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Y cmammi npeocmasneni pesyivmamu MoOeno8aHHS YYMAUSUX €IEMEHMIE MAAMHUKOBUX MIKDOMEXAHIYHUX
axcenepomempie (MMA). [Iposedeni 00cnioxiceHHsr | 6CMAHOGLEH] 3AKOHOMIDHOCII GNIUGY 2eOMEeMPUYHUX NAPa-
Mempie npysHCHO20 NIGICY [ MACU UYMAUBO20 eNeMEeHMA HA YACHOMY 61ACHUX KOIUBAHb 3 NONPABKOI HA 0eMny-
sanns. Ilpu modenosanni niogicie piznoi Qopmu mMemooom KiHyesux eneMeHmie SU3HAYAIU HANPYICEHO-
0ehopmoeanutl Cman yymiueux eremMenmis i npoBOOUIU AHANI3 NPYIHCHUX XAPAKMEPUCTIUK 3 MEMOI0 8UOOPY onmu-

ManbHOi KOHCMPYKYIi.

Knrwouosi cnosa: mikpomexauiumi axcerepomempu, 4ymausutl eremMenm, mMemoo KiHyegux eiemMeHmis, uymiu-

8icmb, 61ACHA YACMOMmA.

Beryn

MEMC-akcenepoMeTpi IIUPOKO BUKOPHUCTOBY-
IOTHCSI B KOCMIYHUX amaparax, aiallii, aBToMo0ii1e0y-
JyBaHHI, BHCOKOTOYHOMY O030pO€HHI — KEpOBaHHX
pakeTHHX Ta apTHiepiiicbkux cHapsimax [1, 5, 8, 10].
OnHuM 3 HaWBAKJIMBIIIMX €JIEMEHTIB MiKpOMeXaHiu-
HUX aKceJIepoOMEeTpiB € miaBicu (TopcioHun), dopma i
pPO3MIpH SKHMX 1 BU3HAYAIOTH SKICTh YYTJIIMBOTO eJie-
MenTta (YE). MopnenroBaHHsl MiABICIB pi3HOI (dopMu
JIO3BOJISIE TIPOBECTU aHAJI3 MPYKHUX XapaKTEPHCTUK
YE i BuOpatu #Horo ONTUMaIbHY KOHCTPYKITIIO.

ITocTanoBKka 3agaui

Jnsa BurotoBnenns YE MMA BUKOPHUCTOBY€EThCS
B OCHOBHOMY MOHOKpHcTaniyHuii kpemHiii KE®D-4,5
(100), sixmiif Mae BUCOKI NIPYKHI XapaKTepUCTHKH [1-3,
6, 7]. AHani3 peaabHUX BUPOOIB Ha PE30HAHC i MOX-
JMUBICTE MOMU(IKYBATH iX 3 METOI BUIAICHHSA 3 Jia-
Na30Hy 3a00pPOHEHMX BIACHUX YacTOT 3aIUIIAIOTHCS
aKTyaJIbHOIO TIPOOJIEMOIO TIPU TPOEKTYBAaHHI WYTJIH-
BUX €JIEMCHTIB MasTHUKOBHX MIKpOMEXaHIUYHHX aKce-
JIEPOMETPIB.

YyTJaMBI e1eMeHTH MassTHHKOBHX MiKpoakce-
JiepomMeTpiB

OCHOBHUM KOHCTPYKTHBHHM BY3JIOM MiKpOMe-
XaHIYHOTO aKcesJepoMeTpa € yymiuBuid eneMeHt. YE
BKIIOYae Macy (M), ska 3a JONOMOTOIO MpPY>KHHX
CJIEMEHTIB MiJBICY KPIMUTHCS IO OMOPHOI paMKu (Oc-
HOBH). IIpyXHi eleMeHTH MigBICYy PO3TANIOBYIOTH II0
KOHCOJIBHIN 2060 MocTOBI# cxemi [1, 2, 10].

ITpu MocToBi# cxemi miaBicy M mepeMimaeThCst
CTPOTO Y370BXK BUMIpIOBaNLHOI oci. baraTobanmounuii

MOCTOBHH MiBiC M XapakTepu3yeThCsl HU3BKOIO TyT-
JUBICTIO JI0 TIOTIEPEYHHX iH, BACOKUMH XKOPCTKICTIO 1
OCHOBHOIO BJIACHOIO YaCTOTOIO.

