Transaction of Azerbaijan National Academy of Sciences, Series of Physical-Technical and
Mathematical Sciences: Informatics and Control Problems, Vol. XXXVI, No.6, 2016
www.icp.az/2016/6-13.pdf

UOT 625.374 (078)
L.N. DOVRISOVA, V.A. NEYMOTOV

PYEZOELEKTRIK DONMO BUCAGI VERICIiSIiNIN DINAMIKi
XARAKTERISTiIKALARININ NORMALLASDIRILMASI

Firlanma harakati haqqinda informasiyanin ilkin manbalorindan biri olan, pyezohassas elementlari diferensial
qosulmus pyezoelektrik ceviricinin (PEC) étiirmo funksiyasinin (OF) ifadasinin alinmasi, stabil dinamik hassashga
malik, algcaq tezlik oblastinda genis ol¢ma diapazonunun tamin edilmasi maqsadi ilo xarakteristik tanliyin amsallarinin
normallagdirilmast va olgma diapazonunu rezonans tezliyi atrafindaki qeyri-stabil zonadan aywmaq moagsadi ila
ikitortibli siizgacin OF-min parametrlori texniki optimuma va PEC-in sifirlarinin riyazi kompensasiyast prinsipi
asasinda hesablanmasi va secilmasi masalalori hall edilmisdir.

Miiayyon edilmigdir ki, miiayyan sortlor daxilinda disk formasinda olan pyezohassas elementlorin hondasi
6l¢iilarinin vasitasi ilo PEC-in xarakteristik tanliyinin amsallarint normallasdirmaq va 6l¢ma diapazonunu tonzimlomak
muimkiindiir.

Acgar sozlar. pyezoelektrik hassass element, diferensial qosulma sxemi, donmo bucagi, verici, dinamik hassasliq,
normallasdirlmig omsallar, texniki optimum, 6tiirmo funksiyasi

1. Girig. Texniki sistemlordo horokotin paraemtrlori haqqinda ilkin informasiya monbalari
olan vericilorin va ¢eviricilorin islomo keyfiyyoti oldo edilon informasiyanin sohihlik soviyyesini
miloyyon edon amillordon biridir. Miiasir, horokotin paraemtrlorinin vericilori yiiksok doaqiqlik vo
coldlik, ytliksok hassasliq va genis 6l¢cma diapazonu kimi toloblors cavab vermakls yanasi, hamginin,
etibarli vo uzundmiirlii olmahdirlar. Belo miiasir vericilordon biri do diferensial pyezoelektrik
vericilari, yaxud ¢eviriciloridir (PEC) [1, 2].

Hassas elementlori diferensial sxemlo qosulmus pyezoelektrik vericilorin keyfiyyatli is
qabiliyyatini tomin etmoak tli¢iin miixtalif konstruktiv, korreksiya vo tonzimloms iisullardan istifade
olunur [3-5].

Lakin, bu magsadls, mogsadouygun hesab edilocok tisul vo vasitolorin segilmosi konkret
olaraqg, PEC-in konstruktiv tartibatindan, pyezoeffektin istigamatindon, parametrlori 6l¢iilon horoks-
tin noviindon vo s. bu kimi amillordon asilidir. Bu menada, konstruktiv olaraq, layiho edilon hor
yeni PEC-in nazari tadqiqi vo kompiiter modellarinin qurulub, simulyasiyalarin aparilmasi, alinmis
naticalarin tohlili layilondirmanin vacib marhalslorinden biridir.

Toqdim edilon magoloda firlanma harakati haqqinda informasiyanin ilkin monbslsarindan biri
olan, pyezohassas elementlori diferensial qosulmus PEC-in 6tiirma funksiyasinin ifadasinin alinma-
s1, stabil dinamik hossasliga malik genis 6l¢mo diapazonunun tomin edilmosi mogsadi ilo xarakteris-
tik tonliyin normallagdirilmasi vo 6lgmo diapazonunu rezonans tezliyi otrafindaki qeyri-stabil
zonadan ayirmaq moagsadi ils ikitartibli siizgocin miioyyan edilmasi masalasi hall edilmigdir.

2. Masalanin qoyulusu. Todqiq edilon PEC konstruktiv tortibatina géro simmetriya (yaxud,
barkitma) oxu otrafinda firlana bilen ¢iyinlordo, oxa paralel olaraq yerlogdirilmis vo kontakt uclari
eksentrik soth boyunca diyirlonmokls, simmetriya oxuna perpendikulyar ox boyunca horokati
boyunca sixilma va bosalma harokatlari icra edon pyezohassas elementlora malikdir (Sok.1).

