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B npexacrasiiennoit paboTe mnpeiozKeHa MOIEIb MHKPOJIEKTPOMEXAHUTIECKOTO aKCeJIepo-
MeTpa C ABYMsI HOJBHKHBIMU OAJIOYHBIMU JIEMEHTAMH, PACIOJIOXKEHHBIMU MEXK/Iy ABYMs
HEIOIBUKHBIMU 3JIeKTpogaMu. /leficTBre MepeHOCHBIX CUJT MHEPIIUH B IIPOOJILHOM HAIIPaB-
JIEHUYW TIPUBOAUT K W3MEHEHUIO CIIEKTPAJIBHBIX CBOMCTB CHCTEMBI, UTO SBJISIETCS ITOJIE3HBIM
BBIXO/IHBIM CUTHAJIOM JAT4YuKa. JInHaAMUKA CHUCTEMBI IIPU HAJIMYIUHU CJIa00i JIEKTpOCTaTAdIe-
CKOI CBSA3M MEKY IyBCTBUTEIBHBIMH dJIEMEHTAMH XapaKTePU3yeTcs SIBJIeHNEM MOJATBHON
JIOKAJIN3aIA — 3HAYUTEHLHBIM N3MEHEHNEM aMILIUTYIHBIX COOTHOIINEHUH st (DOPM CHH-
da3HbIX 1 TPOTUBOMA3HBIX KOJIEOAHUN IPU MAJIBIX U3MEHEHUIX U3MePIeMOil KOMITIOHEHTHI
BEKTOPa YCKOPEHUsl MOJIBUKHOTO 00bekTa. [[ocTpoeHbl auarpamMMbl MOJTOXKEHUH PaBHOBE-
CHsl IPU BapbUPOBAHUH PA3HOCTH MOTEHIINAJIOB MEXK/Iy HEIOJBHUKHBIM 3JIEKTPOIOM M IIO-
IBUZKHBIM 9JIEMEHTOM U MEXKY ABYMs IIOABUKHBIME 3dj1eMeHTaMu. VlcciieoBaHbl 3aBUCH-
MOCTH YaCTOT W OTHOIIIEHWE KOMITOHEHT COOCTBEHHBIX BEKTOPOB OT BEJIMIUHBI HHEPIIMOHHO-
ro BozaeiicTBus. [lokazaHo, 9YTO 4yBCTBUTEIBHOCTD JIATYUKA, OCHOBAHHOTO HA MOJAJILHON
JOKaJIN3allud, MOXKeT Ha IOPAJKU IPEBOCXOAUTh YyBCTBUTEJIbHOCTH HM3BECTHBIX CHCTEM,
0a3UpyOIMMUXCs Ha U3MEPEHUU CABUTa COOCTBEHHBIX YacToT. llocTpoeHna HenmuHelHasi Tu-
HaMU4ecKasl MOAeJb aKCeJepOMeTpa IPHU BHEIIHEM NapMOHUYECKOM 3JIEKTPOCTATUIECKOM
BO30y XK ieHun Kojebanuii. [losrydenbl pe3oHaHCHBIE XapaKTEPUCTUKH, IPOBEIEHO CpaBHE-
HUE MO/IeJIN, OIICHIBAIONIEil MO IbHbIE XapaKTEPUCTUKN CHCTEMBI, U MOJIEIN, TEMOHCTPHU-
pyIoIeil peaJbHBIN JUHAMUIECKUH PEXKUM PabOTHI C yI€TOM HEJMHEHHBIX (DAKTOPOB.

Karouesvie caosa: pe30HAHCHBIN aKCeJIepOMETD, CIa0OCBA3aHHASA CUCTEMA, MOJAIbHAS JIO-
KaJIM3alysl, PE30HAHCHBIE KPUBBIE.

1. Beeagenmne. OHuM 13 M€peIOBBIX HAIPABJICHWUI PA3BUTUS WHIyCTPUA HAHO- W
MHUKPOCHUCTEM sIBJISIETCsI Pa3pabOTKa BBICOKOTOYHBIX HAHO- W MHUKPOIJIEKTPOMEXaHUJIe-
CKHUX CEHCOPOB, OCHOBAHHBIX Ha IIPUHITUIIE MOJAJIbHOI JIOKAIN3a1UN KoJeOaHuil B cjiabo-
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CBsI3aHHBIX cucreMax [1, 2|. fIBieHne MOJAIBHOMN JIOKAJIM3AIUE COCTOUT B CYIIECTBEHHOM
M3MEHEHUU COOTHOIIEHUS aMILUIUTY/] KoJeOaHuil ci1aboCBSI3aHHBIX YIPYTUX IyBCTBUTEIb-
HBIX 3JIEMEHTOB B OTBET HA M3MEHEHWE KeCTKOCTH cucTeMbl |3, 4]. B mmposoil mrxke-
HEPHON M HAay4IHOU JimTepaType coobimaercs 06 ycrexax B CO3JIAHUU MMHPOKOrO KJIACCA
JIATIUKOB PA3IMIHBIX (DU3NIECKUX BEJMINH, TOCTPOEHHBIX HA YKA3aHHOM IIPUHITAIIE: Jie-
TEKTOPOB MacChl HAHO- U MUKPOYACTHIL, JIATIHKOB IIEPEMEIIEHUT U JKECTKOCTH, SJIEKTPO-
MeTpOB. Psiyi paboT MOCBSIIIEH 9KCIIEPUMEHTAILHOMY HCCIIEIOBAHUAIO ODINNUX XapaKTepu-
CTHUK MOJIAJIbHO-JIOKAJIM30BAHHBIX MUKPOCUCTEM M PA3pabOTKE aJITOPUTMOB yIIPABJICHUS
ux konebanuamu |5, 6].

