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Abstract. The results of mathematical modeling of the active damper automatic control system based on a
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BBE/JLEHUE

CoBpeMeHHBbIe TeXHOJIOTUU IIPOM3BOJICTBA U HCCTIe-
JNOBAHUSI MUKPO- U HAHOCTPYKTYP (IIJIeHOK, 06beM-
HBIX CTPYKTYp) 00/1aaloT MHUPOKUM Habopom MeTo-
10B GOPMUPOBAHK S U KOHTPOJISI TIOKAIbHBIX CBOMCTB
[IOBEPXHOCTH, [/ 4ero Heob6XoJMMO IIPOBOLUTH
pabotel ¢ pa3pemreHreM MeHee 100 HM [1-3]. K momob-
HOMY TeXHOJOTHYEeCKOMY U HCCIeJ0BaTeIbCKOMY
060pyIOBaHMIO OTHOCSITCSL YCTAHOBKHU, HCIIO/Ib3YIO-
mue A5t 06paboTKU M aHaIM3a [TOBEPXHOCTH HOH-
Hble, 37IeKTPOHHBIE UM PeHTTeHOBCKHe IYUKH (/1eK-
TPOHHBIe MHUKPOCKOIIBI, CKAHHUPYIOLIHe 30H/0BbIe
MUKPOCKOIIbI, 060pyIoBaHHe 151 MUKPO- U HAHOJIH-
Torpaduu, obopyaoBaHKe HaHOIOKaIbHON HOHHOM
U 37IeKTPOHHON 06paboTKU U AP.), a TAKKe ONTHYe-
CKoe 13/lydyeHue (OIITHYeCKHe MUKPOCKOIIBI BEICOKOTO
paspemieHus 1 Ap.). [IpK 3ToM BaskHeHIIeH 3aauei
obecreueHHUs KayecTBa paboTel Takoro obopymosa-
HUS gBJsieTcs ero 3¢PeKTHBHAS 3alIKMTa OT BHeIl-
HUX BUOPALIMOHHBIX BO3/IeHMCTBUM B 06/1aCTH HU3-
KHX 9aCTOT, IIPHU KOTOPBIX IIPOSIB/ISIIOTCS Pe30HaHC-
Hble SIBJIEHUS. DTO 0COO@HHO BaKHO IIPH HHTEHCHB-
HOM Pa3BHUTHUH HAHOTEXHOJIOTHUH, KOTOPBIe peanu-
3YIOTCSI BOCHOBHOM 3a CUeT HCII0/Ib30BAHMU S CBEPXBBI-
COKOBAaKyyMHOI0 060pyI0BaHH I, 3/IeMEHTBI KOTOPOTO
MMeIOT HU3KYIO KeCTKOCTb (TOHKOCTeHHBIe BaKyyM-
Hble KaMepBbl, CUIbYOHBI, BBOABI ABHKEHHUS B BAKYYM
U Ip.) U, COOTBETCTBEHHO, HHM3KHe pe30HaHCHEIe
YaCTOTHL.

s 3TOTO NPHUMEHSIOTCS Pa3/iMuHble THUIIBI
BUOPOM30/MUPYIOIIUX CHCTEM, KOTOpBIe IIOApa3fe-
JISIIOTCS Ha [TAaCCHMBHBIE U aKTHBHBIE [4-8]. [TacCuBHBIE
CHUCTeMBI 3pPeKTHUBHO MOJABIAIOT BUOPALIUH IIPU
yacToTax boee 40-50 I11, IIPU 3TOM B HU3KOYaCTOT-
HOM 06/1aCTH TaKHe CUCTeMBI Mano3pPeKTUBHBI, TAK
KaK He MOT'YT CKOMIIEHCHPOBATh Pe30HAHCHEIE SIBJIe-
HUs. 719 BUOPOU30IAIMH B HU3KOYAaCTOTHOM JIHa-
Ia30He IIPUMEeHSIOT CHCTeMbl aKTUBHON BHOPOM30-
TSI, UCIIONB3YIONIKe SHePrUio JOIOTHHUTETBHOI 0
HCTOUYHHKA. Haubonpien 3¢ eKTUBHOCTHIO 061a-
JAIOT COBpeMeHHBIe CUCTeMBI, 06befUH O e B cebe
AKTHUBHYIO U IIAaCCUBHYIO BUOPOU30ISIIUIO. B 3aBU-
CHMOCTH OT THIIa HCIIOJIHUTEIBHOI0O MeXaHH3Ma
AKTHUBHBIE CUCTEMBI MOKHO Pa3/leJIUTh Ha CIeAYyIo-
IIMe TPYIIBL: THAPABIHNYeCKHe, IHEBMAaTUYeCKHe,
37IeKTPOMArHUTHBIE, Ibe3037IeKTPUYecKHe, MarHu-
TOCTPUKIJMOHHBIe, MATHUTOPEOJIOTUYeCKHe U JP.
(10-14].

