ'i'll‘iiﬂ'iﬂﬂﬂ"lfﬂlﬁlﬁﬂﬁ WIAINID

nannNud lugun e 18 Taoiueulage hinldounlas

1.4 nqugnsenInanlylumsiinaniivus

Ham3dnsIzivimeaoauesuIysa lugluuuila vnaumsanuduiuiidu
aumsoYIUTSUAUT2 Yesszuueerdammessuduiiz Taverdumadindaulsnaman
Ardromsuenananal asoesuielain msizmelauowliyavesnanouauos
135a layweoaoaanasalavunlnsmudyanasunaiiddyanaiudsulFou T
AN (time — varying) tilegnilewdhgszuuveseeadames uaznamsinsied
1IMBATIIRI BEATAIIADT TaumsTnszHA UL 1aese01)-uenili luilugauad
iwmm'mﬂﬁmu'lﬁ"jﬂﬂsaﬁi"’cwmaaa%ammtﬁmﬁﬂﬁﬁﬂuﬁammm‘lﬁ'ﬁuﬁﬂﬁ'ﬂmm

) o " ] 1 a ] 4
poadawna lyyyovasaiana ludmanuinii1dTasinendya lunldounlag

1.5 Y@UIYAYBINSTINENHWUS

]
s S

o a o o do w i = o o 4
HUAUDMTUATITHAUMTDYNUTOUALN2 ¥DII00ATFAAINDIOUAVN2 1D
= o' & [ o as a  ow
wikamavysysa lugduuuda duiluaumseglugilhinhl Taserdomaindaunlsna
naefIRMsun@nanal udnihnansinsein 1a llefuein mazmaladyas
o d' ¥V as = o [ 1 as ar v ai -
sunanilouldfuasseeasammes lidnzeglugldnvuzvosdyarumnioe) nie
o = s o =2 Vv a =
iludygraFovaiad Ssrmisn laauguiiuenldgavesnaneuaueasisurives
o ar a 9 1 n’: o a I Y o
srvvnldsunlasmudyausunald devinduinemwamsimszinldinaue 11
o Y a o o o
Uszgnaldarmudumisnivguuontdgavesdygialayvosaoaorianaiuices
= 4 4 a o - ¢ 4 a s
poadaAine 11Ul 19vsnuuiadeeadaame; 2vTineu-aeoaFamne; 2993
= = = o o a o o g Vo
NMU-NPOAFAUNADS 299INDATUIDTDRATAIANDS Inuanszud uazii hszgna l4ny
o = s ar a or B
2993770A5 UV PR ATAAINDT NeWA T uAwegIandyguMavinaAM) 14 gae
o a o o = o
Wlumsinauenansinsied Iasaad1aeesatensnesveaFaiameidronsuny
uuuirasseorl uenii hidugaunaaslilues udrTnswimaung i msizmala
= ¢ = g a  w = o {
IseRATaImBI YAt T s andndyguesadaan layvesasaaya luaud

guniela



1.6 18z1DUAVBIINGNTINUT

= a d” 1 4 ° 4
Tudnoniinusi 1duaiiomoonidiu 5 U wAZMARLIN $1UIU 1 MARUIN 9

=t =y s L] ‘4’
U5waziduaaaae 114l

' o A L o o o ar 4
uni 1 Aoumi Fauilumisnaimhiwnudhanuazanudaguesilam Jagilsaen
o - = a = a 4 b4 ]
Tumsmianniinug auydgiuvesmsiny nquinieuudnainldlunisi

- = o = = a = o’ "
IS VOUINAYBIN I INoTinuG uazswaziBoavesinoiinug lunday

un

" " = { o ' a s o o o
uni 2 nandengug uazieesihoades Tavaznanemsinaieiaaes ihduduing
v

ad aa

3 = & 9 ' 4; =
wwvdudy 391819350351z iuriag 1 gluuudie 9 vesanudsssumna
¥ "
4 ar ' = < 4 =
GIElil'lﬂuuilzlﬂumiﬂ’ﬂ'l’JﬁQﬁllﬂ'l‘iBﬂﬁ“ﬁﬁﬁmﬂ?(osmllatory equation) NizUY
o a w a o "o ¥
o iuiadyyueeagama layvesasamiann 14 Tas lusuiludeatlou

ar

dyanudunalifuszuuinduedials nandwaneuauenisdy waneuaues
viysal nuuiiaesduna-nayadinsuranouauens i namaseniul
ﬂaﬁ‘ﬁudiﬂﬂuﬁmamauﬁumﬁaﬁ’u"lmum%ﬂaa vouwaitou v aawdsssumnd
Al 7 M nuSiaesileiFudioTou (smodel yoeases e zﬂuuu‘uaﬂwa-
315 HaidudroToudunanouauIsTTHIIA ﬂanmmmswugmuanws
ooadaimeswiiama  #FluIneiinugi nguveseoll-uenihFigauna uag
Alifugaund qamomiiumsndndunaiindanlsnamasdadionisuon

' 3 .
ananm welfituanuiiuguiumsinszin Idiaueluumde 1y

E; 1 a 4 = o o o 4 1 o '

UNN 3 NAMIINGBE MIUNTIEH uazrnIeaFarames sudun2 Minauslny luun
r:iv {I a o =Y du @ o A £ ﬂ
Wl UM R IznIsooasFamnes duaun2 memHamaslugdunvila duily

- 1 o " s = : = = I's 1 =
aumsieglugiiall uadwmsordonguuuuduanlunisingizd uaznaiine
= ar 4 = o o [ 1
nmiseaaFannvesdyna layvosasaannvn Nszuoeadaanes ous N 2
= b4 o @ W o @ o A a oY o = o
wgﬂ‘ﬂaumumﬂwmﬂuamgmmuwmﬂmumm'ﬂzwmmﬁmsomswmmu
v ¥
mmuuf’hwaﬁavﬁummﬁmmmsznmzﬁwqﬁmwﬁluamﬂs Aot uaziily
= 4 = o ar o = 4 &
NI NUATIZHIVTDOATFAAADI OUAUN 2 mamwamau“lugﬂuummui‘lﬂmsﬁu
a ar a a o o
aumsneglugiialyl Taserdumaiiadunlsnamatsdidrsnisuonananm
o = o P=l o =Y q’r‘ = "
sdaniwamsnanzin 1a Walssudsusuransinsziuuusaauinlgnadiy

o01ls  waziivisenlusisaziBeavosrmenidga uazilavesnanouaes



v

BITNWIATTNIINITMIUATIZHNS 2 Tunsdifismrdudsz@nTveswanonaues
a [ a 4 9 o o o
1A A uaz A, iiludsgaidedou iodeamsszyldiodnaiuiliiduln
o n‘: a do  w - - o -~
v laomwz  suImansanseinudyapusunaiiludyaraiaswmie
U A " ' [ =K z ar a ot
amnsiieg Miinnuuandsiunie bl devimivazilunstudunamsinsei
a  w @ -~ o v
1darnmaiiadanlsnamaisdidronisuenmnanarildinaues  droms
o a = ar = L4
Uszgndaldanudunisaivquuenitldgadygivesadaameianaluiees
a = ' o a @ d = & il
padFaimanswiinaieq uazi liGins1ziuaeesnleasuveseoadaiamesine

w

ilszgnaldiiludegandyaandnnaam)  adogamosiiums

o a

WUaueMIWNIIZH 103993192995 MDA I PR TaIAINDIAINDE LN

1 ' a o v

Ui 4 NA1IDIWANINAADY LAZMITATIZHHANINAADY TABIZUAAINANITSIADIAIY
Tlsunsuit-a ldd(P-spice)  wansdraouFaduay uazwanmsdiasadums

a [ ' a o ¥
munuuoulagavesdyau laysesasamanavedsssoaadainnes ¥iiana o
as [ o o { o o' o
naminaassnnnsfundnmsniuaueluunn 3 dwmlszgnaldauny

= o A ar o ar =

NIIMATINBIBRATaIme oA Iiudueamadyanauiiving uazka
¥ a A o = d A
minaaoeldoel-uenil auazsiiandeidiuisesalensusesooadaames o
L4 = o ot =1 S @
naaoudynuooadaaa leyyevasaidyannuddiunalFomiouiui

9 Qs = P ° L] ]
aeananInuRans Rz lavnaue 1nse'ly eg1els

i ] a - v
unit 5 ifuungaiesazilunsagluanunasdoauenuznioluinorimuginiu

ot1als

¥
ar

' = a o = H =Y =Y L4
Tudwumevesinmiinusaziilusionisvewenasdredwianuai 19 luineiinug

e

= o

A | at '
T LHAZNIARUIN “lfﬂ’ilgﬁ'J'US'Jﬂ'i"lllﬁzlgﬂﬂ‘llf)ﬂ‘l_lﬂﬂ'}"lll'mﬂﬁIlﬁﬁ‘ljﬂ'ﬁlﬂﬂ“ﬂﬁ HagtonNmg

' ¥
ou 9 laviiswaziden Al

Y ar =1

- =Y o [
o AT UMSANUWIHOUNS

ar

MARUIN  WAIIUD

sz Tagivon



UNN 2

v

a A ; av A o
NgHg) wugmm%‘lumsnﬂ HAZ NIITNINEIVDN

'Iuﬁ"ﬂ’fﬂﬁyﬂznrinﬁmqyf]ﬁugmeheq l91un15350 uazﬁugmmmmsﬁ
Aot céﬁaufam'luunﬁyﬂzﬂfinﬁﬁ%mﬁsmwﬁu%'Iml‘v’hiﬂummmamaﬂmnﬁumi
ouuESuAUT 2 Fuuaunsanudniug STHIBUNAR IRV T UUSUR U TTs
Mdiueginll SeinoimidiazEoniimsinssidmaninthuudeny dosniss
Wumsinnudilafuaunisesadanines (oscillatory  equation) HAABDUAUDITIAY
HOABLAUDIUTY IO nuuinesdunA-e AN S uNanoTU92995 T Aaeavu
HandudioTou uaziiadedaliles 1dndais 51U021D0AYDII9T DO ATAAADS WIIAA1I)
o01-uouil uas ::nanmmﬂuﬂmuﬂsnamawm'Jﬂumsswﬂmnanmmmﬂummz
wugmmwuﬂﬂhﬂmﬁmmﬂﬂm'svuuauﬂum Advinauehimminugi Faz1d
nandaluundely iemianuaiisuiudmsunisanm uazmsﬁﬂﬂﬂszqnﬁ‘l%’ﬂuﬁa

Tudmguuandaljia
2.1 MRz hiuasesdhsudui 2 (12-15)

o': o =Y a 4 1 =Y -~

Tavm ludmvuiaesndamansdgminnlfifuniesfiosrolunsesiois

a1 3 = a o o g ' o 2

Usingmsaidie 4 ienedinemansuazdmnssumanfiududeanounsiaig
s a w = Y o o 3 = = &

logiiu saziiluiinswinaudriaunseyius(differential equation) Humaiianilsves
- o ° 9) o 1 9 " A o 9/ = =

auamansngminnlsnuoiianievanslaommizediats tunlflumsuaamiossue

= o ' = P as 4 4 a L] 1] x.
INAUANYULVDITZUY 1FY szuuwanaﬁmmnumsmﬁauﬁuwaﬂuuﬂamww(s1mpie

harmonic motion) AMWHNWUT VoIV md—7+k(z) 0o m fAewIavesing

‘Hsaiussmﬂaamuﬁanamww(s;mple pendulum)—7 -EB =0 mmu'luswmm"lvi%
= : L B
'H’W‘]Jﬂ‘uEJg‘]JBU "’]ﬂﬂﬂ ﬂ“l‘i’uﬂ§1$?l':l<i‘i}§"lﬂﬁ‘l (electric circuit

analysis) — él+a1dt;(i)+ agi(t) = f(t) HAZITUFINAVDIVDI 1M a (velocities profile in

1 dv 1 Ap ¥
fluid flow) ﬁz+ a3 ae wludu
[l [ s w o " a’ = Y Y
Iﬂﬂﬁﬁuclﬂiylm'JfTiJf'ﬂiﬂ’ﬂllﬁ‘ljwuﬁﬁlﬂﬂ’igﬂﬂk'ﬁﬁ1uﬁ13115ﬂﬂ'ﬁﬂ1ﬂ1ﬂﬂ']ﬂﬁuﬂ15

" L
DYNUTOUADN 2 Tuvaznauns E)lgwuﬁ'ﬁ’lﬁiy‘uu(ordinary differential cquation, ODE)



o 4 - o = 4 o
Wussdamudiugniinnl$lumsesusiaienluaznszuumshauvesszuuuaz
da a 4 o = d I o '
nimannaomatianiunldlunisAgainimaman(solution) voIdunITOYRUS UA
;’,' 3 < o ' 1 H = d ]
'YN‘HNﬂuuﬂmﬂdﬁ)g‘uuﬁuj“Iu‘llﬂimﬂmﬁﬂﬁl“ﬂuNﬂmaﬂ‘ljﬂd'im(complete solution) yc(t)
& by o o < o A
mﬂsznanmunamamaﬂwuﬁ(homogenous solution) ¥, (f) HazHAMAYIUNIZ(particular
solution) y,(t) Tude y,(t) = y, () + v, (1) mmUﬂsmummimﬂu“lmmmw‘lﬂﬁh
‘IJEN‘I"N’JWSLLWE‘T‘]MLLE’I uaﬂnﬂ (passwe and active element circuits) uu Namaﬂ‘ums"‘uuw
ofuredasaunmiseyius dendldiiunamasuiysal yt) uadnszSonduinilu

a 4 1 o - o - d'dyu
HARBYAUBIUTYIalveszuUN 14 Tuhuesduinuwaneuaususysaitidenssznen )
J o ' P 4 -~
AroHanauauBY 2 dIUAIoAUAD drunniuilunanoUTUDI5TIN¥IA (natural
é { o q‘ o/ af 'ﬂ L
response) ¥, (1) Fuilunanevaussi ldniandsnusudunazerdondsnuazauiiog
o 1e4 o 3 - " VY1 oo 14
moluvesszuues vagids hifindesnunnneuenszuuunsgdu nionan lahdslis
d o o e o o 1 =
WHandFulafu(forcing  function) f(¢) 9nnouenuMTIRUSZVY  uazdIundes fe
WaRBUUBITIA (force response) ¥, (t) Fuiluwanouaussvesszuuiildanmatlou
as o o 4 ' G\’f‘ CIy
nInTzdusTUAIINdsIUInouen luglvesilandu f(£) 1a q Wenawull il

u’: w’ = = 9 ©o Qs O‘J
WaapUAUBIITRNTIHoURe 1Y y, () uaz y,(f) mudiAmiues

v v @ o ar qg a - - 'd
ol e Ua U0z UUBUAUN2  AIriuIZISURITAIAZ AT IZN
ar s 4 = A 4 o as o ar = o
2395 T dudun 2 Taghnsaszuvnilangnasedualoilanduiisfuduna(forcing
2 . s = o
function input) W3edaauduna f(¢) nazszuuldlinaneuausueidyalulamuna

W y(t) uamﬁagﬂﬁ 21

v o 4 t
f (t)_, SLUVBUTUN2 y(t)
aunn 121ANA

=

3 2.1 szpunssduinodygudune f(t) vazlinanouausuoidne y(t)

a {0 o a a - ] L

dauydldszuuiididainsandegli 21 duszuuidaumsanuduiuiiiiu

@ do w o - w ) a a 9 a
aumseUBIUAYI 2 naziindsnuazauisudu w inausudut=¢ =0 i

4 ' o Ak P
Y(ty) = y(0) =Y, 1iin Y, iilumineii n¥sdheilevesaunisii .1) Wunansumues
a - ) = ¥ 4 v do @ A a

1©IMNAYDII VY uazyNlefedunantowdigszuy Feaumseyussudui 2 Wouly

qhia T 1



y"(t)+ay'(t) + agy(t) = f(t) @1

dlo (') uaz(”) wamseyiussuRUinimasSusuRaomnuddy venvniiud
ay 0z ay humisiiiaes s e luvazi f() Aeilsrdutisdudunaitonlisy
ITVY NNHARATUSTYYs NS oRanpUTLEIUT YIEveITINISI(2.1) Afenssmiuves
HOABUAUBITITUYA ¥, (1) uazmanDUAUDITIAY y,(t) wanz y, (t)uaz y, (t) awnse
1manmismsiudou (superposition principle) $20TumInImanoUALBIBITIT0I R 39

ol y(t) =y, () + y(t) TaofinanouauBIsssuA Y, () awsomldenms

w o o ' ' o @ a
ufeunIsOYRUSIENWUT (homogeneous differential equation) Wiana1n 1d 1A dsRin TN
srpuouaun2 vaids i lddeuilarduiisiu £(1) Wuideld £(t) = 01 wes udraums

1'7';(2. 1) ﬂzxi‘_lu
Yn(t)+ ayn(t) + agy,(t) =0 2.2)

MNAUNIAQRD)  uaz2.2) sz IdFananeauoesIsuIA y(t) =y, (t)
sedoaluiladdui lun/fougihidoninsmaroyiut(differentiate) Tiaziiusudui
wirlsfen Tigusiugamssusumedheiievesaunisii2.2) vz liirugud dus
mnuald g, (1) = Aest Mromauaiiinilanduens InuniFoatexponential function) i
nJ?;uugﬂnmuﬂqﬁﬁmﬁ'ﬂﬁmﬁmfhmgﬁuﬁ Taoiie A uag s femidosinismim uaz

3 "
apnIMIuIMsunua y, (1) = Ae’ asluaumsin2.2) Wuwald

s2Aest + SalA est + a,OA g% =)

T +as+a |Aet =0 2.3)

o " (I, 1 Vo ,
v lai Ae szdoslivihiugud msizhduidugus v, () = et swdoa

Voo o Y &4 [ Y o A ar a 9 o a g
MIAURUEAIE 4 lireandesiuitou lvvendsnuazaudiudu o fAnanSudut =0

s2 4+ a s+ a = 0 (2.4)
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" v
BonaunsnE4) U9 aunrsgadnvazianig(characteristic  equation)
: = o o o a
ilosnnifuaunsiinaniuanyuzyeITuNTaYRLS(2.2) HANAUYDIAUNIIAIDATIAN

(quadratic equation) Y93aUN1SN(2.4) ABMSINANNITADIA s, uaz s, el

51y = [ual + Jaf ~4aq | /2 2.5)

¥
s

NLUUHANDUAUDITITUIIAIUAIUTZNoY 2 dIUfAD

y ()= A
nl A] 2.6)

Hag Y,o(t) = Ae?

» ] ¥
1NANBITINNANMTHE.2) WuaumsFududniunasinvewamay Y,1(0)

waz y, ,(t) Aoouiuramasvesaumsi.2) dw
Yn(t) = ynl(t) + Y0 (t) 2.7

NAUNTN2.6) HAzaUNIINER.7) 32 1RARABVDIANNIITN(2.2) ADNANDUAUBITITHHIA

yosszuuuazinamanlugin Ty

yn(t) = A + A’ (2.8)

s

4 Ve a o - ad ] v
14 AILLEW Az ﬁlumﬁuﬂﬁmmmmmwamuaumﬁssmnﬂnuﬂummﬂumz

3 o 1 ¥ y P P2 i
ABIMINITMIAI9INA NN TUSUAY (initial condition) ™ NIAUSUAU £ = b= 0 910

aunInER.8) AwmgNaumsn2.s) AoHARBLAUBITIIUMIA ﬂ'ﬁmﬁumﬁsl naz s,

‘llﬂiﬂljﬂﬁf]mﬁ’ﬂﬂmzmT\IHﬂsz“;ﬂﬂ’j’l ANNDBITNYIA (natural Jfrequency) B
[ 4::' o Ty d =] 3 o
AMANYMENIIND (characteristic frequency) ¥032993 10 uand1alsnaulunisldwe
v b
anudsssumaiu hildvinennud  sarevausssssumndsziiuleyyesaca wie
' - o J .’,' ay ' ]
Awes s sxilunnuiveslaywesd uansiioiuldluinansding lueruely
ANNDBISUINAVINs Mo siReu / Tunil mareuaUBITIIUIG Y, (1)

= J 1 ar ﬂ' =Y d & F
"l.l?]\'tigﬂ‘ﬂilgi.lf‘lﬁﬁ!'ﬁU‘Uuﬂgﬂﬁ!ﬁﬂuqﬂﬁlﬂiw151umﬂi a, uag a, ‘INTIZ'IHﬂ']TIﬂﬁNﬂTi Sl

v
nay s aane Tl
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' a a

2.1.1 z‘l.l!l‘l]‘llﬂ'lﬂ"]"llﬁﬁﬂ?luﬂﬁi‘éll'lﬂﬂ
4 = a @ @ o @ &
ﬁ')tllﬂﬂﬁﬂ']']lmﬁ'iil[‘lﬂﬂ'ilﬂ@’}»ﬁ]iE)‘LIﬂ‘iJ‘VIZ ﬁﬂ‘i'lﬂ‘ilﬂxﬂﬂllﬂ'l‘iﬁ]ﬂlﬁﬂ‘ﬂﬂl&ﬂﬂ'lﬁ §

a a n’: o a e a ° a g gy v
lﬂuﬂﬂﬂﬁﬂ?ﬂﬂ‘ﬂﬂﬂ muu%’amﬁmmﬂummmsa VTUIUIUANN 'H?'EJ ‘lﬂ'LI'Jlll‘lN‘BﬂLlﬂ1ﬂ

& J te 2 a - o
UGN (of - 4ay) Tuaumsi(2.5) wiluuin av wie qud

weuluni a? > 4a, nnMsInaumsnIeaan luaumsne.4) 151z 1dn

= a
B :[_‘11 + /‘af ~ 4ay| /2 N ‘/Iaf ~ 4a| viinuiluuimauenas

" 2 4 :
dmuali k= o - da | nsiius,, =(—q, +k) /2 gz Marsnaums

L v
Qs

.91 5 L‘ﬁu51u3uﬂ§¢ﬂﬂﬂ:ﬁ1ﬁlﬁ1ﬁu(MO real and distinct roots) 8§ = 8, 3TUY

]

f{nﬁn'lﬁ"hﬁﬂaﬂauﬁumﬁssumﬁuﬁuaverdamped Favz1¥aa
WaREUAUDITIINING 3, (1) Tugiia lmiloufuaunisi (2.8) nanie