UHurencuBHOe pasBuTHE B MOCJEHUE TOJLI MMEET HAIpaBJeHHe pa3pabOTKU BHICO-
KOTOYHBIX MIMC-1aT9UKOB HHEPIHAILHON HHMOPMAIINNT — AKCEeJEPOMETPOB U TUPO-
CKOTIOB. AKTWBHBIE WCCJIEIOBaHMsI BEIYTCs B OOJACTH IIPOEKTUPOBAHUS PE3OHAHCHBIX
AKCEeJIepPOMETPOB, MPUHIUII PA0OTHl KOTOPBIX OCHOBAH HA M3MEPEHHUU CJIBUra COOCTBEH-
HBIX YaCTOT YyBCTBUTEJILHOIO 3JIEMEHTa IIPH JefCTBUM IIE€PEeHOCHBIX CHJI uHepiwu [7].
Mopasibao-stokam3oBanable MOMC-akcesepoMeTpsl SIBISIOTCS MEPCIEKTUBHBIM Pa3BU-
THEM 3TOrO Kjacca JTaTaukob (8, 9]. PesymbraTsl paGoT mOCTEmTHWX JIET MOKA3BIBAIOT,
9TO YYBCTBUTEIBHOCTH CHCTEM, B KOTOPBIX HCIIOJIb3YETCsl SIBJICHIE JIOKAJIU3AIUN KOJieba-
HUli, MOXKeT ObITh Ha 1—4 mopsijaKa BbIIIE, YeM Yy JIaTYNKOB, OCHOBAHHBIX HA M3MEDPEHUU
capura gactor [10]. Peasmsaiust ajieKTpoMeXaHIIECKUX apXUTEKTYD ¢ auddepeHmanb-
HBIM CbEMOM BBIXOJHOTO CHUTHAJIA MTO3BOJISET 00ECHEUNTh TAKXKE 3HAYUTEIHHO MEHBIITYTO
YYBCTBUTEJILHOCTH CUCTEMBI K HOOOYHBIM (DaKTOpaM OKPYZKalolleil cpeipl (U3MeHeHune
TEeMIIEPATYPBI, JIABJIEHUS U T. JI.) B CPABHEHHU C KJIACCHYECKUMU CXEMOTEXHUIECKUMHE Pe-
IIIEHUSIMU.

B nacrosmeit pabore npejaraeTcss MOJeb U HCCIIELYyeTCs HeJUHeHHas JTUHAME-
Ka CBOOOJIHBIX W BBIHY2KJIEHHBIX KOJiebaHuii juddepeHmajbHOr0 MOJAIBHO-TOKA N30~
BanHoro MOMC-akcesrepoMerpa, COCTOSAIIETO0 U3 JIBYX JIEKTPOCTATUYECKU CBA3AHHBIX
MUKPOOAJIOUHBIX 9yBCTBUTE/IHHBIX 3JIEMEHTOB C CHMMETPUYHO PACIIOJIOKEHHBIMEA WHED-
UOHHBIME Maccamu (puc. 1).

Wuepruonnas
Macca

Wuepryonnas
macca

Puc. 1. Cxema akcesiepoMerpa.

[Ipu BOBHUKHOBEHHUH [IPOIOIBHOTO YCKOPEHHS B CHCTEME NHEPIIMOHHBIE MACCHI CO3/1a~
IOT IIPO/IOJIBHYIO C2KUMAIOINIYIO CHJIY JIJIS OJTHOI'O PE30HATOPA U PACTATUBAIONLYIO CULY /14
JPYTOro PE30HATOPA, YTO MPUBOJIUT K U3MEHEHUIO CIIEKTPAJIbHBIX CBOMCTB cucTeMbl. Kak
ITOKA3aHO JaJiee, IpU HAJIUYIUU CJIabOoi 9JIEKTPOCTATIHIECKON CBSI3U MEXKY UyBCTBUTEJIb-
HBIMU 3JIEMEHTAMU JUHAMUKA CUCTEMBI XapaKTePU3yeTCs SIBJIEHUEM MOJIAJJIbHON JIOKAJIN-
3amuy — 3HAYATE/HbHBIM H3MEHEHHEM aMIUINTYIHBIX COOTHOIIEHui st hopM cuHba3-
HBIX U TPOTUBOMA3HBIX KOJIEOAHUI IPU MAJbIX U3MEHEHUSX U3MEPAEeMOil KOMIIOHEHTHI
BEKTOPa YCKOPEeHUs O0bEKTa.
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PesynbraThl pemenust HeJTMHEHON 33,191 CTATUKA J1e(POPMUPYEMBIX JIEMEHTOB CH-
CTeMbI B 3JIEKTPUYECKOM II0JI€, & TaKKe WCCJIeIOBAHUSI CIEKTPAJIbHBIX XapPaKTEPUCTHK
KOJ1e6ATeIbHON CHCTEMbI B JIMHEHOM [PUOJIMZKEHUH 1IPEeCTaBjIeHbl B padore [11].