MOJAENNPOBAHUE CUCTEMbI ABTOMATHYECKOIO
PEFYINPOBAHUSI AKTUBHOTO IEMIM®EPA

Hayunou rpynmnoud MITY um. H.3. baymaHa pas-
paboraHa nnardopma aKTHBHOMU BUOpou3ond-
MM Ha OCHOBe MaTrHUTOpeosorudyeckux (MP)
3mactomepoB [15]. TIpoBeseHO MOJelHpPOBaHUe

INTRODUCTION

Modern technologies of production and research of
micro- and nanostructures (films, bulk structures),
have a wide range of methods of formation and control
of local surface properties, so it is necessary to carry out
work with a resolution of less than 100 nm [1-3]. Such
technological and research equipment includes facilities
that use ion, electron or X-ray beams for surface process-
ing and analysis (electron microscopes, scanning probe
microscopes, equipment for micro- and nanolithogra-
phy, equipment for nanolocal ion and electron process-
ing, etc.), as well as optical radiation (high-resolution
optical microscopes, etc.). At the same time, the most
important task of ensuring quality of such equipment
operation is the effective protection from external vibra-
tion effects in the low frequencies range, at resonance,
phenomena are appeared. This is especially important
in case of intensive development of nanotechnologies,
which are realised mainly through the use of ultra-
high vacuum equipment, the elements of which have
low rigidity (thin-walled vacuum chambers, bellows,
motion inputs into the vacuum, etc.) and, accordingly,
low resonance frequencies.

For this purpose, various types of vibration isolation
systems are used, and they can be divided into passive
and active [4-8]. Passive systems effectively suppress
vibrations at frequencies higher than 40-50 Hz, while
in the low-frequency range such systems are ineffective
because they cannot compensate for resonance phenom-
ena. For vibration isolation in the low-frequency range,
active vibration isolation systems using the energy of an
additional source are used. Modern systems combining
active and passive vibration isolation are the most effec-
tive. Depending on the type of the actuating mecha-
nism, active systems can be divided into the following
groups: hydraulic, pneumatic, electromagnetic, piezo-
electric, magnetostrictive, magnetorheological and oth-
ers. [10-14].

MODELLING OF AUTOMATIC CONTROL SYSTEM OF ACTIVE
DAMPER

The scientific group of Bauman Moscow State Technical
University has developed an active vibration isolation
platform based on magnetorheological (MR) elasto-
mers [15]. Modelling of the developed automatic control
system (ACS) of the active MR-damper in the Simulink
MATLAB software environment has been carried out.
While modelling, the system response was analysed
under simultaneous action of harmonic vibration dis-
turbances and a stepped control signal with a step-
wise movement of the MR-damper by 5 pm. A com-
parison of three-axis and single-axis MR dampers
behaviour under axial displacement was carried out,
which showed similar dynamic characteristics with a
slight decrease in the axial stiffness of the three-axis
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Fig.1. Block diagram of the automatic control systems of one control channel of a three-coordinate MR damper with