Un(t) = A + Ae™ foiu a Fnadudu ¢ — t, =0 auMIniE.8)
uazmoyRusvesaunIN(2.8) vziiani Yn(0)=A + A, uaz
yn(0) =354 + 5,4, Fuiluddoulusudulunsdinszuniahiting

nszquniefloulanduisrulviuszuniues [15]

- = ¥ 4 a P o ' '
weulwiiz i af = 4q, iiloRorsanaumsi @.5) udanziiuldis, = —¢, /2 M
- 9 R a o 1 ow ' U 9
Inaumsildve IS einhdudesnireal equal) 5, = 5, = s na1 1dh

¥
szvviivzinanovauessssun@il critically damped Hnanovauss

BISUHA Yy, (2) 1y

yn(t) = (4, + Ajt)e (2.9)

s

VoA a g =t = o ¥
Andeu lvisuduvazsruuiidygrasunaiiugud o nm 6 =0 1213

L

Yn(0) = Aluﬁg y;a,(o) - 1A1 +A2
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dowlviis & a? <4a;, vnaunsi(2.5) sumulddm o - 4a, v auiluoy

e uAIMIINTUMIN0ATANIzTou 1a iy

S = [—al + fla? - 40.0'(—1)] /2
- [_a1 + jJo? — 4a,| /2 (2.10)

drimuald o = —a, /2 nay w= fa? - 4a0|/2 Wuardulszantves

MM (damping coefficient) LAANYDTIAVUTTTUH A (natural radian

frequency) MUAIAY AT 19zlsnaunsiiiu AdagaTadou(complex

¥
conjugate) §,, =0 + jw veIuuaziu szuviind 1 1dhlinaneuaues
5355uANIY underdamped  naziiounumsinauns s uazs, aslu

aunMIn2.8) azldn

yn(t): Ale(0+.]w)t +A26(U—Jw)t
ot (Alef“" _’_Aze—jwt) (2.11)

. . >
aunsn(2.11) A laduiuaunsidadou vindeenis 1inansuaues

] v
53509a7 Idriutlua195e A1ves A waz A, il 14 2 nsdife

oo ¥
NN 1 ﬂ1 Al lm"A2 ﬂmuﬂummumaswaufuaﬂuuawn‘u muu ﬂ"lfﬁJ 11’1

A =a+jbuaz A, =a—jb mmmummﬂmaﬂufrnm'a‘ﬂ(z.1 1) ld
yn(t) = e (a+ jb)e™ +(a— jb)e )
ie99In e — coswi + jsinwt ot
Yn(t) = e (2acoswt — 2bsin wt)
dvuald B =2a uaz B, = —2b +'ld

Bl = (B1 coswt + B, sinwt) (2.12)
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2 A gy v W @ o P A
’ﬁﬁlﬂﬂi‘ﬁﬂ'J'Ilfﬁllwuﬁ‘lfﬂdiﬂﬂﬁﬂllﬂwENﬂiIﬂﬂl‘l’l'.l'l

B1 coswt + B2 sinwt = ,}Blz + 322 cos(wt —tan~1 (32/31))

. v v
VINAUNITN(2.12) INT IR UNANDUAUDITITUMAT NS DRI M9z 1T

Yn(t) =€ [\/312 + By? cos(wt + ¢)] (2.13)

iife ¢ = —tan~! (B,/8,)

VINMTAVAITUNINEZ.13) vznu'ldn 60t1f312+322 fio

uowilagaveInanouaupIsIINYIA lsywesana wiay ¢ AemIAND
= a ' o T LR e
1510 T3 5UA uazAuaved lsyvesaoamane aud vy Fausudu

i o
& e £ =0 Afe

Yn(0) = |B® + B,? cos(p) (2.14)
ag Yn(0)=0[B,% + B,? cos(¢) — w\B, + B,? sin(¢)

v ¥ E 4 "
I} = 9 Qs L, o =

Tagausudunamesil smiludife i Iiwaneuauesssiuna leyvesana

-~ Q' é J L J
luendgauazmlasudumudosnsdazivegiui B uaz B,y
o w ' -~ FJ 9 & " ' AI a ¥ ﬂv
Ny NAINBIZADINANMSINENIA B, uaz B, MinAuteu lusudui
DY

nsan2 i A uay A WuanTandiawmndy vnaumsie.11) sazfmualy

A=A, = Ale A dluanTiaai

yn(t):e“‘(Aej“" +Ae_j“’t)

=247 et 4 gt ]

= g7 (24 cos wt) (2.15)
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c:l::ly o (TR -::ul o« -
1uﬂ3muil$mu"lm1 HARDUAUDITITUTIA FYBoIADADIANA U

i o a "o o 4 ' "
Aweufagaiilu 247t nazilimmlmiiugud Wennwazain uazdione

a o oa

msfnsan sximualimdulsdninanouauessssuna A uas 4,
' ° P Qs

dandly A =4 =4/2 uiheildmmennifndudyanalay
<L £ 3 = o

wouavaiimuilu Acoswt ¥y Iimueilagaleyvovasaeidnmily A

HAZHANBUAUBIBISUTIA ¥, () vznanoily

Yn(t) = €”* (Acos wt) (2.16)

TavAudeu luGuduveansdinana fio

Yn (0) =A
(2.17)

Haz Yn(0)=0A

. v
s a A

d'l = =) \{qy Y Vv o ]
LUBQ%1H1U’]WU1UWN‘EN 'lﬁﬂ’J’IiJﬁuiﬂllﬂﬁiﬂﬂ31uﬁ1ﬂmﬂﬂlﬂﬂu'l‘i}‘llENiiz‘]J‘UVliJ

L]

ad ﬂ = ﬂ = & =1 Ily 3 d” 1 Yo =a
HAaAD VT UDITI TN IO MUUBUA underdamped 1UUNWIAY FIVLIHU LATSUVUIL LA UUA

-

ar o o 9/ - o 9 a = o w a
daygulayvovavaiiiordna 18 Taoi luduiludesidyanusunans ailadsuisduion

IfusruududuRaeas Aaaunsin(2.13) uag (2.16) mudey luitede lezilums

¥
=

' < 4:’ et - [ - o ar
ﬂanmnuamw:uswazmum‘luaﬂymwmBaﬂﬂumamﬂsm

s =

212 auMseeaFanINe’ (oscillatory equation) Numslvmiiindyanueeadaanlyy

o o

¢
VouadavINNA

MINHANSINTIZHHINAAB AL BIBS SUIAVEIs L VS URT AR U aAY Tu
Wadod 2.1.1 definsanszuuilinonouaueushy underdamped VLW 5EVVANTO
voagaianldynw lvyvesnoasenunld Tashiduudesiidyaudunatlonliiy
TTUD AIAUNITH(2.12) 1a(2.16) sﬁaﬁﬁuﬂﬁxt‘fﬂ?ﬂamauaumﬁsﬁu‘mﬁaﬂuﬁam

B DUIAZAINS MO UMUAITY Na1Ife
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A, A =a+ jb uaz ¢ =—tan"!(B,/B, ) ui

Yld ) s (B, coswt + B, sin wt) (2.12)

MA=A4=A4/2uz¢=0ud

Yn(t) =€ (Acoswt) (2.16)

0’: < Y oo Ao w w 4 A "o a a " -
VINTUNITNG 2 ‘Bzﬂ’lu'lﬂ'nﬁ'lllﬂﬁ“ﬂ’lﬂﬂlﬂ')ﬂuq o ﬂ‘lﬂ'ﬂﬂ'j:ﬁ“ﬁﬂ'ﬁﬂu?q o el

1
ar

wavin i35 10veadyaa laysevaeamawaiuiiu i 1deg 3 suiuudoiudo

H ' = ° ' 3 o 9
sy 1 & o> 0 waziluansezinld e Avuqveeuu(growth) Ml
= Qs = .-.g 4 [ a o
uonilayavesdyau layxesana Tamnduisesqpdigaioiua

aagili 2.2 walumalgiianwenildzasziivinagega 1d lufuszdu

usaau Iinesueal99s

n(?)

~ o a o A
?lll‘ﬂ 2.2 vl‘-liuﬂiﬂﬂﬁﬂﬂlﬂ’lﬂ‘V!ﬂ‘llENﬂﬂﬁ"lfﬂlﬂLﬂﬂil.llt'] >0
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1 ' =y o = " o Vv
i 2 & o <0 waziluanie il et fimAesgannidecay) il

a o s ' o
uemlagavesleyvosanaimanaiisanaudigegud

In(?)

/\\/\\/\, 5

-;éat

~ = o A
1 2.3 laywosapaiednaveseeadaamesiile o < 0

N 3 & o =0 wild et [ Fudnsiinaziity 1 danaliueui/dgaves
ar = o = @ —
dygueeadann lyvosaoaoiays Tvinansinaoanaidagili 2.4

d‘! w g 4.-_'; E 9 1 " Qs a o "
L‘Hﬂ\‘.“i]']fli‘llﬂ'.l‘l!ﬂ'ﬂ!!.ﬁ?l‘i11’1‘51‘1J£l,ﬁ'1’J'| ﬂ‘lﬂuﬂi:ﬁﬂﬁﬂlﬂﬂﬂ'ﬁﬂu?i‘l

0=—a /2 WEMANUDTAOUTISUIA w= ot —4%’/2 a
v o ' v = o
0 =0 uunmNunImN o = —q, /2= 0 uaarMNines o, =0

Wuwald w= ‘[a—

0

4 Yn(?)

AL
i

| a ow = = A
Wi 2.4 sz lisuiadyaa lsyresasavSaniile o =0
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LS a o v &
i I8 hdygaeoadann laywosaeaoinazlsimainnisnia Faszuy

ar Qs t:i 3 o = s = 4 -:; = gi ﬂ; -
Elﬁﬂﬂﬂﬁi]dﬂﬁ1ﬁﬂ1!ﬂﬂﬂﬂlufg1ﬂl1“]!1&"15?]Uﬂi)ﬁ1]5?[1’1'5ﬂ']11m!.ﬂ0’] WU NANUDLIIALU

o A = o o 0
_1/'10 LWBAIWINUNDS a] =

€

srsudui2 fi) = \/—%
Y, () + agy, (t) = 0, —»"\/\/\/\,

a, =0 laywounoauiqns
wwina Y. ()

Ui 2.5 szpusuaviaes s ldduiiadygna leyrevaeauigniiile a, =0

o LY = w dao w . w o
TuvazRadudindy TN anaumseyiussudui 2 ening2.2) vesszuy
o & [ P - iq Yo =
wazauyAld o, =0 Favziliwedi 2 vl sezdeuaunisvesszuui i uiia

dygnuesaganalayrosaoauians & Imii
Yn(t) + agy,(t) =0 (2.18)

4 . o = = o
HAEINAUNMIA2.12) 1Az (2.16) 1o o =0 daygulaysesanauTanioinnm
niluewn/aganei siludaaunsi(.19) uaz 2.21) e A uaz A, dludsygaiFedounas

A3afiiiy A=A, =A/2oudwny

2 (1) = ,}812 + 1322 cos(wt + ¢) (2.19)

P ad o A = - <
HAZINTUNITN.13) 1o (2.14) NFanudou luSudu o fnan t = 0 Ane

Yn(0) = (B2 + B,2 cos(g)

(2.20)
uag Yn(0) = ~w,[B,? + B2 sin(g)
hA=A=A/2uf
Yn(t) = Acoswt (2.21)

105416
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Andou lusuduninaumsi (2.17) szily

yn(o) =A
(2.22)

uag yn(0)=0

= o=

a v w oA - @ o o«
ﬁuﬂTiﬂH“uﬁ,ﬂuﬂUﬂﬂﬂﬂ ﬂlﬂuallﬂ']Slﬂﬂ“U'ﬁuazﬂ‘Wﬁuﬂﬁﬂ@ﬁ?ﬂﬂﬁ]uﬂﬁ’]ﬁ

-

[ 1 4 u’: o " ar 3y v
w1l dugu aunisi 2.18) 1w sziiu 18 aumsludnyasniesuu i 1naman

UG
¥

4 l:; = o = =) J ]
Wudggnalsysesasauianianuiines aunsludnvaziszdoniniu aunisis
¥ "
anyzuYVeeaFaaINe nioEundun 1 aun1sesadiaaInes (oscillatory equation) N30
U = 1 & 9 v @ A o o o o w o
pwIznanBnedInis1dhszuududui 2 1a q Allauduiusvesszuuaumsoyius
@ s 3 ' ' o ' 9
ouAui 2 oglugiuuuves /() +ayy,(H) =0 uaashszuudana aunsosey1dh
= & a & '
iluszvvesadaamesszuunilwazifuszuveoadaimnedids e nnms i
. & adg e o o 5 5
(undamping) ¥4 a1 NNA0 szuvlyyvesnsaseadaamosouaUR 2 (sinusoidal second-

order oscillator system) 111194

2.1.3  WandUaueIlIn

=9 r s 4 ar dl A o
NNTIATIZH993 IS udud 2 Tuaden 2.1 waz 2.12 291885

~ =) J

= 4 = ' ! @ W §
'3"’]513“llﬂz"ﬂ'liﬂﬂlﬂﬂ’lziuﬂ?uﬂfﬂﬂﬂaﬂB’Uﬁuﬂﬂ'ﬁiiﬂ‘lﬂﬂﬁﬂﬂﬁﬁﬂigﬂ'ﬂﬂuﬂ‘Uﬁ 2

@ o

= v @ a ' = a o
luvazndahildfloussuudoilaiduiiiudunaniondn | dhiidyaasuwaiugus
o o - T | o = do v v oa
dmiunsdifiszuusuiunz goiloududygrasunannmouendaoilsdduisiuduna

: @ 5 ay 9 " =S an a Cd @ ar @ d‘
f(@) i hwideiieg IdnatadinmsTinsgimmansuausaisfuvesssuusudui 2

.q = é [ ar v oW s !
1uﬂiﬁﬁuﬁtgqpmammmnmuuﬂnmaagiugﬂmmﬂqﬁwmﬂuauvm f(t) flowdhg

a o ar C; ' \ a 4 Ié
izuy Tavsziinsanszuududui 2 uaas 3 lugdi 2.1 Wadodt 2.1 Adaaunis

o A = "

o a o @ oo o = o as
ﬂa1nﬁnwuﬁmmszuu1ugﬂmmﬁummgwuﬁauﬂnw noolusinaly vaendansu

@ u

tsAvaua f(t) uraslddsaumsi (2.1) nanfe
y"(6)+ ayy(t) + agy(t) = £(2) 2.1)

Y a s = " ar
lﬁﬂﬁﬂ']ﬂﬂﬁﬂ@l]ﬁu 801.[5uﬁﬂﬂia\‘i52;’1]1]1]53ﬂﬂﬂaﬂﬂﬂﬁﬂﬂﬂﬁuﬂﬂﬁiiﬂﬁﬂﬁi wvyny

HOADUAUDIIAY
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Y(t) = yn(t) +y,(t) (2.23)

@ o o | Y a
HAZIINTUMTBYWUTIONWUS Iuaun15N(2.2) 15192 1AnanoUaUDI55INIA

Y (t) vosszunlugihin luanedsaumsin.s) nanfe

yn(t) = A" + A’

UnuAI y(t)zyf(t)iuaumsﬁ(z.l) iovInaneuauDTIRY 1ilo yf(t) o

WARDUAUBINIAVYDITZUL

y(t) +ay(t) +agy,(t) = () (2.24)

= AN o

ad a o @ add A A 3w
AIHNMTAUAINEHHINAADUAUDIVIAY yf(t) ‘Jﬁﬂ'liHuiﬂuﬂﬂ1‘]fﬂuﬂﬂ’)ﬁﬂ1‘iﬂ1ﬂ

o e an = v @ aa ~ 'V w a o o o aa o
RGN ‘]fﬂﬂu’)ﬁﬂ’]ilﬁﬂ'}ﬂuﬂu’]ﬁﬂ15llﬁﬂnl“ﬂu91ﬁuﬂ53ﬁ'ﬂﬁwquﬁﬂ“ﬂu ADNITUIS

a a @ @ = o o g
PIFINIMIAAIAILNITNARDIALYA IHaRD DA UDITTIAY y,(t) Bguilerdulugidnuas
= o o o o @ @ A 0 - 9 9 1
weanunulanduinuduyanazunuaiasluaunisi@.24) ududaunisnia y,(t)

ar O o d
panI uuIM lumsauyAnvaneuauoatiafy y(t) lumsmwamavonaumsorius
i N do o w o a 4 - o o ' yw " £ 9
ntaeilanduiisdvduna f(t) Ainvwiunaziingldlsidumariisuegion 9 lduaasls

Tuasnan 2.1

M99 2.1 mamelunsauydrnmaneusueaiafy y,(t) 2]

10) Y1)
k A
t At+ B
t2 At’ 4+ Bt+C
eal Aett
sin(bt), cos(bt) Asin(bt) + B cos(bt)
e sin(bt), e cos(bt) e (Asin(bt) + Bcos(bt))
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P a L4
VINAUMIN (2.8) uaz (2.23) wilvuwareuauoTysal 1Ay

y(t) L Aleslt = A2652t n ’yf(t) (2.25)

214  womeuaMeIUIYsAl

] v v
awildnan 1 luiadenouniiiudadn nanevauessiuianuanioe
HARDUAUDIVTY5iv092995 I SudUfiaes AonasiuvsnanouauDIBIIIE
ar o " = = - ]
U (t) Mumanevmuoaiamy v, (t) uaduvewaneuaunssssumaseiianei linze
V¥ 1 b
A waz A, lngeg Aniu wareuaueauiysaiieziimned imgeniulsngegiuiy
4 ' y o n‘ =
Fannsammldnndenlumsazaundsausuduvesmanouaruoniysel  vn
= - - = s o v @ A -
aUNITNE.25) 1o y(t) AIOAAADUAUDIUTYTAUDIANAVDINITOUAUN 2 W NIa
a E A v " = s = - / = /
Buan i =t awmsunumaain y(4,) =Y, adluaumsi 2.25) uag y(ty) =Y,
— & @ o .. a o ' w o
asluaumisn@.26) Fuiluaumseyiusvesaumsne.2s) MNIMIMoYWUEY0a

fmmsﬁ (2.25)
/ st 8ol
y(t)=sA4e" +5,Ae + (1) (2.26)

o Masudu Idansudy t, =0 unus y(0) =Y uaz y'(0)=Y, as

Tuaumnz.25) uaz 2.26) mudguezld

Y0)=Y,=A +A+y f(O) (2.27)
y'(0) = : s 4 + 8,4, + y}(O) (2.28)

msudaunsnnaumsih 2.27) oz (2.28) mmdnlszing A uaz A, ile
Y ¥ aqw "W ; P | o S
Tauda Iumusndudh 1) luaumsi 2.25) onnsaniindazih i ldwanouaususysal

y(t) uhuiiga
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2.2 Huud1eIBUNA-0IAYA MinSuNanauaueIRs Inlih

" 9 "
2393 I T 1Addsaud 903 Il suduiaeaminiu 295 Tbihilisudugand

1 ga @ () a 4 & =
uAunaenil ldwuiuduegiosn Tumseenuuuazinsziaees A i

]
ar =

- W ) = A o w o
UOUAUFINIIOUAUNT DY ﬂﬁﬂQﬁﬂ'ﬁ'ﬂTﬂﬁlﬂﬁﬂﬂﬂﬂﬂﬁﬂﬂ'ﬁﬂ?'lUﬁﬂwuﬁ'llﬂ\i'J\'Iﬂi

w do w

dl. " o .A =4 ﬂ’ ar
vauMIeYAUsouALN 2 wuiu Tunaslalinisszysivazideanoany

=

£

&

=2

-

De &
=

De

v
= 3

= dl 4; s ar a " 9
yanaouyauazou lusudunduiluvesglnssiazmumasnuiegnioluases 1ud
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sl +..+as+a Aest =0 (2.33)
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#alt)= Alesﬁ + Azes?t +.+ Ayt (2.36)

e A, A4,..., A dumasfialimzes uanussuds udazanuasssuma s
° o Lo \ a a4 P
zimuahithuilsnduend TmuuSoaitn I aunss 2.31) Huess faeaumsi (2.36)
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=y o = o 4 ] ar o
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- @ d.' - o o o é
2993 Ifhinansdsaunmsi2.29) Ae waswvesramaenRuTIazRamass Nz Saly
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Wateihiilunisnandemsninaneuaue sy e ldnovauesdedygruduyaiily
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y(t) = Alesl + Azes'zt o Anesn 4 yf(t) (237)

HIHANBUAUDITIAY yf(t)

aund I dyapasuyaiuinaundedou fmuald

Z(t) = eIt

y ¥ . ' ¥ ¥y v
Tuiil e™* fde Toyana lsysesneaninszduszumivesiaiingzi
a(t) = e™* = cos(wt) + jsin(wt)

uaauMsN (2.29) Wou vl 18y
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a ﬁ—ba —-—m+...+a17+a0y(t)=

o AR P

(bmsm + bm_lsm_l +...+bs+ bo)eSt (2.38)
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dnyf(t) dn_-lyf(t) dyf(t)
it I D -
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m m—1
o by, 8 +b,,_18 +...+bs+ b

a,s" + o,n_ls”"1 +...+ a5+ qy
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(ansn +a, 5" +..+ UERS aO)Y(uJ) =

(bmsm‘ + bmﬁlsm‘l +..+bs+ bO)X(w)

