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ABSTRACT

A simple technique for implementation of resolver signal conditioner is
presented in this thesis. The obtained output signal in the form of DC voltage is
linearly proportional to the position of rotor shaft angle. The proposed conditioner
consists of a demodulator, a sine-to-triangular wave converter, a logic control circuit
and a triangular-to-sawtooth converter. The proposed sine-to-triangular wave
converter utilizes feedback technique for minimize the error of it. The resolver signal
conditioner provides the simple configuration and low cost. Moreover, the
commercial available devices are used to implement the proposed converter.
Experimental results confirming the circuit performance are also detailed in this

thesis.
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w3 Va1 wae Ve asuagifudundsyuvesunuileanes andnuwagmahauiléng
1t wnan Ry Rz way Rs fdnvazadrefunioudasidvnainduniefiansnsondoudls
(rotor transformer) luaauzfiunain Sy uas Sz agjﬁ’uﬁLLamn‘lusT%mﬂqﬁé?qmﬂﬁu Ju38n
YAAINNIADITT YAAINALALADS (stator winding) LilelRayaanlunisesulsuasdilanis

o a s d’{ [J 4 1% s
MUV LALIDTUINTU AUUALAIAAIA R1 Rz ae Rs3 WNUABUAAIALILADS (rotor



. . P | A a = s a a ! s
Wlﬂdlng) R GZNLUU?"JH?J@Qﬂ'ﬁLﬂa@umLLﬂu‘Wl‘!usﬂa\‘ﬁI%aL'J@iLWENsUﬂLﬂEJ'] AIUVAFIAALALAD T

[ a

PR F999TAUYADLNBUARIAIFUR 2.2(0) INFUN 2.2(%) LiTaUaunTanunTEAU Vex

€

Tedyaaluldivaaialsmes R Ingusaiunsziu Ve anunsaliouaunislaidy
V,, = A, sin(at) (2.1)
o Aex A0 UUIAVTBLOLNEAVRIFYYIUNTZAU Ve Tviiaeslu volt

A < a [ v = 1 1
© A9 AMILIUTIYUVDIAYYIUNTEAU Vex UL rad./s

t Ao Awale dudlesdu s

Ul 2.1 Tassedunsuenvesiluanies

SZ )\ VYZ
<2z
BhtSr | Stator
RI g# R2 R3 i C
> \‘: S] L_o)
Rotary 0 Vel
Transformer _—

(M) uuvauysel

() UUDYIY

JUN 2.2 1asauyavesslealies



U d‘ (3 1%
yafiveaInaames Sy uaz S azle

V,, = Asin(at)sin(6) (2.2)
uay
V,, = Asin(awt) cos(&) (2.3)
Wi Va1 e dyanaussiuinnaseuvnainaianesuansn dnuledu volt
Vs o dyanaussiuinnasouenaindianeianiass dnueidu volt

6 fo Ayuunuvyuvesslgaes dnuedu rad,
A A8 A1 TIAAAINUEUNE]A Aex VBIREIAYINUNTEAUNUTRTINTAINIY K

SENINIVARIALILADS TUVAANAANDS TAMUNAU KAex Hvaendu volt

RNAUNT (2.2) way (2.3) %Lﬁulﬁiwé’agmmeawﬁwmﬁlé’awﬂ'%IGUaL’J@%‘ﬁa VARTGE
V2 aglusuvesilsndunslnaulia (trigonometric function) Feidnvandudyyruas
n1suegLanLdsuuIn (amplitude modulation) fsuanslusuit 2.3 TasAyuununyuves
Swaties o Lilddammidudaduiudyarnednn il Fatun1sidyaoslvae i
Uszgndlianudasnludewinsusuudsdyanaiivanesliflanuludaduiuaiyunnu
yuvesileanes 0 \dunou duowhnisiusgiandyniaiiefsaminuvsureslvaies
0 fagluguvesilaidulsriuasinlevisanun Mndudeihnisusuuidyaadldlndudady

sty InenisavegiandayanuuiarnsuTuwidyaatuladnisesuedsluitedaly

>“: AVA/\U/\MMM[\/WW\/\% VA/\[\MM[\MM[\MMA
B AR

2 {\M/\f\f\mv VAM\N\/WWW\MMAVA AVA/\/\W\M
AL L LA

0 /2 T 31/2 o1

UM 2.3 dyay s Vex Vo1 Uaie Vo



2.3 NsANBALANHTYI0M

o

Pnuannsiuessiganeilanann luluimiten 2.2 dyarailaainileaies

) = & P v Y

Judyaamegianideuunn Sadunisuegianseninadyaiunszau Vex fUALLALMY 6

A

=

neglusurvesilsiduluvielaled dwluluiideifwendanimdnnishueguandyayiaid
uanlgAunaly laun n1shuegandyaiauuunsiaduveu (envelope demodulation)

waznsANegLand ML UUBILATTE (synchronous demodulation)
2.3.1 NMIANIYLANTYUIUUUUATIATUVDY

nsfuegandyaIukuunTafuveuliunisivegandyayaduinegiaing 1y

fudeu lesainisasusznoumelalen Aifudssquaziafnuniu [17] dsuanslugud 2.4

'
al

lnofledyyruueganiiulalanduiminmduisasisenssuauuunsandu (halfwave

[

rectifier) vilildamgdyaiadiuuin wasdyaiaildidoniuis RC daimidiiy

v v =

a6 saa a a
29950593A AR (low-pass filter) Lladndyyranifitiniuigeeen ndeiiis

Fyanaiidudoyadsuandusui 2.5

o—> o
Vin R v (f Vout
o ¢ le]

5UM 2.4 19950Ne0Iand I ULUUNTIIYEURE 1Y

O#vMHmhmw4MHMHmn%#HMHMHmw4MHMHMHM
St St =

VOUt

time

Ui 2.5 dyaaunlaannastugun 2.4

CaNl



2.3.2 mMsnuagLandayuuudelasis

ﬂ’]i@llﬁ]@lLaGlﬁillilﬂiuLLUU%QIWiUﬁﬁ?@ﬂ’]iWJE}@aLmﬁ} WEL!LL‘U‘UIF’]?ISUW (coherent

demodulation) [18-19] 1S msifesldlunsiuequandyaaslvanes iesndyaa

PATiAUYNADILATLIUEINIINITANDAAA T Y IULUUATITTUVOU FNN1TANDALAN

o

o o o

ammmmwﬂm E“lLLﬂﬂﬂI‘UTU‘VI 2.6 LUUﬂ'ﬁuWﬂﬁUiU']mlI@@Lﬁ@]L%ﬂ‘UU’]ﬂﬂJ’Wﬂﬂ’]iﬂmﬂ‘U

o

(% % (% a

AN NI odyyIunITAU Mntuhdyaailadudinsnsemnuda sy

A o q [
o ¥

Wadnnouvesdy IunIininudgeen MVladnyIuToya NneInN15awans

[V

,.,.mmllllnm,,..,.anHHm.,,,.,.mnlmlnm,,.,mmHHle.,.,
T =

UM 2.7 dyayramlaninieaslugun 2.6

@

2.4 wmatANTUS ULyt lvaLI03

?Q{’EUEU’TEU?I‘ZIE}L’JE]’iLﬂJE]V]’]ﬂ']'ﬁﬂJJE]WLﬁG]ﬁEUZU’]m AL LA y@ WmNNLLﬂu%J\IUSUENﬂ‘UﬁL’JBi

L Ag7)

! [ LY

oonu windryuildeglusuvesiledtulviniolalvidsdygailadslidudaduiuen
yunuMUYesleaes dwluideiiwenaniunaianisuiuusdedyausieanesng

mstiausluein wsidulwimslumsimunaslsuunsdyaaslvanes



2.4.1 wadiansuuuisdygalaslduanniswadangy

wadansuuunsdyaraslganesingldndnnisiadengy (phase-lock loop) [4,

11] wanalugun 2.8 vinuveanailatansaesuiglasail

Resolver

~
J—

|
| A
| S K_: |

- ! NI

e 0 22 . Ve=cos(d) | sine cos(6)sin(¢)

3 g Vex= Agfsin(at) g@;ﬁ % Ve =IkVocos(0)| S multiplier

= — 3 ! =

o

17} -l— i Slm Stator | N 'é Integrator
i V51=kv%xsin(9) |8 Vs=sin(9) Cos
N ___ ) = multiplier sin(&)cos(¢4)

Voltage
li%’::?t\é\;n controlled
oscillator

b Output : when (¢= 6)