Elektrik qosulma sxemi korpii sxemidir vo miivazinot halinda pyezoelementlor rezonans
ndqtasing uygun voziyyatdo olub, eyni materiala vo hondasi dlgiilors malik olduglar iiciin elektro-
mexaniki dovralori tamamilo eyni kompleks miigavimit yaradirlar (Sok.2). Korpiiniin diger qollari-
nin miiqavimatlori pyezoelementin avozetmo sxeminin aktiv miiqavimetine borabar gotiiriiliir
(Sok.3).

Sok. 3b-da gdstorilon avozetms sxemi liglin yazmagq olar ki:

Z =Ry +j(XLm - (XCm + XACm)) =Ry +jXpm — Xem) £ JXacm) (2.1)
Z= Rm inACm (2.2)
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(2.2) ifadosi ilo miioyyan hoam do gobul edilir ki, pyezohassas element tutum xarakterlidir.
Pyezohassas elementlorin yerlosdiyi ¢iyinlorin miigavimatlori operator formasinda:
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Sok. 1. Daxili eksentriteti olan, donmo bucagini 6l¢on diferenssial PEC 1 —govdo; 2 —pyezohassas
elementlorin yerlosdiyi silindrik formalar; 3 —eksendtrik topuval sort oturtmasi; 4 —stokun konusvari
uclugu; 5 —eksentrik sath tizra diyirlonan diyircok; 6 —stokun yivli ucu; 7 —sixic1 bolt;

8 —6n va arxa qapagqlar; 9 — barkitma (simmetriya) oxu; 10 —eksentrik topu; 11 — eksentrikin profili
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Sak. 2. PEC-in elektrik korpli sxemloari: a) pyezohassas elementlorin diferensial qosulmas;
b) elektrik ovozetmo sxemi
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Sak. 3. Pyezohassas elementlorin ovozetmo sxemlori: a) rezonans halinda; b) imumi halda
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_ RCys+1
Z4(S)_S(Ck(RC25+1)+C2) (24)
Zy(s) =Z5(s) =R (2.5)

(2.3)-(2.5) ifadalarinds olan R miigavimati ti¢iin R=Rm (Sak.3).t=0; E(s)=0; U(s)=0 baslangic sort-
lori daxilinds avozetmo sxeminin ¢ixis gorginliyi iiclin yazmagq olar.
Z1(s)R — Z;(s)R

(Z1(s) + R)(R +Z3 (S))
Beloliklo, todqiqatlarin moagsadi PEC-in:

_U(Gs)  Zi(S)R—Z,(s)R

U(s) =

E(s) (2.6)

W(s) = = (2.7)
) E(s)  (Z,(s) + R)(R + Z5(5))
ifadosi ilo miioyyon edilon OF-nin:
MonST 4+ MypsT™ +mypsT™2 o+ my_ppy s> +My_1y,s +1=0 (2.8)

xarakteristik tonliyinin fo — rezonans tezliyinn, € — dempfer omsalinin malum qiymaotlarinde normal-
lagdirilmis amsallari ti¢iin:

m;, = fi(p,r,h)i=12,.....q -1 (2.9)

funksional asliliglarin1 vo dlgmo diapazonunu rezonans tezliyindon ayiracaq siizgozin OF-1 miioy-
yan etmokdir.
3. Hall iisullari. (2.3)-(2.5) ifadslorini (2.7) ifadasinin siirot moxracinds nazars alsaq:

RC15+1 RC25+1 )_
s(Cr(RCis +1) + Cy) s(Cx(RCys + 1)+ C,))
(R?C,C,Cys? + (RC,(Cy + C) + RC,C)s + (Cy + C)
S(Ck(RCis+ 1) + C)(Ck(RCys + 1) + C3) 1ramk (R (G § 1k ! §
—(R?C,CyCys% + (RC1(Cy + C) + RC,C)s + (C, + C)
R
(R?C,C,Cys? + (RC,(Cy + C) + RC,C)s + (C1 + C)

S(Cx(RCis + 1) + C)(Cr(RCs + 1) + C3)
—(R2C1C2Ck52 + (RC{(Cy + C) + RC,Cy)s + (Cy + C)