INTIERZTY
Y(w) _ bs” by 15" b+ by (2.42)
X(w) g.8" + an_ls”_l + ..+ a5 +ay
Wiswfvuszniaunsi 2400 fuaunisd (2.42) WU

b,s" + bm_lsm_l +...+ b+ by
a, s" + an_ls"_l +..+ 48 +ag

i 1 o o o g
20y luaIUYDIHANBUALDITIAY HUNAB WA

¥
mamlasyiFesvesszuy snilumsiinsamme ludveswanevauoatisdumniy uas
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vosszuy wag Iiiidadniilu H w)
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y(t)= Aleslt * Azeszt ot Anesnt + H(w)edt (2.43)
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-& \ 4 4 = i s = n:ly
Fovziullamannisi 243) 1&Adodloduna z(t) = e/ dmivlunsdliioe
0 Ed y ¥
¥ 1AduBunaiindyanu laysesaoaminiy o finanevauenifuifenanouauns
Tuvasiiluaniuzogda Iady (AC-stcady-state  response) a3 WINUBAT NI TN

P < 1 o ' o (L da
YNHOUDIAUMIT (2.43) AADFIANIZFING (transient) uazaziin 141l FudwTou
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22,6 gduuuvesIva - 3l
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2
D+ agp(0) = 500

wavesmsutlasanlawsvesaunmsesataaines 12'ld

s°Y (s) + a,Y (s) = X(s)
udansunioTouszidly

_Ye_ 1

H(s) = XG) 21 o
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»
o

nnilsddudwlen H(s) awillwaog 2 dafe PP, ::tj,/ao RIERERERIY

HanRUaUDIsssuIAe 1dily
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y () = AcNmN | Af—(j\/a".,)c

imuald 4 = A, = A /2 udh
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lderunsgasuiigasay v

(% d(v, —v ®) v
b b o —_a ——
'E+CT i
dv du, (1)
) A —
Rc_dt RC 7 —I—'U 'U ={]

unum Y INauMsh (2.46) aaluaumsi 2.47)

v, (%)

dt

HNUAI v_VINAUMIN (2.46) uaz v, 1INANMN (2.49) aaluaunisi (2.48)

2
kR 2 - A )+(3k— )RC t(t) +h (£) =0
t

1311/ kR*C* quaneaaunsi (2.50)

2
v (1) i (3k —1) du (1) + v (1)

=1
dt2 ERC dt RQCQ

oy
+ 5

unum k = asluaumne.sneld
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2
dv (t) 1 2__R_2 dv (t) i v, (t)

+ =0
di* RC| R dt  R%?
W30
t (2.52)
v;’(t)+—}-— Z—RZ () + 2= % () =)

RC }?1 202

=t w o v du w A ~ @ Y o o ol
l.lrgUULﬂUUﬁNﬂ‘liﬂuwuﬁlﬂﬂWuﬁﬂuﬁﬂﬂz VIMNTAUNITN2.2) 1uﬁ1ﬂﬂﬂ2.lﬂﬂ1'3ﬂﬂ

Yn(t) + @y, () + agy, () = 0 (22)
nnnIRnsIENU ARl ) = LS i g a, = 1/R2 G2
RC|" R

a 9/ a Jda
uaznanoumuBunIANAIITUHaRBAUBIFTINING tardidoens IFaesuuSadiAa
mseeadanmiudyyinlsyvosaeaiilsmnnsmiswdoass wdodnaus

i1(2.52) Waglugivesaumseeadaminoiasaunsi(2.18) luiadez.1.2

Yn () + agy, (t) = 0 (2.18)

& da ' = L4 9/ 1 ar o = &
HUNADATWITIUADS G.l ‘iizﬂf)\'lﬂl'lﬂ‘l]ﬂuu VINTUNITN(2.52) "I]%.Ié’l\iﬂuhhl‘llf}ﬂﬂ’]i

poaFanily

a, = atl 2 — Ez- =0
RC|" R,
dusiimuald R, /R =2 wiednauminowiine R, = 2R,

udnzi ldaunsi2.s2) namoiluaumsesaFanineiuaas lddeaunsn(.s3)

v (t) (2.53)

H()+ 0
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ar =t £
AUMIRUINHUSIANI ﬂzlﬂﬂuqﬂlﬂu

s+ 21 7 =0
R°C
s=o0+jw=0+j(1/RC) (2.54)
HOADUAUDINT TR IANATD
_ 4. i(t/RC) -j(t/RC) (2.55)
v,(t)= Ae + 4,e

dmuald A = A, = A/ 2 dudwTunzrnaumsi .16 huidof 2.1.2 118

¢ () =" (A Cos wt)

= (Ot (A cos(t / RC’))
Wlumald
v (t) = Acos(t / RC) (2.56)

ﬂstﬁu"lé’inwsrmu‘s’mi'ﬂaﬁ%nmma{ﬂzmmm’lﬁﬁuﬁﬂﬁ'ﬂuﬁmmﬂaﬂ%mﬂ"lw
wounBaUT NG NiorAna1d Tavhisuiudoadidyanusunatloulifuing tieses
soadanaiidenly R, dosiinniluaearivesmanudnm R uaziimduszanims
N o=—a /2=0 Taviidyeuesadannszesadanninuasssuna

w = \Ja, =1/ RC wavuAui wiefinnui f . =1/27RC dsad (Hz)
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232 250U — wlaesaFammnes
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i

(a)

Rz

R,
VG -
1= Yo
— 1 S
|4 AR 8
b 1 & | =
- R;E B
(b)

Ui 2.7 2vsideu - laseaFamines (a) Tulamwu - 1nan

®) TuTauwu — 1oa

@ (= ' o 1 o o
nnnsdunas i latws i Iihiigasaw V, dunsiudiadiou(virtual

ground) HUAD

Ve =0 (2.57)
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Tgaumsyasuiiviauveseny - wewi

1 1 V. % (2.58)

b IR S

— VG =
R, R B, R
imuald k = R, / R, wazunmuV, =0 asluaumsii.ss)

V =—kV (2.59)

a 0

daumsgasauiigasa V.

1 Ve (2.60)
+‘—+SC . _E_SCV =1

oy

=y 1 s - n{ 43' ﬂ; d.
wosanddulszang lunniusnvesaumsii(2.60) uaznngieesinaaslugii

1 ar dl & 1 o ar

2.7 (b) ﬂznﬁu'lsa’f'a1m¢’humu]21 nlawnduniisezgnaeasnsiniamion 39 1da

Ay Ry uaz R w dumisyasoy V_ @efununvuiu 1iude [18]

1 (2.61)

i Rp WumanudumuauyavesnsaeuuuYIY (equivalent parallel resistance)
v ] o
lumalfiiaudned R > R aniu R idevinuny R agivssilanlszina Rudaee

Wumalyy

1 _R+Rl~1 (2.62)
Rp RR1 R

v
o e

AMUTUNITN2.60) Veausoveu 1a vl
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1 (2.63)
-E-i"SC Va —sCVb = {)
“l‘l’f’anﬂwqﬂnnﬁﬁ]ﬂﬂnlfbuancmnﬁﬁmz'lﬂ’
1 (2.64)
—+25C|V, = sCV, —sCV, =0
(2.65
—1—+2SCV—SCVb—SCV:0 )
R J L #3 0
unum V. VNN (2.59) aaluaumsii (2.63) udasaaums Inai 1518
2.66
%:_k(l+RCs)V (2.66)
RCs "
VINAUNIST (2.64) udarunsnam V.
Vs (1+2RCs) V.-V (2.67)
i RCs ¢
HNUAT ¥, VINAUMsH (2.67) asluaunisi (2.65)
1+2RCs] [1+2RC’S]Vb _v.|-scv, —sov =0
R RCs . 5
2+2 2 : (2.68)
SRC™s’ +4RCs +1,, (1+2RCs), _ o
R%Cs A g

unus V. uag V, mnaumsii (2.59) uaz(2.66) asluaunisn2.68) muddundineld

3R%C%s% + 4RCs +1

V
R%Cs

0

_k(1+ RCs)
RCs
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b M](_kv)_scvo =0
R (7]
K(R’C’s® + 6R*C%* + 5RCs +1) — R*CPs® TRt
oy R3OS i

h—R’C2%s% / k guanenmun1sfi(2.69) uasianumslniez1d

(2.70)
1+ %] R’C®s® + 6R’C%s* + 5RCs + 1|V, = 0

o o ~ 4 o = s
msudasanlmandyluaunishi@.70) ieviimsinsizrin v, (t) ulamu -

271
1+ 2|Rety orctn +smogm + g =0 O

'
= ar

A ' w @ oa o v oo =
nnaumsi2.71) eI iiiluauniseyiusuduils Adsauniseuiuisuguis

WoueglugiiaTiuaas @& sauns
" !
agv’(t) + av’(t) + a,v () +ay () =0 (2.72)
AUMIAUANYUZIRMIZYAUMITT2. 7)1
3 2 = 2.73)
38" + ays" +a;s+a; =0 (

° o  da o ar 4 o P
NNIUDVIADITUNMTOYAUT U Turiadein2.2 uazedoaunisn(2.36)
=& @ d ar s 4 : q’: =
‘”Qlﬂuﬂﬁlﬂﬁﬂﬂ'ﬂ@ﬂﬁﬂ1iﬂ1ﬁwuﬁlﬂﬂwu€1uﬂjﬁﬂﬁ2.2.l ATUHUHTADUTUDIBITULIN VDI

AUMIOYRUTSUF VNS azmmsald &

()= At + A + Ae* g

i o o -
uazdmndoans Inamasvesaunsi(2.72) loayailudyavesadaan

Y g - A = I '
laywovasaudinzd msnaums HIPANWATITUIAIZADIRY Tug1
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(2.75)

» . 3 ' ]
o ky iitumsensi mszaztiuaunsquidnyasmmeinan 3 luaumsi2.73)

annsaoulveglugilvesmsnondalszney iy

(s—8)(s—5,)(8—3,)=0
(5 = jw)(s + jw)(s — k) = 0

Lt k132 + w?s + klwz =0
VNFUMIRUANBUZRNZ(2.73) ¥uo11 / a, quaneasumisez 13

s° + (ay / a,)s” + (a, / ag)s + (a, / a3) = 0

= " ) o ' P ar L d 9 "
ﬂﬁU‘lJL‘ﬂU‘]Jﬂ']‘I“I'I‘i"ISJLﬂEJS‘iz‘r’l’JNﬁllﬂ'l'j1!1(2.77) AU(2.78) NIUADNIULAIDZWUN

k= a,/ay
2
w'=a, /a,

e 2 —_—
uag kw” =a, / a,

(2.76)

2.77)

(2.78)

(2.79)

o = Y A o ~ ' - o & o
1““1uﬂﬂlﬁﬂ']ﬂu ulﬂ'ﬂ‘lﬂ'ﬁlirgU'Ulﬂﬂ'ﬂﬂ‘]ﬂ‘lﬁ‘llllﬂﬂs‘llﬂqaﬂil‘ilaﬂu - !V‘ﬂ'ﬂﬂuﬂﬂ

o ' @ as = a i
'ﬂil'l.l5311’J'Is'lﬂl!ﬂ'lﬁﬂ’J'lilﬁljwuﬁl‘E)NT‘!ﬁl-!ﬂ’]ﬁul'T!ﬂ(Z.T]) VOINVT ﬂ‘ljﬁﬂﬂ1iﬁ(2.79) ﬁzllﬁﬂﬂ‘lﬁ

il

k =6RC? /(+ Q) RHC®
w? =5RC /(1+(1/ k))R*C®

(2.80)

(2.81)
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9 6R2C? S5RC 1 (2.82)
Hag lalw = =

Lj 11208 11,33
1+—|R 1+=|R°C 1+—|RC

YV ]
c{ 4 4 - ' o =1
udaumsi.82) monndou lvvesmsesadaanaind k msizaziiunnauniss

(2.82) 15192 18

6 5 _
1 (g P 1},33
1+=({ll11+=|R°C 1+—|R°C
el ifeer] ]
1
) =14~
+k
k=1/29 (2.83)

ilosnn k= R /Ry=1/29  wielidasrdmsznin R, /R, =29 wie
R, = 29R, c?ui'flm’?au'!mﬁﬁflﬁ’wns'lv»’fwaﬂauauaaﬁssnmﬁﬁjuﬁaﬁnmsﬁ(z.m)

Wufe
v,(t) = Ae™ + A 4 AT (2.84)

imsunudt k =1/29 asluaunisi (2.80) uaz (2.81) iifeniA1nua

- o ar 9
BINA w uazk awdiay duwald

k,=1/5RC (2.85)
na e =1 / 6R%C?
1
=
\/ERC (2.86)

VINAUMITN(2.84) HAaRDUAUDIBTIUMRIzTou 15Ty
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vo(t):A]eﬁ/\/gRC +A26—jt/Jf—sRc+Aae—t/SRc (2.87)

-t ot

a a e ' ¥ -
WATNTUINDADUTUDITITUTIANUNIUN 1 LUAZWIUN 2 NHATUHYNUOUDY
= e o a

'  d ¥
qumsi(2.87) s lddmisaeanniiszmiioudusumanouauessssunalugluny

@ @ A o o 4 ar 1 3 dy&r
Y09 underdamped Y0423930UAVNEDIAIN lAna 1A luiatensuniiiiune

Ale(a+jw)t _|_A26(cr—jw)t - Alejt/JgRC+A26_jt/\/;RC

=1 1 : o = '
wiiuldnlunsdiimdulszdninismioee =0 wazw =1/ J6RC
A ug dy ar o =
Fanaswvoananesnaliezldnadnsoenuuiudyarueoadanaloysevasa
mazaziuiimuald 4 = 4, = A/ 2iduseTudang 1dnanouauessssuna

4 Py o
voseu-maesaTaamesuanlaiy

u,(t) = Acos(t / V6RC) + A,e~/RC (2.88)

] a o a ' o '
dmTuNNin veswanavausssssunAszilunstivesnisminludnuazaone
¥ o A ' o [ Y o =t o o =
anaunggud enawihu lldingamisduend Inuuusea dmiuanudlums

= =
poaFaanz A iy

f,. =1/2mJ6RC Hz (2.89)

dyanueeadanaeiinanuaunisi(2.88) uaaslddsgii 2.8
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- = o a o Vv
112993 1ugli 2.9 (b) IanzimaunsaNudIUTYeIs Tasms 1Faunsea
-
v Invesentl-uoyil

M

IS

[L+L
5B

¥ o= 5 4
CO\R A+ R
mnuald k = 5, midla
B+ R,
V,=kV, (2.90)
aumsyaTIminauveseny-uouil
1 % 2.91)
'E-FSC ¥, —aCV, —Ec:0
o1 R guanoaaunisi (2.91)
(1+ RCs)V, — RCsV, -V, =0 (2.92)
ﬁnmsqmanﬁqﬂmu v,
£ Cs|V, —CsV._ —CsV. =0
E'F‘QS p — 08V, —CsV =
(2+2RCs)V, — RCsV, — RCsV, =0 (293)
ﬂumsgﬂﬁuﬁgm wV,

Y. ¥
E+2C’s V - +2—--—2-=-9
R R
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(2 + 2R Cs)Vc -V, -V, =0 (2.94)
UNUA V. MINTUMIT (2.90) aaluaumsii (2.93) uas (2.94) mudduaz 18

(2+2RCs)V, — kRCsV, — RCsV, = 0
(2+2RC5)V, — (k+1)RCsV, =0

(k+1)RCs v (2.95)
242RCs ) °

y =

Luag
(2+2RCs)V, —kV, —V, =0

o[ iR (2.96)
e 24+ 2RCs]| °

G V., VyuagV_ anaumsi (2.90),2.95) uaz (2.96) aaluaumsi (2.92) siufe

k(1+RCs)V, — RCs %ﬁ & -2—(% V. =0
k(14 RCs)— (k +1) % = 5N
1101 2 -+ 2R Cs quanearunisii (2.97) uazdaaums i 1714
[k(l + RC5)(2+2RCs) — (k +1)(1 + R2C22)|V. =0

[(k —1)R*C?s® + 4kRCs + (k — 1)J V=0 (9%

11/ (k — 1)R’C? quaneaaunsii (2.98) a4

2 4k 1
% V.=0
[S [(k—l)Rc]” ch:?] .
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o o y a o L4 3 v ¥
imnsulasanasndy iednsizinussduedna v (£) lulamu-nm wihlild

" 4k '
'Uo(t) == m 'Uo(t) “+

v (t) 0 (2.99)
g

Y 9 v B a ¥ o . e ¢ " o
01909015 1M tieoadamn lddyyiu leysevaoanignineianaudiazn

1 d a 4 = Y
wainaeveaTunsh (2.99) szdouilugud wnsandoulvwesnsooadanay 189

& 0 (2.100)
(k—DRC
wiiuld (k — 1) vazwaga RC ilugudlii'ld dnfu k Sadesnidugud Saezinld

AUNIN (2.100) 1954

oo L
R+ R,

iWeann k =

o 9 ¥

g Qs & = a = o
msiznziiy R = 0 N3 00MIENINNDEIAILNIY R, ADIAAID5 99z v

P = L=l 4 =)
TUNITN (2.99) ﬂﬁ'}ﬂlﬂuﬂllﬂﬁﬂi)ﬁ"lfﬁﬁ'lﬂﬂﬁ NA1IAD

v (t) (2.101)

o owa e ar a o 1 4 o ar " 9/, '
lumadfiadadmmu R sailudadwmusiiafum 18deimslfua i
ANuiuMuannIunIzis Iiiiadyanueoadanmeiawauas mimiaded 2.1.2
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FOITUMI0DATAMIADT ITMITuudrhaumseyiuiouduiz  Ailgdunuduaums
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o
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Wuaese udrnzdlunald



48

v (t) = Acos(wt) = Acos(t / RC) (2.102)

4

.A A o = =y ] d’. = =
nasardulszaninisniing c=-a/2=0 uazANUDSAOUTIINHIA

= = - v a o =
w=\Ja, =41/ R*C* =1/ RC wsidow/ini nielumiroveussadaz dnud

lunseeadammily

fosC =1/2xRC Hz (2.103)

d a
2.34 Nir:mammmaﬂsammaﬁuiﬂuﬂmmm

oA o
NITAWAIUNTZUATUN 2 (second generation current conveyer, CCIT ) Li‘]uqﬂnsm
¥ ] '
¥iia 3 97 dydnuaivesasesuandagili 2.10 (2) Tuvaiginsssauyavosieesmoniy

aszuaiui 2 Tauaas 13 lugali 2.10 (b)

i, =0 ,
7}y01. Y i, i U
 —
AP :
==
b oy 4
i HE
(a) (b)

3111 2.10 (@) dydnwaives CCIT (©) WITANYAVRY CCII

o o

y ¥
witlanuduiusvesdaunlsma lWihiegmelu comr annsadouanuduiug

' ¥ w da a w
WogluglvesnudiiusiFauuasng 18dadi [19]

7 0 0 O0l|lv

Y Y
v |= i S| ix (2.104)
z'z 0 +1 0 v,
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¥
Fnmusunadm Tuvazitunads Y Simamdmmusuns aga Aniunszua Wihilna

Ed
as o ¥ o 0‘
1997 Y Salisuidusud

g =il (2.105)

v = (2.106)

=

dwmivdmszuadunaiin X nszua i vzgnaziouniniiminszud(convey)

. o a’: - i 1w 3 4 q‘: ' ¥
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1DIANATA
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& Q2 a d — n‘: &

TawnTeanuny £+ uaasdaianianms Inavesnszumordyaida Z e

= @ o = a'o’: b1 o = )
nSouiounuiams lnaveanszuadunaiids X dnszumerdnauaznszuadunailia

-~ r U - oV q’;‘ -~ u’: U v d’
M3 lvamilounu nainfe lvad1yian 130 1HaDaNNIY ILUNUAILIATOINUIY +

“

[FOn 29T IUNSTE uargunzuuvmn Wouunudan corrt uazilefinmeveanszua

"l‘na“lu‘nﬁﬂsanuﬂumnmﬂmummmﬂwmﬂ — 30N NOTTEWIUNTE !JﬂjﬂﬂZ uyuay

wazouunuaY CCIT



50

b, Al
(1] Y IOI V Iy2 :0
o I 8 l COIT" 7| gt Sl
T o—dx O ) carrt g
e % sC 4 )
b
I;r:ll R SCl X 110
. I;r‘Zl R
I,=0
I e ¢
i 5 CCI™ R
@) xl X
R 111:3

i L4 = o
UM 2.1 2993m0A5 105 DA FAIAMS 11 TnuAnIZud

o W ' { o = o
'II'Iﬂﬂ'J'ﬂJﬂil‘W'uﬁﬂlﬂi’lﬂﬂ‘iﬁ1ﬂw1uﬂ'§$llﬁ§uﬁ2 HAZINITAIDATUIDIDDAYALAIADI

] v b4
luTnuanszuainansdagiliz. n imsinsginimaneuduoseidng i (t) Iadedo i

14 ke Myasamnssdu V. dunadh Y wes corrt i) wldd

I+sCV =0
V. =-1/sC

a

(2.108)
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unumnszua 1 anaumsn (2.116) asluaumsi (2.113) udrsaauns ndez 14

aumIaNuduRusy
R*C%I + I =0 (2.117)

Yo 1/ R*C? quaneaaunisii 2.117)

g 1 i (2.118)
3 +R202 I =1

0

o ar P 4 . b 4
mmsudasanlmanduluaunsi @.117) ennszua i (1) TuTamu-nm (ALY

i, (1) (2.119)
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o
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nszudeIana i (t) oonuuiludynyialyysesasauignd nandediimualia
o I 1 - = o
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i (t) = Acos(t /| RC) (2.120)

e WAsIRBUTITNNG w = \Ja, = 1/ R’C? =1/ RC widvu/Ami

L Yo A o == = ] = o
W‘H\?'N‘i]i'i]zIﬂﬂ'lluﬂﬁmﬂmﬂ’lmmﬁu‘ﬁﬂﬂﬂﬂﬂﬂﬁﬂ'311101.1“111')61]6\1&85@1"5!?]“

e =1/27RC Hz (2.121)
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input i— 4+ output ov . >—O
i =0 [
o-V
(a) (b)

31 2.12 (a) dydnsivesenrl-uouil () ee-uonildefuunasiioiga

dnvazauiidvesesil-uouilidrdylumseenuuuiioguin uddmivesy -

¥ ¥
o e g

- ar wnd’ o 1 =
wouillugaundudaiiiios 2 dnvazauianiniuie nszuai lnaidhiaBumnais 2 e