2. IlocTtpoeHue HeqmHeitHOIT Momenam gaT4duka. llepeiiiem K wmccie0BaHUIO
JUHAMIYIECKOTO peXKmMa paboThl MpejIaraeMoil Moge n akcejaepomerpa. PaccMoTpum
cirydait Bo30yKIeHUsT KOJIeOaHmil OT BHEITHEr0 NeHepaTopa — JANHAMHUKY CHCTEMbBI B OT-
KPBITOM KOHTYype. [Ipumem, 9T0 mepeMeHHoe HaIpsizKeHne COODITAETCsT K OHOMY U3 dJIEK-
TPOJIOB; BTOPOI HEIOJIBUKHBIN 3JIEKTPO/T UCIOJIB3YETCs JIJIsi M3MEPEHUsT KOJIe0aHuil co-
OTBETCTBYIOIETO OAJIOTHOTO JIEMEHTA.

Hesuneiinble ypaBHeHUs] TUHAMUKY CHCTEMbI B 0€3Pa3MEPHOM BHUJIE 3AITACHIBAIOTCS
CJTEIYTOMIIM 00Pa30M:

1
1 . . 2 1 a(Vpc+Vac coswyt)? AV?2 _
W+ Crontin +101 + [Ppon — Csp [ wiEdz]w] — racspert) | A =0,
0
1 2
1 . . 2 1 aV; AV?
whH" + Cronthz + W2 + [—Pron — Csp [ whdz|wh + TS — T = 0.
0

1)

B mpakTuueckux 3agadax Vaic < Vpo, mosromy

(Vbe+Vac cos (Uft)g = VDQC+2VD0VAC CcoSs Oth—FVjC cos® wyt ~ VD20+2VD0VAC coswyt.

(2)

IMoacrasisem (2) B (1):

1 2
mn : . 2 " aV, 2aVpceVac coswyt
w" + Crontin + W1 + [Ppon — Csp [ wEdz]w! — o2y — clac ot
0
aAV? _
+ (1+w17w2)2 - 07 (3)
1 2
1 . . 2 1 aV AV?
wy" + Crontha + Uz + [~ Pron — Csp [ Wi dzlwy + 77257 — a5, —wmz = 0-
0

PaCKJIa,IH)IBaeM HpOI‘I/I6I)I Hamux 0aJIoK Ha CTaTUYIECKYIO 1 JUHAMUIECKYIO 9aCTh:

wr (x,t) = wis(x) + wia(z, t),
wa(x,t) = was () + wad(z, t),

(4)

rie wis(x) u was(x) GepyTCs U3 pelleHnsl CTATUKH. DJIEKTPOCTATHIeCKas KOMIOHEHTA,
packJajipiBaeTcs B psjl, Tefliopa 10 3-ro mopsijika BKJIOYATEILHO, TaK¥Ke CTaTUYecKasl
KOMIIOHEHTa ypaBHEHUi yXOIUT U3-3a YCJIOBUSI HaXOK/IEHHUs II0JI0KEeHUsl paBHOBecHd. B
UTOre HOJTydaeM ypaBHEHUs IBUKEHUs] BOKPYT HallJJIeHHOTO MOJIOXKEeHUs] pABHOBECHS, KO-
TOpBIE He IIPUBOJAATCS 371eCh B CIIY CBOeil TPOMO3IKOCTH.

Hcnonbsyem Merof, [ajepKuHa, yauThIBasl UL HIZKHEE (GOPMBI KOJIeOaHUit IBYX
0aJIoK:

()

rae u(t), v(t) — MojaabHbIe KOODJMHATHI, ¢1 — epBas cobcTBeHHast (hopMa.
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VYpaBHEHUs JBUKEHUST UMEIOT BUJT

i+ Goou = —Gru — Gou? — Gau® + Gau + Gsu — Geu® + Gru® — Ggv — Ggv? —

— G100® + Griu + Grau? + Grsu® + Grau cos wrt + Gysu? coswyt + Geu® cos wyrt +
+ Gi7v%u — Gigvu® + Grovu + Gog cos wyt — Gagtl,

b4 Fioo = —Fio + Fyv? — Fy0® — Fyo + Fsv + Fgv? + Fou® — Fyu — Fou? —

3 2 3 2 2 .
— Fiou” + Fiiv — Fiov® 4 Fi3v® — Fiuv®u + Fisvu” — Figvu — Figo,

(6)

rie kodddunuenter G; n Fj 3aBucaT ot mapaMeTpos Ppop, Csp, Vpe, Vac, AV.

Penenne cucrembr Hesimaeiiabrx OJLY OyieM HAXOIUTD € IIOMOIIBIO ACHMIITOTHIECKO-
ro MeToZia MHOrUX MacmTaboB. BeeneMm B ypasuenus (6) MaJiblii mapaMeTp € CJIeLy FOIuM
obpazom:

i+ w?u = —eGhu — Gou® — Gau® + eGuu + Gsu — Gu? + Gou® — eGgv — Gov?—
—Gov® +eGriu+Grau +Gisud +£3Grau coswft—|—53G15u2 coswft—|—53G16u3 cos w gt
+G70%u — Gigvu® + Grovu + £2Gay coswyt — eGaall,

b+ wv = —eFlv 4+ Fov? — Fyud — e Fyv + eFsv + Fgv? + Fro® — eFyu — Fou®—

—Fiou® + eFiv — Fiov? + Fi30® — Fiv?u + Fisou® — Figou — e Figo.