Z]_Z3 - 2224 = R(

2RC,Cys + (€ — Cy)

7173 —ZyZ, = 3.1
153 2R T G(R2C,C,C2 182 + (2RC1CoCh + RCA)(Cy + C))s + (€1 + C)(Cy + Cr) G
Z,+2)(Z +Z)—( Reys+1 +R)< REps+1 +R>—
(4 24)(Z2 +23) = s(Ck(RCis +1) + C)) s(Ck(RCys + 1) + Cp) B
B 1 (R%C,Cys* + (2RC; + RC)s + 1) 32
~ 52(C(RCys 4+ 1) + € (Cr(RCys + 1) + Cy) \ (R2C,Chs? + (2RC, + RCy)s + 1 (3:2)
Miivafiq riyazi avazloms va ¢evrilmolordon sonra (2.7) ifadosi:
Wis) = u(s) (2RC1Cys + (€, — Cy))s 23
5= E(s) (R2C,Cxs? + (2RC; + RCy)s + 1)(R2C,C,s2 + (2RC, + RCy)s + 1) (33)
kimi alinir. Yaxud:
bos + bys
W(s) = (bos + byS) (3.4)

aps* +a;s3 +as?+azs+1
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(3.4) ifadesindo: by = 2RC,Cy; by = (C; — C,); ag = R*C,C,C25% a1 = 4R3C,C,Cy + R*C,Cy, +
R3C,CZa, = 4RC,C, + 3R2C,Cy, + 3R2C,Cy + (RC)%; az = 2(RC, + RC, + RCy)

[6, 7] adabiyyatlarinda texniki optimum sartini normallagdirilmig xarakteristik tonliyin amsal-
larinin hesablanmas1 metodikasi gostorilmisdir. Bu metodika iki, ii¢ vo dordtortibli xarakteristik
tonliklori olan sistemlor {igiin totbiq edilmisdir. Lakin, biitiin hallarda normallagdirilmis xarakteristik
tonlik tonzimlayicilorin (M vo MI tonzimloyicilorinin) hesabma tomin edilmis vo burada riyazi
kompensasiya iisullarindan istifado edilorok, OF-nm, bdyiik zaman sabitlorino malik sifirlari
kompensasiya edilmisdir. Yoni, ilkin OF coxtortibli aperiodik sistemi oks etdirmalidir:

by [1721(s — 2))

a [Ti-1(s — i)

Lakin, (3.4) ifadoasi timumi halda alinmis ifadadir, ona daxil olan paranetrlorin konkret adadi
qiymatlorini bilmadon, U(S) vo E(S) ¢oxhadlilorinin koklorinin haqiqi koklor olacagi molum deyil.
Digor torofdon, horokotin parametrlorini 6l¢on pyezoelektrik vericilor rezonans dovrasine malik
olduglar1 tigtin, tipik tezlik xarakteristikalar1 rezonans effektino malik olurlar.

Ona goro do tadqiq edilon PEC-in normallasdirilmis xarakteristik tonliys malik OF-ni1
asagidaki kimi miioyyoan etmok moagsodouygun hesab edilmisdir.

Normallagdirilmis OF asag: tezlik diapazonunda stabil dinamik hossasliga malik ikitortibli
xarakteristik tonlik va rezonans tezliyini 6l¢gmo diapazonundan ayiran, texniki optimuma sazlanmis
ikitortibli siizgozin OF osasinda gobul edilir:

(2T?s? + 2¢,Ts + 1)(2T?s? + 2g,,Ts + 1) =0 (3.5)

AT*4s* + AT353(gp0 + €10) + AT?*(1 + £,.640)5% + 2T (g, +&,)s +1 =0 (3.6)

Burada T=1/fo — zaman sabiti; fo — rezonans tezliyi; &r va &t uygun olaraq rezonansa va texni-
ki optimuma sazlanmis sonmo omsallaridir. (3.6) ifadasini bildiron xarakteristik tonliklo miioyyon
edilon OF-a malik qurguda kegid prosesinin ragsliyi sénmo omsalllar1 & va et qiymati ilo miioyyon
edilir. Rezonans tezlikli xarakteristilar ti¢iin: 0.707/20<&<0.707/2, & = 0.005, texniki optimuma
sazlanmisg hal tigiin isa: &0 = 0.707. Hesablamalarin sadoliyi ti¢iin rezonans tezliyini 10000 Hs qabul
edilmis vo ona goras da:

