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Abstract. The platform containing dampers based on a magnetorheological (MR) elastomer applied for active vibration
isolation of nanotechnological equipment is described. The results of experimental studies of an active damper are pre-
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KOTOPbIe IO Pa3ae/IsS0TCS Ha [HacCHUBHbIe U aKTHUB-
Hble [1-3].

ITaccuBHBIe CUCTeMBI 3QPEKTUBHO IIOJABIAIOT
BUbpanuu npu dyacrorax bosnee 50 ', Ipu 3TOM
B HM3KOYACTOTHON 06/acTU TaKHe CHCTEeMEBI
Ma03QPeKTUBHBI, TAK KaK He MOTYT CKOMII@HCH-
POBaTh pe30HAHCHBIE sIBJIeHUs. [|7151 BU6pomn30si-
UM B HU3KOYACTOTHOM JHalla30He IPHUMEHSIOT
CHUCTeMBbl aKTUBHOM BUOPOM30JALUH, UCIIOb"
3yIOIIHe SHePTrUI0 JOIOJIHUTE/TBHOIO HCTOYHHKA.
Haubonpuier 3¢ deKTUBHOCTBIO 06/1a1aI0OT COBpe-
MeHHBIe CUCTeMBbl, 06beUHSIONHe B cebe aKTUB-
HYIO U [IaCCUBHYI0 BUbpou3sonsnuio [4-9].

OMUCAHUE MJIATOOPMbI U AEMIMOEPA .
AN AKTUBHOWU BUBPON3ONALIUN C SAMKHYTOU
CUCTEMOMW YNPABNEHUA

[Inatdopma OasT aKTUBHON BUOGPOH3OISALUU
(puc.1l) mpencraBiseT cobol ABe IIJIUTH, MeXIY
KOTOPBIMHU pacIiojaraloTcsl 4eThIpe y3Ja Iac-
CHUBHOM CHCTeMBbl KBAa3HHYJIeBOMN >KeCTKOCTHU
Ha OCHOBE yIIPYTOH IIOJJBECKHU C MAaCCOBBIMHU KOP-
pPeKkTopaMHK M 4YeThIpe aKTHUBHBEIX OeMIdepa
Ha OCHOBe MarHHUTOpeosoruvyeckoro (MP) aynacTo-
Mepa [10-14].

[1s nmpoBeleHHUS UCCIeLOBAaHHUN aKTHB-
Horo meMIidepa 6611 cobpaH cTeHT, OOIIHUE BUL
KOTOpOro IoKa3aH Ha pPHC.2, a CXeMa Ha pHC.3.
ARTUBHBIN gemIidep I (puc.3) comepsKUT KecT-
KHUH LeHTp |, MeMbpaHy 2 u3 MP 3s1acTomepa, KOp-
nyc 3, 3J1eKTPOMaTrHUTHYIO KaTyIIKy 4, cepaed-
HHK 5, OCHOBaHHe fieMIipepa 6.

AKTUBHBIN fAeMmndep (mo3. I Ha puc.3) pabo-
TaeT ciaepylomuM obpasom. Ilpu mopmaue
VIO paBAsSONIero ToKa B 3JeKTPOMAarHUTHYIO
KaTyIIKy 4 B MAaTHUTONIPOBOJAEe BO3HHKAeT 3aM-
KHYTOe MarHHUTHoOe moje. MeXay cepAedHHU-
KoM 5 1 membpaHou 2 u3 MP 3nactomepa dop-
MHpYyeTCsd 0CeBOe MAarHHUTHOe IoJe C 3aJaHHOU
HHAYKOHeH. ITof nelicTBHeM MarHUTHON UHAYK-
uuu MmeMbpaHa 2 u3 MP 3nacToMepa HauMHAET
OedopMHUPOBATHCS B 0OCEBOM HAIlpaBJIeHHUH B IIpe-
Jenax BO3AYIIHOIO 3a30pa M IepeMelaTh KecT-
KHH LeHTP I.

