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SKCHHEPUMEHTAJIBHBIE NCCJIEJJOBAHUA
PEKAMOB PABOTHI [IBE3OAKTIOATOPA'

IpoBeneHbl SKCHEPUMEHTAIBHbIE HCCIIE0BAHU PEXXHMOB pabOThl IbE30aKTIOA-
TopoB. IlosydeHbl 3KCIIEpUMEHTAlbHbIE YAaCTOTHBIE XapaKTEPHCTUKH Koyeba-
TENBHBIX CUCTEM C Pa3HBIM THIIOM Harpy3ku. McciemoBaHbl 3aBUCHMOCTH CHIIBI
Ha Harpyske KoneOaTenbHOH CHCTEeMBI OT CHJbI NMPEABAPUTEIBHOTO MOMKATHSA
NbE30aKTI0aTopa.

KuroueBbie ciioBa: nvezoaxkmoamop, KoCMUu4eckutl annapam, KonebamenvHas
cucmema, OUHAMUYECKAsL CUTA.

B xocmmueckoi oTpaciu HamboJee OCTPO CTOWUT BOMPOC YMEHBIIEHUS Maccorada-
PUTHBIX XapaKTEpUCTUK cucTeM kocmudueckoro ammapara (KA). OmHuM u3 pemreHuit
SBIISICTCA 3aMEHA JIEKTPOMEXaHWYECKUX MPHUBOAOB pa3IM4HBIX ycTpoiicTB KA Ha mbe-
30IPUBOABI, MPU 3TOM Maccora0apuTHblE I0Ka3aTeld COOTBETCTBYIOLIMX YCTPOWCTB
YMEHBIIAETCs B pa3bl.

ITo cpaBHEHMIO C PIEKTPOMEXAHUYECKUMU MPUBOJAMHU MHUKPOJIMHEHHbIE MbE30NPH-
Bobl (MJIIT) umeroT cymiecTBeHHbIE TpenmylecTBa. OqHako rnpu skcruryaranuua MJITT
HEOOXO0AMMO YUYHTHIBAaTh P OCOOEGHHOCTEH, 3aTparmBarolie JeKTpodusnueckue u
MeXaHUYecKue CBOHCTBa mbe3oakTioaropa (ITA) [1,2]. K Mexanmueckum 0coOEHHOCTSIM
OTHOCHTCSI 00s13aTeNlbHOE TpeOoBaHUe IpeaBapuTenbHoro momkarus [1A. Cuma mpen-
BapHUTENBHOTO IOKATUS MO0 MEXAaHMYECKOW MPOYHOCTH CTPOTO PETIAMEHTHPYETCS B
3aBHCHMOCTH OT MaTepralia IIbe30KePAMUKH.

Ienpto pabOTHl SBIAIOTCS OSKCIIEPUMEHTAJbHBIC WCCICAOBAHMS BIMSHUS CHIIBI
MIPEeaBapUTEIHFHOTO TOKATHS Ha peKUMBI paboThl [TA B TMHAMUYECKOM pEeXUME.

HUccnenoBanue BIAMSIHUS CHIIBI NPEABAPUTEIBHOIO MOJKATUSA
HA IKCIIEPUMEHTAJIBbHOM CTEH/IC C HHepHHOHHOﬁ Harpy3K0i71

IIpoexrupoBanue MJIII u uCHBITATEIBHOIO CTEH/IA IPOBOJWIOCH C OPUCHTALIUEH HA
crlenymolye napaMmerpsl: cuna Fy,, — 300 H, macca — 250 r, macca Harpy3ku — 40 xr,
MepEeMEIIEHIE TOJIKATENs C maroM Xg,, ot 10 HM g0 15 mxm. KonebarenpHas cucrema
(KC) paccuntsiBanach Ha TpEXMEPHBIX U OJTHOMEPHBIX MATEMAaTHYECKUX MOZEIISIX .