UM 2.8 watian1suiunssdaasivanesiaeldnadengy

dledeudyaunizdu Ve iilludygraladdinveainlsmesvesslaaes vinliladyaie

iy
Vo1 ke Vs N19A020@0003 S1 uag S Aeauni1sl (2.2) waz (2.3) auaidu ietndaygyiu

Vs1 wae Ve luasasaveguandyaalaglddygianseiu Ve dudygying19de vilila

1

dyqrayuinunyuvessleaned (0) lusdvasilanduled Vs uazdandulaled Ve oae

| a o

wannsvesnadengudndunisiiayuednandunaseuiiaudueiyuduns waziien

9 9

ArufienaaiiAntusynisuSuuinaesdelildasoiwndalndiAsstudsudun
Fefuluguil 2.8 dyaa Vs (sin 0) gnihsngaifuyussdddusuesilsddulalud (cos ¢)
wazdayay1ad Ve (cos 0) gniunaainivuersdslugdvesitandulad (sin ¢) At dyaa
faaessnauiu lilduarsvesammiaasluguasiladduled (sin (0 — ¢) Fadloyusi
ansflenlndiAeatuazyihlil (sin (@ — ¢) Senvdesun Tunsdfiyy 0 uay ¢ denliviiu v
“I,ﬁt,ﬁmmmmﬁmwmwﬁuuawhmmﬁmwam@fandngﬂéﬂﬂé’mwﬁuﬁmw (integrator) ti®
yiwihiaiedygrailimuauimiidadygiaviauseiuaiuay (voltage controlled

[ a

oscillator) Inefifinilndy gy autinuwsinuniuauyinntnasadygruiadinoddluganes

A

Huflaunsarieuldnaiutusasuas (up down counter) 919a5tuazidusatuia
Asiud1eds ¢t lUlfussuifeuiuagy @ mavhauveanadadazdiumsaunseis
A1u81989 g Aindugy 0 Faaginlidraduianatafianinfugud nie
(sin (6 —¢)) = 0 Tawdl ¢ = 0ezdudnordnnvensasuiuudsdynailsanoiildain

WITUY
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2.4.2 matlan1suIuussdyulasldisnisdaniss

nsUsuuRsdgasleaneslngiinislanisis [20-21] Wudninadianileandemsd
msihuszandldlulagiudesmndunaiaiugiumedanis wannsvirnuresmadail

Suannisindyyiasleanesiiuinivegaadyyiaieladymyiuuuununyueed

v

Slwaesiegluguvesilaiduleduaslaled Gsndreiumedianisldwdnnsinadongy a1ngy
7 2.9 dyyrasleanesiiiunmsivegianazladyyin Vs = sin Quag Ve = cos 0 dygyn

veavagnurlustulsaTnA1duysel (absolute value circuit) 31U lUH1UI99S
= = [ Aa 1w o v A v O [ Aa [ v & Y
Wiguiieu Tnedyyraidiadesvimimduding wasdyaraundasniviiduiims
Wlendnideansaiishmsiatesuing viefandugud nadnsildannsmsaziluldly
a = ' = vy ° A L a =t )
nsansaiienANy @ Belaiin1smmuaaling wandiA1dunanldlunisidanisng
nagnA 360 83A1 139 0 - 21 falldaunengriuey Jsdnsudndy s Vs = sin 0 uaz

Ve = cos 0 anldlunisaiieisasaivauaedn iiveldlunisduunaiyudiegluaeauasumi

9 Y

(quadrant) In uagdienisnisnyuvesslaaiaiodnls

Ay _ 8 9 __¥Farnnnl

gk Xy > N

= “gls ] lcos(0)]
S Rotor‘ X : z Stator Ve=cos(#) T Look u Output
S = < e — Pl
§ Sl Va= Ae;sm(wt) R Vsz-\kvexcos(ﬁ) = E table (6)
5 §7 v =]
@ [ Stator é
|
1 Vs =kVd S|n(0) 8 Vs=sin@) >
I
O __Lar. NI l
sin(@
s y 2 .
i circuit | '

5UN 2.9 wallansuSuusisdgasiganeslagliisnadanisg

2.4.3 wallAn15U5unasdyIulaen1sNaUaaIusn15NuYaslsmasuazeLn

4
LD

v
a A

WATATLYUNNTNAUANIUENNTYINUYRURAIN LTS AUTAAIREMMDS [22-23] 1ng

i steudygralvdidnnuameanwmesniaes dyarulsinieulaiuunaindminoifosd

A
|

dldl U 1 1 U 1 L dl U dl
YUNRLLASAITUONLNINU LLM&ILWE“IMNﬂ‘U@g 90 2970 ﬂ\‘iLLﬁ@ﬂI‘HE‘UW 2.10 dyUuNUnNaINELR-

1 [d

WS Vs = Sin at uag Vs = cos at vinlilaussnunvnalnlsiwosinndu Vr = cos(at — 0)

Fanatadazihdygrunldanaaainlsnes Ve = cos(at — 0) Audyyruiivnaindimines

A7}

¥

Vs2 = cos et TUR11399595999Ur1uAUE (zero crossing detector) ioasaludyyio
o 4 o a  a & = ! ) 1 & o w av Yo v
dwdeu nedyaradviounsaestiauiianaiuey 90 a9 MU alaRIu

lUgnasidneansin aladyaunianyusadieiudynimuegaaluuauninemad
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[ ¥
qu [

(pulse width modulator, PWM) tnedayayias PWM fildasiiandafilaia (duty cycle) Tufu

ANYULNUNLY & Vo35loaLIes é’aumumu PWM ﬁﬁﬂ,ﬂmuaqmﬂimé’@@muaw%’uLm'q

o

doyayraniielifianundududu (linear representation) vililddyaaiednnvesnaiail

I ] = sa & I3
Wueyuununyu 6 vessleaneiiiluluuueurden

Resolver |

I
K_;SZ ]_H_H

Stator cos(et ),

|

|

|

qtos H

|

: % % Vsz-lcos(wt) _ _ Block of | PWM
| =
|

|

|

|

) .
Sine-Cosine digital logic (0) Linear Output

i
Stator ! generator circuit representation (6)
V= sirf(at) rl>_,

Vex = cos(wt - 0)

JUT 2.10 nallamsuTuudedyrasloanesiegldnsnduaniugnisvieuves

YAAIN LN DS WAL UAAINELALADS

av Ao

NN IUMUIATan1sUiuLssdy g s lgane slunuideniinisinauslusnnluy

| o &

Va7 241 - 2.4.3 a1u150a3Ula weallaluiiten 2.4.1 waz 2.4.2 9ndudedldras

Auegendyyruneun sUTuwAdy I wazdyyiaerdneldiludyyiuidnearisg

AR ] q ] U
[
v v a

nedsdaunve93snlug LANanaUALRMIIIa1RsMATiAlURITeN 2.4.1 2841A1

Y

NADNALUTITDN 2.4.2 AuSUmARATUIITN 2.4.3 TAULANATIIIN 2 INATALSNATIN

o—

1o & £% £ a [y & [ v A ¢ &
mnLﬂumﬂmw‘mmamamammﬁm LLG]LUUﬂ’]ﬁj@uaiUiU']mleﬂVlsUﬂa’JﬂaLG]LG]@TVNE‘*EN bel &

—

v Y

‘lj’]éf mﬂm%lﬂ%ﬂﬂmﬂa?ﬂiimaﬁﬂLU?EJUL‘V]EJ‘U L‘V\Iaﬂuﬁwmmm’]aumwﬂamamLmaﬁ GZN
oy

mwmmlmawmm%mﬂuammmwuzaam

2.5 293510910

1935loMen3a99s818A1A M (operational transconductance amplifier) Hu
gunsnluoafirylavianiinnsihundsegndldaulunisoonuuuisesussinanadyyauuy
waUzaBNagUINUNY WU 19asAnladaya 10 (oscillator) [24] 19a5FUATIERANAINAIUNY
[25] waz9asnTosdeye1aduuweniin (active filter) [26] Huduy Mﬁﬂmsﬁwmlﬁaqﬁumaq
Tefeagldyranedinadudyaranszuaidudadruiunasisvosussiuduwa il
na1bian lefeluwnasdnenszuasiinnauqueisusinu (voltage controlled current
source, VCCS) uananiifsanunsaudsesnsivensaanuih (transconductance gain, gm)

[

leeismedidnuselind lassassiiugiuuazdydnualvedofiouantlugui 2.11



(n) Taseasranielu

|-

12

mﬂ'gﬂﬁ 2.11(n) 19335l07eUsENoUAI82993ANAR1Y (differential pain) Q1 - Q2

| v

AOTIUNUIIITALN

v

aunseud (current mirror, CM) CM1 — CM3 Wagiiufaaangnsewa

Meuon ls NM5VNNUYeaslefeaiunsaesuiglanealull [27] nsudawmes Q1 uay Q2

sosiuiuluiasguasis@ignludarmeunasinanseua 1s vinlildanuduiiusvenseua i

way io WU [N1PNUIN A

A &

W VT AD
K fg
T Ao

q fe

| gl u 2w

i =
1 e(’(Vn =V )/2vr) + e((vi+_vi7)/2VT)

| g )r2v)