KonconbHa cxema minBicy M xapakTepu3yeThCs
BHCOKOIO OCHOBHOIO 4yTiHmBicTIO. [IpoTe Hemomixom
i€l cxeMM € MOpYIIeHHs CHiBicHOT paMku i M npu
BETMKHUX 11 MepeMilleHHAX, a TAKOXK ICTOTHA IOTepe-
9Ha 9yTIuBicTh [1, 2, 5]. UE masTHUKOBHUX MMA B
OCHOBHOMY MalOTh KOHCOJBHY CXeMy IiJBICy, [e
MIPYXKHI €JEeMEHTH 3a CII0COOOM TiABICY TMOMiOHI J0
0aJtoK, 10 MpAIoIOTh Ha 3THUH, a00 KpydeHHs (Topci-
OHH).

bazoBi mpunmnmmoBi cxemu UYE MasSTHUKOBHX
MMA npusezeHi Ha puc. 1.

MoneaoBanasa Ta fuHAMiYHUA anagiz YE

JluHamivHU{ aHaJi3 Mae Ha METi PO3PaxyHOK pe30-
HAHCHHX (BJIACHUX) YAaCTOT 1 BIAMOBITHUX 1M BIIACHUX
dbopm xonmmBanb. Ha mpaktuiii edekt pe3oHaHCy, 5K
BiZIOMO, HACTymHa€ y pasi 30iry 9acTOTH 30BHIITHBOL
30yIKYI0U0i CHITH 3 OHI€IO 3 BIIACHUX YaCTOT 00'€KTY.

Monyns COSMOSWorks pearni3ye kinacnaae KiH-
[IeBO-eJIeMEHTHEe (DOPMYIIIOBaHHS, SKOMY BIIACTHUBI
HACTYIHI OOMexxeHHS [4]:

e JnemrdyBaHHs HE BPaXOBY€EThCS;

®  HasBHICTb TE€PTS ITHOPYETHCS;

e 30BHIIIHE HABAHTAXXCHHS, MO 3MIHIOETHCA,

BIZICYTHE.

Hacninok nepmoro 00MeXeHHsI — HEMOXKJIUBICTh
OoTpuMaTH iH(OpPMAIlI0 PO CTaH KOHCTPYKIIi y MO-
MEHT pe3oHaHcy. JKomeH 3 mapaMmerpiB (TiepeMirieH-
Hi, nedopmarii, Harpyra) He po3paxoByeThes. [Ipu-
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YynHa B TOMY, IO TCOPECTUYHO BCi BOHHM MalOTh He-

CKiHYCHHY BEJIHUIHNHY.

Puc. 1. Cxemu nigsicy YE masiTHukoBoro MMA

Takox HETOCTYMHUIH aHaNi3 MOBEAIHKH B XOIi
MIPUKJIAIaHHS HABAHTAKCHb.

IIpore HaBiTH 3 ypaxyBaHHIM BKa3aHUX OOMe-
KEHb TporpaMa J03BOJIsIE BUPINIYBaTH HAaHOLIBII aK-
TyalbHY 3a7ady: BUKOHYBaTH aHANi3 pealbHIX BUPO-
0iB Ha pe3oHaHc i MoaM(piKyBaTH iX 3 METOIO BHIA-
JIEHHS 3 JTiama3oHy 3a00POHEHUX BJIACHUX YacTOT.

OCHOBHMUMH METPOJIOTIYHAMH 1 €KCIUTyaTaIlii-
HUMU Xapaktepuctukamu YE € HacTymHi:

— HOpPMOBaHE 3HAYEHHS BHUMIPIOBAaHOTO MPHUCKO-
peHHS,

—  OCHOBHA YYTJIHBICTB;

—  TONEpeYHa YyTIUBICTH;

—  YacTOTHUI poOOYMI Jiana3oH;

— rabapuTHO-MAacOBi ITapaMeTpH.

YactoTHuit pobounii miarma3oH BU3HAYAETHCS OC-
HOBHOIO BJIACHOIO YaCTOTOIO i JAeMIIpyBaHHIM B CHC-
TeMi. 301TBIIEHHS YaCTOTHOTO pOoO0YOro MmianazoHy i
OCHOBHOI BJIACHOI YaCTOTH IIOB'SI3aHE 31 3MCHIICHHSAM
M YE i miABUIIEHHSIM KOPCTKOCTI MigBICY.