(7)

Cutetyst MeTOJy MHOTHX MAacInTaboB, penieHre OyieM UCKATh B BUJIE

u = €U1(T0,T1,T2) =+ €2u2(T0,T1,T2) =+ €3U3(T0,T1,T2),

8
V= 61}1(T07T17T2) + 621)2(T07T1,T2) + 631)3(T0,T17T2)7 ( )

kT — pa3JInIHbIC MacIITabbI BpEMCHHU.

re Ty =€
Paccmorpum  cirydail miiaBHOro pesoHaHCa — OJIM30CTH COOCTBEHHOM YaCTOTHI

MMAPHUPHO-OTIEPTOI OAJKHU M IaCTOTHI BO30Y K ICHUS:
wf =w+ o1, 9)

Ijle 01 — YACTOTHAs PACCTPOWKA BHEITHEr0 BO3JEWCTBUSA, W — COOCTBEHHAS YaCTOTa
MMAPHUPHO-OMIEPTOH OATKH.
[IpousBosHbIe O peabHOMY BPEMEHU T BBIPA3UM 4Yepe3 Mpou3BoHbIe 10 Tk:

d d?
— =Do+eDy +e2Dy,  —
dr?

. = D} +2eDyD; +£* (D} + 2Dy D>) (10)

rie Dy, = 0/0Ty. Ioncrasnss (8) u (10) B ypaBuenns (7) u rpynuupysi 9/aeHsl [0 CTe-
HeHSAM IIapaMeTpa £, IOJLY UM HTEPAIHOHHYIO ITOCJIEI0BATEIbHOCTD CHCTEM YPaBHEHMIL:
YDABHEHHUsI IIEPBOTO HPUOJIMKEHHUSI:

Dgul + wuq = 0, (11)
D[Q)vl + w2v1 =0
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YpaBHEHUsA BTOPOTO HpI/I6JII/I}KeHI/IHZ

D(2)U2 + w2u2 = —2DgDiuq + Gauy — GoaDoui — Grug + Gsug + Griuri—

2 2 2 2
—Ggv1 — Gauy — Geul + Grauy — Govi + Giouvy,

12
ngg + w2v2 = Fsv1 — 2DgDqvy — FigDgvy — Fyup — Fivg — Fyui+ ( )
+ v — Foul 4+ Fyv? + Fev? — Fiovl — Figujvs;
YPaBHEHHS TPETHEIO IPUOJINKEHIS:
D(Q)U3 + wQU3 = Gaug — 2Dy Dyus — 2Dy Douq — D%ul — Giug + Gsus+
+G11us — Ggvg + Gog coswyt — G3u‘f + G77.L:f + G13u§—
—G1ov} — Gaz(Doug + Dyur) — 2Gouius — 2Geuius+
+2G12u1uz + Grouivs + Grougvy — 2Gov1vs + Grrugvi — Giguivy, (13)
ngg + ’LU2U3 = F5’l)2 - 2DOD1’l}2 - 2DOD21}1 - D%’Ul - FgUQ - Flvg—
—Fyvo + Fiivg — qu? — ng:f + Fﬂ)% + Flgl):f—
—Fi3(Dova + Div1) — 2Fyuiug — Figuiva — Figugvi+
+2F5v1v9 + 2Fgv1vg — 2F 90102 — Fiaugvi + Fisuivg.
Pemenue nopoxaoneii cucrembl ypasaenunii (11) umeer Bus
uy = Ay (T, To) €70 + Ay (Ty, Ty) e ™70, (14)
v = Ay (Tl, Tg) €in0 + AQ (Tl7 TQ) eil‘wTO7
rjie KOMILICKCHBIE aMILIHTYAbI KOJIeOAHii MOTYT OBITDL 3allHCAHbl KAk
1 .
Ao (T, Ty) = 5012 (Ty, Tp) 12T T2) (15)

31ech a; U B; — moJIeXKalye OlpeaeIeHII0 aMILIATYbI 1 (pa3bl KoaebaHuil Kak (yHKIII
MeJIJIEHHBIX TlepeMeHHbIX 17, Th.

YcaoBust OTCYTCTBUST CEKYISIPHBIX CJIATAEMBIX B PEIIEHUSX YPABHEHUN /I CTAPIITIX
MIPUOJIMKEHWH TTO3BOJISIIOT 3aIUCATh CUCTEMY anddepeHITnaIbHBIX YPaBHEHNH TePBOTO
MOPSJIKA OTHOCUTEILHO BEJIUYUUH a1, G2, X1, X2 BUIA

da1

—_— = F

= 1 (a1, a2, x1, X2) 5

da

d_2 = Fy (a1,a2, X1, X2) s
- (16)

dxa

d_ = F3 (&1,@27X17X2) I
-

d

% = Fy (a1, a2, x1,X2) ;
-

rae MOAMpUIMPOBAHHBIE (DA30BLIE IIEPEMEHHBIE X1, X2 CBA3aHBI ¢ (1, B2 10 (bopmyIam

X1,2 = 51,2 —01T. (17)
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First Beam

e Slow-time amplitude variation
—— Direct time integration

20015 1 1 1 1 I
0 0.05 0.1 0.15 0.2 0.25

t,s

-0.01

Second Beam
001

0.005

-0.005
e Slow-time amplitude variation

——— Direct time integration

2001 1 I 1 1 |
0 0.05 0.1 0.15 02 0.25

[}

Puc. 2. CpaBHEHHE TOYHOIO U aCUMITOTUYECKOro pemenuit upu Vpo = 2V, AV = 0.4V,
P, non — 0.

