A. N'onoeamutl. Mamemamuy4Ha modesib Onsi 00C1iOXKeHHSI MexHiY-HUX XapaKkmepucmukK iHmeapanbHO20
mikpoceHcopa Kkymoeoi weudkocmi / A. Flonoeamut, 5. ApmioweHko // BicHuk THTY. — 2012. — Tom 68.
— Ne 4. — C.191-201. — (npunadobydyeaHHs1 ma iHghopmauyiliHo-eumiproeasnbHi mexHosoeii).

YIAK 519.2.4; 681.5; 621.382
A. TosoBaTHii', KaH/I. TexH. HayK; b. ApTlOlHeHKOZ, KaH/. TeXH. HAYK

i . . . o . . . . .
TepﬂomﬂbeKuu HAYIOHAJIbHUU MEXHIYHUU YHIeepCcUmMenl IMeH1 ISCZHCZ Hy]lIOﬂ
2 . . . o . o .
3an0pz3bkuu HAYIOHAJIbHUU MEXHIYHUU YHIeepcUmenl

MATEMATHUYHA MO/JEJIb
AJIA JOCIIUKEHHA TEXHIYHUX XAPAKTEPUCTHK
IHTEI'PAJIBHOI'O MIKPOCEHCOPA KYTOBOI HIBUJAKOCTI

Pe3tome. 3anponoHoganHo mamemamuyHy MoOenb O OOCHIONCeHHs MEXHIYHUX XAPAKMepUucmuK
inmezpanbHo20 MiKpoceHcopa KYmoeoi weuokocmi, npoeedeHo MOOeNio8aHHs Gnaugy napamempis uio2o
KOHCMPYKYIi ma mamepianie ii 6U20MmoeieH s Ha MeXHIYHI XapaKmepucmuku Mikpocencopa, maki, K 4acmomu
POOOUUX | BUMIDIOBATILHUX KOJUBAHL UYMIUBO20 elleMeHma MIKpocencopa i toeo uyymaugicms. Ha ochosi
3M00eNb08AHUX 3ANEHCHOCMEL PE3OHAHCHUX YACMOm 6i0 KOHCMPYKMUSHUX Napamempie MiKpoceHcopa
no6y006ano CKiHueHHoelemenmuy mooensv tioeo koucmpykyii ¢ CAIIP ANSYS i nposedeno modenmosanns it
no8eoiHKU.

Kniouogi cnoea: MEMC, mikpoenekmpomexaniuHuil 2ipOCKON, IHMeSPanbHUll MIKPOCEHCOp KYmOoB8oi
weuokocmi, Kymoea wieuokicms, cuia Kopionica, epebinuacmuii npusood, CKiHUeHHOeleMeHMHA MoOenb,
MOOANbHULL AHATI3.

A Holovatyy, B. Artyushenko

MATHEMATICAL MODEL FOR RESEARCH OF TECHNICAL
CHARACTERISTICS OF INTEGRATED ANGULAR VELOCITY
MICROSENSOR

Summary. In the paper, the mathematical model for research of technical characteristics of the
integrated angular velocity microsensor has been proposed. The model of the microsensor is shown as the
simplified model “sensing element - damper”. By using the proposed mathematical model, the research of
influence of construction parameters and fabrication materials of the integrated angular velocity microsensor on
its technical characteristics, such as drive and sense oscillations of the sensing element of the microsensor and
its sensitivity, is performed. The relationship between the normalized sensitivity of the microsensor Sy, and the
ratio of (wy/w,) for different quality Q, values is simulated and graphically presented. Simulation of the
dependency of drive and sense frequencies of the oscillating movement of the sensitive element on the
constructive parameters of the spring element, such as its length, width and thickness, for such materials as SiC,
Si, SiO,, Si;N,, Ge, SiGe is performed and graphically depicted. It has been researched that the resonant
frequency decreases as the length of the spring element increases, resonant frequency increases as the width of
the spring element increases, resonant frequency increases as the thickness of the spring element increases;
driving mode frequency is more sensitive to the length and width of the spring element and less sensitive to its
thickness, the sensing mode frequency is more sensitive to the length and thickness of the spring element and less
sensitive to its width. On the base of the performed simulation of the dependency of the resonance frequencies on
the constructive parameters of the integrated angular velocity microsensor, the finite element model of its
construction in ANSYS is created and the simulation of its behavior is performed. In modal analysis of ANSYS
model of the integrated angular velocity sensor, its mode shapes and frequencies are obtained.