Dopmyny it iepiioi BiacHoi 9actoTu (y Tep-
1ax) 3amumemo y BUrisii [1]

G,
fi=0,16,/—=, (1)
m
ne m — maca YE.

Biacny wactory UE 3 mompaBkoro Ha aemrdy-
BaHHS BH3HAYAIOThH 1O GopMyJTi

fr=r1-¢". 2

Excrunyarariitai Bumoru 1o YE € HacTynHEMMU:

e HOpPMOBaHE 3HAYCHHS BHMIPIOBAaHOTO HPHUCKO-
penns -10g;
o rnepeMinieHHs macu YE He Ounbme 50 MkM.

st 3abe3neueHHs: nux BUMor M maia po3mip B
TUTaHl SX5MM, OalTKy IPYKHOTO MiIBICY MK PO3MIipH
- 0,5x0,25x0,005 MM (TOBXKMHA X ITUPHUHA X BHCOTA).
BapiifoBaHi mapameTpu Mojenei:

— cxema migsicy UE (3 pocmimkyBaHUX BapiaHTH
MmoKa3aHi Ha puc.1);

—  JIOBXXHHA TIpyxkHoro exementy 0,5 i 0,25.
®izuKo-MexaHi4HI BJIACTUBOCTI KOHCTPYKLIHHHX

marepianiB MMA mpexctasieni B tabu. 1, 1e o — ko-

eiLieHT TeMIepaTypHOTO JIIHIHHOTO PO3MMPEHHS; £ —

MOJYNb TPYXHOCTI; 1 — Koedimient Ilyaccona; p —

MIUTBHICTD MaTepiay; [o-] — JIONyCTUMa Hampyra.

[Tpu mpoexryBanni YE HeoOxigHO 3abe3nednTH
M'ATUKPATHUHA 3amac mo MinHocTi [6]. Tomy B Tabm. 2
MIpelICcTaBJICHI OCHOBHI XapaKTepucTuku Moxeneit YE
npu nii npuckoperns a =50g y manpsmi BumMiprosa-
JBHOT OCi TIePIEHIUKYIISPHO TUIONIMHI I IKITaIKH.

Mogeas 1 (cxema miaBicy — puc. 1, a).

Ha puc. 2 npeacrasneni popmu xonmBanb YE y
BUTJISAII OJIMHAPHOTO MAasTHUKA 3 OaJOYHUMH TIPYK-
HUMU eJieMeHTaMu. Y TaOJl. 3 MpHUBECHI BJIACHI Jac-
TOTH.

Mogenn 2 (cxema miaBicy — puc. 1, 6).

BuacHi wactotn mpuBeneHi B Tabiu. 4 i BiAMOBII-
Hi iM BracHHX (opM KOJMBAaHb NPEACTAaBICHI Ha
puc. 3.

Tabmuus 1. BnactuBocTti KoHCTpyKuiitHUX Martepianis YE [5]

Marepian a-10°,°C"! E-107°, MIla H P, Mr/MM’ [], MIla
Kpemniit 2,8 1,3 0,3 2,3 200
OKcH KPEMHI0 0,6 0,75 0,17 3,5 100
Tab6murg 2. OCHOBHI XapakTeprucTHku MoJeneid YE
Cxema Po3wmip Posmipn Ganku [epemi-
Monens | minsicy MacH, LICHHS, fi, ' f,, ' f;, '
(puc. 1) MM MM MKM
1 a 5x5x0,06 0,5x0,25x0,03 42,39 482.96 45349 9880.7
2 0 5x5x0,06 0,25x0,25x0,03 20,97 570.69 879.65 1770.2
3 B 5x5x0,06 0,5x0,25x0,03 6,71 1118.7 5908.2 8205.7
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1 BiracHa yacToTa

2 BJIacHA 4acToTa

3 BJacHa 4acToTa

Puc. 2. Brnacui ¢popmu konuanb YE (Mozeins 1)

Tabmuug 3. BiacHi yactotu (Mojens 1)

Pexxum No. YacrorHuii, Pan/c Yacrorauii, 'y [epion, ¢
3034,5 482,96 0,0020706
28493 45349 0,00022051
3 62082 9880,7 0,00010121
AHami3 OCHOBHHUX XapaKTEpUCTUK Mozeneh 1 1 2 BucHoBku

(muB. Tab1. 2) mokasye, mo migsic YE moxeni 2 sxopc-
TKimmi, Hik y Mozeni 1. [lepemimenns macu y moze-
mi 1 cknano 42,39 mxwm, a 'y mojerni 2 - 20,97 MkM.