[ L4 o U = u’;’ "o L4
IMnuguY HAZITIAUANATOUDUNANG 2 LﬂTﬂUﬂuUﬁiﬂ

v o = a 9 o n’: —
WNUNIMMIIATIZH 995001 — newd Taoms 19 kcL Tumsnuednaiiai 3

¥ ]
- o =~

§ ' Qy’ 1l ' e ' = [ A
Tugai 2.12 ) NifinszuaTuguiulild sz ndaiivai T 1 duaas andmounile

é ] " 9
#a lueunsonsiwamnszuala

' -1 = aw Ao wa o -:i o ﬂ A‘l =
po1315nd001 - nouiliFigaunddilidnuus auimdanionmniniuduqdn
uenmiioninina Puduaneududail [15), [20]

-

1. uUoas1veegiila Ay (open loop gain) Wueriua

| o L
2. movnuausouwa R Wueiiua

1 =

L4 a 4
3. mdwiuandodinn R iilugud

4. dasrvoeey liiiudedsuvesnnud duie il Inaniedls Taosasivers

o i ! da o ¥ K w
mmvgmmauvgﬁmmumwﬁmnmauuﬂ
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5. hitinszuaduna lnadhluest - uewil lumenduduedyaveseel - uouilez

I

mduduumasswnszualinuIvanldedia s ke
6. MOATINIAIATHLATIN (common — mode rejection ratio, CMRR) Hagn15910
v
masau Iasalddveed-ueud awiseililduinteoriud luaoiusiioe
1 o o P o ' - = 9 L | o =i
HeANuN Massuieiana: linfounlasdawdhunassesidsan lasei
U y ar = H = o Vv 3
o Iidvaldvesy-uenilinmsulfounas Ty uazest-uewil sxvimihi
. ¥ v
vowmwizdyaaa a1t ngszn e unana 2 M uaziisasveisves

Tnuasaniugud

31 2.13 eed-ueniliFigaund

& = 4 a o @ o
wedyanudunn v, uaz vy gndewdinvidunmisass udussdu Iduodwaaziv

|

, = App(vg —vy) (2.122)

3 P = o o d' g 1 A a o o
AWINAN AOL:Jmsi‘luauuﬂ AUMITN(2.122) NUINISHADIULVDILTIAUIDIANA
ﬁ @ o9 ' o ar e o - o @ @ o
WUaHUAAIY ama"l'iﬂmunanmswmﬂq; 2 dszns NaWTONNATYY IV IANA
v v " - LY o =1 = Qs
lildliagedeeiud1dife Usznisusn 2995001-uouihsudy inezldnisniuqgu

o 14 a P { o '
dasvneimstoundunuuay Uszmsiaes Tuvaziisaswnogiiila A, difga

Y o " 1 o "
1N uIERRIUAWAAN v, (= vy — v, )lineiiduievenilugud
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Ui 2.14 2esauyanseuvuiiassen-uouiiFigauna

25 eetuenilihiilueaund 20]

dIngudreo-uenilii ludlugauadvziidon lvindisuuu T snee)-ueuiiF
a o v o o w A @ PR 4 a a
gauad Mlsingldmudludidy fe quanvuzniennud MtieerueiliFigaunde:
v ¥
auydlveas v lidluilsiduvesnnud Tumeaduduiudiull 118 lumeal §ialu
miadest-ueni I lndifssnuguauianaeglsemsveseni-uouilgaund
udrnznuh lumalfidedidesiigasziiinalsngeglunansvaussvazgiitlaog 1
& 4 -y ar o
Tna a9 lduanalilugili 215 @) TaviivwIdasvogiiila Asi usasoogihila

"
- A

Inas9 (de open - loop gain) A3iu useduE AR o vaziiluilanduvesnud A
v,(s) = A(s)(vg —v,) (2.123)
dmsuaumsonsveoves 1 Twa uaasldily

(2.124)

A(s) = Aor¥o _ _ Aop

stwy, 1+435/w,

]
ar =

o w, AvANuanldavewanawn o Adumisves —3dB i 2.15 (b)
4 a P a
Wukanouauosmada Funaszildouutlasnn 0° 59 —90° luvmezianud

w=w, wavzilu —45° wof



o +0— — v, = A(s)(vg —vy)

~ i I’ o Als) = %

(a)

—3dB HomeUaUBIAe 1 Ina

vziibnTanaily
—20dB / decade

wa(eam)
&
1

&
aoul

I
©
o

(b)
U0 2.15 quanvuzveses-uouil 1 Tna

wesauyarsounuiaesvesear-uendi hilugauaduansl3dazi 2.16

YBO———0 O
+ 3 -+
oL
Ya s+ w, Ya Y
VAD =) O

3 2.16 muviiaesveseor-uouili liflugaund

56
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2.6 malanulsnaaeaInumMsuenmnanal

o ) v e a o o w o
dodunamirauluiluedidewanoumuesuiysainldninaumannuduiug

@ da o a " ¢ 4w '
oyusauna-Iana Hude anuiludaszaoiulunnivesiladdu szninaneudues

533UA uazilinduiisiuduna nanfe lihflsisuisiuduna f(¢) szoglugiuuy

¥
e o

ar = do o o cl’. ] “ a = o
anvuzlanay HenFuisnuiie liause Tudsundasdnvassssumadansun
d .

] a e ¥ a @ W A ar =
ihuegueskaneuanessssunaiuld e lsinmluases Ifhsuduiz dyaraduna
miuilsdduiiuitowdrgszoy Weinsanlusrsvesrawdrluaueiezwyih

o ] 9 1 o ar @ e A @ = dll vﬂln
mshanuvesszuue liaunse liwanevaussdeilsdduiaiudunaiuildnodie 145y
[ ] ar 1 ' dy s @ v P 4 4
nowdsaviieglugdvesIvidearses Wiuszuy szuusedealfinmsiaguiia wold

Var o Y P P o ¥ ' ¥ o A '
Tasumdssmudszuvsuifisaneisziam imanevauosdg 1diues Fsdulnguds

A o A A Y a Y Y a  ar do o v a Y
sz esylindsnunuszuondeuqduduileufladFutisduduna iy
TTUY A nasuAws s mualiinaniu ¢ = t, = 0 wiolunsainszunldienly
o & & 3 9 = do @ ow a YV o
WIVUTHUIIUISZozNa MY uazdesmsnezilouienduifudunaliduszuy

L4
Tugrsnaden duniuervszinsandwunaidismsutwenananaininarf Uni
a ar ' o Y o o a ' =1 i o =
sonihuminanmdunlsdlmi dwiuilsdduisdu f(£) 1aq etalsiaiiess q i 1454
HNaUeMIHeNMNaaisal (separated time scale) A20A1/50901MA108 (multi-time)

& P 9/ ar = = t:ly = 'S

(171 Aluumi 3 lRerdvauuAgmmmmnanuaaiinldlumsinsizinmenouaues
= o v @ o & o " = Y

VIYIVOITTVVTUAUT 2 Faez ldriuaundnly uwinnudavesmsusnmnadausinm
amnan 1dldiededonmsinerdya usenun1eFa0anud (wotone  quasi-

periodic  signal) Wuiudedialunisinsan uazd i ununnufaveunaiia

o 4 ch; J = s P q‘ s ~
AN 1datedy nnIRNARY N wMUMIYTeInNND y(t) Al 2.17
1 T T
0.5 -
=
< of i I
~0.5} -
-] 1 1 I
0 0.2 0.4 0.6 0.8 1
t (sec.)

@an
el
n.

2.17 dymnunenunedaennud y(t) nndwe
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o 4 4 a o @ Ao o
dyanusemunlesaesnnuinanndygu layresaea 2 dyIunianud

a4 e i gk o Vo o
fl une f2 NAINMUDNIRDINAUANANUNIN tazilou Tadeaunsn (2.125)

. 127 | . |2n (2.125)
y(t) = sin|—t¢ [sin [—¢
h T
a = a =t n‘: ] T
donuydld T L =13wi wag T, = 0.02  Juii msrzagiu wwmuldn
@ = 4 P 'a o = |
dyaunled y(t) i vzlioenlszneun1eanIuDaeIn1IuDAIINUAD
é 1 o 4

h=1/T,=1Hzuazf,=1/T, =50 Hz  Fwswuidygnuniiaiumm
T, = 0.02 3uii seillaywovdiuou 5o gaaduiidanuuznisdouulasodie

'
A o

3 . ¥ a )
37991372 (fast-varymg) Qﬂﬂﬂﬂlaﬂﬂ’wul‘ﬂw‘liﬂﬂﬂﬂﬂﬁﬂ‘l&lﬂl‘-‘.‘ﬂ'li!‘l]ﬁUullﬂﬂQﬂUN‘lﬂ‘] (Slow]y-

b y ¥
o ar A

varying) veadganaiiia 7 =1 il dniudygruniediediglaaulunaw

a

9A31901 (multirate wave forms) Hufe v21sznevldrveeniszneuninmssunilsnia
nmegaeiniouinnaeananie ldinisusndasuaaidiegesnuinasa lunaieg
a - = ar
MaMInl 1 NEnIuMIAIa RNy
= ar a ar 3 :w
Wosanmsuendndsnamatedvesdyanm y(t) Neldyau y(t) Tuvase

= Vv ar s d’
HonaAnaraNzll Insaadwaulsnainsil

Tudauvosdayanaiinily fastvarying vosdayapm y(t) na1 ¢ wwgnunudaody
ulsnada Inaiiy t, Twimesdvadudmivludmvesdygaiily sowly- varying

v
ar s L & — ~
VYAUNUAINAI ty dhunaldidanduvesdnls Inisaos Feaziion iy y(tl, ty)

i e [t . 12 (2.126)
y(tl,tQ): sin —7Et1 sin —’irt.2
L 2

¥
Y o o -~ ar
VDTIUNATRYU I y(tl’ 2) ﬂwlﬂuﬁﬂlﬂﬂmi1Uﬂ1n1ﬂuﬂ')1ﬂﬁuwu nanan t nas

(1

ty

= d 1 o
wnsan laysesduaazdimuananavesduesld ufe

nanfo gt t,) falquaniAvesdyamenivegmiiowdy Feaansouen

y(t + T by + T,) = (2, 1) (2.127)
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cﬂ. o J o s
nnaumsh (2.126) swwinldhdunlsnm ¢ szgauoneenilumnadiulsnm
t, waz t, Muany Taoh T anuiumineanu o ouenin aINgAns sy
o ¥

A P 9 5 w 3 i
iioann leyaeoansaes ldfazdagundion M unann3vean s uGou (superposition

principle)



UNN 3

a ¢ o
NgBE MIUATIHNEzIRINHAUD

y ' ad a o = do w A
uniive ldnantimslSoudiouiinsinsiziisesadaiames ouau 2
" = s a o' A o
sEriNkaNs AT IaAUaueasyIa lugulaiieg luginamasialivesms
L "
IniuRuAufURams Iz Initaue lnidremserdematinnisusnananal
¥
o a ~ o o o d a @
aneavuMsiwans s mi hhlszgna ldauiuasseeaFamaeiyiianig 5 M
[y o o @ L4
TuTnuanssdunaznszualid saunaih l)dssgnaldauiulsesnioasuees
= P ar s =Y a 9
poadaianed o aiudueguadaananFanng (Am) uaz luidegamesziluns

a o ] o a o
AUANT 'Izﬂiﬂ‘j aﬁ%’nmmﬁmun%ﬁwanwsmammmﬂammmﬂErs

) d a do o o A =
3.1 MINUAZHIVITVaAAIND IO UALN 2 lWi)‘H'INﬁmi’lﬂlmll‘l]ﬂ (closed —

form) TugahalilvesmsImsizvinuuaauda

s H i ¥ ar = 4 s o - dl.
Tuviaden 2.1 vosunn 2 18nandmanmsing 12993 IWvhduaun 2 wena
=Y d':: [ 4 = C ) n’:
naﬂﬂnﬁumumsmmmuﬁxﬂuNamuaua:ns's'iummmzwaﬁanﬁummﬂmwm
o’r, [ a o é s = Y o ar
VUADUNITHIAINITINADS mﬁ‘lmmuﬂagmmNamuaumﬁsiu‘mﬁmum dmsvlu
w9 d’ 9 o = 's - = ot '
iadeiiag ldhnmsinswinwanasidluranovauswiyse luguulauazeglug)
@ P e d @ o " @ o P ::’ o o o
'l auu@a 199sdudun 2 nlanFueAvegluszuusudAun 2 1 nazANNFURU TV

' o  da a —
szuveylugdvesaumseyiusouna-edna daaumsi (3.1)

y(t) + ' (8) + agy(t) = S() 6

L%

Tashiladduiiadny  f(¢) vosszuudusvitaesluziinllezedlugvesIngTu-

v do  w

= - 9/ s [ =i 9
[WeavosaumMIoyiusouALi 2 Mazuuiiouna wu o, (¢) iWuau

i (%) = y(t)
—  STUueuAUN2 [
G 11YA

Ao

3UN 3.1 szuvuduaui 2 Aldunatlowdigszuu
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f(t) = =, (&) + bz, (£) + bz, (2) (32

¥ b
f(t) weaszvudsaunsi (3.1) uag (3.2) HiswzGoniniy forcing  function

ar =

¥
dmivdyanuduna o, (t) 4151921500 forced function input ¥943TUY

= o 9/ =
HAADUAUDIVTYINUYDITTUY U5nNoUAIINAADUAUDIFITUIIA ¥, (1) uay

WoaRBUAUBITAY Y (f)

y(t) = yp(t) + ys ()

(3.3)
= A" + Ayt +y,(t)

° 4 w o w o o
dwmsimuald f(t) = 0 Tuaumsi G.1) w ldaumsoyiusioniusuansd

aumsh (3.4) nlvwacuessssuana g, (t) Tuaumsi (3.5)

Yo () + ary, (1) + agy, () = 0 (3.4)
AUMINUANHULIANIZAD
2
s"tas+a; =0

Tiwaves g, (¢) il

Yo (t) = Ae™ + Aje™ (3.5)
}-3
Fa P * yo,” —4a, (3.6)
1,2 2

4 Ll s =Y n‘ H =
) A waz A, Wumdulse AnsainvenanoUauDIBITUIA

¥ I W
UONVIMIBUA DA ITIRDS AN a12 < 4a, U MINAUMNITNY 2 A1 8,

— ' . "o a s = a
uaz s, Ml szeglugdvesmdagmiFadon (512 =0k jw) NFIHAADUAUDITITUHIA

dy ' 9 ﬂ & ¥
9320 UHNa1 18Tl underdamped Fauanaldidy



62
y, () = Ale(GHw)f 5 Aze(g_jw)t (3.7

=y

. / 2 e mdudizdnimaniaaay

Gy

- 4a0

A
e 0 =—a, /2 w0y w=

¥
ar "o

4 _a a e w v g & 4 < s
ANUDTIABUTITNTIANUEIAY 9101 T0N 2.1 veaunh 2 Malimduilszand A1 uag

¥
A, ansononiinsan laasas 11

psdin 1 idulszdnd 4 waz A dludidsgmiFedoundmamaniiily

HARDUAUDIBIT UM IR

Yo (t) = €7 (B, coswt + B, sinwt) (3.8)

o )

4 4 o = A" L =) H L r o q( 1
Wemdulszdnd B uazr B, fie swenddgaivunldvnimdulszansai

A] waz A,

psan2  eanidulszant na A Wua1959 nag A=A= A/2

Naﬂﬂﬂﬁuﬂﬂ‘ﬁ‘j‘il.l‘lﬂailzﬂ'l'lﬂ”lﬁu

Y, (t) = e”* A cos wt (3.9)

Tuvaizi@oaiu diounua y(t) = y,(t) asluaumsh 3.1) udr wansuaueq

ey y,(t) vesszuumunsamIden

yi(t) + agy(t) + agy,(t) = f(t) (3.10)

a o' ~ 1 =
il1ﬂNﬁﬁﬂUﬂuﬂQU3uﬁﬂI1uﬁUﬂ'ﬁﬂ (3.3) 51151“51Uﬂ151ﬂﬂﬂﬂ15ﬂ']ﬂﬂi'lﬂﬂ!lﬂﬂ

AUMIAUANYUZIRNIE 5, HOT 5, Tumamasiiluraneuaueasssumd dmiumsma

duilszdns A uay A lunnivesnanouaueIs S UMIALY @uw1son1 ldnInnsuny

masnteu lvsuan y(ty) = Yy asluaumsn 3.3) waz y'(4) =Yy asluauns
o o = & = 4 =
oyiusvosauman (3.3) ¥ lduana iluaumsi G w v ¢ = £, uagminauud
A ' e a o " o
Mausudu ¢, = 0 mdwlszans 4 uaz A, awisedagdivegludnvuzves

31T (closed - form) 1AReaNNITN (3.15) Az (3.17) MUAIRY
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ymsmimeyRusvesaumsi (3.3)
y'(t) = 54" + s,Ae™ + yi(t) (3.11)

a i ¢ = t, = 0 unua y(0) = Y, uag 3'(0) = ¥ asluaumsi (3.3)

waz(3.11) mudy 114

Yo =4 + 4 +ys0) (3.12)
Yy = 514 + 5,4 + y;(0) (3.13)

ingidmlszdng A, Tni vinaumsi (3.13) s2ld

y =

59

unumdulszans A, 90 aumish (3.14) asluaumsi (3.12)

Y, —y;(0)—s,4
0 1
YO = Al + fs + yf(U)
o
s A Yy — y5(0)
Y, = A — 214 ACERN()
52 82

ingdaunsluidommidnlszing A Tugduuuila

[32 < sl]Al (63,0 [y{; _y}(o)]

<
adwlszans A Tuginila sxdiou 18

1

4:%—ﬁ@“V”NM%%_%@»

(3.15)

VNANNIN (3.12) Mduszans A, Wonln 18l



4 =Y, - A -y, 0) (3.16)
unudulseang A1 PNAUNTN (3.15) asluaunisii (3.16)

1

Az - Yo T S_‘?":TI(SQ(YO 5 yf(()))— (Yg’ ¥s y}(O)) r yf(O)
Y —4.(0

:[1_ 5, Y0+ ) _1]yf(0)+ O_y_f(_)
e ) 2 ~ % % =N

¥, w0 (530

T G =

_ 5% —9,(0) e (Y — y4(0))

52 s 31 -5'2 — Sl

mdnlszan A, Tugduvuilasy 18y

A=— (=51 (Yo = ,0)) + (%5 - 4,(0))

g %

(3.17)

= | = " Ve o iR
INMINNTANAUNTN (3.15) uaz (3.17) 3zrin 14 ardulszans A1 uay A2

wwitlumnanaue luvaziismeidoulvsudy V. uas Y(; HAZHARDUAUBINIAY U N

0

é ~ =) \ U =
na £, =0 ¥ yf(O) uay y}(O) VUINTNAdDA 1B AIAVBIHAND DA UBY

— d‘ é - ar s 4 o
s3Ind luaunsi 3.3) Fuilunaneuaussuiyseivesszuududuin 2 uddenald

v v H
uendgaeenuuiluminsi uonanil dundmualddladsuisiu  f(f) Wumaeiinie

¥ 14 b
Trlasa Aflouldiuszuuuds svenninm y;(0) =0 wowe Andudmiulunsdiiidn

o ' ¥
y}({]) vosmdulszant A uaz A, Tuaunmisi (G.15) uag (3.17) szgadanaly uag

weouldily

is (52 (Yo 5 yf(O)) 5 Y(;) (3.18)

T (—sl (YO - yf({])) - Yg) (3.19)
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4 a ar ar 1 4 =Y o :,‘ (=1 4
WANITUITLVUBUAUN 2 RszvmiuesaFaiames iy NMUITAINI
HanoUaUIssuAYeTzUUIziu Taudon luves underdamped

' ' ¥ 5
HeMAINNITININDS alz < 4a, MIINTUMSIIADIVEY 5, LAz S, vziifunn

o a 9

dagmFadon

819 =0 + jw

ilumalinanovausssssumavesszuulugih lhiu

y (t) = Ale(a+jw)t +A2e(o‘fjw)t

o eot (Alejwt + Aze—jwt) (3.20)
mﬂqﬂwmaaumﬂ{ (Euler’s formular)

e = coswt + jsinwt
Y, (t) = et (A1(COS wt + jsinwt) + A,(coswt — jsin wt))

= g0t ((A1 + 4,)coswt + j(A, — A2)sinwt) (3.21)

q = = = o - - 4
WenlSouionawnisi 3.21) Auawnisi (2.8) luuni 2 Fuilunansuauos
=" dlﬂ' ar = QJ ar < '

BITUHIA IUNIUNGUs2 NS A uaz A, WudagaiFedou nafe

Y, (t) = ¢! (Bl coswt + B, sin wt)

¥ s = QJ :: L} 1 as = J
glamdulszant B, woz B, fioglugilvosmdulszdns A uaz A, iy

B =A + A, (3.22)

B, = j(A4 — 4) (3.23)

b 4 ' ar a a0 =
memsunumdinlszans A uaz A, fieglugjdunulannaumsi (3.15) uag

(3.17) asluaunsn (3.22) uag (3.23) mudavaeil



—— (0% ~,0) = (%5 - 4;00)
2 1
1

(o, (¥, ~ 9 00 y}(O)))

= ——(s¥) 59,0~ 5¥; + 5y £(0)
1

== ((Sz“sl)yo_(z_sl)yf(o))

o q‘: ql =) ¥ @ = d &
AU WAV AUBITIIUFIAN R aFaanv: Ina1duszans B1 ) A1 uag A2

WhudsgaiFadon Taoiigluuuilaluglvosaumsiialaihy
B, =Y, —y(0) (3.24)

(5% - ,0) - (¥ - )

1
20g ((32 +5,)(¥, —9,(0) - 2(¥; - y}(o))) (3.25)

1

<y

(- (% ~40) + (%5 - 40)
2 1

o —j“((sz * 31)Y0 5 (32 + Sl)yf(o) —2¥5+ 2y}(0))