Ha ocHoBaHUe gemndepa 6 JeHUCTBYIOT IIepHO-
oudecKue KoaeGaHUS C 3aJaHHBIMH XapaKTepH-
CTUKaMH, TeHepHUpyeMble BUHTOBBIM BuOpoO3a-
OAaTYUKOM. AMIIJIUTYyAa IlepeMelleHHUH, Co3da-
BaeMBIX BUOpo3amaTuYnKoOM, 06ycIOBIeHA IATroM
pe3bbbl BUHTOBOM Ilepelayyd M yIJIOM IIOBO-
poTa WIaroBoro ABUraTtens 9. BUHToBas mepe-
Jada CONepsKHUT FalKy 7 ¢ ToJKaTeaeM U XOJ0BOH
BHHT 8. BelMUKWHA aMIJIUTYAbl IepeMelleHUHN
paccumuThEIBaeTCs 3apaHee s obecrieueHus pabo-
vero xona o 0,5 Mmm. YacTtoTa BUbpanum 3afaeTcs

Puc.1. Obujuti 8ud nAaM@OopMbl C yCMAaHo8AeHHbIMU 0amyuKamu
Fig.1. General view of the platform with sensors installed

INTRODUCTION
To protect the nanotechnology equipment (equipment for
micro- and nanolithography, electron microscopes, scan-
ning probe microscopes, etc.) against external vibration
disturbances, various types of vibration isolation sys-
tems (pneumatic, hydraulic, piezoelectric, etc.) are used,
which are classified into passive and active ones [1-3].
Passive systems effectively suppress vibration at fre-
quencies above 50 Hz, but in the low-frequency range
they are ineffective because they cannot compen-
sate resonance phenomena. Active vibration isolation
systems are used for vibration isolation in the low-
frequency range, using the energy of an additional
source. Modern systems combining active and passive
vibration isolation are most effective [4-9].

DESCRIPTION OF THE PLATFORM AND DAMPER FOR
ACTIVE VIBRATION ISOLATION WITH CLOSED-LOOP
CONTROL

The active vibration isolation platform (Fig.1) consists
of two plates between which there are four units of a

Puc.2. O6buyuli Ud cmeHOa 081 UccAed08aHUS akmuaHo20 demngepa
Fig.2. General view of the active damper test stand
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U peryaupyeTcs BO BpeMs 3KCIIepHMeHTa reHepa-
TopoM curnanoB Rigol DC1022. [IpuHIUI paboThl
BubposajzaTyuKa CAeAyONIUNI: B ApaKlBep Maro-
BOIO IABUTaTe/s 9 HOLAIOTCS HAIPSKeHMe IHUTa~
HHUS U CUTHAJ C TpebyeMOM 4acTOTOM BUOpanuu
c reHepartopa curHasnos Rigol DG1022. IIlaroBsi1
OBUraTenb 9 mepemaeT BpalleHHe Ha X0I0-
BOI BHHT §, Ha KOTOPOM YCTaHOBJIeHa ramka 7.
C nenbio nmpeobpa3oBaHUs BpallleHHUS XOJ0BOIO
BHUHTA B IMHelHOe [lepeMellleHHe rakika 7 PUKCH-
poBaHa OT IIOBOPOTA M JKECTKO COeSHUHEHA C OCHO-
BaHHeM AeMmIipepa 6, obecmedrBasi TOUHOCTh
rnepeMelneHus geMmadepa.

3aMKHyTasg CHCTeMa aBTOMaTH4Ye-
CKOTO yIpaBJIeHWS aKTHUBHBIM AeMIpepom
(puc.3) BKI0O4YaeT B cebs1 MUKPOKOHTpOJIIEP
STM32F407VET6 Ha oOT/IaAoO4YHOM IJjarTe, BJIOK
ycunutenen (BY), 6moxk ALIIT/ILIAII USB-6009AIIII
[JIsl YTeHUS MOKa3aHHM eMKOCTHBIX JaT4YHKOB
nepememneHus /1, 2, 3 ¢ KOHTPOJIJIEPOM SATUYUKOB
DL6220/ECL2, LIATII1 fJig nmepefadyy aHAJIOTOBOIO
CHTHala Ha 610K yCUIHUTeIeH, JUCIIIeH IIepco-
Ha/JIBHOT0 KOMIIbIOTEPA (TIK) myis BRIBOOA OT/IAL0OYU-
Holl nHGopMmanuu. CAY obecrieunBaeT 06paboTky
MOKa3aHUM eMKOCTHBIX JaTUHKOB IlepeMelleHH S,
a Tak>Ke BbpIJa4dy yIPaBJIAIOLIEro CUrHana, mnepe-
JaBaeMoro Ha 6JI0K yCUJIMTe e U 3aTeM IIOCTY-
IIAIOMIET0 B 3JIEKTPOMAarHUTHYO KaTyIIKY JeMII-
depa, co3maBas HeobxomuMoe IepeMelleHHUe.
YhopaBasmolias IporpamMMa peaausyeT aJiTOPUTM
yHOpaBjeHU M0 3aKoHY IIH perynsaTopa.