2.566 - 10719s* + 1.148 - 107153 + 4.0141- 107952 + 1.242-10°s+ 1 =0 (3.7)

W(s) =

Sok.4-do giiclonmosi amsali K=100, xarakteristik tonliyi (3.7) ilo miioyyen edilon OF iiciin
logarifmik amlititud-faz tezlik xarakteristikalari gostorilmigdir. Buradan miioyyon etmok olar ki,
belo normallagdirilmis xarakteristik tonliys malik vericinin stabil dinamik hossasliga malik is¢i
diapazonu tagriban 1600 Hs qadordir.
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Bode Diagram
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Sok. 4. Normallasdirilmis dordtortibli xarakteristik tonliyi olan ((3.7) ifadesi) OF-nin
logarifmik amlititud-faz tezlik xarakteristikalari

PEC-in xarakteristik tonliyini (3.6) halina gotirmok igiin (3.4) vo (3.7) ifadslorinin eyni
tortibli omsallarinin baraboliyindon:
4T* = R*C,C,C?
4T3 (&, + &) = 4R3C1C,Cy + R3C,Cy + R3C,CP

(3.8)
AT3(1 + &,€4,) = 4RC,C, + 3R*C,Cx + 3R?*C,C + (R Cy)?
\ 2T (e, + €,) = 2(RCy + RC, + RCy)
sistemi alinir. ©dadi qiymatlorls isa:
2.566e-019 s* + 1.148e-014 s3 + 1.017e-009 s"2 + 1.017e-009 s + 1
2.566 10719 = R*C,C,C}
1.148 - 1071 = 4R3C,C,C;, + R3C,Cy + R3C,C} (3.9)

1.017 - 107° = 4RC,C, + 3R?*C,Cy + 3R*C,Cy + (RCy)?
k 1.242-1075 = 2(RC, + RC, + RCy)
tonliklor sistemini holl etmok lazimdir.

MATLABSymbolic programinin solve opertarundan istifado edilmoklo (3.10) sistem holl
edilmig, alinmis ododi hollor ¢oxlugundan miisbat isarili, hoqiqi hollor secilmisdir: R=6699
Om;C;=1930 nF; C1=1116 nF;Ck=4.2171 mk F.

[8, 5.128] adobiyyatindan sok.3-do gdstarilon avozetma sxemlorinin parametrlorinin hesablan-
mast {igiin riyazi ifadslor malumdur:

8mr? (d13)2 1 (mr)? (53],53)2
T2 SEER P Bnn? (dgy)?
Burada: r, h — pyezohassas elementin uygun olaraq, qalinlig1 vo radiusu; p — saxligi; n — mod sira

1
ho; Ck = (811)57-[7'2% (310)

say1; Si, — elastiki yumsaqliq omsali; d,,— pyezomoduldur .
[9, 5.280-281] sorgu odebiyyatindan: p=2686 kg/m?; r =0.004 m; n=1;SE= 12,77-10"*2 m?IN;
dy3= 2,31-10*% KI/N qiymatlori segilmis vo (3.10) tonliklori h vo r-o goro hall edilmis vo alinan

101



Transaction of Azerbaijan National Academy of Sciences, Series of Physical-Technical and
Mathematical Sciences: Informatics and Control Problems, Vol. XXXVI, No.6, 2016
www.icp.az/2016/6-13.pdf

hollor ¢oxlugundan miisbat isaroli hoqiqi qiymotlor segilmisdir: r=0.00421m, h1=0.002131 m;
h.=0.002122 m.

Beloliklo, fiziki xassolorine goro secilmis pyezoelektrik materialdan hazirlanan hossas
elementlor silindirik formada olmali, radiusu toqribon r=4.21 mm, galinligi h=2.131 mm. Olgmo
prosesinds sixilmadan alinan deformasiya: A h=0.002131- 0.002122 = 0. 000009 m. Bu zaman stabil
dinamik hossasligh 6l¢gma diapazonu: f;s= 1600 Hs

Siizgacin OF:

K
S(2RC1C,8) + (€1 — C))(2T?s? + 2e,yTs + 1)
Kegid prosesinin qrafiki Sok.5-do gostorilmisdir.