L T [ B (R T

WSR3 (thermal voltage) dfwiniu kT/g (e volt)
AIRSTIlUAILLY (Boltzman’s constant) dawvindu 1.38 x 102° J/K
ARUNAILINGeY (e K)

AUszglniBidnnseu (electron charge) fAWinfiu 1.605 x 107 C

(2.9)

(2.5)
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NIUTanes (Qs - Qa) (Qs — Qe) waz (Q7 - Qs) vimthAlursasagyiounszua CMy CM,
LagCMs MmUA1AU NLERTIVLIBVINAUNTE 3INNITINUVBATERIoUNTZLE CM1 CM2
way CManseld ir wag iz gndunludalnune dnnvedins Mlvlanssuaedng io

= a 1d
vo9935lenellaunsidu

e((Vn 7Vi7)/2VT) _ e(*(vn 7Vi7)/2VT) :|

o=l =1 [e((vi;vi,)/zvn +e(7<vi;vi,)/2vT>] (2.6)
179
. Vi, =V,
i, = lg tanh [Mj (2.7)
2V

a 3 P ' s ! v & 5 a ¢
NFUN15N 2.7 aziniuladinseraeing i Aneglusvvesisidulaiosludnunuiaud
(hyperbolic tangent function) Y99HaM 194 IIRUBUNA (Vis - Vi) LilaUloTlousaRegUN
2.12

JUN 2.12 wasudasdyaaanumdendudyanalsl

NFUN 2.12 w3964 V1 = i0R ASTTuUNIZUaLNdNA io 1099935lUgUN 2.12 amnsadeuliiduy

i, =1g tanh(M] (2.8)

2V;
YIN5IRaNn1sn 2.8 Tndazle

V;, = 2v; tanh ™ [Iij +i,R (2.9)

g
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N13NT¥ANLOUNTUMLADS (Taylor’s series) vosilsntuduisalaiaslufnunuauaiaunis

[

N

She

tanh1(x)=x+lx3+1x5+%x7+... (2.10)

Wievinsunuaynsuwaesluaunisy 2.10 adluaunisi 2.9 agle

. . 3 ) 5 . 7
Vi, = 2V Ii+l L +l Lo +l L +...|+i,R (2.11n)
lg 3l1g BSutmalp, 7\ 1g
i v (i, Y 2w (i )
Vi, =| 2vp = +i,R Wi/ 7, FyE i SR N, (2.119)
4 3 (g 5 (g
i 2V. W 2V. T~
Vin 2 (2v; +15R) l+—T[ij +—T(i] +4. (2.11m)
s 3(2v; + IR, 5(2v +15R) 14

NNINIEALRUNIUNLARS (Taylor’s series) vosilaiduduisalutiaun sl
» I 1 3
SINTH(X) = X4+ = X3+ — X +... (2.12)
6 40
fuuali [gR / 2vr = 1.35 vilifaunisii 2.11a aunsauszanallailu

Vin = (2vp + IBR)sin‘l{:ij (2.13)
B

i, = lgsin| —n (2.14)
(2v; +15R)

bildusaiuerdng v voreaslugui 2.12 10u

V.
v, = Ri, = Rl sin| ——""— (2.15)
L% B [(ZVT+IBR)j
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INauNIs 2.15 aeuiuliinaeaslugun 2.12 ansaduesenduilsidulyilaenisldnig

Uszanaum1algaunsumiaes wasdansgviilandulodlugun 2.12 gninluldluiasuiuuss

o

o raslganesiutausluiIne dnusatuil InsavihlUldludiuvensasudasdyeyralad

1 o a
UG RTATR G RIRIRH

>

2.6 a3

Tuunitladnauanannisiinuvesivanes Feduginednaiiliainileaiies

[ U

agluUraIn1TNenEnTI LN TEni Ny N SR uUSlaana S AU Y AYLLNUTYUYDY
al s = Y a (% " = s ! = a o
Slwanes udslaesuignisUsulssdyyiasleanss lnunanienisiuetandyyiu
Werwndaslidypinuuinunyguvasleaneinedlugvesileiduleduasialydeanun
o [ ' = a o 2 6 val < a Y v { a & 14
wananfdelinanfanalianisusuunsdyaralgdlviianududadududaiyy annla
p5UIeNIIIuTesaslefelazmsinundaaszsiduileidulediiodluldluisasulas

L4

o [d o i [ A Y a & o LY
dyaadlwilludyauaumioy wannisilassuigluunidazinluldluimuinisesnuuu

o

1aTUSuLAsd s lranestslanandsluunanly



Tk
< d' a =\ -1
UABNNASN LG I UINIITNUS

3.1 nanu

Y =

av Yy 1 = ° = s 1 = = =
f\]']ﬂmlﬂﬂaqqﬂ\‘]ﬂ'ﬁ'ﬂ'm']u%@\'ﬁisﬁaL'J@iLLaZﬁiUiUWﬂJV]I@‘U']ﬂﬁI‘UaL?@ﬂUUVIW 2 33483

T o

wadaseg lunsusuusisdgndlsaneslhdudadutuasmunumsuosgunsal Tuuni
ganandeudenisesidluniseenuuuinnsduuisdyaaslvanesiviausluivnedinug
aduil eldauisadrladinasitmulusdardiuvesisasiivnaueldiedy lne
vBenlnezunsuresesdiuumsdyyraileanesfinausluinerdnusaduiuansdy
U 3.1 FaUszneusie Ksashuegiandy I 29esulasdynaluidudygumumasy

299IMIUANABIN wazdvasulasdygraaumdsududyguilubos lnedygaslvanes

av v ¥ £ a U d' Y v U 6
nlagndeuldnsasiveaandyg el dyanyulusiuuuvasdyayialsdiag

doyuradlalend anuudygraluigniuulsadudganaauivien dyanaauvaeuild

A

o [ o A Y a A v o L4
anihaUasludygraiuidesinglddyaamunuasdniiaswiannisidyaialaled

iudigesasauauasinilusdanisdygn dwiunisinuvendaruionisasidgn

a v Y %
asunglumvedaly
Resolver
s P NI N
i |
55| Vel g v
5 ' . | L =y Logic control
o g) : R g Szl VsZ %
= &t > = —
» > I I 3 ¢ ¢
o Y Y
= | ' =
I S; : Va | A Vsin | Sine-to-triangular | Vii | Triangular-to-sawtooth Vou
| v; » converter ) converter
NE W _ T M,

=] 13 [y 1o A o a a s
E‘U‘VI 3.1 UdenlaeglnIuUI93sUSULAY @@/WMWU’]LEWEJIU'JWEJ']UWUS

3.2 2993AUAYLANYYIN

91n3UN 3.1 WeloudyaaunseAu Vex = Aesin(at) 1islgaties vililadayao

L Ag7}

1%
=]

(3 =) s = v
1NAveIslealIes Va wag Vs Jauniseiail

V,, = Asin(at)sin @ (3.1)
way
V

S

, = Asin(awt)cos 8 (3.2)
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118 Aex AD LBUNAIAVDIN I Vex
© 9 ANUATYNVDIFYYIM Vex

6 fe AuLNUMUYeslYaLIes

[y

A Ao AAINInINNTHBRRMAYBIF AN SR U S 1ML YeN

Slwanes

9 = v

<@ Y1 v 13 & .1 [
wulandyaaednnvesslealies Va uar Vs agluguresnisusquandynyin ewed

A7) q T

nshvegandyynney iWeliladyauuuununyuvessieaies ngluinednusadu

Ulaltrsiveguandoyao [28] Fanmsvinnudiai

Vsz Vcos
——>

V Vsi
sl S/H1 sin >
A
Ve
¥ MN,
A
Vex V2
O Vl
b £ MN;

sU# 3.2 299shuenandayaya (28]

mﬂgﬂ‘ﬁ 3.2 dyanaieinnvassiaaiad Vs uag Vs gniiuiti1uiinsdunazasei (sample
and hold circuit) S/H1 wag S/H2 nua1iu drudtyeianseusleaiias Ve gnuiuildasng
fyeyrunIuaNRsdulazadl nednluiIu99sns1aTus1ueul (zero crossing detector)
Ar el i dyradmasn Vo 9nduididyaan Vi flddeudiiasiuluanda
Jamliusmes (monostable multivibrator) MNy %@ﬁwmﬁmaumﬁmmé’mﬁyﬂm Vi uay
addyaadvaen Vo Aifiannuniaiaduunn 1/4 vespiunatdyeio Vi mﬂﬁ?ué’agapm
Amdsy Vo gndeulifursasiuluamaiafliugnes MN; dsinuiivouiasues