OBPABOTKA PE3YJ/IbTATOB SKCMEPUMEHTOB
B xoze Hccaem0BaHUN OBl IIpOBeleH 3KCIIepU-
MEHT Ha YacToTe 2T'i. Ha prc.4 mpeacTaB/ieH rpa-
GUK 3aBUCHMOCTH IIepeMellleHUsI OT BpeMeHHU
o1 gatdyukoB J1 v 12, Ha KOTOPOM IIOKa3aHO
CpaBHeHUe paboThl CUCTeMBI YIIpPaBIeHUS Ha I1ep-
COHa/IbHOM KOMIIbIOTEepe, CHH KAKUlee aMIIJIU-
Tyl BI/I6paL[I/II/I co 150 mo 20-25 MKM U CUCTeMBbI
yIpaBjeHHs Ha MHUKPOIIpoLieccope, CHUKaIee
AMIITUTYIbL BI/IﬁpaLII/II/I co 150 mo 10-15 MKM.
BelIM poBeeHBl TAK Ke SKCIIEPHMEHTHL B KA~
masoHe 4yactoT oT 0,5 mo 20 T'iy ¥ onpemesieHbl
3aBUCUMMOCTH KO3pPUIIMEHTa Ilepesauyu aMIIJIH-
Tynsl BubponepeMemeHui (KIIAB) 0T 4acTOTH
BHEIIHHX BO3MYILeHHH A/ 3aMKHYTBIX CHCTeM
aBTOMAaTHUYECKOrO YIpaBJeHUs, peajiu30BaH-
HBIX Ha IIePCOHAJIBHOM KOMIIbIOTEpe U MUKPO-
KoHTpoaepe (puc.5). KIIAB nmoka3slBaeT, KaKas
nonsi BubpomnepeMelleHHUN IMepefaeTcsl MPU
BUOpalUsIX C OCHOBaHHUS JeMIdepa Ha XKeCcT-
KHH LeHTp MeMbpaHbl 3 MP-astacTtomepa. 3TOT
mapaMeTp Ba’kKeH [Jis OLeHKH 3pPeKTUBHOCTHU
paboTel aKTUBHOTO JeMndepa U NaaTGOPMEI
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Puc.3. Cxema nabopamopH020 cmeHda 0Asl UCCAO08AHUS
akmueHozo demndepa ¢ 3aMmKHymoul cucmemol ynpasne-
HUSI Ha 0CHO8E MUKPOKOHMpoAAepad: | = akmugHbil 0emngep;
1 - >xecmkuli ueHmp; 2 - membpaHa u3 MP-3nacmomepa;
3 - Kopnyc; 4 - 3AeKmMpoMazHUMHaAs Kamywka, 5 — cepoeqyHuK
demndepa; 6 - ocHosaHue demndepa; 7 — 2alika ¢ moakame-
nem; 8 — 8UHmM xodo080l; 9 — wazoswbill d8uzamenb; bY — 640K
ycuaumenel; A1, A2, A3 - 0amuuku emkocmHvle; [1K - nepco-
HaAbHbIlU kKomnblomep; LLAT1 - uugppo-aHanozosbili npeobpa-
308amenb MUKpoKoHmpoanepa; ALM1 - aHanozo080-uudposoli
npeobpasosamenb MUKpokoHmpoaaepa; ALM2, ALM3 - aHa-
102080-UUdposbie npeobpazosamenu; ST-LINK - npozpamma-
mop,; STM32 - MukpokoHmponnep

Fig.3. Schematic diagram of laboratory stand for study of the
active damper with closed-loop control system based on micro-
controller: | - active damper; 1 - rigid centre; 2 — MP elastomer
membrane; 3 - case; 4 - electromagnetic coil; 5 — damper core;
6 - damper base; 7 - nut with push rod; 8 - screw shaft; 9 - step-
ping motor; CU - amplifier unit; D1, D2, D3 - capacitive sen-
sors; PC - personal computer; DAC1 - microcontroller digital-
to-analog converter; ADC1 - microcontroller analog-digital con-
verter; ADC2, ADC3 - analog-digital converters; ST-LINK - pro-
grammer; STM32 - microcontroller

passive quasi-zero rigid system based on an elastic sus-
pension with mass correctors, and four active dampers
based on magnetorheological (MR) elastomer [10-14].