[MigBuIICHHS TOAATIMBOCTI MoJeli 1 00yMoBIte-
HO 3HIKCHHSM OCHOBHOI Iepmoi 4YacToTH M0
482,96 I'u, npyra gactora cknana 4534,9 I'm.

Mopeas 3 (cxema minBicy — puc. 1, B). Ha puc. 4
npencTasieHi ¢popmu konmBank YE y Burisiai onuHa-
PHOTO MasTHHKA 3 0aJOYHHMH IPYKHHMH €JIeMEHTa-
Mu. Y TabI. 5 nmpuBeAeHi BIacHi YaCTOTH.

Bceranosneno, mo s 3abe3neueHHs HeoOXiIHO-
0 YaCTOTHOTO POOOYOTro Jiama3oHy HEOOXiJHE -
BUILEHHS OCHOBHOI BJIACHOI YaCTOTH, IO JOCATAETHCS
30UIBIICHHSM XOPCTKOCTi. BHKOHAHHS MpyXKHOT 0aj-
KM MIHIMQJIHOT TOBXKUHH JIO3BOJISIE Y ICKIJIbKA pa3iB i
HaBITh Ha MOPAIOK 301TbITYBaTH YaCTOTHHUH POOOUMIA
Jiamas3oH i oTpuMaTH moTpiOHI MacoBO-TabapuTHI Xa-
PaKTEPUCTHKH.

1 BjacHa gyacToTa

2 BJIacHA YacToTa

3 BJacHa 4acToTa

Puc. 3. Brnacui ¢popmu xonuanb YE (Mozeins 2)

Tabmuusg 4. Biacui yacrotu (Mojens 2)

Pexxum No. Yacrorauii, Pag/c Yacrothuii, I'n Iepiox, ¢
1 3585.7 570.69 0.0017523
2 5527 879.65 0.0011368
3 11123 1770.2 0.0005649

1 BnacHa yacToTa

2 BJIaCHA 4acToTa

3 BJIacHa 4acToTa

Puc. 4. Bracui popmu xonmsans YE (Mmonens 3)
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Ta6mung 5. Bnacui wactotu (MoJienb 3)

Pexxum No. YacroThwit, Paj/c Yacrtorawii, ['11 Iepion, ¢

1 4729.5 752.73 0.0013285

2 37122 5908.2 0.00016926

3 51558 8205.7 0.00012187
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B. U. lyounen

Hayuonanvnoiti mexnuueckuii ynusepcumem Yxpaunwol ”Kuesckuil nonumexHudecKuii UHCmu-
mym umenu Meops Cuxopcrkozo”, e. Kues, Yxpauna

MCCJIEJJOBAHUE PE3OHAHCHBIX YACTOT Y COBCTBEHHBIX ®OPM KOJIEBAHWI
UYBCTBUTEJIBHBIX DJIEMEHTOB AKCEJIEPOMETPOB

B craTtpe mpencTaBieHBl pe3yabTaThl MOJEIUPOBAHMUS TyBCTBUTENBHBIX 31eMeHTOB (UE) MasTHUKOBBIX MHKpOMe-
xaHu4deckux akceiaepomeTpoB (MMA). HE MMA B 0CHOBHOM MMEIOT KOHCOJIBHYIO CXEMY IOJBEca, TAe YIpyrue
AJIEMEHTHI OA00HBI OallkaM, paboTaromuM Ha U3rub 100 KpydeHue (TOPCHUOHBI).

MeToI0M KOHEYHBIX 3JICMEHTOB IPOBEJCHBI MCCIICOBAHUS M YCTAHOBIICHBI 3aKOHOMEPHOCTH BIIUSTHUSI TEOMETPH-
YECKHX MapaMeTPOB YIPYTOro MOJBECa M MacChl YYBCTBUTEIBHOTO 3JICMEHTA HA YaCTOTY COOCTBEHHBIX KOJICOaHUit
¢ TompaBKol Ha aemmndupoBanue. [Ipy MOAETHPOBAHUM ITOJBECOB PAa3HON (OPMBI ONpEACISIN HAPSHKCHHO-
nepopmupoBanHoe coctosaue YE ¥ MpoBOAMIM aHAU3 YIPYTHX XapaKTEPHCTUK C IENBI0 BEIOOpA ONTHMAIbHOMN
KOHCTPYKIIUH.