a PID controller control

pa3paboTaHHOM CHUCTEeMbl aBTOMAaTHUYeCKOTO pery-
nupoBaHus (CAP) akTuBHOTO MP-memndepa B I1po-
rpaMMHoMu cpeze Simulink MATLAB. B mpouecce
MoZenTUpPOBaHUA Obl/la MPOaHAJIHM3UPOBaHA Peak-
LUl CUCTeMBl IIPU OJJHOBPeMeHHOM J[eHCTBUH
rapMOHHYeCKHUX BUOPAIIMOHHBIX BO3IMYIIEHHUM
M CTYyIIeHYaTOM YIIpaBIAIOLIeM CUTHAJe C IIoIla-
FOBBIM IlepeMellleHHeM MP-gmemndepa Ha 5 MKM.
B0 MpoBefeHO CpaBHeHHe MoOJeJed IoBefe-
HUS paboThEl TPeXKOOPAUHATHOTO U OLHOKOOPIH-
HaTHOTo MP-meMn¢epoB IIpH 0CEBOM IlepeMelle-
HHH, KOTOPOe II0Ka3a/I0 CXOAHble JHHAMUYECKHE
XapaKTepUCTUKHU IPHU He6OJBIIOM YMeHbIIEHUHU
0CeBOM ’KeCTKOCTH TPeXKOOPAHHATHOTO JeMII-
¢epa. [Ipu 5TOM KO3POUILIMEHT Hepetavuu aMIIIH-
Tyabl BUbpomepeMeIeHU M A1 06eX MOfenel He
npesrimaet 0,1 B guama3ode yactoT 0,3-100 I,
MogenupoBaHHe II03BOIHIIO TaKKe BBIOPATh anro-
PUTMBI yIIpaBIeHHS, CTPYKTYPy M COCTaB yIIpaB-
nspomen cucrteMmel. CTpyKTypHasi cxema CAP
OIHOT0 KaHajla yHpaBJeHUs TPEeXKOOPAUHATHOTO
MP-gemndepa c [IN]l-peryisitopom IpuUBefeHa
Ha puc.l.

I[IN[-peryndaTop 1 BCTpOeH mmocje CyMMaTopa
CUTHAJIOB IOCJAeJoBaTe/NbHO CO 3BeHbIMU CAP
MP-geMmndepa: 3/IeKTPOMaTrHUTHOM KaTYIIKOH 2,
MaTrHHUTOIPOBOAOM 3, MP-371acTOMEpPOM 4, IIOABUK-
HBIM CepJeYHHKOM 5, U3MEpPUTeJbHOMU CHCTe-
Mou 6. IlepexogHbein nponecc CAP TpexKoopau-
HaTHOTro MP-meMndepa NpH BO34eHCTBUHU CHHY-
COUANBHOTO BUOPAIMOHHOIO BO3JEHCTBHS
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damper. At the same time, the vibration displacement
amplitude transfer coefficient for both models does
not exceed 0.1 in the frequency range of 0.3-100 Hz.
Modelling also allowed to choose control algo-
rithms, structure and composition of the control
system. The structural scheme of ATS of one control
channel of a three-axis MR-damper with PID con-
troller is shown in Fig.1.

PID-controller 1is built after the signal combiner
in series with the ATS links of the MR-damper: elec-
tromagnetic coil 2, magnetic core 3, MR-elastomer 4,
moving core 5, measuring system 6. Transient pro-
cess of ATS of three-coordinate MR-damper under
the influence of sinusoidal vibration impact with
vibration amplitude of 5 pm and frequency of 20 Hz,
with input step signal - 5 pm - is shown in Fig.2.

The transient time was no more than 0.2 s, with
residual vibrations not compensated by the PID
controller. The value of the vibration displacement
amplitude transfer coefficient is 0.03...0.05.

EXPERIMENTAL RESULTS

Experiments were performed in the frequency range
from 0.3 to 100 Hz, with a maximum vibration dis-
turbance spread of 600 pm. Figure 3 shows the graph
of dependence of the vibration displacement ampli-
tude transfer coefficient (VADC) of the platform on
the frequency of external disturbances for the mode
of active vibration isolation of the MMR-1 metallo-
graphic microscope, showing the high efficiency
of the system, with the maximum value of the
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Fig.2. Transition process of the automatic control system of the
three-coordinate MR-damper

C aMIUIMTYJ0M KonebaHUM 5 MKM U 4acToTok 20 I,
C BXOOHBIM CTYIIeHYaThIM CUIHAJIOM ~ 5 MKM — IIOKa-
3aH Ha puc.2.

BpeMs mepexoqHOTO IIpoliecca COCTAaBHIIO He
6onee 0,2 c, Ipu 3TOM HabIIOAATCS OCTATOY-
Hble BuOpanmuu, He KoMIleHcHpyeMble [TH]I-
perynsatopoMm. BenuuuHa KodpPUIMeHTa Iepe-
Jadu aMIJIMTYAbl BubponepeMeIleHUH COCTaB-
nset 0,03...0,05.