In order to investigate the active damper, a stand
was assembled which general view is shown in Fig.2
and the schematic diagram in Fig.3. The active
damper I (Fig.3) contains rigid centre 1, membrane
2 made of MP elastomer, body 3, electromagnetic
coil 4, core 5§ and damper base 6.
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Puc.4. Tpaguku 3asucumocmu nepemelieHus om epemeHu damuukos A1 (cuzHaa c akmugHoli 8ubpou3soasuyueli daa CAY Ha mMu-
Kponpoueccope), 2 (cuzHas ¢ akmusHol subpou3soasuueli das CAY Ha nepcoHaAbHoOM Komnbiomepe) u /13 (cuzHan 6e3 akmugHoli

8U6poU30ASLLL)

Fig.4. Displacement diagrams vs. time for D1 sensor (signal with active vibration isolation for microprocessor-based controllers), D2
(signal with active vibration isolation for PC-based controllers) and D3 (signal without active vibration isolation)

B 1IeJIOM, TO eCTh [JIsl OLleHKH ee BUOPOM30/IH-
PYIOIIHX CBOKCTB:

KIIAB = i, 1)
AO
rge A, - aMIUIMTyAa BUb6polepeMeIleHU M XKeCT-
KOTO LIeHTpa; A, -~ aMIJIUTyAa Bubpomepemelne-
HUH OCHOBaHUS JeMmIidepa.

I'paduk Ha pUC.5 IeMOHCTPHPYeT 3aMeTHOe yBe-
nudeHHue 3¢ OeKTUBHOCTH BUOpPOU30ISIUHU B 0b1a-
CTHU HHU3KHX YacTOT [IJIS1 3aMKHYTOH CHCTeMBI yIIPaB-
JleHUS, peall30BaHHOM Ha MHUKPOKOHTpOJIepe
10 CpaBHEHHIO C CUCTEMOMU yIIpaBIeHHS Ha OCHOBe
[IepCOHAJIPHOTO KOMIIbIOTepa. I1olyueHHbIe pe3y/ib-
TaThI II0KA3bIBAIOT, YTO aKTUBHBIH JeMIdep C 3aM-
KHYTOM CUCTeMOM YIIpaBJIeHMs Ha OCHOBE MUKPO-
KoHTpostepa STM32 criocobeH 3¢ GeKTHBHO YMeHb-
IaTh AMIUIUTYAY BHOpoIlepeMelleHU I B JHAIla30He
OTIACHBIX JJISI HAHOTeXHOJIOTHYeCcKoro obopynosa-
HUs 9acToT 0,5-10 I'1y, mpu 5ToM KO3POUIIHEHT mepe-
Jau¥ aMIUITUTYObI BUOpoIlepeMeleHU I HaX0AHUTCS
B nuarmnasode 0,01...0,1.

BbiIBOAbI
Jlsl 3aIIUTH HAHOTEeXHOJIOTHYeCKoro o6opymo-
BaHMUS OT BHEIIHHUX BUOpalUU LienecoobpasHo

The active damper (item I, Fig.3) operates as
follows. Whenever the control current is applied
to solenoid coil 4, closed magnetic field is gener-
ated in the coil. Axial magnetic field with a given
induction is generated between core 5§ and mem-
brane 2 made of MP elastomer. The magnetic
induction causes the MP elastomer diaphragm 2 to
deform axially within the air gap and move rigid
centre 1.

Damper base 6 is subject to periodic vibrations
with defined characteristics generated by the screw
vibration setter. The amplitude of movements gen-
erated by the vibration settter is determined by the
thread pitch of the screw gear and rotation angle of
stepper motor 9. The screw gear contains nut 7 with
a pusher and lead screw 8. The displacement ampli-
tude is calculated in advance to ensure the operat-
ing stroke of up to 0.5 mm. The vibration frequency
is preset and adjusted during the experiment by the
Rigol DG1022 signal generator. The principle of set-
ter operation is as follows: stepper motor driver 9 is
supplied with voltage and a signal with the required
vibration frequency from the Rigol DG1022 signal
generator. Stepper motor 9 transmits rotation to
screw shaft 8 provided with nut 7. In order to con-
vert rotation of the screw shaft to linear movement,

Vor.15 No. 3-4 2022 NANO INDUSTRY
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Pex1M akTUBHOW BUEPOM30NALMNN C 3aMKHYTOM CUCTEMOW YNpaB/eHUs
Active vibration isolation mode with closed-loop control
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Puc.5. Tpaguk 3asucumocmu KIMAB om yacmomsl 6HeWHUX 803MyuieHUl 0As1 3aMKHYMbIX CUCMeM démomMamu4ecko20 ynpasne-
HUS$I, peanu308aHHbIX HA NEPCOHANbHOM KOMNblomepe U MUKPOKOHMpoAAepe
Fig.5. Diagram of VATC versus frequency of external perturbations for closed-loop automatic control systems implemented on a per-

sonal computer and a microcontroller

KCII0/Ib30BAHUE AaKTUBHBIX NeMIidepoB U BUOPoO-
HW30MHUPYOIHUX [I71aTGOPM Ha OCHOBE MAaTHHUTO-
peosorun4ecKHx 3J1IaCTOMEpPOB.

