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PeQepar (y"p.)

.{ucepraqit iHa po6orr 'r  npvcBeqeHa erzpiureHHo axryarsuoi ra naxlneoi HayKoBo-nphxna4uoi aa4a,l i  nigeu qeuHR eeexrueuocri
KepyBaHHrI n'e3oe.[eKrpl,tvHtttr.t uixpotttaHinynnroporra Ha 6aei niHiriHrzx n'€3oe"rreKrpt4r.rHr4x ABuryHie Ha croqqux aKycrr.tqHrix
xBr4ltsx 3 np-sMoKyrHuM PesoHaropoM B tttixpo- ra HaHogianasoHax ruBl,tAKocreri, r4o AocrrrHyro 3a paxyHoK noAanbuoro
posBnrKy i  n4ocroHaleuul icr iymvux uero4in KepyBaHHrr n'€3oeneKrpl4vHzHl ruirpolrauinynrroporu, pospo6<rl npor.paMHo-
anaparHl4x piueHr, ix peanisarl i i  ra cucreMu KepyBaHH.s Ha ix ocHoei. f l ig eQexrraenic'rn ryr posylr ierscr 6axaHa aignoer4Hicrl
HacrynHVM xplarepiaAa: -uupoxuh 4iaf laaoH uinu4rocri  pyxy; -rrh3bKzr. l  pineHu ni6parl irz; -rossicr.s rro:rrqionynanrrr;  -