KiroueBble cjioBa: MasTHUKOBBIH MHKPOMEXaHUYECCKHU aKCEIEPOMETp, YYBCTBUTEIBHBIN IEMEHT, METO/ KOHCU-
HBIX 3JIEMEHTOB, YaCTOTa COOCTBEHHBIX KOJICOAHMMA, JeMIIPHUPYIOIas CIIOCOOHOCTD.
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National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv,
Ukraine

INVESTIGATION OF RESONANT FREQUENCIES AND OWN FORMS OF VIBRATIONS
OF SENSITIVE ELEMENTS OF ACCELEROMETERS

The article presents the results of the simulation of sensitive elements of pendulum micromechanical accelerometers
(MMA). MMA basically have a cantilever suspension scheme, where elastic elements are similar to beams working
on bending or torsion (torsions). For the manufacture of sensitive elements MMA used mainly monocrystalline sili-
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con KEF-4,5 (100), which has high elastic characteristics. The analysis of real products for resonance and the ability
to modify them in order to remove from the range of forbidden eigenfrequencies remain an actual problem in the
design of sensitive elements of the pendulum micromechanical accelerometers.
The main constructive node of the micromechanical accelerometer is a sensitive element which includes mass and
elastic elements of the suspension, is attached to the support frame (base). Elastic elements of the suspension are
located on the console or bridge scheme.
Under the bridge scheme, the suspension M moves strictly along the measuring axis. Multilayer bridge suspension
M is characterized by low sensitivity to transverse actions, high rigidity and basic self-frequency. The dynamic
analysis seeks to calculate of the resonant (own) frequencies and their corresponding forms of oscillation.
The module COSMOSWorks implements the classical finite elemental method, which has the following limitations:
damping is not taken into account; the presence of friction is ignored; the external load which changeable is absent.
The consequence of the first limitation is the inability to obtain information on the state of the design at the moment
of resonance. None of the parameters (displacement, deformation, stress) is not calculated. Also, the analysis of be-
havior during loading of loads is not available.
However, even with these restrictions, the program allows you to solve the most urgent task - to perform the analy-
sis of real products on the resonance and to modify them in order to remove from the range of forbidden eigenfre-
quencies.
The finite element method was used to study influence of the geometric parameters of the elastic suspension and the
mass of the sensitive element on the frequency of natural oscillations with correction for damping. In the modeling
of suspensions of different shapes, a stress-strain state of the sensitive element was determined and an analysis of
the elastic characteristics was conducted to select the optimal design.
Key words: pendulum micromechanical accelerometer, sensitive element, finite element method, frequency of natu-
ral oscillations, damping ability.
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OPTIMIZATION OF TURBINE TYPE FLOW RATE TRANSDUCER WITH
HYDRODYNAMIC BALANCING OF SENSITIVE ELEMENT

Pisarets A., Korobko 1.
National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institutey,
Kyiv, Ukraine
E-mail: anna.v@ukr.net, i.korobko@kpi.ua

In the article the accuracy increasing necessity of flow rate transducer by optimizing their design parameters
is proven. Optimization of turbine type flow rate transducer with sensitive element hydrodynamic balancing pa-
rameters is one of its operation principle mathematical simulation stages. Optimization criteria are formulated in
the article allowing estimating the operation of the transducer in a dynamic mode. The design objectives choice is
substantiated. Their boundary conditions have been analyzed and determined. The optimization results of the flow
rate transducer design according to the developed algorithm are presented.

Keywords: optimization, mathematical modeling, turbine type flow rate transducer, sensitive element, hydro-
dynamic balancing.

Introduction ing instruments provides the fluid flow transducers

Fluid flow rate and volume measuring instrument
accuracy is provided by the characteristics of their
individual elements. Most modern secondary trans-
ducers of these instruments are universal and do not
create additional resistance to the measured medium
flow. Therefore, an accuracy increase of the measur-

improvement.

In turn, increasing the accuracy of measuring
transducers is possible by developing new measure-
ment methods or by improving measuring instruments
and systems based on existing methods. The im-
provement is realized by the results of numerous ex-
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