W(s)s =

Step Response

System v
Time (sec): 0.000129
Anpitude. 130

Sok. 5. Normallasdirilmis dordtartibli xarakteristik tonliyi olan ((3.7) ifadosi) OF-nin kecid
prosesinin grafiki

4. Natica. Belaliklo, togdim edilon mogalads firlanma harokati haqqinda informasiyanin ilkin
monbalorindon  biri  olan, pyezohossas elementlori diferensial qosulmus PEC-in Gtiirme
funksiyasinin ifadasinin alinmis, stabil dinamik hassasliga malik al¢aq tezlik oblastinda genis 6lgmo
diapazonunun tomin edilmosi moqsadi ilo xarakteristik tonliyin omsallart normallagdiriimis vo
Olgmo diapazonunu rezonans tezliyi strafindaki geyri-stabil zonadan ayirmaq nagsadi ilo ikitortibli
siizgocin OF-nin parametrlori texniki optimuma vo PEC-in sifirlarmin riyazi kompensasiyast
prinsipi asasinda hesablanmis vo se¢ilmisdir.

Miiayyon edilmisdir ki, miioyyan sortlor daxilinde disk formasinda olan pyezohassas element-
lorin hondasi 6lgiilorinin vasitasi ilo i1lo PEC-in xarakteristik tonliyinin amsallarin1 normallagdirmaq
va 6lgmo diapazonunu tonzimlomok miimkiindiir.
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I.N. Davrishova, V.A. Neymatov
Normalization of dynamic characteristics of piezoelectric angle transducer

The authors deal with the problems related to the determination of the transfer function (TF) of the piezoelectric
sensors (PES) with a differential connection of piezoelectric transducers (PET), with the normalization of the
coefficients of the characteristic equation to ensure a stable velocity in a wide range of measurement in the low-
frequency region, with adjustment to the technical optimum of second-order filter parameters, ensuring the separation
of the measuring range of the unstable area around the resonant frequency and the mathematical compensation of TF
zZeros.

It has been found that, within the specific conditions, using the geometric dimensions of the disc-shaped PET, TF
with normalized coefficients can be obtained for PESs and the measuring range with stable dynamic response can be
adjusted.

Keywords: piezoelectric sensors, differential connection, angle transducer, dynamic sensitivity, normalizing
factors, technical optimum, transfer function
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WN.H. Jaspuosa, B.A. HeiimaroB
Hopmanu3anus ITMHAMHYeCKHX XapaKTePHCTHK Nbe3031eKTPHYECKOro JaTYMKa yIriia MoBopoTa

Pewenvt  3a0auu, ceasaunnvie ¢ onpedenenuem nepeoamounou @yuxyuu (I1D) nvezodrrexmpuyeckozo
npeobpasosamens ([I2I1) ¢ Jugpghepenyuanvuvim coedunenuem nvesouyecmeumenvhulx snemenmos (II43), ¢
HopMaauzayuell  KOI(P@uyueHmos Xapakxmepucmuieckozo Ypa@HeHusi ¢ Yeavio  obecneueHus — CcmadOuIbHOU
OUHAMUYECKOU YYBCMBUMENbHOCU 8 WUPOKOM OUANA30He UsMepeHUs 8 HUZKOUACMOMHOU 061acmu, ¢ HaCMpPOUKOU HA
MEeXHUYECKUll ONMUMyM Napamempos @uibmpa 6mopoco nopsoxd, obecneuusaowull pasoeieHue OuanazoHa
UsMepeHust Om HeCMabUIbHOU 30HbL GOKPY2 PE3OHAHCHOU 4aCHONbL U MAMEMAMUYECKYI0 Komnencayuio nyaei Id.

Boisieneno, umo 6 npedenax KOHKpemHulxX YCI0GUL, UCNOIb3YsL 2e0Mempudeckue pazmepvl Ouckoobpaszrnozo 11490,
ModicHo nonyuums [1@ ons 1211 ¢ nopmanuzuposanubimu Kodpduyuenmamu u pe2yiuposams OUAnA3oHn UsMepeHusi ¢
CMaduIbHOU OUHAMULECKOU YY8CMEUMENbHOCTbIO.

KaioueBble ci10Ba: Mbe304yBCTBUTEIbHBIN 37IeMeHT, quddepeHimansHoe coeIMHeHNe, JaTYHK YIia MOBOPOTa,
JMHAMUYECKAsi 4yBCTBUTEIbHOCTh, HOPMAIM3UPOBAHHBIC KOI(DPHUIUCHTHI, TEXHUYECKUIN ONITUMYM , TIepeaTouHast
GyHKIHS.
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