MaHeBpeHicrL (To'{Ha ra uBilAKa peaxqia Ha KoMaHAy repynanHr). f lpoeegeHo aHarn3 KoHcrpyrcqi i  ruixponraHinyn.aropa, a raKox
tioro 6asosoro KoMnoHeHry - liHirinoro n'eaoelexrpuqHoro ABr.rryHa. .[ocri4xeHo BracruBocri peaoHaropa n'esoererrpu.rHoro
ABHryHa' a raKo>K yMoBu yrBopeHHs ABox B3aeMHo-nepneHArKynrrpHzx uexauiqnr.rx Ko"[l4BaHb B HboMy Arq Br4Ht4KHeHHq enlncy
pyxy.Ue Aano 3Mory oqiuzrz N,toNrf ieocri  ABfiryHa. nepeBarH ra He4orir<r,t  s xoHrexcri  3acrocyBaHHq r. loro B
lrirpouaninyaa]Aiii-Hih cucteui, a raKot< Brtsr.avuru arrflxv orpr4MaHHr noKparqeHnx xapaKTepr4crur xiHqeeoro npzcrpo,o.
Bcrasoereuo, qo ocHoBHaMa nepeBaraMl4 AaHoro runy ABHryHis e e4arHrcrb yrpr4MyBarn noroxeHuq 6es npHKJlaAaHHfl
4o4arxosoi eueprii ra gacoxi cr-apr-cronui xapaKTepvcrr4xr,r (nroxrraaicrr ivrarlNe MurreBoro crapry ra 3ynnHKh 4eraryua).
flpoae4eHo Aocli4xeHur iluiuuux HanpaBnercqltx ['e3oeneKTpr4r{Hhx ABl4ryuie, a cair,re r<yris ai4xuneHus pitch, yaw ra Roll ni4
npruoriHitiuoro pyxy KaperKI'I ABI'lryHa (po6ovoro iHcrpynaeHry uauinynaropa), u1o gaao snory oqiHrarv Beil.L4st Hy ei4xn,reuur
po6ovoro incrpyrraeHry naaHinyaeropa B 3aJlexHocri nig r loro ponxuurz. Poepo6neHo MareMaruqHy MoAenb nepeMlu{eHH'
po6ovoro iucrpyrraeHty ,r,raHinynnqizHoi cucreir,ru nlA Bn.lrnBoM KyroBt4 x nigxraleHr pitch Ta yaw, qo 4ae uoN,rrsicrs
anropt4TMlqHo KoMneHcyBaru gant niAxl leHttr 4; l l  ,raiui iuisaqi i  noxu6xr.r no:rr l iorrynarrrul mirpo,vauirry,r lr .opa 3 BpaxyRaFrsgM
eKcnepnMeHTatlbHax ,qaHl4x orpLrMaHtlx npr, .4ocni4xeuHi HanpaBn.qruri14x 4eraryHia. 3a 4orro,raclrorc nporpaMHoro KoMllJreKCy
comsol Multiphysics npoBeAeHo MoAeJtIoBaHH.q A4exaHi.{Hrrx KoJrr{BaHb n'e3oeJreKrpr4qHoro pe3oHaropa ABr4ryHa, ulo Ao3Borrr4no
niATBepAtirt'I Heo6xi4nicrl nu6opy caMe npaBoro e.rreKrpr,rqHoro pe3oHaHcHoro nixa ABfiryHa npa rioro repynauHi. FIa ocrroei
eKcnepuMeHTaIIbHVx 4ocl iAxeHs xapaKTePHcrl4K AB,'rryHa ni4reep4xeua MoAeJ'rb rvrexaHi.rH14x Kolr. iBaHb pe3or{aropa, a caMc,
II Io pe3oHaHcHa xapaKTepucrl4Ka ABnryHa Mae ABa pesoHaHcHi nirr.r  i  Hari6inuur eQerranHuM Me'roAoM KepyBaHrrq rusu46rcrro
ABuryHa e perynrcBaHHs qacrorl1 s6y4xeHHl s soHi npaBoro cxuny npaBoro pe3oHaHcHoro nixa. V4ocxoualeHo MeroA
KePyBaHHe n'esoelertpur{HtrM AB?rryHoM 3 nPeMoKyrHtlM Pe3oHaropoM ua ocHoei itzporHo-irrlnynlcHoi mogyraqii (IIIIM)
IUntxoM uiHir'aisaqii uezgxocri ABuryHa npz tzoro crapri ra synuHqi, ulo AosBo"[Hno BMeHrxl'tra pieeHr urynaie ra ai6paqirz n 2-10
pasiB npl't po6ori n nixpo4ianasoHi. flo4anr,uoro po3Br4rKy orprrMaB MeroA KepyBaHH-q n'e3oereKrprrqHrlM .qBr4ryHoM, ,Kr4A
ga6egnequs pexl4M KepyBaHHq ureu4xicrrc e HaHogianaaoui sa paxyHoK Br..rKop14craHHn eixcoeaHoi r<i,rsrocri  i ,vrry,rscrR
e6y4xeHna (4o 20 e nocli4oaHocri) s perynroeaHHqM qacroru cri4ynaHrtlt rlrax nocli.4oerroc.refi, rKa OopMyBaracs ,r,rexarri,rur.rv
saco6oN{ KePyBaHHt naixponaauinynsropoM (4Noricrrar<, rpex6oa), i i lo Ao3Bonr4no nigeur4uru naueepeuicrb KepyBaHHq 6ir lue,
Hix y 2 pasu v4ocroHarleHo neTog ni4eI 'ruleHoi rovuocri nosraqiouyBaHHr n'e3oeJreKrpvt vHoro laixponraHinyraropa e
aBroMar[qHouy pexuit'li 3a paxyHoK yHrlKHeHH.s nepeperynr.oBaHb ulrtqxoM sNaiHa nepemiqeHH.a nlauinyn.arop a npu
6esnepepeuon'ry pyci Ao l(poKoBoro pe)KaMy pyxy 3 noAanbruolo 3ynaHKorc e rovqi no:HqioHynauHr. porpo6rerro arropur.,vr ivui
ra nponpaMHi pirueHHir peaaisaqi i  yAocKoHaneHzx lrero4in KepyBaHHq n'€3oereKrpr..rvurz,v ruixponraHlnynrl,opoM / newryuo,rt ra
cl4creMy KepyBaHH'I Ha ix ocHoei, ulo Ao3Bonl4no Aoctrrr,r  4ianasou KepyBaHHq no uJBl4AKocri 140 uxt/c - 0.05 .nr, i ,r /c, roqnicrs
nosuqircnaHu's 3 eHKo,qepHoro nepcierc (5-10) ur<m i,  ax uacl i4ox, B cepeAHboMy ni4arzqrano eQexrueuicrs nirpouaHirrynqropHol
czcreM, y nopieHlr ' IHi s icuyrovzua pirueHHrivt,  y 2 pazu. crsopeHo saco6n KoH.rponro rrapa,l ,re.rpis HoBr4x n,e3oeneKl.pr4qHhx
4euryHie' axi 4oseoll tor l  ea'r ' t iprcear, xapaKTephcrt4Kh n'e3oereKTpr4r.rHoro pe3oHaropa, pocnrAxyBarh ro.{r. ' , icrr nepe,viueur
aiuilinux HanpaBr-sloqux ra s4itilcHtonarn uul.tiplonaHna ei6paqirzHzx eqexrin npra 4ocri4xeHHi HoBr4x MeroAie r<epyeaHHn
n'eso4nuryuoM Ta cKoport4rz .jac ix recryBaHHq B cepeAHboMy e 1.5_2 pasu.