SBHblii Buy ypaBHeHuii (16) nMeer rpoMO3IKHI BUJL U IIO9TOMY 3/1€Ch He IPUBOUTCSL.
HeobxouMble CUMBOJIbHbBIE BBIYUCIEHNS] BBITIOJIHEHBI METOJAMU KOMIILIOTEPHOMH aJareopbl
B nporpaMMuoM Kominiekce MATLAB.

3. Bepudukamnus mocTpoeHHOII MoOAeJn B MEIJIEHHBIX II€peMeHHbIX. Boi-
TTOJTHAM BePUPUKAIIIO TIOCTPOCHHOM MOIEN B MEJIEHHBIX TIEPEMEHHBIX ITyTEM COITOCTAB-
JIEHU S [IOJTy Y€HHOTO aCUMIITOTHYECKOr0 pelleHust ypaBHeHuil (16) ¢ HpsMbIM Y4UCJIEHHBIM
UHTerpupoBaHueM cucreMbl (6) [1Jis HEKOTOPBIX (PUKCUPOBAHHBIX 3HAYCHUIT [IAPAMETDOB.

B Tabmie npuseseHbl HapaMeTphl CUCTEMbI, IIPY KOTOPBIX IPOBOAATCS PACUYETHI.

3HadyeHusI OCHOBHBIX ImapamMeTpoB CUCTEeMBbI
" BBEAEHHDbIX 6e3pa3MeprIx ImapamMeTrpoB

TTapamerp 3HadeHune
PasHOCTh HOTEHIMAJIOB MEXK/Ly IOABHXKHBIM M HENOABMXKHBIM dj1iekTponoM (Vpe) | 2V
Pa3sHOCTb HOTEHIMAJIOB MEXKJLy NOABHKHBIMU dj1ekTposamu (AV) 0.4V
TIpuknaneiBaemMoe nepemenHoe Hampsizxerue (Vac) 0.002V
?Kecrkocrs npyxusst (Csp) 0.0013
TTapamerp auccunammu (Cron) 0.004
KoaddunuenT nepen anekrpocrarnieckoil cuitoit (o) 0.2913

Ha puc. 2 nmokazaHo cpaBHEHHUE MPSIMOTO YHCJIEHHOTO MHTEIPUPOBAHUSI C PEIIIEHHEM
B ME/IJIEHHBIX [T€PEMEHHBIX, [TOJIyY€HHBIM METOJ0M MHOI'UX MAaCIITabOB.

B mamnom caydae BO3OyKmeHWE KoJIeOAHUIT ITPOMCXOAUT IO OJHOMY 3JIEKTPOILY
(BepxHEMy), HOITOMY aMILIUTYAa BepxHeil Gajku uMeer GoJibliiee 3HAYECHHE, UE€M aM-
IUINTYa HIDKHeH Oajiku. Kak BHJIHO M3 PUCYHKA, MPSMOE YHMCJIEHHOE WHTErpUpPOBAaHIE
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COBIIaJJaeT C aCUMIITOTUYECKUM DeEIIeHrueM, 9YTO IIO3BOJIAeT HMCIIOJIb30BAaTh aCUMIITOTHUYE-
CKO€ DPa3JIO2KEHUEe JIJId ﬂaﬂbHeﬁIﬂeI‘O uccjaeJ0oBannd aMIIJINTYTHO-9aCTOTHBIX XapaKTepu-

cruk (AYX).

4. UccaenoBaHne pe30HAHCHBIX KPUBBIX cucreMbl. Ha puc. 3 mokaszana AYX
BepxHell U HUXKHel OAJIOK [IPU BApbUPOBAHUU ITapaMerpa cjiaboii cesi3u AV npu dukcu-
POBaHHOM 3HAYEHUH [Te€peMeHHOro Hanpsizkerns Vac = 0.002V.

0.04 -

——AV=02V
——AV=04V
AV=106V

0.03 -

< 0.02F

o :_/

I I I
-0.18 -0.17 -0.16 -0.15 -0.14 -0.13 -0.12 -0.11 -0.1 -0.09
g1

0.03

——AV=025V
——AV=04V
AV=10.6V

0.02 [

0
-0.18 -0.17 -0.16 -0.15 -0.14 -0.13 -0.12 -0.11 -0.1 -0.09
g1

Puc. 3. AYX nepsoit u BTOpoil 6ajloOK IpU BapbUPOBAHWH IIapaMeTpa
ciaboit cesizu AV npu Vo = 0.002V, Ppon = 0.