PE3Y/IbTATbI 3KCMNEPUMEHTOB
Belin IpoBeleHbl SKCIIEPHMEHTHl B JHalla3oHe
qacTtoT oT 0,3 70 100 I'tr, IIpy MaKCHMMaJ/IbHOM pas-
Maxe BUOpPALlMOHHBIX BO3MYIeHHUN 600 MKM.
Ha puc.3 npuBeneH rpaduk 3aBUCUMOCTHU K03¢-
buLreHTa Iepefadyyd aMIUIUTYIB BubOpomepeme-
meHun (KIIAB) n1aTopMBbl OT YaCTOTHl BHEIIHUX
BO3MYIIEHHUH JJIs1 pesKMMa aKTUBHOIM BUOPOU3071s-
MU MeTajlJIoTpadpuyecKoro MUKpockomna MMP-1,
[IOKA3bIBAIONME BBICOKYI0 3G eKTHBHOCTD PaboThl
CUCTeMBl, IIPU 3TOM MaKCUMaJIbHOe 3HaYeHHe KO-
duIllMeHTa Iepefadyy aMIUIUTYABI [IepeMellleHHU S BO
BCeM HCC/IeflyeMOM JHalla3oHe He npesbimaer 0,071.
DTOT MapaMeTp BasKeH /15 OLleHKU 3G PeKTUBHO-
CTH paboThl aKTHBHOTO AeMIdepa U IIAaTGOPMBL
B I1eJIOM, TO eCTh AJIs OLleHKH ee BUOPOHU30IHUPYIO-

. A
IIMX CBOKCTB: KIIAB = —-, rie A; - aMIUIUTya BUOPO-

AO

nmepeMemeHHUIN >XeCTKOro LeHTpa MeMb6paHB
u3 MP-3nacToMepa, Ha KOTOPOM 3aKpeIljeH

displacement amplitude transfer coefficient in the
whole range under study not exceeding 0.071.

This parameter is important for evaluating efficiency
of the active damper and the platform as a whole, i.e.
for evaluating its vibration-isolating properties:

KIIAB = %, where A; - amplitude of the membrane
0

vibration displacements of the rigid centre made of

MR-elastomer, on which the protected object is fixed;

A, - amplitude of vibration displacements of the damper

base and the platform.

Because of the conducted researches, the developed
system high efficiency of automatic control for active
vibration isolation platform based on MR-dampers in the
extremely low frequencies area at dangerous resonant
vibrations of precision equipment occur was proved.

Figure 4 shows the comparative plots of the depen-
dence of VACIS on the frequency of external disturbances
for the proposed platform and modern active vibration
isolation systems.

The platform based on MR dampers (curve 3) demon-
strates higher vibration isolation efficiency in the fre-
quency range of 0.3-3 Hz compared to the piezoelectric
system STACIS (curve 1) and in the frequency range of
0.3-20 Hz compared to the platform based on the electro-
magnetic force actuator DVIA-MB (curve 2).

CONCLUSIONS

The analytical review of modern precision equipment
means of protection against vibration effects and meth-
ods of their automation allowed to formulate a set of
requirements to active vibration isolation systems,
including requirements to ensure the transmission coef-
ficient of vibration displacement amplitude not more
than 0.1at low frequencies.

Modelling of the system of automatic regulation of
active MR-damper in Simulink MATLAB software envi-
ronment allowed determining the transient process of
damper movement under influence of harmonic vibra-
tion effects, to choose the regulator type and calculate
their tuning parameters, to increase stability, speed and
accuracy of the system.

The experimentally obtained amplitude-frequency
characteristic of the platform automatically controlled
by means of a microcontroller on the basis of active
MR-dampers and elastic suspension with quasi-zero
stiffness showed high efficiency of vibration isolation at
frequencies of 0.3-100 Hz with the transmission coeffi-
cient of vibration displacement amplitude not more than
0.075 and confirmed the modelling results.
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Fig.3. Graph of the dependence of the vibration displacements amplitude transmission coefficient of the platform on the frequency of
external disturbances for the active vibration isolation mode of the microscope
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Ha ocHoBe MP-neMnidepoB B 06/1aCTH 3KCTPEMAJIbHO
HH3KHX YacCTOT, [IPU KOTOPBIX BO3HUKAIOT OIlac-
Hble pe30HAHCHBIe KoJebaHUS MPEeLU3UOHHOTO
obopymoBaHHUS.