2/ [ v 6 @ P o ! 1
i Vo wagadiisdyaiaiadauindn Ve iiourluldlunisaunuisasduuasase

MNe

(% ¢

Foyeyrow Fadeyyrauiad Ve a8msaiudumiegeanvesdy e aunseiu Vex bazllvuinainy

o

niaNadnaniigandansinliasduuazasrmdygiurinnuld dygiuiad Veazaiuau

1o

N1571N9UYeNNRTELLaAIi @y alaeiinsEuA1vesd IS leaes Ve kas Ve 9

AWU9E9aNVDITYIUNTEAU Vex hazyinn1sasaIdeyay1aislaatiasd Vo uag Vs 3
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FoUy1aedNe Vsin wa Veos NbTudyaayunuvyuvessleanesnogluguvesileidy
lgduazilandulalod mudiu nea1unsaouaunIsvodyyI1ae1Anm Vsn waz Veos b

vJu

Vin = Ay Siné (3.3)
Lbale
Vcos = Ad cosd (3.4)

W A A LBUNAIAURIFNIM Vsin Uae Veos MNAANNNTSANDALGAREEIM Ve UAE V2

dmsumshanuvesdygiausazaanlinantuandusun 3.3

ACELLT T L RRE AT
Vﬁ T

5UT 3.3 M3vuveIdIuLsaInve9Rsiugun 3.2
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o

r99sutasdyaalsiiludygrmuanvasuieonuuuduluinerdnusatuily

[ Re]

d‘ o o

1
nann1sn1sdeunduiietdyaiaiendne i landuuwisuiieududyayiadunn vinli

[ [

AnuRanaInvesn1sklasdyyinanas vasnlaezinsurewannisulasdygiadleddu

dyaaaumdsuwandduzun 3.4 dyanalen Ve dudunelituuionlaesunsy dyai

[ N

wIAna M udyaaaunasy Vi gninuidiudiseswlasdyaaaumasundudyaiu

DAY

o wazdwdeunduiievinisiuieuiisuiudygralednduduns anvaenlaezunsy

£%
v a

AN115095U18UANNT AR

Vsin _+>O_> K > Vtri

L Bsin(-)

3U7 3.4 vdenlnezunsuvesmannisulasdyaalulidudyannaumivniviaue

A

nudentnezunsulugui 3.4 anunsalsuaun1sanudunussEniedayan Vsn bae Vi

1%
Yo A

AANY

Vtri ~ KVsin e KBSin(Vtri) (3.50)

tri

e B fe Aasfilunisuvasdyaimanumdsududygialel 91nnsnssaigesynsumiaes

Yosiangulal
sinf=60-K,0° +K,0° —... (3.6)
wnuaNnsi (3.6) adluaunsd (3.5%) ald
KV, =V + KBV, — KBK\V,2 + KBK,V,> —... (3.7)

tri tri

Inaumsivdazla
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KV, = (1+ KB)V,; — KBK\V.> + KBK,V,> —... (3.8)
agladeyeuas Veintdu
1 3 5
VSin = Evtn + Bth'l - BK].Vtrl + Bszt” s (3.9)

fmuali 1/K << B aganunsaussanaadayann Vsin iy

V.

sin

= BV,

tri

—BKV,3 +BKV, —... (3.10)

tri tri
fatuaneynsuaesveitsidulen aunisd 3.10 awnsadoulvilau

V,, = Bsin(V,,) (3.11)

sin =
: V.
B sm‘l(%j (3.12)

£ 3

Naun1si 3.12 agdlaindyainnednn Vi vesuaenlaozunsulugun 3.4 Juileidy

AR

a acs L3 L% = o N
suisalauvasdeyna Ve Miodygaauivdey

DAY

5U7 3.5 wanssashiasdyaralsdiludygraauniouvetudsnlaeginsy

Y
& v

lusun 3.4 lngdruvesnisdeunauinondenisulasdyaaamunasutudyyialedladn

2995 L@ualuUN? 2 Wven 2.5 1y

Ry T mmmm——
Vsin l + T
A, T T
R, . |
1 —wW— |
R4 + E
T

UM 3.5 wvsulasdyanalvlidudyanuaumion
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[

INAUNITH 2.15 anansaiumaNuduRusivIastugui 3.5 launisnad

. Vi
V,=Rglgsin| ——"—— (3.13)
(2vy +1gR5)

= v O v v say v o ¢ & [
o B = Rslg astluanunsamannisnuduiusnlaainisasulasdygralodidudygin

anamdenlugun 3.5 ladu

5'B

(Vg
Vi = (v, + |BR5)sm—1(Rﬂ} (3.14)

U 2

91naun1sN 3.18 azmiuladndgyaanedng Vi vensasudasdyaralediludygyin

oo

a I s a as ¢ Y] a
anuwdeneglusuvesilsituduisalodvesdoyandung Vs

3.4 7993AIUANABIAN

19IAIVANABINYIMTINA LT UGN P uae ¢ tNAIUANITITHUAIT YR I0

< [ o

anuwdeuludgainihudes Tnansidgaayuwnunyuluguresilndulalan Ves unld

q q
U

lunsaswdynneedn ¢ was ¢ asAIVRNaeiInUsEnaumgaetlany 2 /7 (As uae As)

'
-2 = o a

sofunaguil 3.6 dyauasin guaz ¢ aunsalemduaunslaned

RN QY
= (3.15n)
"0" 3V, <0
ey
) et VAR
¢ = (3.15%)
"t oV, <0
VCOS
o——m—e5

5UM 3.6 1WIIAIUANGRIN
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INAUNTTN 3.15 dya1uaedn ¢ uae ¢ Hannzasatuiuianslugun 3.7

JUN 3.7 dyarauaeiniilaainieasaiunuaein

3.5 299sulasdyanaawmdsnludygiuiubes

esulasdgaaannisniudygyailuibosuwanislugui 3.8 Usznoudie
pauwaud Az @A1uN U R — Riz Wazadad swi way sw, dqyg1adaodn ¢ uag ¢ i

AIUANEIAG SW1 LAy SWa MUY

Rs
Vott- © AN
Rg
CVtri _ /\I;\l/il >
Po v :,‘!’ SW, +A7 ——0Vout
_ off+ 0—‘:’\1 W,
go Rua

JUN 3.8 19suUadyaauauwmdsndudyguilubes

a QoA 2 o o [ Y o A LY
IUANNEEY Vii WJuBunaliiuins dyaia Vors way Vo vimthidouseiu

ity vy
Fouy1uBUNe Vi MvualiAdis Uiy Rs = Ro = Rio = R12 = R11/2 = R M3vauwed

2995lugunl 3.8 awnsaesurelaewudlaeeniu 2 nsdldsil
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n3aiN 1 ¢=“1" uag ¢ = “0”

N591U093995TUTUN 3.8 Weaedn ¢ = “17 uar ¢ = “0” a@nunsalleudaTin

Taaslugun 3.9 31neaslugun 3.9 MdeseimaunsvesdyaIaie1dng Vou vinldlag

[

malasgiuendy 3 une Jeesildlunisieszilusdasdunawanduzun 3.9 awnse

¥

aaunglagall

Rs
Vofi- 0 ’v\/\,

Ro

MW
Rio
Ru

% R
5UN 3.9 19357an3Uieldlun1smIA Vour Tunsaifl 1
dunail 1

a A a ° va @ ¢ a 9
NI1TUINBUNG Vo bazA 1A ITBUNG Vi WUuaud a1u1salisuisaste

(%

faguil 3.10(n) ANUT 3.10(n) MauNIsTEIYaNRLe NG Vouns 1ARat)

R
Vourn1 = _R_gvoff# = —Vi2 (3.16)
8

dUWAN 2
M5UBUNA Vi N nduina (inverting input) Yataauuatd wagmualiduns
Viri Iunlinduiia (non-inverting input) vesepvienduasduns Vo {uaud anunsodieu

2993MAAIFUN 3.10(%) 3NFUR 3.10(%) MANNITVDIFYE 100NN Vou2 LaRadl

—2 V. =V, (3.17)

dunan 3
#915018UNe Vi Huakinduinavesestuend wazimualiduns Vii nvinduila

voseaUwenluazBunn Vor. iuaud aunsadeunslanaguil 3.10(p) 91n5U# 3.10(m) ¥

1%
v a

AUNISVDIFYYIDWNG  Vours LARall
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R R
VoutlS =1+ 2 12 Vtri (3.18n)
Rg /IRy )\ Ry + Ry,

Vout13 = (1"' R j R Vtri = 2Vtri (3.18%)
R/2 )\ B3/2)R

N3UN 3.10(n) - 3.10(A) ldiaun1svesdaya10e1dne Vo 1093935luguit 3.9 10u

Voutr = Voutr1 +Voutrz +Vouts (3.19)

uMuA19INENNST (3.16) — (3.18) asluaunisi (3.19) awladanasonding Vou (Ju

V,

outt = Vo= = Viri +2V, (3.20n)

ri ri

V utl =V, _Voff— (3.20%)

0 tri

Rs
Voit. o———AMA— R
9
RO

A7 o Voutll

R11 % R12

(n) W58 Vo

Rs
: M
Virio ’\lj\l/i, >
+A7 ——0 Vouti2

() W50 Viri Avnausaweaauiauy

JUN 3.10 2vasgeeiialdlunismen Vou lunsdii 1
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(@) fN915841 Viri N lainduiaveseaiwaud