Kaxk Bugno us puc. 3 upu AV = 0.25V Ha BTOPOM NOJBUKHOM 3JIEMEHTE HE Ha-
6JII0/IaeTCST JIBYX PE30HAHCHBIX IHUKOB, 9TO HPOUCXOIUT M3-33 HEIOCTATOYHON BEJINTIH-
HBI Pa3HOCTH IIOTEHINAJIOB MEXKIy JABYMsI ITOJBUKHBIMHU 3JIEMEHTAMH, T.€. CYIIEeCTBYeT
HEKOTOPBIil TOPOT CHU3Y JJIs BEJIMIUHBI CJ1a00i cBst3n. Takke MOKHO 3aMETHUTD, YTO Pe-
30HAHCHAS] 9aCTOTa, COOTBETCTBYIONAsS JacTOTe CHH(bA3HBIX Kojebanuit (o7 = —0.123)
IPAKTUYIeCKN He M3MEHIeTC .

Ha puc. 4 nokazana AYX BepxHeil u HUXKHEIl OAJIOK TP BAPbUPOBAHUE IAPAMETDA
ciaboit cesisu AV npu (puKCHpPOBAHHOM 3HAYEHWM IIEPEMEHHOI'O HAIpsiKeHust Vic =
0.02V. 13 pucyHKa BUIHO, UYTO IPU YBEJUUYCHUM BEJTUIUHDLI IIEPEMEHHOTO HAITPIKEHUS
reHeparopa V¢ aMIUINTYIHO-9aCTOTHBIE XAPAKTEPUCTUKN UMEIOT CUJIBHO BHIPAYKEHHBIN
HEJIMHEUHBIN XapaKTep ¢ MHOXKECTBEHHBIM YepPEIOBAHUEM yCTOMYMUBBIX U HEYCTONYUBBIX
BETBEH quarpaMMbl.

Ha puc. 5 nokazana AYX BepxHeil u HuXKHEIl OAJIOK TP BAPbUPOBAHWUY IIAPAMETPA
oceBoii cuiibl Py ,y,. VI3 pucyHKa BUIHO, YTO HAJMYWE OCEBOW MHEPIIMOHHON CHJIBI CyIIe-
CTBEHHO BJIMSIET HA IUHAMUKY ITOJIBUYKHBIX 3jieMeHTOB. Tak, npu Py, = —0.002 amrim-
TyZa TEepBOil OAJKM B MPOTUBOMGA3HOM pPEKUME HUXKE, €M B CHH(A3ZHOM PEKUME, aM-
IUIATY/Ia BTOPOil 6K B CHH(MA3HOM U MPOTUBOMA3HOM PEXKUMaX He MMeeT TAKON sPKO
BhIpazkeHHoi 3aBucumoctu. [pu P, = 0.002 moBejeHme epBOro MoABUKHOIO 3JIEMEH-
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0.6

——AV=025V
——AV=04V
AV=06V
0.4
<
02t \
e \
0 T I h I |
-0.22 -0.2 -0.18 -0.16 -0.14 -0.12 -0.1
g1
03
——AV=025V
——AV=04V
AV=06V
0.2
<
0 . ! ; — 7 [
-0.22 -0.2 -0.18 -0.16 -0.14 -0.12 -0.1

Puc. 4. A9X nepsoit u BTOpoil 6ajloOK IpU BapbUPOBAHUH IIapaMeTpa
cnaboii cestzu AV npu Vac = 0.02V, Ppon = 0.

0.04 - Pron=-0.006
Ppon=-0.003
Pron=10
0.03 - —— Pupu= 0,002
- ——— Poyu= 0.005
= 0.02
0.01
0 I I . . I . |
-0.16 -0.15 -0.14 -0.13 -0.12 -0.11 -0.1 -0.09
a1
0.03
—— Pyon=-0.006
—— Pyon=-0.003
Pron=10
0.02 - —— Popu= 0.002
R ——— Pyon= 0.005
<
0.01
0 . .
-0.16 -0.15 -0.14 -0.13 -0.12 -0.11 -0.1 -0.09

Puc. 5. AYX nepBoit u BTOpoil GaJIOK IPU BapbUPOBAHUU HApaMETPa
oceBoit cunbl Phon ipu Vo = 0.002V.

Ta M3MEHSeTCs HA IIPOTUBOIIOJIOXKHOE, & JJIsi BTOPOU OAJIKU COXPAHSIETCS HEN3MEHHOCTH
BEJIMYMHBI AMILTUTY/IBI.

Ha puc. 6 nokazana AYX BepxHeil n HizKHe# OAJOK IPY BAPbUPOBAHUY BEJIUIMHBI
[TEPEMEHHOIO HAIIPSKEHUs VA
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Vac=0.002 V'
Vac= 0.008 V'
0.3 Vac=0.02V

-0.2 -0.18 -0.16 -0.14 -0.12 -0.1

Vac=0.002 V'
Va
Vac=0.02V

0.2

0.1r

-0.2 -0.18 -0.16 -0.14 -0.12 -0.1
g1

Puc. 6. AYX niepBoii u Bropoii 6a/I0K IIpu BapbUPOBAHUU BEJIMIUHBI I1€-
peMeHHOro Hanpsixkeuusi Vac upu Ppon = 0.