Ha puc.4 moxkasaHbl CpaBHUTeJNbHbIE TPadUKHU
3aBUCUMOCTH KITAB OT YaCTOTHI BHEIIHKMX BO3MYILe-
HUH JJ15 [Tpe/ijlarae Mo I1aTGOpMBI U COBpeMeHHBIX
CHUCTEM aKTHBHOM BUOPOU30JISILIUH.

IInatdpopma Ha ocHoBe MP-memndepoB (Kpu-
Bas 3) JeMOHCTpUpYeT 6osee BHICOKYIO 3P PeKTHB-
HOCTb BI/I6POI/ISOHHLLI/II/I B AHxama3oHe yactotT 0,3-3T'11
10 CPAaBHEHUIO C I1be303JIeKTPUUECKON CUCTeMOM
STACIS (kpuBasi 1) u B guamnasoHe yactoT 0,3-20 I'1g
I10 CPaBHEHMUIO C IIJIaTGOPMOI Ha OCHOBE 3JIeKTPOMar-
HUTHOI'O CUJIOBOTO IpuBonaa DVIA-MB (KPI/IBaH 2).

BbiBOJbl

AHaNUTHYeCKUH 0630p COBPeMEHHOIO IIpelHu3u-
OHHOr0 000pyOBAaHUS, CPELCTB 3aIIUTH OT BUbpa-
IMOHHBIX BO3JEHCTBUM U METON0B UX aBTOMAaTH3a-
LIUM II03BOJIKII CPOPMYIHPOBATH KOMILJIEKC TpeboBa-
HHUH K CHCTeMaM aKTHUBHON BUOPOU30MSAIUHU, B TOM
yncie TpeboBaHUe obecriedeHUS KoO3bPUIIHEHTA
rnepesavyy aMIJIUTYABl BUOpoIlepeMeleHUH He
6osiee 0,1 Ha HU3KUX YACTOTaX.

MogenrpoBaHHe CUCTeMbl aBTOMaTHYeCKOI0 pery-
JIMPOBaHU aKTHBHOro MP-meMidepa B mporpaMm-
Hou cpezie Simulink MATLAB 10o3BOJIHIIO OITPeeIUTh
IepeXOfHBIM ITpoLiecc epeMelleHus feMpepa pu
BO3[IeHICTBHUM rapMOHHYECKHX BUOPALIMOHHBIX BO3-
IeNCTBUH, BRIOPATh TUII PeryasaTopa K PacCUHUTaTh
ero HaCTpoeudHBbIe ITapaMeTphl, IOBBICUTH YCTOMYH-
BOCTb, OBICTPOZEIICTBHE M TOUHOCTD CHCTEMBL.

DKCIePUMEHTAJILHO II0JIyYeHHasd aMIIIUTYIHO-
YaCTOTHAs XapaKTepUCTHKA aBTOMAaTHYeCKHU YIIpaB-
7sieMOM MPHU IMOMOIIKM MHUKPOKOHTPOJJIEepa IjaT-
bopMBI Ha OCHOBe aKTUBHBIX MP-memmndepos
U YIPYToH IMOABeCKH C KBa3HWHYJIeBOH >KeCTKO-
CTBIO ITOKa3aJjia BBICOKYIO 3pPeKTUBHOCTH BUOPO-
U30MA0MU Opu yacTtoTax 0,3-100 I'm ¢ ko3ddu-
LKMeHTOM IlepeJadyd aMIIJIUTYAbl Bubpormepeme-
meHU He 6onee 0,075 U IOATBepAUIA Pe3yIbTaThl
MOJIeJIMPOBAHUS.

NHOOPMALIUA O PELLEEH3NPOBAHUK

Pemakuus 61arofapuT aHOHHMHOIO pelleH3eHTa
(pelLieH3eHTOB) 3a UX BK/IaJ, B peLleH31MPOBaHUe 3TOM
paboThl, a TakKe 3a pa3MellleHHe CTaTell Ha CanTe
JKypHaJIa U Ilepefady Ux B 3JIeKTPOHHOM BHU e B HOB
eLIBRARY.RU.

Jeknapauus o KOHPAUKMe UHMepecos. Asmopbl 3a58A5K0M
06 omcymcmauu KOHPAUKITIOB UHIMEPecos UAL AUYHbIX OMHOULE-
HUil, Komopble Mo2Au bbl nosAusmb Ha pabomy, npedcmasieH-
HYt0 8 daHHOU cmambe.
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