JUT 3.10 w9sgesieldlun1smiel Vou lunsdlil 1 (o)

NSAIN 2 ¢=“0" uaz ¢ =“1”
N371191Uv893935bUsUN 3.8 Weaadn ¢ =“0” way ¢ = “1” aunsnleuleasin

losslugui 3.11 91n39asluguin 3.11 MIBRseimaun1suesdyg ate1dnm Vo vila

lngmiesizsinendu 3 dunswudedfunsdiin 1 danesililunisiasiziluudasduns

£
=1

wandlusun 3.12 anunsaeBuielens

Rs
Vofr- o ’\/\/\, R
9
v W
e 7
g A7 _OVOUIZ
Voff+C ’\M +
R11

% Ri2

JUN 3.11 3asanguiiieldlunsvian Vou Tunsdli 2

a =

dunAi 1

a Aa (J Ya [y [ L IS [
RATUNNBUNA Vorr. UazAmualisuns Vi iU Vo 10uAud anunsnideuisasle

AIFUN 3.12(n) INFUN 3.12(N) MEUNTVOIFYYIDLBI0NA Vourzr IR fUaunIsh

Y

1
v

3.16 MU

R
_R_gvoff_ = _Voﬁ_ (3.21)
8

Vout21 =
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dUWAN 2

f915018UNe Vi Nvnduinavaseatuond uasinualiduns Vo Nu1kindu

a

wavasoaluonduardunn Vor. 10ugud awnsadousaslaneguil 3.12(w) 91nguil 3.12(2)

€

VNANNIVDIFYEYIDNENS  Vourzz Wi ivaun1si 3.17 Asil

R
Vout22 = __gvt ==V,

- - (3.22)
t
Rlo rl rl

=1

dunAN
A58 uNe Vorre Nu1linduwlavesoauwand wasimualiduns Vi 19108U
waveseoUnauduardunn Vor 10ugue amnsoowisaslanagui 3.12(a) 91n5ui 3.12(A)

ANNIVOIFYI0ENS Voutzs IALTAEIRUALNITT 3.187 fadl

\Y ut23 = 2V,

0 off +

(3.23)

NFUT 3.12(n) = 3.12(p) eleaunisvosdaya1ade1ning Vour 18934350u3UN 3.9 10

V ut2 =Vout21 +Vout22 +Vout23 (3.24)

(o]
unuA1naNnnsA (3.21) - (3.23) asluannsil (3.24) axld@yannoing Vou W

+ 2V, (3.25)

VoutZ = _Voff b _Vtri
aAv Y a o (% a [ [ A
"U'Wﬂ‘VlVLG]EJﬁU']EJﬂ?ﬁ‘Vl'N'TL!SUEJ\‘i'NﬂiLLﬂaﬂﬁiyjiy']ma’]llLVaEJ@JLUu QJJQJJ"IQJ‘WUL@@EJE‘VIN'WQE‘@UﬂWi

vieulailu 2 nadl Ao n3dlil 1 1We ¢=“1"uaz ¢ = “0” dyarana1dnm Vou tulunu

]

aun1sil (3.200) dmsunsdi 2 e ¢=“0" uaz ¢ = “1” dygranednn Vou \uluanu

AN (3.25)
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Rs
Voft- o——AN— R
9
R t+—\VW\—
10
L _:A7 —o0 Voup1

A7 ——0 Voure

Re
Rg
R1o
_A ———oV
Voff+C W\, S 7 out23
Ri1

% Ri2

(A) W5U1BUNG Vi Dunlainduinaveseeduaud

5UN 3.12 29asgaeiiialdlun1smean Vour lunsilin 2
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Tuinendnugatull Uszneusae 99sRNegandyyI wWIsulasdyaraleidudygyin
auwdsufiendendnnisteunduiiioandrnnnufianainluniswlasdyayia 2995ulas
Fyanamaumdsndudyyraiiubes wagesmuauasindddlunsmusunisinuyes
r9sulasdyaaaumdsndudyagiuiludes Tnen1siauveanasususdady i

= o‘d‘ o a a L3 U dy 2 1 = %
Swanesnunausluinerdnusaduillanandsluundnl
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2995U5Unssd s leaLasnuEus

4.1 nanu

Tuun? 3 Teasurun1svinuvsdwriazuaaniasgesninulgulunisesnwuu9as

'
o

USuudedyaasiganesniiaueluinerinusatull FaUsznaumeisashivenandoyin

o

waswlasdygraleniludygyimainmisy 199sauaNasIn waz9asulasdyyiu

<

anuwmdeududyguilubes lnsdyaraeidnaiiliainisasisuussdygiaslvanesidu
o aaaa I3 a Y o = ¢ | &
doygrafgndanududsduiuamyuununyuuedssloaiainganyis 0 - 360 aeen Tuunil
VONAININTIUTD TS ULRIE s lwanesiitausluine dnusadull sauds
NTIATIZRAUTTOULVOINAT DNNIVINNITVAFOUNITN I UTDINTNOONLUUTUAIBNITHD

SNOPOEN

4.2 RANNISYINIUVDLNS

n3veuYessasUsuLssdygasleanesnitaus Wunsvhausiniueensas

§o81aNE7993 JIUADNIADERNTUNIMNUTBIINTUS UL aslwaesiduansegluuy

A [ ! I3 1 Y a i PN ° U o |
U 3.1 LLazmﬁmmwaﬂLmawaamamaaalmamaaaiuww 3 @NIUMNATUTULAS

Y Y

=D

e

a sa o A 1Y a o
& ’]mii“ljamaﬁwu’nﬁu@LLﬁ@\ﬂ,ug‘UV} 4.1 Usenaunig ’Jflﬁ]iﬂﬂaalﬁmamwﬂm 2995uUaq

T U

graleddudygiuaumasy 2995ruauadn wazrasulasdygraaumasuiuy

Y

grailundes Tagaunseesuignsinnuressasiansil

20 2

Resolver

Sinusoidal
generator

> f a1
+ ;
H >

= Demodulator . .
i Sine-to-triangular

Triangular-to-sawtooth
converter. = converter

JUN 4.1 19sUSuwsisdygaisleaiesiniiaue



30

a

Wetoudyaranssiu Ve = Aesin(at) Faludygralailidinvaainlsnesvosloaios

[ [

Indeyaauednaiuaainaianes (S1 uag S2) vesslealies 2 dyananduy
V,, = Asin(awt)sin(0) (4.1)
waz
V

> = Asin(wt) cos(6) (4.2)
e A Ao LeunaAvesdyI Vs uaz Vs
@ A9 AUV IUNTERU Vex

6 fio AyLUNUMILYesSLYaLIes

Foyeyad Vsr ke V2 gninnasasuagiansieeasiseguandayayias vinlviladayanuuny

nyuiieglugUvesilsnduleiuaglalylisaunisi 4.3 uag 4.4

Viin = Ay SIN(O) (4.3)
LLae
Vcos N Ad cos(¢) (4.9)

d' & a Y} PN a o
LD Ad AB LDUNAYAVBIAYYI Vsin 1ag Veos MENAIINNITAUDALANAYYIM Vs1 kg Vs2

NIy INNITTINNUYeITANeganLandlugun 4.2

dygraunnunuvyuiegluguresieddulen Vi gnleudiludnsasulasdyqyin
U dl

¢ = d' v Y [ s av v
FUUAY UIUAINNALN INUNY 3 NIV 3.3 AR YULRIANEA Viri Vll@f\]’]ﬂ’Nﬁ]iLLUafl

T

—

LTI A = &,
gradlwidudyaruamvdsuiiannisdu

2°

—
Vi = (2v; + |BF25)sm‘1£RS'In J (4.5)
5'B

nadyaanisinuvenskladygalunldudygraauniswandugui 4.3 Tu

a v o av v a o a 'z ¢
wanfeItudyyIuLLLnuyEnlianesRvesaadyaaieglugvesilandulaley Ve

'
a

gnihlasadudyaraasiniieldmuauseswlasdygraaubondudyaginiiubes

a v fwv o

Falvdeyeyruanin 2 dygraAe guaz ¢ laslaNduNUSAUEYYIa Veos ASANNITN

]

3.150 Wag 3.159 ANUa1eu
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VSin ’_I_I_I_l_l_l_‘

SUN 4.2 nsndYIUNTYINNUTRNRTANBALEN YA

7Ae ) U

Fua ALY Vi ﬁié’mmwsLLUaaﬁmmwmI%ﬁLﬂuﬁmmwmawmLM?&J@J@%MU%’U
gnsverglviduounigageaamaiu 500mV aageauuaud As uardis1un1u Re uag Ry
Welilddyaraanundsy Vi Advuandeushluwladuiasuladyaiaaumdsandy
Soyaruiluides Avualiuseiy Vors = 500mV uag Vor. = -500mV é’qﬁ?ut,l,iqﬁut,mﬁwm
Vou 1897995uUasdyaaanumasandudyaailudesanaunisd 3.23 uay 3.25 Weu