4 —y 'é L]
1999132V VIHAADUAUDIBITUTIMTY underdamped  NHIAITINAUNIS

=5 ar = A o ar 1 .
AIDATIAN 5 LA S w.i'luﬁqqﬂwq%’aummmmzﬂu ﬂfl'l'?ﬁ?] 81 =0 + Jw uag

1
e
8, = 0 — jw Ay

2

Sy + 8 :(a—jw)+(o—|—jw):2cr
(3.26)

s2~»31=(a—jw)—(o+jw)=—j2w

iounua s, + 8, unz 3, — 8 asluaunsn 3.25) uadez laduilszans B,

2
o & o
Tudnwazguuuiladeeglugilvesaunsi liilu
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(Y‘; ~ Y (0)) T (YO — Yy (O)) (3.27)

w

B, =

mdwmlizang B, uaz B, wlauilumneit Taviisdulsyang B, nx%umj
fumidoulududy Y, unzdmaneuaueaisiu y,(0) a i t, = 0 Ry
wiiu v B, wwiisninavesandon luisudy Y, uag Y, swaaouauonisiy
w finan ty =0, y,(0) uaz y}(O) Mamfvesmsoeadainn w uazmdulszant

[ (L] = o 4 ] s i
MM o uaed e lsNAuNARRDAUBITTIUIA IAvT MBI TAN1IZARIA) yn(t)

t

9 o A a a g A & - ar =
nzzmqgumummnamwa‘um e e o<0 mw::naﬂnmuﬁtyﬂgmm‘maﬂmmaﬂ

¥ ]
WU AUENMIN (3.8) uag (3.21)

710 3.2 magpUIUDITI NN AT DDA FaInAzABEY MemelilauBninaves e

Lﬂacr<0

4 g v L4 dd:‘i“ a A 1 M o dea =t
¥901A040713 1T A HY51A01NINFTHAV0IN1THUIT (damping) HUNAD NTBIVDA
o o | 1 o a o ) L= o
sTVUBUALNADY Niaumsanudunuioglugdvesaumsooadanines Taonainai
o o @ A

voarumsoyiusouduiaeuilugud y::(t) +a,y,(t) =0 i o = —a1/2 =0

< g1 v ow a = ' - " ar a =4
ﬂxlﬂuiﬂ’)'lﬂ'lﬁllﬂizﬂﬂﬁ Bl ﬂ:"lmﬂauuuﬂm uazmdulszansd 32 azmﬁmwua

B, = (Y(;' - y}(ﬂ)) /w (3.28)



68

o S

Tunsditl waneuauessssumd y (1) M¥iuiadayapuooadans layvesaoa

naad laily

yn(t) o (Yo = yf(O)) coswt + ——————(Y(; £ y}(O)) sin wt

y,(t) = Acos(wt + ¢) (3.29)
lilo g \/(Yo e yf({)))2 L ((YO, z y}(O))/w)2 (3.30)
¢ = —tan™! ((YO' - 43(0))[w (¥, ~ v Jf(0))) (3.31)

A ez ¢ dlusmuemldyauazmaiuduveslsysosasassadamaludimuns

HARDUAUDITITNYIANINAIAL

ar < = 4
3.2 myveaFaanvesdyaalvyresnoaeinynvariiszuveeadaaines

"
@ ar

9/ dar w ar o ar 4. = Jd Y sy
UALN 2 gn‘ﬂaumﬂﬂdﬂ‘ﬂumﬂ‘uam]ﬂuuuwmﬂﬂmmmi‘lz‘Hﬁnmﬁm:-i
= d :.'1 a
AAZHUVUANAY
w g d.' 9/ " = = d ar ar c; )
101290 01 3.1 1401709015 AT 1 HINAIRAIUBITSVUOUAUN 2 1A
dulizing A, waz A, vewaneuruessssunaludnsazyosgluuvilaioglug
@ @ a o @ s z = do @
M lddsaumsh (3.15) uaz 3.17) mudey uaz lunstinszuuiuilussadammosousy
dl 1 s =1 QJ C; % ar ' Q
72 Awsovmiadulszans B, waz B, w"lﬁ'mnmmanwuﬁsxmnfg il A2°lu
auMsi (3.22) uaz (3.23) uazdaldegluguunila deiinand 13 luaunsh (3.24) uas
v b ¥ Ca
(3.27) MuMAL Natioeadaiawmesszinniinundilionsnavesmduilsednsveanis
wisey laoh o = 0
fFmsvesadamwmesnlsreinnanuas o = 0 mduilszans B, waz B, ves
e 4 e
waﬂﬂ‘uauaaﬁismmwaaamammgﬁ‘lu"lﬂmmmmm (3.24) 1ag (3.28) MuUQ1IAY NI
WANDUAUDITITNHIAYL IAAIauNISN (3.29)

U = = @ w oA = ¥ @ oo
pd1a lsAmruszunveseeaFaiaimessuduin 2 nudesdFuiiady f(¢) 1l
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@& e = = = o
anwdwiug y(t) =y () + y(£) nazaumsi (3.29) wioUHARDUALBIUTY5 VO

szupdanan Idilu
deeaFammoiimaulszdntmsmiei hidlugud (o = 0)

y(t) = e [\/Blz - B22 cos(wt + 9)} + yf(t)

= (C cos(wt + 9)) + yf(t) (3.32)

(Y(; ”“ y}(O)) T U(Yo Er yf(O)) :

w

e C= (YO - yf(O))2 +

1| (% - 950) - (% - ,0)
(Yo~ 1,00))

Hay 8 = —tan

C waz 0 dhunemnldyauaziasuduvoinaneaueasssuranudIAy

a o " e = al 1 o
dreeaFammesimdulszdninismisruilugud (o = 0) udmanouauos

= a ] ¥
muimmmiznu%xwuu"lmﬁu

() = [JBI2 + 322 cos(wt + ¢')] + yf(t)

= Dcos(wt + ¢) + y,(t) (3.33)

. 2 2
1) D:ﬂ%—wmn+«%—ngq (3.34)
1oy ¢ = —tan™" ((Yd' - y}(O))/w (YO - yf(O))) (3.35)

D waz ¢ duuomlagauazidasuduvesdayaa laysosasaiignoeadaan

mud1ay Tuiueadsaduy dmsunsanszuusuaun 2 useadammesuasiaunts
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anudiusiuaumseyiutouaui 2 Wuaums ludnyazoaadaaines (INvunan
& ' w o [ ¥ e 9
Wugud Faezldardudszdninismiing o = —a1/2 = 0) uazdifimualiam
dunlszdng A uaz A, duaniunsiin A = 4, = A/Q e A dlusiaei luoiiniy
4 ' o =
qud Taomsunui A uaz A, fieglugiuuuilaninaumisi (3.15) uaz (3.17) aslu

4 o o 4 L) a m“ 9
AUNSN (3.22) tag (3.23) guaiaul tievmduilszans B1 Hay B2 2z 1an

B, = A + 4

S A/z & A/Z = A
A+ A= ﬁ 5 (Yo = 9,) = (Y5 - v} (0))}
o)+ s-o0)
2 1
1

————

B - sl)(Yﬂ - yf(O))

(15 - 5,0) + (13 - 7,0)
- (YO "yf(o))

B, = j(A — 4) = j(4/2- A[2) =0

Weunuarduilssdns B, B, uaz 0 =0 advasldluaunisn (3.8)

HANDUAUDITITUIIA ¥ (1) Sarun1sh (3.8) waz (3.21) dmunsaiiazdon 18
y, (t) = Acos(wt) = (YO — yf(O))cos wt (3.36)
ﬂfﬂﬁ’naﬂa‘uﬁumu%'u"mﬁmﬁvgmmswuﬁri'flu
Yty = (Yo - yf(O))cos wt + yf(t) (3.37)

= 4 A a = do a A =
MINHaRPLALBILS YN aiasannItivesnisauya lioeadameiouaLh 2 3

1 o

a o A 4 a Lol &
ﬂ1ﬁﬂﬂ'§3ﬁﬂﬁ Al §Y3 A2 L‘ﬂuﬂ’l%'jﬁ “]f\‘lﬂ'iiﬁﬁl'i']ﬁﬂ@ﬂ'ﬁ?l,ﬂi']zﬂ'ﬂ ﬁﬁ’mmﬂﬁ"azuuuu

Y o = a o a = o E
T dyapueeadanaedyaeoniniludygu lvyrevaeausqns  uaziumizinizeald

7o o 2 o =] 1 a
WuilasduTamnodnimasuduiugud szmn1dhawendge A vesnaneuaues
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ssaundluaumsii (3.37) wﬁuag'ﬁ'uﬁuﬁ"au'lméuﬁwmswu y(0) = Y, smnum
HOADUAUBITIRY B 71 19 ty =0 Hafe y4(0)

dlommsnlSsifeuramsinneiuuudaduszninans mdunlsyant A
waz A, Whumdgniddoutuinswziuidueudgauazmasuduas Iinafinands
fu nanfe nidvesmduiszdnt A waz Ay iludegaidedouss Idauenlaga D
Wudaaunsii (3.34) nagiiokaSudu livhduguddsaumsii (3.35) dmsvidunlszing
A wag A, ilunne A = A = A/Z wiirmomlags A =Y, — y;(0) wazler
suduilugud (¢ = 0)

naMsdanaaumsi (3.33) sz 183szuuez 1 kaneuauossssumaosnin
Whudayaulayaosaeauiqniiomna Taoiuewlganiiy D idlevmsfinsanauns
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ua:ﬁefuadﬁnwaﬂauﬂuaaﬁaﬁuﬁnm ty =0 (y;(0) uoz y}(O))?J'nﬁ"'au Saranunil
seiinnilumind ifusalimmenlfyavemanouauessssumaiiauiumasinmludae
HOABUAUDITYIAYBITTUVUAAIAIAUNTIT (3.33)

lwiweudsadusmeuagavesnanouauossssumalunsdvesmdulszang
A waz A, iduaniedaldnanouauesSysaidsaumsi (3.37) foz Wdmoonuuil
Mnsiidaoruiu Taohinsaesnsdiuldunnnnsdmseiuuudaudy (Conventional

. 5’»’ =] ' L L] : 4
Analysis) HUNNINEANNI Daudnanouaueniafny y,(t) Wudrinlsnlaoulamna

(time - varying) n3efiansmziilunaiag (dynamic) Haw Aweulazavosranauauna
ad o 9 » 'i‘_l ' o o ad .y a 4 "o
sasuanszdinsliauiudinsiiaaeaal Mlilmsizinweniagazivegnu
af ar 1 ¥ 3 A
HAADUAUBIIAY yf(t) uay y}(t)mm:: w #ina1 ¢, = 0 naudvuriniu
o e A da ﬂ ' a o A4 o q YN 14 oo a ~
ANunanisnilanAeiuniiuestah 14 hilinansgnvaenweu)aga o Mnan

4
U 9

o ¥ o ada "o = do |
Tuidede laiflumstinauedsinsziuuy Inisueeadammeisusui 2 Tav
1 a o =1 ' ] 0 =Y =
ﬁwamuaummyﬁmﬂzuﬂﬂﬂﬁmmﬂumummmuauﬂagﬂwawaﬂauﬂum'ﬁssmnﬁ

2 o w o 'q ' ] [
winegiuHanauausiiunn q nar hildwiivddisunwz a it a1 £, = 0 iy



72

asas d a dar @ l='l d'. a
3.3 5 UNTHINVIDAVALAANDIDHALN 2 I‘WB‘HTN?II'RQUUU'UTJFI (closed —

form) Tusililaserdunaiindlsnamawiinismsusnmnana

o y o a = i o y = o
Tuadetiag Idimsinseidsismsminauaiia i ldnanisaovaussniysel lu
- for w o v Ay Y ' o ' 9/ dy Y o P
siuvviavesszuveeadammesouaui 2 asi lanarniunneuniiudin vanmsi

v
viaue luinoiinusa 18 15uuraamatiadulsnenamawdinumsuenananal [17)
= 's 1:::!’ ° ar s A o Y
Tumsiasizy Taolundeeimuald 7 Wudwalsnaidndmilaazazimualin
- o o @ q' ' rv 9 @ =

f(7) fe Wanduilanuinlsingedluszuunasningniloudlsdygruduyaninniouen

TWnvszouinm 7 laq

y"(t,7) + agy(t, 7) = f(7)

% d
z;,(7) szUVePATFAUANNDS y(t,7)
P ‘ﬂ
@ o o
Bunn aUAUN 2 191V

@ e

1N 3.3 szuvesaFamneidudui 2 degnileudwduna z, (1) fnm 7 laq
¥ "
Aniuaunsh 3.1) Wouldlwaiilu

y"(t,7) + ay'(t,7) + agy(t,7) = f(7) (3.38)

1
a A

4 do @ w ] @ oo ar a
naailangurieny f(7) szeglugivesaunmsoyiusouaun 2 vesdagudunm
Y

H

ar

nfloulvfuszuunaz@ouaglugahin iy

f(r) == (r)+ bz, (7) + bz, (1) (3.39)

i

d‘ = ar =) ﬂ' 9 a a; d'
we z, (1) fe dygnaduyandouliivszvy e a7 laq luvaeh

HARDLTUDITIIAL yf(fr) annsan ldnn

y(r) + ayi(r) + agy,(r) = (1) (3.40)

q’: - o = 3 ‘i"
NIERTUUATADVTUDIVIYTUIZIVOU 1?\!. U
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y(t,7) = Ae™ + A’ +y,(r) (3.41)

& - a s 19w Anl A

wie y(t,7) Ae wansuaueIusysaineyludnymzyeImiusnmnanal a3 lunil
o 4 o = [ = o
dwlsnm 7 wgnueneenvinnal ¢ 1a q e ldnnsanduszuveeadamnes iy
vauzngniloudiodyanaduyasinaiousn

" o a & §ls ok a 1
mdulszdnt A noz A mnson lddaemasunuandon lusudy o finan

t=1,=0,y{,7)=y0,71)=Y, asluaunsii 3.41)

y(0O,7) =Y, = A + A +y,(r) (342)

mmsmmeyiusifeuiuna ¢ luaunsi 3.41) w214
t
y,(ta T) = SlAle‘th ~+ 32442852 (3.43)

unu t = 0 waz y'(0,7) = ¥, asluaumsii (3.43)

Yo =84 + 5,4
4 = (Yol — 54 )/ ) (3.44)

unu A, 1NFUNITN (3.44) aaluaunish (3.42)

Y,=A +(Y; - 1Al)/g-;qyf(f)

) A= (Yo 25 yf(’f))— Yy /s,

)

n’: L - ﬂ.’ A 1 ula
mszaziuee Idmdnlizing A lugduuuiladgeeglugiialuiiy

4 = (52 (Yo — (7 )) = YO') (3.45)

WauNsn 3.42) nuazld
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A =Yy — A —y,(7) (3.46)

unumaulszans A NNAUMIN (3.45) a3 luaunisn (3.46)

— (5 (% - 35(1) - %) -3

fy =78

4 =Y, -

!

) Yy

-1

y, (1) +

8 —§

8y — 8
!
Yy

85 = &

P

s
L ]yf(7)+
=5

o ' s = q" A
il ldmdinlszdng A, lugduulladaaasldiu

4, = 3 :‘31 (31 (Yo P yf(’f)) % Yo’) (3.47)

v ¥
Tuvueuds N uAUITUATIZHHDUAUAY (DR IN1THINNIISUIHAADUALDY

= o Voo a ) ar ﬂy
usysamumdnlszdns A uas A, vzuoniesan 1dasil

4 1 e ~ Q( e a A o o
N30 1 ddnlszing A uoz A, iiludegaiddoudeiuunziu

9 YtT) = Aleslt + Ageszt +y,(7)
= A]e(a+jw)t + AZG(U—jw)t + yf('r)
= g% ((A1 + Ay)coswt + j(A, — Az)SiIIWt) + yf(T)

mldla

y(t,7) = e (Bl coswt + B, sin wt) + yf(r) (3.48)

io B, = A + 4, (3.49)
B, = j(4 — 4,)) (3.50)



75

unudn A waz A, vinaumsi (3.45) uaz 3.47) Tugwilam ladluaumsi

' d
(3.49) uaz (3.50) 913du 1vemImdulszdnd B, waz B,

A
;- ; 13 ]( s (Y —yf('r))-I-Y(;)
g
o 1sl (52 =) (% — ;7))
St
B =Y, - yf(f) (3.51)
B, = [ﬁ (5 (% - v,0)-¥5)
_[S = ](msl (¥, ~3,()+ ;)
g
= § E((s2 + 31)(Y0 - yf(T)) - 2Y0’)
1193970 s, +8, =20 wog s, — 5, = —j2w sarfu
B2 e ( 20) ((20)( yf("")) = ZY{)’)]
=—i—[ (Y vf(’r)) ]
mirzRiue1d
B, = 5 (ioj i (T)) (3.52)

o & a g .5 s i o s '
il idesmswanouauesniysel dmdulunsdindrdulsz@ninismiag

= enar‘flunsﬁﬁsxuuiﬁwaﬂanﬂumﬁsiumﬁaaa%mmﬂuﬁ'a,;ﬁym'lmgmﬂtmaa
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a d ' o a o
ﬂsqﬂﬁ“ﬂﬁTﬁﬂTﬂﬂ'ﬁﬁu?Q INTAUNTITN (3.48), (3.51) 1az (3.52) ’ﬁ:ﬁ1ﬂﬁﬂﬂﬂﬂUﬂQUiu5m

Ienil

) = B B2 cos{ut + )+ 15(r

B

o | _2

liie B = —tan
1

udmaneuauouiyseivz 1diiy

y(t,7) = E cos (wt - ﬁ) + yf('r) (3.53)
i oiies 47 ’ Yy’ ’ (3.54)
» =Y~ 4, ) +(¥5/w)
ua B =—tan~ ( /w( — Yy 'r))) (3.55)
E woz B iunomlagaveswanovuaueasssund lvyyesaeauaziaGudy
AUAIAY
N3 2 Sendurlszang A uoz Ay iuanis 4 = A, = A/2 Ui
B=A+A=A
A+ 4y =——(s, (Y~ ™)~ Yq)
8, — 8 AN

i
>s

(a5 0)+ %)

= yf(T)

NS ITRZIY B =A=Y,-y f('r) (3.56)
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wanouaueauIYysal lunsdifiszsuudsmnmaniaias o = 0 wmn'ldid
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mswnz‘tfuwanauaumu‘%‘usnﬁzuﬁm'lﬁlﬂu
y(t,7) = (Yo - yf(r)) cos wt + yf('r) (3.57)
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I IANTHMVUAUAN ( AUMTN (3.33)-(3.35))

y(t) = D cos(wt + ¢) + yf(t)

D \mfo ~5;0) +((¥; - 4(0)/ “’)2

¢ = —tan~! ((YO’ - y}(O))/w(YO - yf(O)))

S5Annzviminauelnal (aunsh (3.53)-3.55))

y(t,7) = FE cos (wt + ﬁ) + yf(T)

E= \](Yo = yf(T))Z ¥ (Yo’/w)2
B =—tan™! (Yo’/w(YO x yf(T)))

N3N 2 nsdimduilszans A1 na A2 Huaese fid A1 = A2 = A/ 2

I IANALDBA BAN( TUMIN (3.37))

y(t) = (Yo - yf(O))cos wt + yf(t)

ada e 1 o
A AT ITHMInaMe lni( dunIn (3.57))

gl v = (YO — yf('r))cos wt +y,(7)
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y'(0,7) =Y, = 0 Tasnanesiimisunuauioulvsudumdriaslunansnaues
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IPAATTHLVVABAN  1NAUMITN (3.33) - (3.35) 32 14

y(t) = D cos(wt + @) + y(t)

D= (¥~ 5O + (%~ 0)




in Y, = 0 uddwomlagans 1diu

D= [t -5 + (-5
Tuvaizi ¢ =—tan"! ((YO' ~ y}(O))/w (Yo - yf(O)))

uaadasuduaz lailu

¢ =—tan" ! (—y}(O)/w (YO I yf(o)))

IWaanzrnldivawelud  MnaunIsn (3.53) - 3.55) szuaa ldiiu

y(t,7) = E cos (wt -+ ﬂ) 4 yf('r)

B = (v, + (v

4 v a = v
w vz Y = 0 dwonldgaveswansuauessssumasiion 1hitu

E= \/(YO - yf(f))2 =Yy — yy(7)
wazAnA sy

B = —tan™? (Y(;/w (YO - yf(T)))
hwiweuinaduunum Y, = 0 114

B=0

uwnum E waz 3 anaumsi (3.60) uag (3.61) adluaunmsin (3.53) mldla
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YL, )= (Yo - yf(fr)) coswt + yf('r) (3.62)
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- ,
l¥rumsgaswnvavvesesil-uowil

1 V
—+sC|V. —sCV, — <=0
[R ]a 8 b R



(1+RCs)V, ~RCsV, —V. =0

IFaumsyasouingasom V,

[% + 2SC]Vb — sCVa - SCVO wzif]

(2+2RCs)V, — RCsV, — RCsV, =0

ldaumsyasauiigasaw V,

5 Vo v
Ziocly e Yoy
RN R TR

(2+2RCs)V, -V, —V, =0

HUNUAT V., winaumsii 3.110) aaluaunisi (3.112) uaz (3.113) awdiau w14

(2+2RCs)V, — RCs(kyV, + kV,)— RCsV, =0

(k, + 1)RCs
24 2RCs

kZR Cs
24+ 2RCs

b 1

o
(2+2RCs)V, — (kV, + kV,) -V, =0

k, (k, +1)

2+ 2RCs

c 1

24+ 2RCs

96

(3.111)

(3.112)

(3.113)

(3.114)

(3.115)

wum V,, Vyuaz V. ninaumsii 3.110), (3.114) uaz (3.115) aeluaunsii G.111)

k.RCs
1+ RCs)(k,V. +kV )— RCs|| ——"_
( 5)kV; +kV,) — RCs 2+ 2RC's
(k, + 1)RC's k, | K+l o
24+2RCs | °| |242RCs| * |2+2RCs
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Bs (kl +1)RCs B
2+ 2RCs

s+ 1)
24+ 2RCs
k,RCs)
2+ 2RCs

k(1+ RCs)—

(3.116)

k2
24+ 2RCs

—|ky(L+ RCs)— RCs

TGy (2 1 QRCS) uARRATUMST (3.116) udrsadumslniay 13

[(k1 — DRXC%s® + 4k RCs + (k, — 1)] v

e ‘ (3.117)
RCs+4R&+1m

— —-k2

e 1/(lc1 - 1)R%*c? UARDATUMIN (3.117)

1
s+ %

BV

_ ks (4
“EoD) *[RC

5 ak,
i Ty
(kl (3.118)
1
S+ R2C'2

1

mnmsutlasanlamnduluaumsi G.118)

4k, v ()
(k, — )RC] O+ R*c?