HcnpitaTenbHbli CTEH] MpeAHA3HAYCH IS HCCIIeIOBAHMS TMHAMUYIECKUX PEXXUMOB
pa6otsl [TA nmpu mHEepumoHHO# Harpyske (puc. 1). Boamymaromas cuna KC npencras-

! Pa6ota BeITONMHEHa Mpu (QHUHAHCOBOH TomIepkke MHUHOOPHAYKH POCCHY, YHWKANBHEIH WAEHTHQUKATOP
RFMEFI57814X0060.
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nsietT co0oil rapMoHuueckuid curHai. PexxumMbl pabotel [TA 3aBuCAT OT cieyromuX na-
paMeTpoB KoJe0aTeNbHOM cUCTeMBbl: TuMa U MolrHocTu [1A; mMaccel npurpysa (Harpys-
KH1); CHJIBI IIpeaBapuTenbHoro nmomkarus 11A; nanpspkenus Ha I1A; Toka ITA; yacToTsl
BozniefcTBus [3-5].

Puc. 1. VcneitatensHelil ctena pabotsl [TA Ha HHEpPIMOHHYIO
Harpy3ky: / — HHEpLHOHHas Macca Harpys3ku (mpurpys); 2 —
TOJIKATeb;, 3 — ONOPBI; 4 — PEryJUpOBOYHBIA BHUHT IperBapu-
TENBHOTO MODKATHSA; 5 — CTaHWHA; 6 — mbe3oakTioaTtop AIIM-2-7;
7 — DaT4¥K CHIIBL, 8 — ympyrocts; 9 — akcenepomerp AP 1019

Fig. 1. Test stand is an operating PZT stack actuator at the inertial
load: 1, inertial mass of the load cantledge; 2, pushrod; 3, support
structures; 4, adjusting screw of the preload; 5, frame; 6, APM—2—
7 PZT stack actuator; 7, force sensor; 8, elasticity; 9, AR 1019
accelerometer

B mporniecce ncnsitannii [TA cHIMaroTCs mapamMeTpsl pekuMa paboTHl B BHIE AJIEK-
TPUUYECKUX CHTHAJIOB: HAMIPSDKEHHE; TOK; CUTHAJ ¢ JaTyuka cuisl [1A; BuOpoyckopenue
npurpysa. B mporiecce moiroTOBKY MCIIBITAHUNA OMIPENEIsIeTCs CUila MPEeIBAPUTEIBHOTO
nomkaTus. Ha puc. 2 mokazana cxema dKCIIepUMEHTA.

B pesynbrare ucnbitanuii [TA nosnydensl cieayronue 1aHHbIe:

- YaCTOTHBIE XapaKTEPUCTUKU YCKOPEHUS IPUTPY3a;

- YAaCTOTHBIC XapaKTEPUCTHKH BUOPOCMEIICHUS PUTPY3a;

- YaCTOTHBIE XapaKTEPUCTUKU CUIIBI Ha Harpy3Ke.
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Puc. 2. Cxema 3KCIEPUMEHTA MO W3YYEHHIO BIUSHUS TPEIBAPH-
TenbHOro noaxkarus ITA npu uHepHUOHHOM Harpyske: M, — Macca
npurpy3a; Ko — JKECTKOCTh COTIACYIOMIETO 3JIEMEHTa KOHCTPYK-
unn;, M., — Macca TOJIKaTels;, Z., — MCXaHWYECKUIA UMITCIaHC CO-
IIACYIOMUX 31E€MEHTOB; Uy, — CUTHAN € MbEe30AaTuhKa CUIbL; [y
— CHJIa MIPEIBAPUTEIILHOTO TOJDKATHS; F, — SKBHUBAJIICHTHAS CHJIa
Fig. 2. Scheme of the experiment for studying the influence of
preload PZT stack actuator operating at the inertial load: cantledge
mass, My; rigidity of the matching structural element, K,,;; pushrod
mass, M,; mechanical impedance of the matching elements, Z,,;
signal from the force piezo sensor, Us; preload force, Fiy; equiva-
lent force, F,

Ha puc. 3 npencraBineHsl 3KCIIEPHUMEHTAIBHBIE JaHHBIE, MOJyYaeMbIe C OCLMIIIO-
rpada. B pesynbraTe aHamuza Mojy4eHHBIX YAaCTOTHBIX XapaKTEPHUCTHK OIPEeleHbI
paboune pezoHaHcHbIe YacTOThl KC 1 aMIuuTy 16l BHOPOCMEIIEHHSI.