Tnlaleeniadu 2 nsdlfe
ﬂigﬁ ¢: “1,’ LLag g — ‘CO”

Vo, =V, =V (4.5)

out
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n3dl g=“0" uay ¢ =1

== _Vt + 3\/0ff+ (46)

out

B

B

<

e

Vsin

>

<

AN

JUN 4.3 namidygaumsvhauenssilasdayaaleidudygaaundey

A

nsmdgaanisinuvenaswadygiaauvhsududygraiiudeswandusuin 4.4

nMsnurensasklasdygaauwasdudyguiubes dygraaumvdon Ve 7

] 1

vinsUsukeundgaluianiiiu 500my gnitudeludgyainiudeslnauuatugishe

0-m/2 T/2:m T-3m/2 Wy 3n/2-2m aziula &y naue1ene Vou NlalAuduiusesng

oo

=

[ a Y J ) 57 1
LTJULGIIQLﬁUﬂUﬂ'TquNLLﬂu%lqluGUE]\'iii‘?JaL'laimﬁLLm 08321

Vi /i
/

VCOS

ASY

yannZdnn”%

e 7 7 //

Vout

JUN 4.4 navidyaainisinnuvesiasdygaaumasndudygiuiluges

Rg)
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4.3 JUTTOUTNISNINIUVDINRS

2995U5UAE NS AL NUE U luI NN Usal Ul Usenaunie3995eae

e

IS 1

VA183995 39999580 ilNasoaNs U nanveeasUTuwssdyy ey 2 21995Migiufe

g 7]

199sRALegLandy s ios Nl NaTduka Aty IIN SR TR MgIgAYSe 90

'
1 1A

DIV IUNITEAY B0 199sgUNa AR IlAdUAITIAIUMIL 90 aam viTlviAyuiilalAn

q

AnuRanaInduls wayrsasulasdygralsdidudyuaumdsudainainnisusyaiuan

A

YostlaiTunadinmans teanszranuianatnlasuUaduy 2 dused

AMURANAIAININATANDYLANT QYY1

v

AURANAIATLANI N9 UTRITTENLAEANA Tnea9aTagsintsduAi
AL UV IRy TadAIURY Ve ﬁ’qﬁ?uﬁwé’mapmﬁaﬁmw]u Ve danuninaiad
1N A limsguaizeniasdiiagasmiinTiaaAlnaLNA LN 90 DervTasiums
F9anURIFYYIUNTEAY Vex LﬁaﬁmumﬁhLL@MW%@Jmqqqmmaqﬁmmﬁmﬂizﬁu Vex fAL111U 1

1 a 1 1 = I v &
ATAIMUNANAINVBIINITAULASAIA (1) anunsasuluaunislanail [28]

(/SIS — SO A on (4.7n)
sin90°
139
& = (1—-sing,)x100% (4.7%)

e G AR AWMLY TEILAEAIAYIIN TEUE B0

L% s

JUN 4.5 anuRananaiiinndyauiadaiuauiivunainiaiuly

q

PN i A % Y] v & & Y A a o g Ya
INFUT 4.5 A1t Aevuaaunwesdyaaiadaivay dadndaunniuldagiiliine

ANURANATN &1 11NTU TUNIINAFBUNITNINUYDINDTNULAUD MU tIFYIMNNTEAY

[ s

Vex A48 3kHz dysyrauiadaiuay Ve aundneiad 2us atugy & Iaiidy

o
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92.16 83A1 WaYMSWNUAT G adluaun1sin 4.7v M lilaA1AURANaIAT0RTHULAY

AYAT & JAYIndu 0.071%

anuAanaInaInaslasdyyalslidudygraaurasy

ANANURANANARLNNINNAISUSEUUANT DY 2 d@1UAD N1SUTTUIUAIUBIHIATY

sunsalowesivdnunuaudiiethunduassiduilsdduled Fadudutoundurniieas
wlasdyaaledifudugraaumion TnslnsgianArasiuanuiisusisuein (total

harmonic distortion, THD)

1

= = o o =
kB V1 A9 kIINUNANNNTIUY

Vi f9 wseauansuatnaisui h

Aunasuinainnisuszanuavesititulelineuduasiemduisnduduisalyd Tne
AATEIIINAMATINANURANAMLARZIAYTENBUNIIANND TugUTesINTIdRIN A taes

WRAYLUUARAINIUINULA (root weighted mean square), &

2
q D_Afl
&= > W [%] x100% (4.9)
i=1 i

Lﬁ@f’ way fi Ao Auadsf1dsdes (root mean sqguare, rms) Y0903 UsENOUAILE
Sduil | mndyaaitinldiazalugauai auddu g Ae ssdUsznouanudfanined
Faan1sAiuin way wi e ArdviinvewazesAUsynauauafiussneut gy g
WA dmsumanuRanaiaiiinannisussanaenldinismanuanisaaeuaiy

v v
wIvan 4.4



35
4.4 ASNAFDULASNANITNAFIUNITYINGIUVDIINT

lun1smeaeun15yNuYees lavinisdesasaselaedenldgunsaiaafinniy

M15197 4.1 wazAmnsdwesnlduanslunisad 4.2 drgunsalsleaiesiduvesuion
SANYO DENKI 31 101-4100 lddqyayraunsedunainud 3kHz waundyn 5V, liueines

T o q

) v v = s al <
nszuansudumduunusleanesnauisiseu 600rpm

M13199 4.1 gunsalueniinildlunisnaaeuieas

gunsal \wos
Switch (swi, swp) tag S/Hi, S/H2 CDA066
MN; ke MN2 CD4528

Opamp (A, A4, As) LM339
Opamp (Az, Az, As, A7) LF353
OTA:L CA3280

i ' a 5 =
M990 4.2 ﬂ']W’]i'WllLG]@?VlIﬂUﬂWﬁV\@ﬁEJU’NQﬁ

W1 dnos ALY
UNASBUTIAU Vee 1hag -Vss 5V
R1, R4, Rs 1kQ

R2, Rs3, Re, R7, Rs, Ro, Ri0, R12 10k
Ru 5kQ

Is 100pA

WSIFUAST Voirs UaE Vot 500mV

o

JUN 4.6 uanansvinisinauvesdyain Vi Va uagVe Aldatuauvesisnsquuazasanly

iy} A

Nﬁ]saua@mmsluguﬁ 3.2 Ineidyaaunseiu Ve undudygiad1sds anuniniadves
deyyad Va2 gnasulidanvindu 1/4 vsemunandyayiaunsedunie 83us dyaiad Ve gn
asnflvauramesdyain Vo feanuniaiadvinfu 2us %@Lﬂuﬁ?%mmqaqmmé’mmm
N3EHU Vex JUT 4.7 UaIHANINARDUIDTALBYALAN FEYAI0) Vsin UAE Veos T1FR1N29057

uealanilnud 10Hz



Ch1 2.00V Ch2 10.0V M 200us A Chl f 40.0mV
10.0 chd 100V

5UM 4.6 n31MIN15YIuVB YR Vex Vi V2 Uz Ve
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Resolver-to-Triangular Wave Converter
Jakkapun Tongcharoenf, Wandee Petchmane elumka*,
Thepjit Cheypoca, and Vanchai Riewruja

Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand
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Abstract: An implementation of resolver-to-triangular wave converter to measure the position of motor shaft angle is
presented. The resolver signals are demodulated using sample-and-hold (S/H). The control signal of S/H is stated at the
peak of excitation signal for high accuracy of demodulated signals. The demodulated signals are converted to triangular
signals using an inverse-sine function. The realization technique of the inverse-sine function is based on the use of an
inverse operation of a simple triangular-to-sine function formed by operational transconductance amplifier (OTA) which
is connected in feedback path of a closed-loop amplifier. Experimental results confirmed the performance of the

proposed converter are agreed with the theoretical expectation.

Keywords: Resolver; Inverse sine function; Triangular-to-sine function; Sample and hold.