W3 puc. 6 BuamHo, 9TO IPU yBEJINIEHUN IIEPEMEHHOIO HAIPSKEHUS V¢ 3aBUCUMOCTD
AMILIATYIBI KOJIeOaHUit OT PACCTPONKN BHEINTHEH 9aCcTOTHI CTAHOBUTCS CHJILHO HEJIUHEH-
HOI1, XapaKTep 3aBUCUMOCTH IIPpUOOpeTaeT CJIOXKHBINH BUI.

st oty deHus YUCIeHHONW 3aBUCUMOCTH aMILIUTY/IHOTO OTHOIIEHUS JIBYX TIOJIBUK-
HBIX 2JIEMEHTOB OT BEJIMIUHBI OCEBO CriIbl ObLIN ocTpoenbl AUX i iepBoit U BTOpoii
0aJIOK ¥ OTMEYEeHBI HeOOXOANMbIE TOUKH I pacdeTa. s mepBoit baaku ObLIO HAIEHO
3HaUYeHNe JacTOTHOM paccTpoiiku o1 = —0.133, cooTBeTCTBYyIOIIEE PE30HAHCHOMY IHKY
Ha KpuBoi. Jljisi BTopoii 6aJIKu IIpu 3TOi 2Ke YaCTOTHON pacCTpOUKe MUK aMILIATY/IbI He
HabJIIOAETCSI.

Ha puc. 7 nmokazano MakcuMaJjbHOE 3HAYEHHE AMILIATYIBL JJIs IEPBOIO U BTOPOTO
[TO/IBUKHBIX 3JIEMEHTOB. VI3 pucyHKa BHIHO, YTO JJI HIEPBOTO IOJBH2KHOIO IJIEMEHTA
3aBUCHMOCTb MAKCHUJIBbHOI'O 3HAYEHUS aMILJIUTYJIbl OT BEJUYUHBI OCEBOM CHJIBI JIJIsl CHH-
dazHoro u nNpoTuBodaA3HOr0 PEKMMOB UMEET IIPOTHBOIOJIOKHBIN XapaKTep, TOrIa KaK
JIJIt BTOPOTI'O TIOJBUYKHOTO 3JIEMEHTA, KOTOPBIN He HAXOIUTCS IO IIPSIMBIM BO30Y 2K IEHIEM
[I€EPEMEHHBIM HAIIPSY)KEHNEM UMEET CXOXKWil XapaKTep [Jisi CHH(A3HOIO U aHTH(AZ0HOTO
PEXKUMOB.

Ha puc. 8 nmokazana AYX mneppoil u BTopoii 6aJI0K ¢ y4eToOM HaliJIeHHBIX TOYEK Ha
DPE30HAHCHBIX KPUBBIX, HEOOXOIMMBIX JIjIs PAcdera aMILINTYIHOIO OTHOIIEHUS.

AmMmuTyiHOE OTHOIIEHNE JIBYX TOABUKHBIX JIEKTPOIOB BBIYUCIISETCS CJI€ Ly IOIIUM
obpazom:

R — ay cos[(w + o1)t + x1] ’ (18)
as cos[(w + o1)t + x2]

IIe a1,2,X1,2 — aMIUIATYa 1 da3a COOTBETCTBYIOMIErO IIOIBUYKHOTO dJIEMEHTa, W — COb-
CTBEHHAZ 9aCTOTa MAPHUPHO-OIEPTOH 6aaKu, ¢ Haxomurcs u3 yeaosud (w—+o1)t+yz = 0.
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0.014

—e—Inphase AV =0.3V
— @ — Antiphase AV = 0.3V

o Inphase AV =04V

® — Antiphase AV = 0.4V
Inphase AV =0.6V
Antiphase AV = 0.6V
I I 1 I 1 I I I |
-0.01 -0.008 -0.006 -0.004 -0.002 o 0.002 0.004 0.006 0.008 0.01

Poon

6

Puc. 7. MakcuMajbHble aMIUIATYJbl JIBYX IIOJIBUKHBIX JIEMEHTOB OT
0CeBOil cuitbl Pron: a — NEpBbIi OABUKHBIN 9JIEMEHT; 6 — BTOPOM ITOJBUXK-
HBIA 3JIEMEHT.

Ha puc. 9 mokazano cpaBHeHHE 3aBUCUMOCTY OTHOIIEHUS aMILIATY/JI IEPBOTO U BTO-
pOro IOJBUKHOIO 3JIEMEHTAa IS MOJEJIN, OIUCHIBAIONIEeH MO/IAJIbHbIE XapaKTePUCTUKU
CHCTEMBI, U MOJIEJIH, OMMCHIBAIOIIECH pPeabHbIH INHAMATIECKII PEXKUM pabOThHI C YIETOM
HEJIMHENHBIX (PaKTOPOB OT BEJIMYMHBI OCEBOIl MHEPIIMOHHON CHUJIbI IPU 3aJIaHHBIX IIapa-
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First beam

< 0.02

0.01 (-

0 | I I I I I I |
-0.18 -0.17 -0.16 -0.15 -0.14 -0.13 -0.12 -0.11 -0.1 -0.09 -0.08

g1
Second beam
0.03
0.02 -
<
0.01 -

0 I I | I
-0.18 -0.17 -0.16 -0.15 -0.14 -0.13 -0.12 -0.11 -0.1 -0.09 -0.08
g1

Puc. 8. AYX mnepsoit u Bropoii 6amok. Toukamm 0GO3HAYEHBI 3HAYE-
HHSI aMIUIUTYJl, KOTOpble OyAyT HCIOJIb30BaHbI JJis JaJbHEMIIero pacdera
amMmuTyHOTO OTHOWeHus nipu Vac = 0.002V, Vpe = 2V, AV = 0.4V,
Pron = 0.002.