(1) +|—

"
v (t) +

(3.119)

v;(?)

vi(t) + R

RC

O] —1)

S ) 4 o [
Tdmatiansusnanananluaumsi (3.119) Tastmualfina = 19 1Wudauls
NAMLEANIITAUIDINLIINIAT £ uazlfiflunardmsunmsiloudayapaduna v,(7)

" } '
Widuaees o fina 7 1aq d2035m51i aunisii (3.119) Fudouluzivesnisuonmnaan

eI

4k t
v::(t,'r) N . - v'(t,'r) + v"( o)
(k, —DRC| ° Br

(3.120)

_'k- 7 Ui(T)
—-——(k_l)’ ()+[ J v)(T) + 202
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wazmuald k= 0 s ldaumsdudnoiiovosaumsi (3.120) oglugilves

= = ~ "§ -3
aunsepadaniani lavinninauiugud devzlinanouausssssumasenuuily

. T
R, + K,

ﬁ'unmumm’hﬁmamé’humu R_] =) N308A29951 U104 !.Lg’lﬁllﬂ't‘iﬁ (3.120)

a Qe' o Q’: 4 _ :‘
o layyesanauiqns Aniudeulvvesmsosadanande k =

naoily

ky [v(T) + | == 1 v(r)+ 22— %(7) (3.121)
RC®

v, (t,7)
Ht + o e
'u( ,T) RO

R*C*

{ ' e o -
awms TiA i nilovesaunisi (3.121) MAUGUS 15198 M INOADUAUDITI TUHIA

= o o ¥
i ¢ laq vinaumseyiutionius laan

v, (t)
Vo i

=0 (3.122)

Uy () + —2—

o] - o c; ' o (=] n‘ '
VINAUNITOOAFADINDIAITUNITN (3.122) rdmdulszaninsnue o =0

H ‘ t
HAZANUDIIAYUTIINTIN W = ,fao = 1/\/}22(3'2 = I/RC AIUUHARNDUTAUDA
A " ar aa a ~ 1w
ﬁ5Snﬁnwﬂs1ﬂgazag‘lu;‘ﬂmmﬁfgtym'1nmcuﬂﬂﬂﬂawummmmmsaaﬁmmammnu
1/ RC s@ouauni

luvmzidvaiu difloudyapauduna v, (7) MHAvesAgIn 3.6 () a7

laq udwaneuausatiany U, (7) vzmrldninaunis

(1) 4 v.(T)

" 0

o" (1) + f; == f V{r) + | — [vI(T) + - (3.123)

rR*’c* \B + R RC R*C
Tawodoarunan (3.45) uag (3.47) naz l¥nsaivesmdulszans A uaz A, (5l

Ansvlumalfiduaznananeuauesusysel lugduuuilavesaunish (3.57) Arems

VoA A 3/ P
unumdeulviudu s na t =0 Wi v (0,7) =Y, =%V, wanevauBs

= o =
VsyIsivesesazion 1diy

0,(t,7) = (£Vg4 1 — v,y (r)) cos (¢/ RC) + v, (7) (3.124)
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uazanuivesdyanuooadama lumioveudsad sxiisuilu
f_ =1/2tRC  Hz
osc

Qs [ =
3.74 ﬂ]‘iﬂ‘ix!}ﬂﬂﬂﬁﬂ]ﬂﬂﬂ?@ﬂiﬂ)ﬂﬂ‘nmﬂiﬂﬂﬂ“lﬂmlﬂ Bﬂui’ﬁ‘“ﬂﬂizllﬁ

b =0

e
T =

c X

2-:cl.l R

or

cerrt
(1)

.||H

l,,_

cCl~

3(7)

|I|

cerrt
(1)

N

ceIrt
2)

0

cCr-

)

X

R

(b)

o = o 4 ar
WIIMOAT IR DRAFAmDS 1u Tvuanszumiletloudyanunszue

¢a.n
SD.

ouna 4.(7) (a)29951ulamu-nm  (b) 23 luTawu-oa
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9102993 lug1lii 3.6 ) 19 KOL a3 s afy V. dunain ¥ ves cClt

A (1)

I+sCV, =1
V,=(,~1)/sC (3.125)

: v Aa n,: [ 3 ¢ dAa z
iWeennussAuiaunady Y semidudn X uazvinnguoslovuiiounaia X

w09 COIT T #it (1) 0218

V. =RI,
L :VG/R:(II. —I)/RCs (3.126)

o A ' ' o § a’: ' Ve
nn CCIY @i (1) sms i mnszumednaiin Z sslsumdunszue

v ¥ ¥
dunanTs X daiu

I,=1,=—-1)/RCs (3.127)

ox
1% KCL fiyasaw v, ?iuum‘iy’n Y wos CCIIT &l )

Io:r o SCVb =0
Vy =1,,/5C =(I; - f)/RCQs2 (3.128)

" ¥ '
Td¥nguealeviuiiyasu V, duynin X ves CCIIH @i (2)

Vb = RI:::Q
I,=V,/R=(;- I)/R26'252 (3.129)

vin CCIIT & 2) 1519218

IL=I,=(I - I)/R20232 (3.130)

o
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1% KCL fiyasow V. Sunath Y ves CCII™ wlW1g

I,=V,/R
V. =RI, (3.131)

's o A a ol: -— 3
1InNYVed lovy ussaunvdunads X ves CCII aziinuily

Vo — RII3
L= VO/R =l (3.132)

— @ W T A ar o
v CCII™ anuduiussznhedunamuoanavzily

g I$3 = (3.133)

o

unuam I vingumsi 3.133) asluaunisf (3.130) udrvaaunis ludee 1daunis

v o d
ﬂ')’lﬂﬂ'llwuﬁlﬂu

1,=(I,~1,)/RC%"
R*C**I +1 =1, (3.134)

e l/ R*C? qunaadumsi (3.134)
(s* +1/R*cH)I, = I, |R*C? (3.135)
winsudasan)asnduluaunss (.135) dunald

0t) +i,(t) RC? = i (1) | R*C? (3.136)
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o ar ] o ¥
pifomsuonausananar 7 eeninnat ¢ uazlurna 7 laq dvuald

Io o o - ar ar u‘: H =
flunawazivmsfloudyananszuaduna i,(7) U299 AauaunIs (3.136) 93

Woueglugilveamsuondunlsmaanar ldily
-1 . 2~2 - 22
i (t,7)+ zo(t,'r)/R "= zi('r)/R C (3.137)
~ do @ w -~
NNAUMIN (3.137) FanFuiianuvesnnsie

f(r) = i(7)/ R*C? (.138)

i 1 @ o W 4

Yoduna 1Inaun1sh (3.138) vziu ldhiflendutisdy f(7)ve92995A20A51903

= & o v o o = ; 22
podrFaiines luTnuanszuail v ldmnaseiuiumdyarunszuadune %'("')/R C

o " aw d a 3 o @ oA v @ A
Tasds e nnativesmoyWusns LA uNANIsUADN 2 g duaun 1

smualiflsnduiiedn f(7) = 0 e IAIHARDYANBIFITUTIAVEIIIT NIDN

4
t a9 Aniuaumseyiusionius sxidouldiiu

i (t) + z‘on(t)/chz =0 (3.139)

on

AUNITDOAFAAINDI NUAAIAITUNISN (3.139) wawsn i uiadygnunszua
¢ - g 5  da b
1DIANA (WaROUALDITITHINA) enuududyau leyresaoansgninnudifod ¥

LEAIAITUNITN (3.141)

iy (t) = Ae? + Ape™
= Aleﬁ/RC + Aieéjt/RC (3.140)

y J - d.dy o
lumalfiiaudamdulszans A waz A, douiluaeie lunsditidimmuald

A=A = A/Z uAIWaARUAUBITTINIA luauMIN (3.140) wzdou AT

i, (t) = Acos (L/RC') (3.141)
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dmiunanouauoiiy i (1) nnannmstloudyapunszuaduwn (1)

w995 fina1 7 1aq aunson1dnn
1t . . 2 2
1, (T) + %f(?“)/RC = zz-('r)/R C (3.142)

owoaunsiidulszang A oz A, Tugduuuila dsaumsh (3.45) uaz (3.47)

o ' a “a QJ _sowa 1 = ar

Au@AY naznnnsdivesmdinlszdng A uaz A lumalfiidiuaeia uazord
a o' - 9 oA a 9 a

HanBUaUBIUTYIal luguuuilavesaunisi (3.57) Aremsunuaiten lusudu o im

o 4 i A A a w ¥

t=00% i (0,7)=Y,==%xlg,, W0 Iy, Aonszuaonaves CCII uad

HANBLITUBIVSY58IvDIe9svzHaRs AT
i (t,T) = (iISAT - z'of(T))cos(t/RC) + iof(r) (3.143)
Hazi Lo = 1/27rRC Hz (3.144)

a o a o a o :
VNHAABYAUBIVTYIUUYDIITIUVTATODATAIAIADS 199510 U-1Hd
= o a = - - o'
pOAFAAADS 90INIU-ND0ATAIAIADS 11AZIIVIAIDAT IS PDATAIAIADS 11 THUA
o Yy a L4 [ ar = [ [ =
nszua wwinuladmanevauesuiysavzeglugddnyuziAoadu dsaunish (3.79),
o o o o ' ' a o as o
(3.108), (3.124) uaz (3.143) mudAy Ao Aweuilagavesilanyu Inae
N o = = 4 J ay 1
viedyauooagaan lsyresavaunilnseadammeiivali aunsnniugu 1a Taviw
¥ as - @ a - 17 a o AA W a ar '
aemsiliunlasudyaaduneintowdnasesadaames Nddygudunaninag
" dao o w o w a
aglugvesilanduiisny f(7) luaumsanuduiusvesnses uazes liilunaliing

L - U A \ o
WaRpUMUDIAY v, (7) N30 Zof(T) ud Sallsngiludiuniiswesnuenagaves

o a & A @ 1 o = a
dygueoadaan leyyesaeadniinils uailousvinsiamiselSunlasunenilaya

L4 4 a a
vos lyywovaeaednadisdyanudunannaiouenldlasasg
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3.8 Mmytszgnalvannsesesadaanes M sNeQEATYYIMTIVIIA (AM)

UUNUGIHveIMsIFmAlinmsuenmnana)

Tunamawduiliniumn msvequaadayeiauFaunna ampliude modulation, AM)
1fu1ﬁ'ui’|’1mﬁwumﬁ1ﬁiﬂus:ummmsﬁﬂms Vil szuudanan I dyaa
ffigsre hidudeu uazlduuuaiasi hinhannin fufusadne 1dsunnuioudens 19
aulungueeniningaiasiauduedianiievns TasdmIngudez 1giueglugag
ﬂ?;u%qfim@ﬁvﬂmmuﬁ(citizens band radio) laenanmsinaliuda ﬁmm1mﬂ%uw1ﬁ
(carrier signal) vzgnuagiaiudadiuiuiuanuuswesdaams luszuue-ou
9 Tudanzisznon@au29936210910n (modulator circuit) Fe9ziiin13uoAIAARY
FyaIunIuegian (modulating  signal)  luvaizidgaunduwd s 1du11n02993

= o o A a a =
poadaamesnInduiadya i loyvesaeausqnt

w g ~ A = o'

1NN 33 lwidesvesnmisnimansuauesusysalugluvulaves

= do @ @ a W o '
poaFames oAV 2 Idofumaiindulsnamatsdadlsnisuenmnanangaelu

A = o v o a oo =
MIivHamay tiseeadaiamesainan ldgniloudyapaudunandidnvuzmlsnlaon
3 1 A W ar = = do w @ A a o
awranneuen uaz ldwud die 1atloudyapuduys nieflsnFutinuiilunaiag

Vo = o W 4 3 a a 3 Y

IMdvesadaimeioudni 2 udrnmeulAgavesnaneuauIssINTIAVZIUBYNL
@ ' 1 @ w Pry a 9 1 3 "
WaRBUALDITNAY Y, (7) lilsmwizwanouaueniaiy o inausudumniug yf(O) ) U
n: ) =1 9 @ o " = =
yuegnuna 71a9 9ndn  Wunnuennud uenilageveIwanauaueIsIINYIA
Jﬂ‘ o L ar @ o o Q’J" o o dl d‘
Tayxevavavzinlsuldouiiudadutumanouaueiany yf(T) Asiudmiuaou lvi

LY ' 1 e e o @ W { ot o
HaRBUMUBIINAY Y (T) Tagnilszumnmldiiaumduiuflandulisdy f(7) Aldnvue

= o’: = dor a A = o ’q

udsulaou lawmar mszanivesadammosouaui 2 Teennsmimlizgnal¥au
o ar L) é 1 ' @ 4 $
numsuegandygransivinald vz ldnanlusivazidease 11 luwadeil Tunil
HARDUAUDIBITHINAND dygrunaun i laywsosana taznanouaupRiIR LR Aoy

ﬂﬁllﬂﬂmﬁﬁu‘f!ﬁ (modulating input signal)
= o ] 9 : < v
nINauMIHARUAUBIUITY Il luguunla (3.57) NlAvnnTunounsNgamIuy

v oo = t:\r A " ] o 4 4
maunmumdnlizdns A waz A, dsegluphnilamuiu (@efoaunisi (3.45) uaz

(3.47) auday) luriaden 3.3 nanie

gt )= (YO — yf('r)) cos wt + yf('r)
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dusnlszanald f(1) ~ y £(7) udraumsi (3.57) znanoily

y(t,7) = (Y, — (7)) coswt + f(r) (3.145)

@ u’: Y dw @ o o o -~
Aty dilandudsdy f(7) dudygrumsuegas udmniusnnauniiouss

L

=1 o

= = ' — ) do W
aunsh (3.145) NAe dyaunsuegaamFIvuIa uaashszuunitluoeadamnesoudy
{ . da @ @ a ict o o o ° a9 ¥q ¥
# 2 diogniloudvilanduiisdusunaifidnvaziiunaind munsoihunlszgnd 19195
o (Y] =1 o [ =1 o Y 4 [ L] 4
AINDQPAATYYIN 10-191 (AM modulator) TA1TuI4 0614 13amwdmTuden luduaun
HaRDUAUBITIAY Y (7) fsnlszmanIdiduilaidudordiudy Samidouduyn
ar o o @ ar c!" = 7 o v @ A = o
Uszamsiuilsnduiisdy f(7) dezifeiuduszuududui 2 ndumzmzasaslihilums
' = = o
IMNIT 191 2993A0AT U0 00ATAIAIADS 1A03UN 38 1AAIII9TAIDATINGS
= s a o e o ¥ a 4
eoaFaimnoiniiounmilu v (7) nazanudiuivesiesezm Idnmsingiziieng

v
dage i

ul( T)

(a)
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(b)

i < a delota
111 3.8 29vImIeATIIRIDRAGaRMDINIBUYA U, (T)

(a) Tawu-nar () lawu-oa

g1 3.8 (b) ldaumsgasauiigasan V. aauves oot-uowi

1 5 |
E-I-SC]VG ~V,/R—sCV, =0

e R quaseaaunsee 1d

(1+RCs)v, —RCsV, =V,

i

(3.146)

AUMIATIMTATI V. aminveseey-uewi
Liselv v /r=0
E +s a O/R i

e R quaasaaums
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(1+RCS)V, =V,
V. = Vo/(l + RCs) (3.147)

aumsgasmngas V, mauveseor)-uoui

1
[E + sC]VG ~sCV, -V, /[R=0

¥
ar

2 w o A
IHDINITIAY VG = 0 (MIMUAUIADDY) INTIZRLUY
Vo1 =—RCs VD (3.148)

MATGE Vowaz V. 9naumsi 3.147) uaz 3.148) asluaumsiin (3.146)

ol
mudaay mldld

(1+ RCs)(v, /(1+ RCs)) - RCs(=RCsV,) =V,
R20252V0 +V =V, (3.149)
TGy (1/ RQCQ) AuARDATUMIT (3.149) 9214
(32 + 1/R202)V0 = Vz./RZO2 (3.150)
wmsiulasanlmsnduluaunsii (3.148) uag (3.150) mud ez 14
v,,(t) = —RCv/(t) (3.151)

oy vl(t) + fuo(t)/RQC2 = vz.(t)/R?C2 (3.152)
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o w i Ay ¥
domssmualidunsnm 7 dluamnanmiiueneenninnm ¢ 1aq luvazild

] ¥
innsfloudyanusuna v (7) Tuganm 7 1a 9 Tifeesdsgii 3.8 @ daiuauns

i (3.151) uaz (3.152) Wouaumsnnuduius lugilvesmsusnmnanamudny ldily
!
v,(t,7) =—RCu (t,T) (3.153)
" 22 22
Hag v (¢, 7) + vo(t,—r)/R C* = Uz'(T)/R C (3.154)
VINTUMIN (3.154) iwunlanduiianudoe
_ 22
f(7) = U(T)/R C (3.155)
1

fmuald f(7) = 0 uazasonmaneuaueIsssua & ina ¢ laq 9n

auMIoYRUTIONIUG(3.156) nanie

" 2~2
v () + vo(t)/R G- =10 (3.156)
aumsi (3.156) Wuaunsesadaanni nanouauedsITumAzey g

v, (1) = A" 4 4 e H/RC (3.157)

4

o o =0 waz w = 1/\} R*C? = I/RC Tumal§iides Imduilszdns
. Y
A1 uag A2 Wumase Taoh Al = A2 = A/2 NSRS UNAADUTUDITITUTIA 92 14

il
U, () = Acos(t/RC) (3.158)

TuvaziRuiuransuauestsiy v (7) Wnanmstloudyauduns v.(7) o
of ° 1

= ¥
a7 lag wnsoni 1dnn
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" 22 22
o (1) + 0, (7) | RC? = u,(r) [ R%C (3.159)

g =
ofoaumsmdulszdans 4, waz A, lugduouila dsaunisi (3.45) uaz (3.47)
awdAn uazannsdimdnlszdns A uaz A, iWumesalumal §iia uazninaunsi
4 o 3 = o
(3.57) masi‘_luNamuaumﬁnysmiugﬂnmuﬂﬂ UAIHAADUAUBIUITYTUYDINIINI0AI

wosooadaiamos iiou1diiy
v (t, 1) =1, (t)+ v, (1) = Acos (t/RC') + vof('r) (3.160)
ARARBALBILT Yo luauMIh (3.57) nane
y(t,7) = (YO - yf(T))coswt + yf('r)

: & 2y 4 4 "
Mmmsunuaitou lvsuau s inar ¢ = 0 1o v,(0,7) =Y, =EVg,p uay

yf(’r) = ’Uof(T) asluaumsi (3.57) v ldnaneuauesuiysaininaunsi (3.160) fe

v (t,7)= (:l:VSAT — ’Uof(T))COS (t/RC) + vof('r) (3.161)

fvuali W, = l/RC udaumsh (3.161) wnmodiy
v (t,7) = (:tVSAT - vof('r))coswnt + ’Uof(T) (3.162)

'3 i - ar a/

HIUINN A NTDV0IaNMTh (3.162) Harsanludnuuzvesdyaiuns

a v ] F] oA = @ 2 7
HOQEATIVNANAWHU AT W ARenNudvEITYI IUATUW NI

o = v =q ¥ oo = o 4 L4

imsiinsan demsmuyalidgyanatuge v (1) dudgganaugllni Ta
o 4 da a o P @ =
dyanuaauglImisunaneglugiiliuazflowdnees a finar 7 laq da319 3.8 (a)

o'y

v.(T) = Vp cosw T (3.163)
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' = o ar = A d M a s
V,we w Wlusweuddgauazanuivesdyanudunanaaugi lani niedmiv

4 = o @ ar = < P o/
il dmnsanduludnuuzvesnsuequaadyaiu Ad w  AReANudvedYIN
MIUDYPAA UAZNNTUNIN (3.159) MIMINIAWAADUAUBITIAY 'uof('r) Tav1fuIEN3

¥y ¥
MAMMAY Netvzauya In

v, f(T) = Acosw, T+ Bsinw_T (3.164)

i
]

o ' w
MMsmMeyiuses v, (1) av

/ b .

vof(r) =—w, Asinw 7+ w Bcosw T

oy v" (1) = —w? Acosw,_T — w? Bsinw,_T
v of - m m m m

! " P Y N
unui v, (1), Uy (7) unz v, (7) asluaunmsh (3.159) udardaauns Insez 14

(1 — RQCwan) Acos w T+ (1 - RQCwan)B sin w, T

=V cosw T
p m

(3.165)

= L a o a0 o ' 9 ¥ A o 9§ -~
Lﬂ?ﬂumﬂumﬁuﬂ‘szﬁmwwmww5314’mﬁumsmum&mannmmmnmlm
AuMmsn (3.165) 1 14
(1- P22 A=V,

P
D2, 2
A=V, /[1- Rc?%?,)
nag (I—RQCwan)Bzﬁ
B =1

mmsunum A uar B navasldluaunish G.164) ndmwanauausaiafy

v, (T) wilanilu
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'Uof(T): ﬁ%—zt‘-)? COSLL)mT (3.166)

s [] A Y = & YV A
Ardauvesaunsi (3.166) musandasliegludngiuvuniild Ao

2 2
" W w
1-RC%W: =1-—m =] "m
(1/RrC) w,
¥ w2
agaium i w, >uw_ wareziiu I dasaIuved —’;’ < 1 xiluwald
W
n
Worluey 1 — RQCQw?n Haniu
2
w
1—-R%0%2 =1 -1 (3.167)
m 2
w
n
¥ v
INTITRLUU HAADUAUDIIAD v, (7)) Mneumsii (3.166) WoulnIdilu
vof('r) == Vp cosw T = v,(7) (3.168)

a =] Y1 o Y | a0 " = s P o
VINTUNITN (3.168) ﬂﬁlﬁu'lﬂ'ﬂ'ﬂ"lﬂ'i‘UNﬂu‘1‘1]1'1'.11ﬂ1ﬂ?11|ﬂ\]ﬂ\1ﬁiym1mﬂﬁuw1ﬂ
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V. cos (wm'r)]

+ R202 'y
1 w? R2C?
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MULTI-TIME VARIABLES TECHNIQUE
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ABSTRACT complete response. Conventionally, magnitude of

0-7803-9266-3/05/320.00 ©2005 IEEE.