1. INTRODUCTION

An angle measurement for a rotating machine is one
of the most applications in instrumentation and control
systems. Many applications such as CNC, aircraft and
industrial robot [1-3] require the performance of
position transducer in terms of high reliability
robustness and maintenance free. The resolver is the
transducer provided the output signals depended on the
position of machine shaft angle, which accepts the
requirement mentioned above [4-5]. The resolver is
transformer like configuration where rotor winding and
two perpendicular stator windings are formed primary
and secondary, respectively. The excitation signal
applied to primary is transferred to secondary with the
amplitude of the secondary signals proportion to the
position of rotor shaft angle. Therefore, the secondary
signals are in the form of amplitude modulation with
suppressed carrier (AM-SC). The angular signals
demodulated from secondaries are in the form of sine
and cosine waves. In the past, synchronous detector is
used to demodulate the shaft angular signal. However,
synchronous detector requires time dependent devices to
remove the excitation signal from shaft angular signal.
Demodulation of two secondary signals, sine and cosine
waves, requires two matched synchronous detectors for
determination the position of shaft angle [6-7]. The
mismatch of synchronous detectors causes the phase
shift on angular signal and provides an error of resulting
shaft angular readout. Recently, the methods to achieve
the angular signal are introduced using mixed-signal
technique [8-9]. Unfortunately, these methods obtain
large circuit topology and specific devices. The simple
technique to implement the demodulation of resolver
signal based on mixed-signal principle is proposed in
this article. The proposed technique comprises S/H,
voltage comparator and one-shot timer. The resulting
signals are in the form of sine wave with the amplitude
related to the rotor shaft angle. The sine wave signals
are fed to inverse sine function circuit to produce

T Jakkapun Tongcharoen is the presenter of this paper.
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triangular waveform. The inverse sine function circuit
also knows as a sine-to-triangular wave converter.
Therefore the slope of triangular wave is linear
proportion to the rotor shaft angle. The proposed
technique for realization sine-to-triangular converter is
based on the use of triangular-to-sine wave converter
connected in feedback path of the closed-loop amplifier.
The triangular-to-sine wave converter can be provided
from OTA and resistor [10]. The triangular wave can be
directly determined the position of rotor shaft angle by
divide into four sections, ie 0 — w2, @2 - =,
n—3m4, 3n/4 - 2x. The advantage of the proposed
resolver-to-triangular wave converter is that the time
dependent devices such as low-pass filters are
unnecessary. Therefore the high response time and high
accuracy of the proposed scheme are obtained. In
addition, the proposed scheme uges only commercially
available device and low cost.

2. CIRCUIT DESCRIPTION
2.1 Resolver signal demodulation

The resolver signals are generated in the form of
AM-SC as shown in Fig 1(a). The tradition
demodulation of AM-SC signal provides by a
synchronous demodulation method as shown in Fig.
1(b). It can be seen that the low-pass filter in signal path
will cause the phase shift of the resulting signal. The
determination of rotor shaft angle requires two
secondary demodulated signals. Then the low-pass filter
used in Fig. 1(b) must be closely matched. There are
unpractical implementations for closely matched
low-pass filter. To overcome the above mention, the
principle of the simple demodulator is shown in Fig.
2(a) [4]. From Fig. 2(a), the Sample and Hold (S/H)
control signal provides from positive peak time or
quarter cycle of carrier signal. The carrier signal is
converted to square wave by zero-crossing detector. The
rising edge of square wave signal is used to trig
monostable multivibrator MN1 for quarter cycle delay.
The output of MN1 forces MN2 to generate the control
signal for S/H to hold the peak amplitude of carrier
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signal. Therefore, the angular signal is achieved at
output of S/H. The operating signal waveforms of each
output point (i, # ..., ¥) are shown in Fig. 2(b). It should
be noted that the demodulation technique is in the form
of under sampling technique. The proposed demodulator
circuit is shown in Fig 2(c)

s s

@
angular
resolver signal signal
sine 5 Low-pass| _(sine)
g;, Mixer |—pe] L% -PassL SETE
lilter
excitation -
. Zero-
signal -
——l CTOSSY [
detector
angular
resolver signal srgl?al)
COSING ! wepasg| (cosine
Seosing) ol picer _.LO[;lB:s

Fig. 1 Conventional revolver demodulator.
(a) resolver signals
(b) synchronous demodulator

2.2 Proposed resolver-to-triangular wave converter

The resolver-to-triangular wave converter comprises
two sections, resolver signal demodulator and
sine-to-triangular wave converter. The resolver signal
demodulator has been mentioned in section 2.1. The
block diagram of sine-to-triangular wave converter is
shown in Fig. 3(a). The technique is based on the use of
triangular-to-sine converter connected in the feedback
path. Angular signal v, is compared with sinusoidal
signal vy generated from triangular-to-sine converter,
where the resulting signal gained by X, v, is used to
drive the triangular-to-sine converter in feedback path.
It can be seen that the signal ¥, is triangular signal. Fig.
3(b) shows a simple triangular-to-sine wave converter
using OTA and resistor [10].

Sample &
TTold (S0}

amgular
sianal

resolyer
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signal (f) ZLero- 0 Quarter SH
— crossing [—# cycle x:(fnllsxl
deteetor deliy cireuil
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i

resolver SIH

angular

signal nal
g

(i)
monostable
Ymultivibrator
MN2
excitation T
signal - monostahle
@) el ferultivibrator
MN1

©

Fig. 2 Simple resolver demodulator.
(a) block diagram
(b) signal waveforms of each point
(c) proposed demodulator circuit

The large signal behavior of differential amplifier in the
term of hyperbolic tangent, which is the input stage of
OTA, is utilized to convert a triangular signal to
sinusoidal signal. The distortion of sinusoidal signal can
be minimized by adjust the OTA bias current 75 to the
appropriate value. The proposed sine-to-triangular wave
converter is depicted in Fig. 3(c). From Fig. 3(c),
operational amplifier (opamp) A, and resistors Ry — Ry
function the summing amplifier. If the resistors Ry = Ry
and R, = R; are set. Then, the voltage gain K of
summing amplifier is equal to Ry/R;. Opamp A acts as
voltage follower to prevent loading effect for OTA; and
R. For constant value of angular signal, the closed loop
gain of Fig. 3(a) can be stated as
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v K

Ve 1+ksK

@

where k; is conversion gain of triangular-to-sine
converter.

angular signal triangular signal

Vst triangular Vi
10 sine

@

Vi

I

OTA,

(©)

Fig. 3 Proposed sine-to-triangular wave converter.
(a) block diagram
(b) simple triangular-to-sine converter
(c) proposed circuit

3. EXPERIMENTAL RESULTS

The circuit of resolver-to-triangular wave converter is
breadboard using LF398 for S/H, CD4528 for
monostable multivibrators, CA3080 for OTA, LF351 for
opamps, resistors R; = R4= 1kQ and R; = R; =10kQ.
The voltage gain X of summing amplifier is determined
to 10. The bias current of OTA and resistor R are set to
100pA and 1kQ, respectively. The conversion gain of
triangular-to-sine converter is expected to 0.45 [11].
Therefore, the closed loop gain can be calculated from
Eq. (1) as 1.82. The resolver of SANYO DENKI
101-4100 is used with 3kHz excitation signal of SVpp
and driven by dc motor at 3600rpm. The frequency of
sine wave signal from demodulator is equivalent to

1183

60Hz. Resolver signal and angular signal from the
demodulator of Fig. 2(c) are shown in Fig. 4. Fig. 5
shows behavior of simple triangular-to-sine converter of
Fig. 3(b). Resulting signal of Fig. 4 is used as the input
signal of the proposed sine-to-triangular wave converter
in Fig. 3(c).

STOP 5.000ns @R po~ro~esEhossscnn] F -40.0m\)
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Fig. 4 Response of the proposed demodulator.
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Fig. 5 Behavior of circuit in Fig. 3(b).

(EEIEIT o veeeeew) g4 WX

CHi= 160y | PR 200U |

@

55



SICE Annual Conference 2014
September 9-12, 2014, Sapporo, Japan

£ B 8.0on

T'D  20.00ms @ peccccnEDancnnnn]
-
: v

FFT 20.0m0 div 125.0H: /div $5=5.000K3a

CH. - tala s

®)

Fig. 6 Experimental results of proposed circuit,
(a) behavior of proposed circuit
(b) frequency spectrum

Experimental result of the proposed resolver-to-
triangular wave converter is shown in Fig. 6(a). It
should be noted that the closed loop gain about 2 is
deviated from the expect value. This is due to nonideal
devices used in the circuit. Frequency spectrum of
triangular wave provided from the proposed scheme is
shown in Fig. 6(b). It can be seen that second harmonic
occurs with small value. The second harmonic will
cause an error at upper and lower peak amplitude of
triangular wave in term of nonlinearity. This error can
be minimized by fine tune the OTA bias current to an
appropriated value.

4. CONCLUSION

Simple method to implement resolver-to-triangular
wave converter has been proposed.
Resolver-to-triangular wave converter consists of S/H
based demodulator and the proposed sine-to-triangular
wave converter using OTA. The proposed circuit
provides a simple implementation and low cost. The
position of rotor shaft angle can determine by the
magnitude of triangular wave. The proposed circuit
performance is  confirmed by  experimental
implementation.
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Low-Cost Resolver-to-DC Converter

Jakkapun Tongcharoen, Wandee Petchmaneelumka’, and Vanchai Riewruja
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Abstract: A simple technique for implementation of resolver-to-DC converter is presented in this paper. The obtained
output in form of DC voltage is linearly proportional to the position of motor shaft angle. The configuration of proposed
converter consists of commercial available circuit building blocks such as demodulator, sine-to-triangular wave
converter, logic control, and triangular-to-sawtooth converter. The proposed approach is obtained the economical
attraction. Experimental results confirming the circuit performance are agreed with the expected values.