Hawnbonpmeil 3¢ peKTUBHOCTHIO BUOPO3A MU TH
obinagaer cucrema, obbeguHAOMAS B cebe aKTHUB-
HYIO U [IaCCHBHY BUOPOM30/ISIHIO, B YAaCTHOCTH
AKTUBHYIO CHCTeMY Ha oCHOBe MP-memndepos
U MaCCHBHYIO CUCTeMY KBa3HMHYJIeBOU >KeCTKO-
CTH Ha OCHOBe YIIPYyTOH IOABECKH C MaCCOBBIMHU
KOPPeKTOpaMH.

AKTUBHBIN AeMIIpep HA 0oCHOBe MP-3y1acToMepa
C 3aMKHYTOM CUCTeMOMU yIIpaBJeHHST Ha MHUKPO-
KoHTpoysepe STM32 3¢ PpeKTUBHO yMeHbIIaeT
BH6pauHH B Auamna3oHe yactoT 0,5-10 I'y ¢ Kos3P-
UL HeHTOM Iepefadyu aMIIIMTYABl BUbpormepe-
memeHuu 0,01...0,1.

WHOOPMALMUA O PELLEH3UPOBAHUN

Pemakuus 6arofapuT aHOHHMHOTO pelleH3eHTa
(peL1eH3eHTOB) 3a UX BKJIAJ B pelleH3UpPOBaHUE
3TOoN paboThl, a Tak>ke 3a pa3MelleHHe CTaTeHn
Ha CaMTe XKypHaja U lepefavyy UX B 37IeKTPOHHOM
Bume B HOb eLIBRARY.RU.
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nut 7 is locked against rotation and is rigidly con-
nected to the base of damper 6 thereby ensuring
accurate movement of the damper.

The closed-loop automatic control system of the
active damper (Fig.3) includes a microcontroller
STM32F407VET6 on a debug board, an amplifier
unit (UU), an ADC/DAC unit USB-6009ADC for tak-
ing readings of the capacitive displacement sensors
D1, 2, 3 with a DL6220/ECL2 sensor controller, DAC1
for analog signal transmission to the amplifier unit
and a personal computer (PC) for displaying debug-
ging information. The ACS processes readings of
the capacitive displacement sensors and outputs
the control signal to the amplifier unit and, then,
to the electromagnetic damper coil, producing the
required displacement. The control program imple-
ments the control algorithm according to the PI
controller law.

PROCESSING OF EXPERIMENTAL RESULTS

An experiment was carried out at 2 Hz frequency.
Fig.4 shows a displacement diagram for D1 and
D2 which compares a PC-based control system
that reduces vibration amplitudes from 150 pm
to 20-25 pm and a microprocessor-based control
system that reduces vibration amplitudes from
150 pm to 10-15 pm.
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Experiments were also carried out in the frequency
range from 0.5 to 20 Hz and vibration amplitude trans-
fer coefficient (VATC) was determined as a function of
the external disturbance frequency for closed-loop auto-
matic control systems implemented in the personal
computer and a microcontroller (Fig.5). The VATC indi-
cates how much of the vibration displacement is trans-
ferred from a damper base to a rigid centre of the MP
elastomer diaphragm. This parameter is important for
evaluating performance of an active damper and this
platform as a whole, i.e. for assessing its vibration-iso-
lating properties:

4,
VATC = A—O, o
where A, - amplitude transfer coefficient of rigid cen-
tre; A, - amplitude of vibration displacement of a
damper base.

The graph in Fig.5 shows a noticeable increase in vibra-
tion isolation efficiency in the low frequency range for a
closed-loop control system implemented in a microcon-
troller in comparison with a PC-based control system.
The results show that the active damper with a closed-
loop control system based on STM32 microcontroller can
effectively reduce the vibration displacement amplitude
in the range of dangerous for nanotechnology equipment
frequencies of 0.5-10 Hz, while the vibration displace-
ment amplitude transfer ratio is in the range of 0.01...0.1.

CONCLUSIONS

To protect nanotechnology equipment from external
vibrations, it is advisable to use active dampers and vibra-
tion-isolating platforms based on magnetorheological
elastomers.

The most effective vibration protection is provided by a
system which combines active and passive vibration iso-
lation, in particular an active system based on MR damp-
ers and a passive system based on quasi-zero stiffness
elastic suspension with mass correctors.

The STM32 microcontroller based active vibra-
tion damper with a closed-loop control system effec-
tively reduces vibrations in the frequency range of 0.5-
10Hz with a vibration amplitude transfer coefficient of
0.01...0.1.
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