PeQepar (aHra.)

The dissertation is devoted to solving the actual and important scientific and applied problem of improving the control



eff iciency of a piezoelectr ic micromanipulator based on l inear piezoelectr ic motors on standing acoustic waves with a
rectangular resonator in the micro- and nanospeed ranges, which was achieved due to the further development ancl
improvement of exist ing control methods piezoelectr ic micromanipulator, development of hardware and software solut ions,
their implementation and control systems based on them. Effect iveness here means the desired compliance with t tre fol lowing
cri teria: - a wide range of movement speed; - low vibrat ion level; -accuracy of posit ioning; -maneuverabi l i ty (accurate and quick
reaction to the control command). An analysis of the design of the micromanipulator, as well  as i ts basic component - a l inear
piezoelectr ic motor, was carr ied out. The propert ies of the resonator of the piezoelectr ic motor, as well  as the condit ions ibrthe
formation of two mutually perpendicular mechanical oscillations in it for the emergence of a motion ellipse, were studied. This
made i t  possible to evaluate the motor's capabil i t ies, advantages and disadvantages in the context of i ts appl icat ion in a
micromanipulation system, as well as to determine ways to obtain improved characteristics of the final device. It has been
establ ished that the main advantages of this type of engine are the abi l i ty to maintain a posit ion without applying aclcJit ional
energy and high start-stoP characterist ics (the possibi l i ty of almost instantaneous start and stop of the engine). A research of
the l inear guides of piezoelectr ic motors, namely the angles of deviat ion of Pitch, Yaw and Roll  from the recti l inear movement of
the motor carr iage (working tool of the manipulator) was carr ied out, which made i t  possible to estimate the amount of
deviat ion of the working tool of the manipulator depending on i ts length. A mathematical moclel of the movemenr of Lhe worr<lng
tool of the manipulat ion system under the inf luence of Pitch and Yaw angular deviat ions has been developed, I ,vhich makes i t
possible to algori thmical ly compensate the deviat ion data to minimize the posit ioning error of t1e micromanipularor, L.aking intcr
account the experimental data obtained during the study of the guide motors. With rhe help of the Comsol Mult iphysics
software complex, the simulation of mechanical vibrations of the piezoelectric resonator of the engine was carried out, which
made it possible to confirm the necessity of choosing the right electrical resonance peak of the engine during its control. On the
basis of experimental studies of the engine characterist ics, the model of mechanical osci l lat ions of the resonator was confirmed,
namely, that the resonance characterist ic of the engine has two resonance peaks and the most effect ive method of control l ing
the engine speed is to adjust the excitat ion frequency in the zone of the r ight slope of the r ight resonance peak. The method of
controlling a piezoelectric motor with a rectangular resonator based on pulse width modulation (pWM) has been improved by
minimizing the speed of the motor during its start and stop, which allowed to reduce the noise and vibration level by 2-10 times
when working in the micro range. The method of control l ing the piezoelectr ic motor was further developed, which provided a
speed control mode in the nanorange due to the use of a f ixed number of excitat ion pulses (up Lo 20 in a sequence) wi1h
regulat ion of the frequency of fol lowing these sequences, which was formed by a mechanical means of control l ing a
micromanipulator (oystick, trackball) ,  which made i t  possible to increase maneuverabi lr ty by more than 2 r imes. The rnethod of
increased posit ioning accuracy of the piezoelectr ic micromanipulator in autontat ic mode has bcen improved dur: to the
avoidance of over-adjustments by changing the movement of the manipulator during continuous movemenr ro a step mode of
movement followed by a stop at the positioning point. Algorithmic and software solutions for the implementation of improvecl
methods of control l ing a piezoelectr ic micromanipulator /  motor and a control system based on them were developed, which
al lowed to achieve a speed control range of 140 mm/s - 0,05 mm/s, posit ioning accuracy with the encoder version (5-10) pm
and, as a result,  on average, increased the eff iciency of the micromanipulator system in comparison with exist ing solut ions by 2
t imes. The means of control l ing the parameters of new piezoelectr ic motors have been created, which al low to measure the
characteristics of the piezoelectric resonator, to study the accuracy of movements of linear guides, and to measure vibration
effects when researching new methods of controlling a piezoelectric motor, and to reduce the time of their testing bv an
average of 1.5-2 times.
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