Keywords: Resolver, Demodulator, Sample and hold circuit, sine-to-triangular wave converter.

1. INTRODUCTION

The resolver is the transducer provided the output
signals depended on the position of machine shaft angle.
Its applications can be found in instrumentation and
control system such as CNC, aircraft and industrial
robot [1-2]. There are many techniques to convert the
resolver signals, which are the trigonometric function,
into linear signals. Based on the use of phase-locked
loop [3-4] or look-up table [5] techniques to implement
resolver converter have been introduced. Alternatively,
resolver-to-DC converter without a processor or look-up
table technique has been reported [6-7]. However, these
approaches have complex structure.

The aim of this paper is to present a resolver-to-DC
converter using commercial available circuit building
blocks. Thus the proposed converter provides
economical attraction. The circuit configuration is
simple. The output signal of proposed converter is
linearly proportional to resolver shaft angle.

2. PRINCIPLE

Principle of the proposed resolver-to-DC converter is
shown as diagram in Fig. 1. The configuration of
principle consists of four circuit building blocks ie.
demodulator, logic control, sine-to-triangular converter
and triangular-to-sawtooth converter. From Fig. 1,
voltage ¥, = Asin(ex) from sinusoidal generator is the
excitation signal applied into rotor winding of resolver
where A is the peak amplitude, @ =2 7fand f denotes the

Resolver

Sinusoidal
generator

1|—

Demodulator

frequency. ¥;; and Vi, are the output signals from two
stator windings produced by modulation of excitation
signal at rotor winding and rotor shaft angle in function
of sine and cosine, respectively, which can be expressed
as

V,q = aAsin(ax) sin(9) a
V,, = edsin(ax) cos(6) 2

Where 8 and e are the angular position of resolver shaft
and transformation ratio between rotor and stator
windings, respectively. The excitation signal 7, is also
employed in demodulator to detect the rotor shaft angle
signals of both ¥ and ¥, The output signals of
demodulator, ¥, and ¥, can be given by

Ve =sin(8) 3)
Vs = c08(8) (C)]

The angle signal 7, in form of sine function is applied
into sine-to-triangular converter while ¥, in form of
cosine function is employed to produce logic control
signals, ¢ and ¢ for control the operation of
triangular-to-sawtooth converter. Theobtained triangular
signal ¥V, is rearranged by using triangular-to-sawtooth
converter with logic control signals to produce the
sawtooth signal related linearly with angular position of
resolver. It should be noted that the achieved output
signal 7, of the proposed converter is proportional to
rotor shaft angle 8

Logic control

¢ A

. v 4 .

Sinc-to-triangular | ¥ | Triangular-to-sastooth Vour
convetter converler

Fig. 1 Principle of the proposed resolver-to-DC converter.
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3. CIRCUIT DESCRIPTION

The proposed converter using commercial available
circuit building blocks demonstrates in Fig. 2. Each of
building blocks can be explained as follows.

3.1 Demodulator

Demodulator [8] used in this paper comprises
comparator A;, two monostable multivibrators (VN
and MN3) and two sample and hold circuits (S/H; and
S/Hy). A; is employed for comparison between
excitation signal ¥, and ground potential to generate
square wave signal. The rising edge of square wave
signal is used to trigs MN, for generating for quarter
cycle delay. The falling edge of output of MN; forces
MN; to generate the control signal for S/H; and S/H; to
hold the peak amplitude of angular signals from ¥, and
Vi, respectively. Therefore, angular signals, Vi, and
Vo5, in form of sine and cosine functions are achieved at
the output of S/H; and S/H,, respectively. Details of the
demodulation are reported in [8].

3.2 Sine-to-triangular converter and logic control

Vi and V,, are applied simultaneously into
sine-to-triangular converter and logic control circuit,
respectively. Sine-to-triangular converter [9] used in
this paper is based on the use of triangular-to-sine
converter [10] connected in the feedback path. Angular
signal 7y, is compared to voltage ¥, generated from
triangular-to-sine converter. Sine-to-triangular converter
consists of summing amplifier, triangular-to-sine
converter and voltage follower formed by operational
amplifier (opamp) A, and resistors R; - R4, operational
transconductance amplifier OTA; and resistor Rs, and
opamp As respectively. The output 73 of
sine-to-triangular converter is in the form of triangular
signal. Opamps A4 and As function logic control circuit.
Voltage ¥, in form of cosine function is used to

Logic cantrol

Resolver

Sinusoidal
penerator

generate two control logic signals, ¢ andg; , which have
only the logic state either “0” and “1”.

3.3 Triangular-to-sawtooth converter

Voltage 7; in form of triangular function is
piecewise-linear function of rotor shaft angle by divide
into four sections, ie. 0 — /2, w2 — n, © — 37/2 and
37/2 — 27 To improve results of resolver converter, ¥
is applied into triangular-to-sawtooth converter to
produce the linear function of rotor shaft angle over 0 —
2n. The proposed triangular-to-sawtooth converter
consists of opamp A, resistors Rg and Ry, and analog
switch swy and sw. In order to obtain the ease of design,
voltage ¥, is fed into voltage amplifier formed by
opamp Ag and resistors R and R; to set the maximum
amplitude of ¥, equal to 500mV. The output ¥; of
voltage amplifier is transferred to triangular-to-sawtooth
converter. Analog switch swy and swjare controlled by
@ andg? , respectively. The constant voltages Vom =
+500mV and V,z =-500mV are used to shift level of 7.
Resistors Rg = Ry = Rjg = R;2 = 2Ry = R are assigned. In
the case of = “1” and 9 =“0", the output ¥, can be
expressed as

Ve, ==V ®

Case of ¢ =“0” and Z: “1”, the output ¥, can be
given by

Vo =V + 3V s ©

The signal waveforms of operating in each case are
shown in Fig. 3. It can be seen that the output of
triangular-to-sawtooth converter is linearly proportional
to rotor shaft angle & of resolver signal referred to
cosine function.

‘Triangular-to-sawtooth:
converter

Fig. 2 The proposed converter using commercial available devices.
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Fig. 3 Signal waveforms of operating in each case.

4. EXPERIMENTAL RESULTS

To verify the performance of the proposed
resolver-to-DC converter, the circuit in Fig. 2 is
experimentally implemented using commercially
available devices and circuit parameters as summarized
in Table 1 and Table 2. The resolver of SANYO
DENKI 101-4100 is used with 3kHz excitation signal
of 5Vpp and driven by dc motor at 3000rpm.

Table 1 Devices used for implementation of Fig. 2.

Device Part Number
Switch (swy, swy) and S/Hy, S/H, CD4066
Monostable MN,, MN;) CD4528
Opamp (A - A7) LF353
OT4, CA3280

Table 2 Parameters set in practical realization of Fig.2.

Parameter Value
Supply voltages, Ve, ~Vss 5V
Ry, Re, Bs 1kQ
Ry, Ry, Re, By,
Rs, R, Ruo, R e
Ry 5kQ
L 1004
Constant voltages Ve, -V 500mV
The frequency of sine wave signal from

demodulator is equivalent to 50Hz. The results of
demodulator of resolver signal and sine-to-triangular
converter have been detailed in [8] and [9],
respectively. The performance of triangular-to-
sawtooth converter shown in the form of error
between the expected and obtained sawtooth signals
in full range of 0 — 360 degree sinusoidal signal is
demonstrated in Fig. 4. From Fig. 4, the maximum

1701

error of triangular-to-sawtooth converter about
50mV is observed. Fig. 5(a) and 5(b) illustrate the
related signals of ¥, Vs, Vi Var and logic control

state gandg. In Fig. 5(b), the obtained sawtooth

signal can be achieved closely the expected value by
adjusting parameter of sine-to-triangular converter

5. CONCLUSION

The paper presents resolver-to-DC converter using
only commercial available devices. Therefore, the
proposed circuit provides the economical attraction.
The output of the proposed converter can be achieved
to proportion to the position of rotor shaft angle. The
proposed circuit performance is confirmed by
experimental implementation.

M 1.00ms A 7 q00mV.

11 _200my M10.0ms A Chl S 16.0mY

)l 0.0V 0.0m: ii+*4.90000ms

(a) Chl: voltage ¥;;,  Ch2: voltage ¥;
Ch3 : voltage ¥,,; Ch4 : voltage ¥,
Ref2 : state ¢ Refl : state ¢
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Chi 100my § 100 Ma.00ms. A Chl J 13.0mv.

v ~200.0005

(b) Chl: voltage V;;,  Ch2: voltage ¥;
Ch3 : voltage ¥,,; Chd4 : voltage ¥

Fig. 5 The related signals of triangular-to-sawtooth
converter
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