—e— Inphase (Linear model)

- @ - Antiphase (Linear model)

—— Inphase (Nonlinear model Vi = 0.002V)

— @ — Antiphase (Nonlinear model V¢ = 0.002V)

ok Inphase (Nonlinear model Vi = 0.006V)
Antiphase (Nonlinear model V¢ = 0.006V)

—ae— Inphase (Nonlinear model Vi = 0.008V)

— @ — Antiphase (Nonlinear model V¢ = 0.008V)

Amplitude ratio, R,

3 1 1 1 1 1 1 1 1 1 ]
-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01

non

Puc. 9. 3aBUCUMOCTDb OTHOIIIEHUs aMIUIUTY/L [IEPBOrO U BTOPOr'O MOJBUXKHBIX JIEMEHTOB
OT BEJIMYUHBI OCEBOH Cmiibl Ppon ipu Vpo = 2V, AV = 0.4V.
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merpax Vpo = 2V, AV = 0.4V. U3 pucyHKa BHJHO, YTO JJIsi aHTHU(AZHOIO PeXKuMa
COBIIaJIEHIE PE3Y/IbTaTOB HAOJIIOJAETCsI B IOJIOXKUTEIHLHOM IUAIA30HE 3HAYEHUH P op,
J7s1 cuH(Aa3HOTO peXknMa, Ha000pOT, — B OTPUINATETHLHOM IHATA30He 3HAUCHUN P, .

5. Bakmroyenne. B npejcrapieHHol paboTe MpejiozkKeHa MOJIEb MIKPO3JIEKTPO-
MEXaHUYIECKOr0 aKCEJEPOMETPA C JIBYMS MOJBMKHBIMU OAJOYHBIMUA JIEMEHTAMHU, PAC-
[TOJIOYKEHHBIMHA MEXKJY JIBYMs HEMOJBUYKHBIMHU 3JjeKTpomaMu. llocTpoensl auarpaMmbl
IIOJIO?KEHMIT paBHOBECHS IIPU BapbUPOBAHUU PA3HOCTH IIOTEHIINAJIOB MEXK/Iy HEIOJIBUK-
HBIM 3JIEKTPOJIOM U TOJIBUKHBIM JIEMEHTOM U MEXKJTy JIBYMSI ITOJBUKHBIMA 3JIEMEHTAMMU.
WccitetoBadbl 3aBUCHMOCTH YaCTOT U OTHOIIIEHHE KOMIIOHEHT COOCTBEHHBIX BEKTOPOB OT
BEJIMYMHBI HHEPIIMOHHOTO BO3elicTBus. [lokazaHo, YTO 9yBCTBATEIHLHOCTD HATINKA, OC-
HOBAHHOT'O Ha MOJAJIBHOM JIOKQIU3AINH, MOXKET Ha MOPSIKU IIPEBOCXOINUTDH TyBCTBUTEb-
HOCTb M3BECTHBIX CHCTEM, OA3MPYIONINXCS HA M3MEPEHUH CABUTa COOCTBEHHBIX YACTOT.
IlocTpoena menuHeliHasi IMHAMUYECKAs MOJIEJIb aKCEJIEPOMETPa IIPU BHEITHEM TapMOHU-
YECKOM 3JIEKTPOCTATUIECKOM BO30Y2K1eHnn KoJyiebanuii. [loyryuenbl pesoHaHCHBIE XapaK-
TEPUCTHUKH, IIPOBEICHO CPABHEHME MO/IEJIN, ONHICHIBAIONIEN MOJAJIbHbIE XapAaKTEPUCTUKHI
CHCTEMBI, U MOJIEJIN, JeMOHCTPUPYIONIEN PeaIbHbIN JUHAMIUIECKAN PEYKUM PAOOTHI C yUe-
TOM HeJIMHEHHBIX (HaKTOPOB.
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In the presented work, a model of a microelectromechanical accelerometer with two movable
beam elements located between two fixed electrodes is proposed. The action of the transfer
forces of inertia in the longitudinal direction leads to a change in the spectral properties of
the system, which is a useful output signal of the sensor. The dynamics of the system in the
presence of a weak electrostatic coupling between the sensitive elements is characterized by
the phenomenon of modal localization — a significant change in the amplitude ratios for the
forms of inphase and antiphase oscillations with small changes in the measured component
of the acceleration vector of the moving object. Diagrams of equilibrium positions are
plotted for varying the potential difference between a fixed electrode and a movable element
and between two movable elements. The dependences of the frequencies and the ratio of
the components of the eigenvectors on the magnitude of the inertial action are investigated.
It is shown that the sensitivity of a sensor based on modal localization can be orders of
magnitude higher than the sensitivity of known systems based on measuring the shift of
natural frequencies. A nonlinear dynamic model of an accelerometer with external harmonic
electrostatic excitation of oscillations is constructed. Resonance characteristics are obtained,
a comparison is made between the model describing the modal characteristics of the system
and the model describing the real dynamic mode of operation taking into account nonlinear
factors.

Keywords: resonant accelerometer, weakly coupled system, modal localization, resonance
curves.
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