In.this paper, a new analysis of sinusoidal oscillator
amplitude controlled by forced response using the second
order differential equation (ODE) is proposed. In general,
the amplitude of the complete response is derived where
forced response slope is normally assumed to be zero.
The value of forced response only at initial time is thus
employed to determine the amplitude. But if forced input
is dynamic signal the amplitude of complete response
gained by using such assumption is different from the
experimental result. Thus, a new analysis of amplitude for
a dynamic forced response is proposed in this paper. It is
found that the forced response at any arbitrary time (not
only at the initial time) is presented in a term of natural
response magnitude. Magnitude of natural response is
therefore directly controlled by forced response. To
confirm the theoretical analysis, experimental results have
been demonstrated and agreed well with the analysis
results.

1. INTRODUCTION

The sinusoidal oscillator is one of many important circuits
using in communication systems. Mostly, the
development has been focused on improving the stability,
frequency and/or amplitude control and dimension
(number of required elements) of the circuit. In literature,
there are many techniques to control amplitude of the
oscillated signal [1-8], for example, the method of using
multiplier [6] or using initial condition [7,8].
Unfortunately, harmonic distortion, which is the undesired
consequence, can be easily generated of using these
techniques. Recently, the strategy to control amplitude by
forced response using DC signal (voltage and current
mode) has been proposed [1-3]. However, the general
analysis to determine how the forced response is related to
amplitude of the oscillated signal has not yet been
analyzed.

The second order differential equation is basically
used to explain the condition and the operation of an
oscillator in which the complete solution is composed of
natural and forced responses. The process of finding the
magnitude is therefore necessary to accomplish the
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oscillated output is known to be a constant, which
depends on the initial condition at the initial time. Thus,
magnitude of oscillated output should not be varied if the
forced function is time-varying signal. Contrarily, the
experimental result of the second order oscillator circuit
does not agree with the expectation. It is found that
magnitude of the natural response (oscillated output) is
changed accordingly with the forced response.

With that result, it gives the question to the authors
that what is the reason for such case. This question thus
encourages the authors to propose this new analysis for a
case time-varying forced response. Recently, [9] proposed
a multi-time partial differential equation technique. The
same technique has been applied in this work to provide a
new analytic solution. The proposed paper is organized as
follows. A briefly review of conventional analysis and a
new mathematical analysis will be given in section 2. In
order to confirm the proposed concept, the numerical, the
computer simulated of using both conventional and new
analysis to be compared with the experimental results are
illustrated in section 3. Finally, the conclusions are
provided in section 4.

2. PRINCIPLE
2.1. Review of conventional analysis

In this section, it is first briefly reviewed the conventional
analysis technique [10-13]. Generally, it is supposed that
an oscillator network can be represented by the following
differential second order equation

z"(t) + a,='(t) + a,z(t) = f(t) (1)
where (') and (") represent first and second order of
differentiation, respectively. The constant a,,a, are
known parameters and f(t) is an input forced function.
The complete solution of (1) is therefore composed of
natural response z,(t) and forced response .r](t) as
defined by z(t) = z,(t) + rf(t). In general, the natural

solution can be. determined by homogenous equation
which is



z.(t) + a,z,(t) + a,z,(t) = 0 (2)
in which the characteristic equation of (2) is
32+n,s+a,,=[] where 5,5, =0+ jw. (3)

The 5,8, are roots of (3) where a=—a,/2 and

w= ‘/'a" —4%,/2 are damping coefficient and natural

radian frequency, respectively, and assuming that al were
less than 4a, (a; < 4a,). The natural response thus is
z,(t) = A"t + Al (4)
where 4, and A, are constants respectively determined by
using initial conditions z(t,)and z'(t,) when ¢, is the

initial time. On the other hand, the forced response
solution is solved by

. /() + a,z)(t) + a2, (t) = f(2). ©)
The complete response thus can be expressed as
:l.'(t) = A,El"”"'l' 2 Aje[a-:uh ¥ 1'!(3) 3 (6)

In case of sinusoidal natural response, the constant A
must be equal to 4, . Let 4,4, be 44, it then yields
z(t) = Ae” coswt + z,(t). (7)
As a result, the natural solution is a cosine function. The
constant A can be determined by substituting the initial
value at ¢ =1t, where z(t,) = X, is arbitrary constant.
Since the slope of cosine function at ¢ = t, is zero, then
z'(t,) = 0. By substituting z'(t,) = 0 and ) =X,
into (7), it thus results in
A=e (X, -z, (tu))/coswtu (8)
and the complete response is
a(t) = et [(x,, —z,(:,,))cosut/oosuq,] +z,(t). (9)
Let the initial time t, be zero, (9) thus becomes
#(t) = e (X, — z,(0))coswt + z,(t). (10)
As can be seen in (10), the initial condition X, and the
forced response z,(0) are shown in the magnitude of the

oscillated sinusoidal signal decayed with ¢” .

2.2. Proposed analysis

It is interesting to note that natural response and
forced function are independent in term of their functions.
Namely, whatever the forced function is or whenever the
forced function is occurred, it will not change the nature
function of the natural response. Based on the mentioned
assumption, the separated time scales concept [9] is
applied. Thus, let us define the forced function, which can
be given to the network at any arbitrary time, as f(r).
The time variable 7 is employed to separate to the time
variable ¢. Hence, (5) can be rewritten as follows

2"(t) + a,2'(t) + ayz(t) = f(r) (1
where the forced response z,(7) is determined by
/(1) + a,z)(7) + a,z,(7) = f(r). (12)
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In this case, the complete response can therefore be
expressed as

Z(t,7) = A" Y 4 A MY 4 g (1) (13)
where z(,7) is a complete solution in aspect of separated

time scales. For sinusoidal natural response, the complete
response then is

z(t,7) = Ae” coswt + z,(r). (14)
By substituting the initial value at time ¢ = ¢, , z'(t,) = 0
and z(t,,7) = X, into (14), the constant A therefore is

A=g™™ (X“ - ::,(f))/cos wt, . (15)
For &, = 0, the complete response thus becomes
z(t) = e” ()(n —-J:,(T))coswt +z,(r). (16)

As can be seen, by comparing the result of using
conventional analysis in (10) with that of new analysis in
(16), they are obviously different. It can be inferred from
the result shown in (10) that magnitude of the natural
response depends on initial value X, and the forced

response only at ¢ =0,z,(0). Contrarily, as shown in

(16), magnitude of the natural response shown depends on
initial value X and forced response at any arbitrary time
x,(7). This implies that the forced function has influence
on amplitude of natural response not only at the initial
time 7 = ¢,.

To verify the described principle, a particular Wein
bridge oscillator circuit, as shown in Fig. 1. will be an
example to analysis where the experimental results will be
given in the next section.

From Fig. 1., the output v,(¢) can be expressed by

o/(t) + L[s - i]u:(:) Fl8

RC k, rRc?
k[ gy, 300 u(r)
= b [v,(‘r)+ RO +R’C’J

where k = Rl/(RI + 1"1‘;!),152 = R!/(Rl +R!) and v,(7)

is forced input which is applied to the circuit at
anyarbitrary time. The damping effect on w,(t) is

eliminated by setting the term (3 — Ik )/RC to be zero,
equivalently, & = /3 or kyfk = R,[R, =2 which

results in

(17

>—'_° y(t)
e
Cr R

Fig. 1. Wein bridge oscillator.

v,(7)




T S N B o)
w10 + ) = —2[al )+Rc"‘(T)+R’c2]('8)

By comparing (18) with (11), it follows that

3 , 1 _ 2 v
10 =2l + )+ pu (). @ = YR
and w=JaT=1/RC.

To examine the affect of various kinds of forced
function on magnitude of natural response, let us consider

for the case forced input respectively be v, (1) = Viss

V(1) =V, cos(w,7) and v, (r)= =(2f,,V,)r. By

substituting each case of forced input into (18), it then
respectively results in the following forced functions

(1) = =2, [RC? = K (19)

L) = —2[ R,Vg,, JI—ZRCY + (3w..RC)’]x

cos (w, 7—tan "' (—SmeC/(l - w:,R”CZ))) (20)

"

6 2

50 = =2 55 ¥y + s ] @

At t =1, =0, the initial condition v,(0)= X, =
+Vs,7, where Vg, is Op-amp saturation voltage. The
complete responses are given in (22) - (24) respectively
for v,,(7),v,(7) and v,(7)
vt 7)) = (Vs + 2V )cos (t/RC) =2V,

(2Voe +Vyar)eos(f/RC) = W, Vo <0
= (22)

(Voo = Vour )eos(YRC) ~ 2, Ve > 0
0,2t 7) = {£[Veur — Beos(w, - ¢)] cos(t/RC)}

+B cos(w, T — @) (23)

-2V —
where B = IT‘”R"CT\/(l —uiRJCz]* + (3w, RC)
¢ = tan™ (~3w, RC/(1 - wi R%C?)).
v,(tT) =
{(il{m. +2((2£,V, )7 + 6/, RCV, ) cos( t/RC)}
~2((2fs¥, )7 +6/,..,RCV,). (24)

As can be seen from (22) - (24), the forced response is
appeared in the amplitude term of natural response.
Hence to verify the new analysis technique, the
experimental results of the described Wein bridge
oscillator are illustrated in the following section.

3. RESULTS
In this section, the Wein bridge oscillator is experimented

to verify the analysis given in the previous section.
However, due to confined space, only the experimental
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result for a 2V, 144Hz saw-tooth forcing input is
demonstrated. The natural response frequency is set at
1.7kHz using Op-amp LM741 with +9V supply voltage.
It is interesting to note that an additional circuit which is
left to mention in detail is employed to filter the second
term of (18). This is to particularly gain insight into the
natural response of the circuit.

Fig. 2. demonstrates the numerical results based on
conventional analysis where the upper trace is ramp input,
the middle trace is complete response, and the lower trace
is only natural response part. Fig. 3., (a), (b), and (c) are
the results from experiment, PSPICE simulation, and
numerical results of proposed analysis where lines shown
in each figure are in the same order as of Fig. 2. As can be
seen, the results derived from PSPICE simulation and
experiment agree well with that of numerical analysis
based on the proposed analysis concept.

In addition, it is obvious that the numerical result in
Fig. 2. based on conventional concept is different from
both experiment and simulation shown in Fig. 3(a) and
3(b), respectively. For the case of a DC forcing function, it
can be seen in [1]. In this case, one might expect that there
is no difference between the results based on new and
conventional analysis techniques. This is because a DC
force function is always constant over time. However, for
a time-varying forced function, it is verified that the new
analysis can provide more exact response of the second
ODE system than conventional analysis. Since the force
function results in forced response and forced response has
an influence on amplitude of natural response. Thus,
amplitude of natural response can be easily controlled by
forced function.

4. CONCLUSIONS

A new theoretical analysis for amplitude controlled by
forced response of sinusoidal oscillator is proposed in this
work. The new analysis has been shown that for a time-
varying forced function, amplitude of natural response
does not depend on the circuit’s initial condition and the
forced response given only at the initial time but also at
any arbitrary time. Hence, in stead of setting initial
condition of the circuit to control amplitude, it can be
alternatively controlled by adjusting the forcing function.
The experiment result for a ramp forcing function have
been illustrated and agreed well with the proposed
analysis. However, the conventional analysis is still be true
for a constant forced function.

In addition, this paper mainly focuses on the proposed
analysis technique of how the forced response is presented
in a term of natural response magnitude. The error analysis
of the Wein bridge oscillator is therefore omitted to
mention due to limited space.
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Fig. 2. Numerical results based on conventional analysis : forced

input (upper trace), complete response (middle trace), natural

response (bottom trace).
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Fig. 3. (a), (b) and (c) illustrate amplitude controlled by the forced
response derived from experiment, PSPICE simulation and
numerical result based on the proposed analysis, respectively,
where the upper trace, middle trace and lower trace respectively
are the ramp forcing signal, the complete response, and the
resulted natural response (forced response is filtered).
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Amplitude Modulation Based on Time-Varying
Forced Function of Second-Order Oscillator Circuit

Thongchai Maneechukate, Jeerasuda Koseeyaporn,
Paramote Wardkein

Faculty of Engineering
Department of Telecommunication Engineering
King Mongkut’s Institute of Technology Ladkrabang
Ladkrabang, Bangkok Thailand 10520

Abstract—This paper presents a novel technique of amplitude
modulation which is based on a second-order oscillator circuit.
By using the multi-time technique to analyze a second-order
system for time-varying forced function, it is found that the
system’s forced response not only at an initial time but also at
any arbitrary time is presented in term of the natural
response’s magnitude. It implies that amplitude of the natural
response can directly be controlled by the forced response. For
a condition that the forced response and the time-varying
forced function is approximately identical, the resulted
complete response of the second-order system therefore is
amplitude modulation where the natural response and the
time-varying forced function respectively represents
sinusoidal carrier and information signals. To confirm the
proposed technique, experimental results have been
demonstrated which agree well with the given theoretical
analysis.

I.  INTRODUCTION

In communication system, amplitude modulation (AM)
has played an important role for many decades [1-3]. This is
because it produces simple, robust wave that does not use
much spectral or radio bandwidth which is still be used by
citizens' band radios. Its general principle is that carrier
signal is modulated in proportion to the strength of
information signal.  Generally, an AM system requires an
oscillator and a modulator which modulates the informaion
signal and the carrier sinusoidal signal obtained from the
oscillator. In this paper, a more compact AM system is
proposed where the modulator and oscillator are corporated
in one circuit.

Recently, the multi-time (separated time scales) analysis
technique was proposed by [4]. By employing such
mathematical technique, [5] has demonstrated that for a
time-varying forced function, natural response of a second-
oder system is depended on forced response not only at an
initial time but also at any arbitrary time. It therefore implies
that the natural response is changed in proportion to the
forced response. Hence, for a condition that the forced

0-7803-9390-2/06/$20.00 ©2006 IEEE
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response and  the time-varying forced function are
approximately equal, the second-order system is thus can be
applied for AM application, where the natural response is a
sinusoidal carrier and the forced response is a modulating
input signal.

Based on the given introduction of the proposed concept,
the paper will be organized as follows. The proposed
principle is described in section Il where the condition of the
particular second-order system (quadrature circuit) such that
its forced response and the time-varying forced are
approximately identical are also demonstrated. To confirm
the given analysis, the experiment results of the quadrature
circuit are illustrated in section III. Finally, the section IV is
devoted for the conclusions of this paper.

II.  PRINCIPLE

A. Multi-time analysis

To gain insight into the n®-order system analysis, the first
and second-order differential equations are generally
employed to demonstrate mathematical analysis. Let us
consider a second-order system whose system equation is
defined as

z"(t) + a,'(1) + a z(t) = f(t) (1

where (') and (") represent first and second order of
differentiation, respectively. In addition, the constants
a,,a, are known parameters and f(t) is the input forced
function. It is well known that a complete solution of (1) is
composed of the natural response z,(f) and the forced

response z (1) as defined by z(t) = z,(t) + z,(t).

In conventional analysis, the natural solution can be
determined by solving the homogenous equation which is

z)(t)+az!(t)+az,(t) =0 where o = —a,/2 and

1n (Tt ]
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w= (, f a — 4a0|)/2 are damping coefficient and natural

radian frequency, respectively. The natural response thus is

Iﬂ(t)= A1€(F+Jd!f +A?c(ﬂ~)-‘\l (2)

Furthermore, A, and A, are constants which are
respectively determined by using initial conditions z(t,) and
z'(t,) where t, is the initial time. On the other hand, the
forced response solution is solved by

(1) + a,z(t) + agz, (t) = f(1). (3)
The complete response can therefore be expressed as
z(t) = A" + A" 3 (t). 4

Let us eliminate the dampling effect (¢ =0) and set
constants A, and A, to be equal to 47, it then yields

z(t) = Acoswt + z,(t). (5)
As a result, the natural solution is a cosine function where

the constant A can be obtained by substituting z'(t,) = 0
and z(t,) = X, into (5) which is

A= (X, - z,(sn))/coswtﬂ _ (6)
The complete response is therefore rewritten as

x(t) = [(x,, ~ ,(ty))cos wtn}oos wt + z,(t). ()
By letting the initial time ¢, be zero, (7) thus becomes
x(t) = (X, — z,(0)) coswt + z,(t). (8)

As can be seen in (8), the initial condition X and the
forced response x,(0) are shown in amplitude of the

oscillated sinusoidal signal. Based on this conventional
analysis, it implies that amplitude of the first term of (8) is
constant even though the forced response is dynamic.
However, [5] has demonstrated by theoretical analysis and
experimental results that amplitude of the natural response is
also varied correspondingly to the forced response when the
forced function is time-varying. A review of such analysis
will be described as follows.

By applying the separated time scales concept [4], let us
define the forced function, which can be given to the

network at any arbitrary time, as f(7). Hence, (1) can be
rewritten as following

z"(t) + a,z'(t) + ayz(t) = f(7). 9

The forced response z,(r) is determined by

174

:r;’(r)+ulz;(1)+anzf('r) = f(z). (10)

In this case, the complete response can therefore be
expressed as

o(t, 7) = A + A 4z (7). (1

where z(t,7) is the complete solution in aspect of the
separated time scales. Similarly, by setting o to be zero
and A, =4, = % , the complete response then is

z(t, 1) = Acoswt + z,(7). (12)

Hence, the constant A is obtained by substituting the initial
value at time ¢t = £, = 0, z'(0) =0 and z(0,7)= X, into
(12) resulting in

A =(Xn*zj,(f))/coswio . (13)
The complete response thus is
2(t,7) = (X, — z,(1))coswt + z,(7). (14)

As can be seen in (14), amplitude of the natural response
depends on initial value X, and the forced response at any
arbitrary time z,(7). The analysis result implies that the
forced response has influence on amplitude of the natural
response not only at the initial time 7 = f,, but also at any
arbitrary time. In addition, it is seen that the complete
response shown by (14) provides the identical result to that

of conventional analysis if the forced function is constant
(e.g. DC).

Moreover, it is interesting to note that for a condition
which results in z,(7) = f(7), (14) then becomes

z(t,7) = (X, — f(7))coswt + f(7). (15)

Thus, when the forced function f(7) is the information
signal, the first term of (15) is obviously an AM output. The
second-order system for the time-varying forced input can
therefore be applied for AM modulator. The condition such
that the forced response is approximately identical to the
forced function of the particular second-order system
(quadrature oscillator) will be given in the following
subsection.

A.  Quadrature circuit

A quadrature oscillator circuit, as shown in Fig. 1. is
chosen to be an example to verify the described principle.
The output v,(t) of the circuit is given by

2 zdzt'q(t)
C°R T+ﬂ,(!):v,('r)_ (16)

3803



R c
R
0(7) :D‘LWHEI>A_O 00

AW
R

<

Fig. 1. Quadrature oscillator.
The complete response thus is v, (t,7) =, (t)+ v,,(7)
where v,,({) and wv,(7) are the natural response and the

forced response, respectively. v, (t) can be determined by
solving the following homogeneous equation

2 p2 @0, ()
2 1?2 0
C°R dt + Un(t) =0 (|7)
which results in

Unn(t) = 1‘1181#‘ + A?C*J#r (18)

1 .
where w, = ®C B natural frequency. In order to obtain

sinusoidal waveform, the constants in (18) must be equal.
By setting 4, = A, = A/Z .hence the complete response is

,(t,7) = v,,(t) + v, (1) = Acosw,t + v,/ (7). (19)

In  addition, by substituting v,(0,7)=+V,, and
u,(0,7)=0 then A=+V,, —~v,(r) and (19) can be

rewritten as
v,(t,7) = Iin - UOI(T)] cosw,t +v,,(7). (20)

Let us consider the case that v,(7) = V,, cosw, 7 whose
forced response is defined by

Ve
W)= e

m

cosw, 7. @1

Additionally, the denumerator of (21) can be expressed in the
following form

2 2
1-RCW2 =1——2n =] %
1
#c)
where w, and w, are frequency of information and carrier
signals, respectively.  Hence, if w, > w, therefore

2 2
W 3 ¥ "
:;%L <1 resulting in 1 — R*C*w? =1— Win iy Equation

2

n n

(21) can therefore be rewritten by

Uy (1) =V, cosw, T = v,(7). (22)
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It is seen that for a condition that w, » w, (which w,
generally is greater than 10w, in modulation process), the

forced response is approximately equal to the forced
function. By substituting (22) into (20), the complete
response then becomes

v,(t,7) = [£V,,, — v(7)]cosw,t + v,(T). (23)

As can be seen, the first term of (23) represents the AM
output where the forced function v,(7) is the information
signal and the natural response is the carrier sinusoidal
signal. To obtain only the AM output, the second term is
therefore filter out resulting in

[~V + v,(7)]cosw,t, v(T) <0

v, (t,7) = (24)

[+V., —v(7)|cosw,t, v,(r)>0.

Equation (24) indicates that the envelope of AM output is
either negative or positive all the time, depending on v,(7).
v-(p](T)
V.o
is certainly between 0 and 1 where v,,(7) is peak amplitude

of the forced function. To verify the described analysis of the
quadrature oscillator, the experimental results are illustrated
in the following section.