OKcNepUMEHTANIbHbIE UCCIIeI0BAHUS [TOKA3aJIU, YTO UCIBITATEIbHBIN CTEH]] CIIPOEK-
tupoBaH kak KC ¢ 4mcTto MHEpIMOHHOW Harpy3koid, HO pexxumbl padbotel KC kauecr-
BEHHO CXOXKH C PEXHMMaMM CMELIaHHOH Harpysku (puc. 4 u 5). Pe3oHaHCHBIE 4acTOTHI
KC ymeHnbmarorcest ¢ yBeIMIeHHEM HHEPIHUOHHOM Macchl (XapaKTepHO Ul MHEPLUOH-
HON HarpyskH), a YBEINYEHHE aMIUIUTYJ(bl BUOPOCMEIICHHS C YBEIUUCHUEM HHEPIH-
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OHHOM Harpys3kH nokasbiBaeT, uto B KC npucyTcTByeT ynpyrasi COCTaBisIomas — yupy-
TOCTh TPEIBAPUTENIBHOTO IMOJPKATHUS, YIOPYTroCTh ONOp CTEHAa, ymnpyroctb IIA, dro
XapaKTepHO Ul CMELIaHHOM Harpy3KH.

14018 1

Puc. 3. PacrionoskeHne CUTHAJIOB C JaTYMKOB KOJIEOATENbHOM CHCTEMBI Ha 3KPaHE IEKTPOHHOTO
ocumtorpada: a —gacrora 10 k['u; b —wacrora 1 x['n; / — curHan yckopenus; 2 — tok I1A, 3 —
cuna [1A, 4 — Hanpsbkenue Ha [1A

Fig. 3. Arrangement of signals distribution from the oscillating system transducers in the screen
of an electron oscilloscope at a frequency of (a) 10 and (b) 1 kHz. I, acceleration signal; 2, PZT
stack actuator current; 3, PZT stack actuator force; 4, PZT stack actuator voltage

B KC 0e3 npenBapuTeabHOro MOMKATUS YACTOTHBIE XapaKTEPUCTUKU MMEIOT He-
CKOJIbKO PE30HaHCOB (Ha puc. 4 pe3oHaHCH oTMedeHbl Iudpamu), [TA pezoHupyer Ha
pa3HbIX yYacToTaXx. MakcumaibHble 3HaueHusi BuUOpocmemienust [TA mpu cune Toka
I=0.5 A n Bece npurpysa Gy, = 0.5 kr HabmIOJAIOTCs HA paboYeM pe3oHaHCce MpH yac-
torax f< 1 x['m.
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Puc. 4. YacrotHast XxapakrepucTuka BuOpocmenieHus [1A,
paboTaroIero Ha HHEPLHOHHYIO Harpy3Ky 0e3 peIBapUTeIbHOTO TOKATHS
Fig. 4. Frequency-response characteristics of the vibration displacement
of the PZT stack actuator operating at the inertial load without preload

B KC ¢ npenBapuTensHOM IMOIKaTHEM CHCTEMa UMEET OAWH SBHO BBIPAKECHHBIN pa-
Oounit pezonanc npu 4yactorax f< 1 k['u. Pe3oHaHchl Ha OONBIINX YACTOTaX CYIIECT-
BEHHO CTJIaXEeHBI (puc. 5).



64 A.B. Asun, C.B. lToromapes, C.B. Purronen, A.M. Xpamyos

X, MKM Fy, H
12 600
N
\ 2
8 '}t =y 400
\ .
e —
4 AL L 200
V' I\ D I R A
N\
N
| ~— J 0

0 0.4 0.6 0.8 1 1.2 1.4 f,xI'n

Puc. 5. DkcnepuMeHTanbHas 4YacTOTHAas XapaKTepPUCTHKA BHOPOCMEICHHUS
Harpy3ku (kp. /) u cuibl Ha Harpyske (kp. 2) mpu pabore ITA mpu cuie Toka
I1=0.5 A, Bece npurpysa G,= 3 KT U OpeiBApUTEILHOM HokaTun Fy = 240 H
Fig. 5. Experimental frequency-response characteristics of the vibration dis-
placement of the (/) load and (2) force on the load, while operating PZT stack
actuator at the current strength / = 0.5 A, cantledge weight G.= 3 kg, and pre-
load Fy =240 N

HccaenoBanne BIMAHUS CHJIBI IPEABAPUTENBHOTO MOIKATHS
HA IKCIIEPUMEHTATBHOM CTeH/le ¢ YIPYIroi HArpy3KoH

A ¢ Mb30JAaTYUKOM CHJIbI UE€PE3 yl'[pyl"I/Iﬁ 3JIEMEHT C M3BECTHOM JKECTKOCTBIO 3a)KaT
B Cpr6I/IIIy C BO3MOKHOCTBIO PEryJIMpOBaHUus MPEABAPUTCIBHOI'O IMOAKATHUSA CUCTCMBI.
Ha puc. 6 npeAcTaBJiCHa CXeMa NIPOBEACHUA SKCIICPUMCHTA.
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Puc. 6. Cxema 5KCrepUMEHTa 1O M3YUYCHHIO BIMSHUS NPEIBAPUTEIBHOTO IOJDKATHA B
pexxuMe ynpyroi Harpysku: K, — JK€CTKOCTb yNpYyroro sjieMeHTa; [, — cuia npenBapu-
TEIBHOTO MOKATHS; Uy, — CUTHAJI C ITbe30AaTYHKa CHIIBL; F, — SKBUBAJICHTHAS CUJIA

Fig. 6. Scheme of the experiment for studying the influence of preload in the mode of an
elastic load: rigidity of the elastic element, Kj; preload force, F; signal from the force
piezo sensor, Ug; equivalent force, F,
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YKecTkoCTh ynmpyroro sfeMeHTa OMpeNesiiach SKCIIEPUMEHTAIbHO U MIPH CTaThde-
CKOM C)KaTuM paBHa K = 3-10° H/m. Cuna MpEeABAPUTEIBHOTO MOHKATUS ONPEAEIIAIach
JKCIIEPUMEHTAIBHO 10 CUTHAJY C IMbE30IaTYnKa CHIIBI (pUC. 7).

Puc. 7. OcumniorpaMma mporiecca mpeaBapuTeNIbHOrO MOIKAaTHS Ha Bennunny 42.8 H
Fig. 7. Waveform of the preload process at the value of 42.8 N

IIpoBeneH psn dKCIEPUMEHTOB, B KOTOPBIX BapbUPOBAJIACH BENMYMHA CHUJIBI MOJKA-
tust [TA. DT nccnenoBaHus ONpPEAEISIN BIMSHUE CHIIBI ITOJDKATHS HAa AMHAMUYECKHUE
xapakrepuctuku [1A (puc. 8 u 9). Ha puc. 9 nmpencraBieHs pe3ynbTaThl IKCIIEPIMEH-
TOB JUIA 4 CITy9aeB: BEIWYMHA CHIIBI IOpKaTHs paBHa 42.8, 85.7, 10291 171.5 H.
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Puc. 8. 3aBucuMOCTb Cunbl Ha Harpy3Ke Mpu pe30HaHCHOM
4acToTe KOJeOaTeNbHOW CHCTEMBI OT CHJIBI HpeBapH-
TEIBHOTO MOKATHS

Fig. 8. Force on the load at the resonant frequency of the
oscillating system as a function of the preload force
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Puc. 9. Yactotnsle xapakTepuctuku ITA npu pa3HbIX BeIMYMHAX NPEIBApPUTEIBHOTO
MOJKATHSI B YCIIOBUAX ympyroii Harpy3ku: a —42.8 H, b — 85.7 H, ¢ — 1029 H, d —
171.5H

Fig. 9. Frequency-response characteristics of the PZT stack actuator at different pre-
load values in the case of elastic load: (a) 42.8, (b) 85.7, (¢) 102.9, and (d) 171.5 H
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C yBenu4eHHEeM CHIIBI NPEABAPUTENBHOTO IMOMXKATHSA YaCTOTHBIE XapaKTEPHUCTUKU
CYILIIECTBEHHO M3MeHsAI0TCs. [Ipy ManbIX cuilaX NpeABApUTENBHOTO IMOKAaTHs YacTOT-
Has XapaKTePUCTHKA UMEET HECKOJIbKO PE30HAHCOB, C YBEJIMUEHUEM CHIIBI ITOJKATHS Ha
YaCTOTHOM XapakTepuctuke popmupytores 2—3 pezoHanca. Pabovas yactora HaXoaUT-
cst Ha yactorax f < | k'l 1 npy yBeIMYEHUH CHIIBI IPEABAPUTEIHHOTO MOPKATUS BEIIH-
YMHA CHJIBI Ha Harpy3Ke pacTer.