The modulation index of either cases thus is which

II.  EXPERIMENTAL RESULTS

For the experiment on the quadrature oscillator shown in
Fig. 1., the op-amp LM741 and +9V supply voltage are

employed where the natural frequency was set at 14.4kHz. It

is noted that to obtain only the natural response which is the
AM signal, the forced response (the second term of (23)) is
filtered out. In this experiment, three different forced
functions (information signals) are employed which are

1V, 200Hz sinusoidal signal, 1.2V, 200Hz ramp signal,

P

and 1V

rp

200Hz squarewave signal, respectively.

The results when the forced function is the sinusoidal
signal are illustrated in Fig. 2. where the upper trace and
middle traces are the forced function and the AM output,
respectively. Moreover the spectrum components of the
resulted AM output is given in the lower trace. It is shown
that the center frequency is 14.4kHz where the left-handed
side and right-handed side of the center frequency are
14.2kHz and 14.6kHz, respectively. For the ramp forced
function, the experimental results are given in Fig. 3. As can
be seen in the lower trace, the center frequency is shown at

14.4kHz whereas the 1, 2™, and 3™ harmonics respectively
are 14.6kHz, 14.8kHz, and 15.0kHz. Similarly, for the
squarewave input signal, the frequency components are
centered at 14.4kHz where 14.8kHz and 15.0kHz are
respectively the 1 harmonic, and the 3 harmonic.
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Fig. 4. The experimental results where the upper trace is squarewave
information signal, the middle trace is AM signal, and the lower trace is
frequency components of the resulted AM output

176

IV. CONCLUSIONS

A novel AM system based on time-varying forced
function of a second-order system is proposed. By
employing the technique of multi-time analysis, it has been
shown that the time-varying forced response has influence
on amplitude of natural response not only at the initial time
but also at any arbitrary time. When the natural response
represents as sinusoidal carrier signal (whose frequency is
w, ) and the forced function behaves as information input

(whose frequency is w, ), the natural response thus is the
AM signal where the condition w, > w, is applied. It is
noted that the condition w, > w, can be applied for other

second-order systems, e.g. Wein bridge oscillator.
Unfortunately, the analysis and experimental results of other
circuits cannot be demonstrated due to the limited space.
However, the experimental results of a quadrature circuit for
sinusoidal, ramp, and squarewave forced functions are
demonstrated to confirm the theoretical analysis. In addition,
it is seen that the carrier oscillator and modulator which are
the important parts of AM system are inherent in the
proposed circuit. The proposed AM circuit thus provides a
simple and compact architecture over the convention
systems.
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Abstract

In this paper, a new analysis technique of an ordinary second-order oscillator which is based on multi-time concept is
proposed. This mathematical analysis results in a new closed-form solution of a system complete response. It is found that
amplitude of the natural response is not constant but varied with the forced response of the system. For a constant forcing
function proposed, the new analysis is identical to the conventional analysis. In the case of time-varying forcing function,
however, it is different from the conventional approach. Based on such analysis, it implies that the amplitude of a second-order
oscillator can easily be controlled by forced response of the system. Hence, the obtained result based on the proposed analysis
technique provides a proper mathematical solution for the system, especially in a time-varying forcing function. Moreover,
the mathematical analysis for the wide-band characteristic of a second-order oscillator is also described. The experimental
results demonstrate the responses of the oscillator which agree well between the theoretical and simulation results.
© 2007 Elsevier GmbH. All rights reserved.

Keywords: Second-order oscillator; Multi-time technique; Time-varying forced signal; Wide-band second-order oscillator structure

1. Introduction

An oscillator circuit is theoretically well-known to be a
system whose periodic output is ideally generated without
any input requirement. It is one of many important circuits
which are widely used in measurement systems and elec-
tronic equipments. It also plays an essential role in a com-
munication system such as amplitude modulation (AM).
Hence oscillator has gained much attention and been de-
veloped over the decades [1-11]. Most developments have
been focusing on stability, dimension, oscillated frequency
and amplitude control. In this paper, amplitude control is

* Corresponding author. Tel.: +6623264242; fax: +6623264554.
E-mail address: kkjeeras@kmitl.ac.th (J. Koseeyaporn).

1434-8411/% - see front matter © 2007 Elsevier GmbH. All rights reserved.

doi:10.1016/j.aeue.2007.08.010

specially considered. In order to control the amplitude of
the oscillated signal, two methods are usually applied; the
method of initial condition determination [6-9] and the
method that makes use of the multiplier circuit [5].

For the first technique, it requires the restoration of the
icitial condition in every cycle of the oscillated output re-
sulting in large dimension of the circuit. In addition, if the
process of restoration is not complete, it can significantly
cause harmonic distortion to the oscillated signal. For the
second method, it also has similar drawbacks in large circuit
dimension and distortion due to nonlinearity of the multi-
plier circuit. Consequently, a new technique of amplitude
control where these problems can be alleviated is therefore
required.

In this paper, a new technique for controlling amplitude
of the oscillator output is proposed. It is derived from the
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analysis of a second-order oscillator based on multi-time re-
alization. The obtained result demonstrates that the ampli-
tude of the natural response of the system is a function of the
forced response at any arbitrary time. Conventionally, it is
recalled that amplitude of the natural response depends only
on the forced response at the initial time. The new analysis
solution thus seems to be different than that of the conven-
tional approach. However, for a constant forcing function
resulting in a constant forced response, the two analytical
solutions are identical. But for the case of time-varying forc-
ing function, the results derived from these two solutions are
obviously different.

In this paper, it will be organized as follows. In Section
2, the review of the conventional analysis of a second-order
oscillator is given where the new analysis which is based
on multi-time realization is described in Section 3. Later,
the proposed analysis will be applied to some particular
oscillators. Moreover, to support a wide-band structure of
the oscillator, the mathematical analysis is also described
in Section 4. In Section 5, the simulation and experimental
results are demonstrated to confirm the proposed analysis.
Finally, Section 6 is devoted to the conclusions of this paper.

2. Review of the conventional analysis

In this section, a brief review of the conventional analysis
of second-order system is firstly given. In general, differen-
tial equation is employed to describe dynamic behavior of
the system. By considering a second-order system, the sys-
tem equation can be expressed as

X" (1) + a1x'(t) + aox(t) = f(2), (N

where (") and (") represent the first and the second order of
differentiation, respectively. In addition, the parameters agp
and a; are constants where f(¢) is the input forcing function.
From Eq. (1), the complete solution is a superposition of
the natural response x,(t) and the forced response x5 (r) as
defined by x (1) = xp (1) + x5 (2).

In general, the natural solution is determined by solving
the homogenous equation, which is

x (1) + ayx (t) + agxa (1) = 0. (2)

For the case of oscillation in which a]2 < 4ay, the obtained
natural response therefore is

xa(t) =Alc(cr+3w)r + Aze(n—gm)r' 3)

where ¢ = —a;/2 and w = |c;tt2 - 4ao|) /2 are damping

coefficient and natural radian frequency, respectively. In ad-
dition, A, and A are constants which are, respectively, de-
termined by using initial conditions x(fp) and x’(fo), where
1o is the initial time. On the other hand, the solution of the
forced response is solved from

x(t) + a1xz (1) + aox s (t) = f (). 4)

179 ¢67

. Hence, the complete response of the system can be expressed

as
B

x(f) = A1 O 4 AN 4 xp(1). Y (5)

To eliminate the damping effect, let the damping factor be
zero (o = 0) and the constants A; and Az be A/2, which
then yields

x(t) = Acoswt + xg(t). (6)

As a result, the natural response is a cosine function where
the constant A is determined by substituting x’(fp) = 0 and
x(tg) = Xp into Eq. (6) which is A= (Xo— x(t0))/ cos wio.
The complete response is therefore rewritten as

x(1) = [(Xo — xy(t0))/ cos wtg] cos wt + x5(t). @))

For convenience, the initial time to is generally zero, Eq. (7)
thus becomes

x(t) = (Xo — x5(0)) cos wt + x5 (7). (8)

As can be seen in Eq. (8), the initial condition X and the
forced response at the initial time x £ (0) determine amplitude
of the oscillated sinusoidal signal. Since x7(0) is the value
of the forced response at the initial time only, hence, the
obtained solution shown in Eq. (8) implies that amplitude
of the natural response is constant even though the forced
response is time varying. In the next section, a new solution
which provides the explanation to the system for general case
of a forcing function is therefore explored and proposed.

3. The proposed analysis

It is noted that, the concept of multi-time realization re-
cently proposed in [12] has been applied in this work where
another variable of time, which is 7, is introduced in this
analysis. With this concept, the forcing function, which can
be applied to the second-order oscillator at any arbitrary
time, is defined as f(z). Hence, Eq. (1) is rewritten to be

x"(t) + a1 x'(t) + apx (1) = £ (1), 9
where the forced response x s(7) is determined by
X (@) + arxy (1) + aox g (1) = £ (1) (10)

In this case, the complete response can be expressed in the
following form:

x(1,7) = A1 1 Ae(0-10N 4 xc (1), (11)

where x(t, 7) is the complete solution in aspect of the sep-
arated time scales. Similarly, by setting ¢ to be zero and
Ay, Az to be A/2, the complete response then is

x(t,7) = Acoswt + x5(1). (12)

Hence, the constant A is obtained by substituting the initial
value at t = o = 0, x’(0,7) =0, and x(0, t) = Xp into
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MW

R,
v(7) >—4r——o v,(t,7)

c = v (t,7)

Fig. 1. Wein bridge oscillator.

Eq. (12), which results A = (Xp — x £(1)). The complete
response thus is given by

x(t, 1) = (X0 — x5 (1)) cos wt + x (7). (13)

As can be seen in Eq. (13), amplitude of the natural response
depends on initial value X and the forced response xs(t)
which is apparently varied with time. It can be inferred from
the analytical result that the forced response has influence
on amplitude of the natural response at any arbitrary time
7. It thus provides a method to control the amplitude of the
oscillated output by using the forced response. In addition,
the obtained result for the time-varying forcing function is
obviously different than the conventional analysis. However,
" both analytical solutions agree to each other for the case of
a constant forcing function (e.g. DC).

Based on the proposed analysis, it will be applied to three
different structures of an oscillator which are Wein bridge,
phase-shift and twin-T circuits. From the Wein bridge oscil-
lator as shown in Fig. 1, the system output can be expressed
by

1 1 vo(?
o (1) + RC (3 = H) vp(t) + 'Rlz(c—)z

3vj(@) | vir) ) (14)

ky( ,
= k_l(vi(f)'f‘—éc—‘f-w
where k; =R /(R) + Rp), k» = Ra2/(Ry + R3), and v; (7) is
forced input which is applied to the circuit at any arbitrary
time. The damping effect on vy(¢) is eliminated by setting
the term (3 — 1/k,)/RC to be zero, or equivalently setting
ki =1/3 or kz/k; = R2/R; = 2 which results in

1
vy () + ——5vo(r)

R2C?
" . - vi (1)
=-2 (v,- (1) + EEU,- () + W) . (15)

By comparing Eq. (15) with Eq. (9), it follows that f(7) =
=2(v'(x) + (3/RC)v](x) + vi(1)/R2C?), ag=1/R2C? and
w=_/ag=1/RC. For a constant forcing function which is
v;(1) = Vpc the following forced response is obtained:

f(@) =—2Vpc/R*C? =K. (16)

R,

AAA
YV

WA A ] (X,

1 ¢’ Llc c

Fig. 2. Phase-shift oscillator,

y(7)

Fig. 3. Twin-T oscillator.

At t =19 = 0, the initial condition vo(0) which is Xo thus
is £Vsar, where Vsar is Op-amp saturation voltage. The
complete response is therefore given by

vo1 (f, 7) = (£Vsar + 2Vpc) cos(t/RC) — 2Vpc
(2Vbe + Vsar) cos(t/RC)
—2Wpe, Vpe <0,
_ DC, ¥DC a7
(2Vbc — Vsar) cos(t/RC)
—2Vbe, Vpe > 0.
It is noted that the output with no DC component can be
obtained by vnx(t, T) (see Fig. 1). In similar fashion, the
proposed analysis is applied to a phase-shift and a twin-T
oscillators as shown in Fig. 2 and 3, respectively. For the
phase-shift oscillator, it is found that the complete response
of the system is
(kVpc + Vsar) cos(t /+/6RC)
+kVpc, Vpc <0,
(kVpc — Vsar) cos(t /+/6RC)
+kVpe, Vpc >0,

where k = Ry/R; = 29. In a case of the twin-T network
shown in Fig. 3, the complete response is given by

(Vbc + Vsar) cos(t/RyCp) + Ve,

Vbc <0,
wt, =] (19)

(Vbc — Vsar) cos(t/RyCp) + Vi,

Vboe > 0.

v(r, 1) = (18)



T. Maneechukate et al. / Int. J. Electron. Commun. (AEU) 62 (2008) 666673

4. Mathematical analysis for wide-band
structure of an oscillator

In order to provide mathematical analysis for a wide-band
oscillator, the quadrature structure is employed in the anal-
ysis. The circuit diagram of a simple quadrature oscillator
is depicted in Fig. 4. By using nodal analysis, the following
relationship is obtained:

2

d
CiCaR R s v, (20)

dr? ,

Let A be a positive constant, the system’s characteristic equa-

tion thus is

2 —A —-A

S = —
RiR;C1Cy;  RoCy

where Rp = R|Rz, Cp = CiCy resulting in s12 =

+3./A/RoCp. In addition, the natural response of the sys-
tem is

Von(t) = BleJ(mRO_CE)f 4 Bze-.?(«/zmncn)f (22)

(21)

which is real or complex depending on the parameters B
and Bj. In real-world application, these parameters are con-
trolled by the initial condition which is always real which

results in B) = B, = B. Hence, Eq. (22) is rewritten as
Uon (1) = 2B cos(y/A/RoCot). (23)

Eq. (23) implies that if the active elements (Op-amps) are
ideal, the oscillated frequency, which is ./A/RoCy, can be
controlled either by A or RoCp without re-adjusting the os-
cillated condition where amplitude of the oscillated output is
not changed throughout the range of frequency band. How-
ever, due to non-ideal of the active elements, the bandwidth
of the oscillator thus is limited by their frequency charac-
teristic.

To take the non-ideal characteristic of the active elements
into account, the integrator circuit shown in Fig. 4 is modeled
with the non-ideal Op-amp [13] as depicted in Fig. 5. The
system transfer function is found to be

v.__ 1+swp 14sRC
o e L L

By substituting this non-ideal Op-amp model into the cir-
cuit shown in Fig. 4, the circuit can be depicted in Fig. 6

— I

Fig. 4. The quadrature oscillator structure.

- e

v,

Note : D is DC gain, “-’L is cut-off frequency

Fig. 5. The integrator with non-ideal Op-amp realization [13].

i,

::};1'

R1 v R‘l %
v ¢—ANA——0 b~ AAN—8—O 0
& D 4 v, D
148w, ® 14aw) ™

L]
+ -
Note : wy is cut-off frequency

[l
===

Fig. 6. Quadrature oscillator with non-ideal Op-amp realization.

LPF |—» 1,

Oscillator
sin ([RECT, 1)

Fig. 7. Equivalent system of a quadrature oscillator.

where the following expressions are obtained:

1 1 R C
m=-m{( +;’”)( +;t‘ ')+sC1]v2, (25)

1 R
=—R, l( +;Ls) (l +SRZZC2) +sC2] vo, (26)

vy = —Avyp. 27

By employing these relationships, it is found that

A (1+CBLS)[ (1+SR1C1)
_—— 2 Cz _—
R\ Ry D Ry

1 RyC
+Cy (%)] +52C1C2

(1 +w1_s)2 (l +sR1C'1)
Ry
1 +SR2C2) ]

(28)

|
“
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lov

s

-10v

0¢ VvV V(R2:2)

Fig. 8. The PSPICE simulation results of the Wein bridge oscillator where the 1st, 2nd, and 3rd traces are the complete response outputs
vo(t, T) when the input voltage v;(t) = Vpc is 0, 1, and 2 volts, respectively.

Tek stop | | S— . Tek stop |
4 -

I

MIi-00ms A Chi 7 -1.88 V| R 1

NN 2 X TN i @I 3007 M.00my A Chi 7 204V
Ch1 Mean 2 Pk-Pk Chifrea g . (30 s00us ) Chi Mean - Ch2 Freq ~[{30.
2.03V iy v.oazkyy B~(140.000us ~2.04V @ eiee WEEREE]
(a) (b)

Fig. 9. The Wein bridge oscillator experimental results where the upper trace of (a) and (b) is +2V DC input voltage and —2V DC input
voltage, respectively and the lower traces are the obtained complete response outputs.

Since the DC open-loop gain D is very high the last term

following relationship is obtained:
shown on right-handed side of Eq. (28) thus can be neglected D
and as a result 3

P &'} AD
20 2R\ R C\Creop,

A 1+ wrs 1 —[( = )(_,-2.[.._—‘l )}
L s+

e o] m— — C

R R S( D )[Cz (Rl +s |) 2wp, Ri1R,C1Cy

A
-5 (—_Rl RZCICZ) =0. (30)

As can be seen in Eq. (30), there are two cases for which
Eq. (30) exists, which are
From Eq. (29), in case that R;, R, and wis are Cane L.

much greater than 1, then 1/R;, 1/R; are approximately ( D 2 A ) A
i —_— = | ——1]. 31
il TREGe) A hRne) BV

1
+C (R— + SC:)] +52CC;. (29)
2

zero and (1 + wrs) approximately is wys. Hence, the
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Case 2:

o 2) (P g -
T RIR,C\C2) 7

5( A =0
RiR,C\C2 )~

The first case as shown in Eq. (31), however, is impossible.
The second case where s(A/R)R;CC7) = 0 is therefore
employed to approximate that

AD
2R1R,C1Cru

2 e
- 2w, RiR,C\Cy )

It 1s seen that (.s'2 + A/R{R;C,C3) is an oscillatory term
whose characteristic is band-pass whereas (s + D /2w ) is a

(32)

D
s3+2 st +

L

(33)

Amplitude outpui: 'r'm Vol

Input voltage control : V_(Volt)

Fig. 10. Illustration of amplitude controlled by the forced response
of the Wein bridge oscillator obtained from experiment, PSPICE
simulation and theoretical results where the forced input is the
varied DC voltage.
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decay term whose characteristic is low-pass. It implies that

“when the oscillatory term is excited by the initial condition,
the system behaves as an oscillator cascaded with a low-pass
network (as depicted in Fig. 7). Hence, the range of oscil-
lated frequency is limited by the frequency characteristic of
the LPF system. For an active LPF system which is con-
structed by active element, i.e. non-ideal Op-amp, its cut-off
frequency thus is the key parameter which determines the
bandwidth of the oscillated frequency.

5. Simulation and experimental results

In this section, the simulation and experimental results
of the Wein bridge, phase-shift, and twin-T oscillators will
be demonstrated. It is noted that the output frequency of
the Wein bridge, phase shift, and twin-T oscillators are set
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02 0.1 00 01 02

Input voltage control : V. (Volf)

Fig. 12, Illustration of amplitude controlled by the forced response
of the phase shift oscillator obtained from experiment, PSPICE
simulation and theoretical results where the forced input is the
varied DC voltage.
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Fig. 11. The phase shift oscillator experimental results where the upper trace of (a) and (b) is +0.1V DC input voltage and —0.1V DC
input voltage, respectively and the lower traces are the obtained complete response outputs.
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Fig. 13. The twin-T experimental results where the upper trace of (a) and (b) is positive and negative time varying forcing function,
respectively and the lower traces are the obtained complete response outputs.
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Fig. 14. Illustration of amplitude controlled by the forced response
of the twin-T oscillator obtained from experiment, PSPICE simu-

lation and theoretical results where the forced input is the varied
DC voltage.

at 1kHz using the Op-amp LF351 with 9V supply volt-
age. The complete responses of each network are observed
and measured where the input forcing function v; (t) is Vpc
(Figs. 8-12).

In these experiments, the circuits are tested with various
DC levels to illustrate that amplitude of the oscillated out-
put is changed when the forced response is varied. These
experimental results thus indicate that an alternative method
of controlling amplitude of the oscillated signal can be ac-
complished by using the forced response of the system. Fur-
thermore, the time-varying forcing function is also tested
with the twin-T oscillator. The obtained experimental results
which are demonstrated in Fig. 13 agree with the proposed
analysis. As can be seen, when the forcing function is time
dependent, amplitude of the oscillated output is not constant
but varied with the forced response of the system (Fig. 14).

8
7
6
=5
3
2 4
g 3
< Poiiinib:
2 - —a— LF351 F
—e— uA741 || ¢
1 —
N | 1 10 100 1000
Frequency ( kHz )

Fig. 15. The frequency response of the quadrature oscillators con-
structed by using the active elements: Op-amp LF351 and uA741,

respectively.

In addition, the quadrature oscillator is experimented to
observe its frequency response where two quadrature os-
cillator circuits are constructed by using different Op-amps
which are LF351 and uA741. As mentioned earlier that the
cut-off frequency of the oscillator is determined by that of
the non-ideal Op-amp. The results given in Fig. 15 illustrate
that the obtained output magnitude responses are constant
over the wide-band frequency where the cut-off frequency
of each circuit is corresponding to that of the employed

Op-amp.

6. Conclusions

In this paper, a new mathematical analysis based on multi-
time technique of a second-order oscillator is proposed. The
complete response of the system can be expressed by a new
closed-form solution. This new solution provides clearly
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explanation to the system not only for a case of constant
forcing function but also for a case of time-varying forced
signal. Based on the proposed analysis, it is found that am-
plitude of the natural response is a function of the forced
response at any arbitrary time. The obtained analytical result
thus provides an alternative technique of amplitude control-
ling by using the forced response of the system. Addition-
ally, the mathematical analysis for wide band behavior of
the oscillator is given as well. The experimental and simu-
lation results in voltage mode of the quadrature, phase-shift
and twin-T oscillators have been demonstrated and agreed
well with the proposed analysis technique.
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