3akja4yenue

[TonydeHHbIe SKCHEPUMEHTAIBHBIE AaHHBIE MOKa3aJld, YTO YacTOTHBIE XapaKTepH-
CTHKH BHOPOCMEIIECHUS, MTOTYYEHHbIE 10 TPEXMEPHBIM MAaTEeMaTHYECKUM MOJIEIISM SIB-
JSFOTCSL HanOoJsiee TOUYHBIMH M UMEIOT HECOBMAJICHUE C 3KCIEPUMEHTOM B 5—8 %, B TO
BpeMsI KaK PacueTHbIC JAHHBIE 110 OAHOMEPHBIM MATEMAaTHUECKUM MOAEIAM UMEIOT He-
coBmajieHne ¢ skcnepumMerTom B 10-20 %.

Pe3ynbraThl nccnenoBaHus MOATBEPIUIN pacyeTHbIE JaHHBIE [3, 5], 4TO I IpH-
HATBIX 3HA4YEHUI Harpy3ku pe3oHaHCHble 4acToThl KC HaxomgTcs B 00JacTH HHU3KUX
gacToT (10 1 xI'm) u ¢ yBenu4yeHueM npeaBapUTEIbHOTO NOHKATHS YBEIHUUBACTCS JTU-
HAaMUYECKOE YCHJIME Ha Harpy3Ke, 0COOEHHO Ha HU3KHUX 4acTOTaX.

[To 4acTOTHBIM XapaKTEepUCTUKaM BHIHO, YTO KOJIMYECTBO ITMKOB XapaKTEPHUCTHKU
JMHAMUYECKUX YCHIIMH COOTBETCTBYET KOJIMYECTBAM KOHTYPOB 3JIEKTPUYECKON CXEMBI
3amenieHus. C yBeIMUCHNEM MPEABAPUTEIHHOTO MOMKATHS YaCTOTHBIE XapaKTepHCTH-
KN JMHAMAYECKUX YCHIMH MU3MEHSIOTCS, 3HAUCHMS JUHAMHYECKUX YCWINH HPOMEXY-
TOYHBIX PE30HAHCOB yYMEHBIAIOTCS, (POPMHUPYIOTCS 2—3 OCHOBHEIX pe3oHaHca. [Ipen-
BapUTEIBHOE MOKATHE «3aHUBONUBAET» IIA, criuakuBaeT HETOYHOCTU €r0 NMPOU3BOJ-
CTBa U COOPKH, 3aCTaBIET PabOTATh KaK «EIUHOE IIETI0e.
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Azin A.V., Ponomarev S.V., Rikkonen S.V., Khramtsov A.M. (2017) EXPERIMENTAL
RESEARCH ON THE OPERATING CONDITIONS OF PZT STACK ACTUATOR. Tomsk
State University Journal of Mathematics and Mechanics. 45. pp. 60—68
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In the space industry, the problem of reducing mass-dimensional parameters of a spacecraft
(SC) system is especially urgent. One of the current solutions is the replacement of
electromechanical driving systems in different SC units by piezo drives, which enable a decrease
in mass-dimensional parameters by several fold.
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The basic element of a piezo drive is a PZT stack actuator whose construction and operating
conditions determine the efficiency and service life of the oscillating system.

This work is aimed at experimental investigating the influence of the preload force of the PZT
stack actuator on frequency-response characteristics and energy parameters of the oscillating
system. The experimental studies were carried out on test stands which allow one to implement
physical modeling of oscillating systems with different types of loads. It is shown experimentally
that an increase in the preload force significantly changes the frequency characteristics. With in
increase in the preload, frequency characteristics of dynamic forces change, dynamic forces of
intermediate resonances decrease, and one main resonance is formed.

The results of the study have confirmed the calculation data: for the taken values of the load,
the resonant frequency of oscillating systems falls in the low-frequency region (up to 1 kHz); with
an increase in the preload, the dynamic force on the load increases, especially at low frequencies.

Keywords: PZT stack actuator, spacecraft, oscillating system, dynamic force.
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