The obtained results can be further used for creation of VHDL-AMS, SUGAR models for MEMS
computer-aided design subsystem.

Key words: MEMS, microelectromechanical gyroscope, integrated angular velocity microsensor,
angular velocity, Coriolis force, comb drive, finite element model, modal analysis.
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MEMC (MEMS) — mikpoenektpomexanidti cuctemu (Micro-Electro-Mechanical Systems);
CAIIP — cucteMa aBTOMAaTU30BaHOTO IPOEKTYBaHHS;

m — poboya Maca MiKpOCEHCOPa,

ky ky, — KOGDIIIEHTH KOPCTKOCTI;

Cy €, — KoedillieHTH aucumnanii;

E — monyns FOHra;

1, ;— MOMEHT iHepIii ONepPevHOro CideHHs MPYKHOTO €NEMEHTa;
X, — aMIUITy1a poO0YNX KOJIMBaHb YyTIUBOTO €IEMEHTa;

Ym — aMIDIITyJa BUMIPIOBAJIbHUX KOJIMBaHb YyTJIMBOTO €JIEMEHTA,;
Jfx —dacTora poOo4rX KOJIMBaHb YyTIUBOTO €IEMEHTa;

Jy — 4acToTa BUMIpIOBaJIbHHUX KOJIMBaHb YyTIUBOIO €IEMEHTA;

F- cuna Kopiomica;

£ — XyTOBa MBUIKICTH O0CPTAHHS TIATPOPMH;

S, — IyTIUBICTh MIKpOCEHCOPA.

Beryn. Miniatropu3zaiiisi HaBiraiifHuX CHUCTEM MOTpeOye CTBOPEHHS SIKICHO HOBHUX
ManorabapuTHUX TiPOCKOMIYHUX ceHcopiB. [lomyk HOBHX HIISXiB CTBOPEHHS 1HEPLIMHUX
CEHCOpPIB 3 HEOOXITHMMH TEXHIYHMMHM XapaKTepPUCTUKAMU 1 PO3BUTOK TEXHOJIOTIH
MIKpOENEKTPOHIKM TMPU3BENU [0 TMOSBU HOBOIO KIAacy MpPHIAAIB — I1HTErpaJbHUX
MiKpoceHcopiB  KyToBoi 1mBHAKocTi (MEMS - ripockomniB) [1]. Po3pobieni 3pasku
MIKpOEIEKTPOMEXaHIYHUX TIPOCKOIIB XapaKTePU3YIOThCS MallMU Macow 1 rabapuramu,
HU3BKOIO COOIBAPTICTIO i EHEPrOCIIOKMUBAHHSIM, BUCOKOIO CTIHKICTIO 10 MEXaHIYHHUX BIUIHBIB.
3MeHIIeHHs MacorabapuTHUX, BAPTICHUX 1 CHEPreTHYHHX XapaKTEPUCTHK BiJKpHUBAE HOBI
IUISIXM BUKOPHCTAHHS TaKUX CEHCOPIB y IUBUIBHIA 1 BIHCHKOBIM 0O0NMacTsx, Je paHimie
3aCTOCYBaHHS 1X OyJI0 HEJOIIIPHUM Yepe3 MacoradapuTHI MOKAa3HUKU abo BapTicTh. Cepen
MOKJIMBUX oOzacteit 3actocyBanHss MEMS - ripockoriB y sIKOCTI CEHCOPIB MapaMeTpiB pyxy
MO)XHa BIJTHECTH TaKi: aBTOMOOIJIbHA IMPOMMCIIOBICTh (CHCTEMH HaBiramii i JUHAMIYHOTO
KOHTPOJIIO O€31eKH ), HaBiraliiHe ooaHaHHs (0e3KapAaHOB1 iHEPIIiiiHI HaBIraliiHi CHCTEMHU
JUIst cTabimizanii CymyTHUKOBUX aHTEH, KEPYBaHHS OE3MUJIOTHUMH JITAIBHUMHU amapaTami),
poboToTexHiKa (CHCTeMM HaBiramii Uit MOOUIBHHX pPOOOTIB), MeaummHA (cTabuTizamis
MIKpOIHCTPYMEHTIB, JlIarHOCTHYHA amapaTypa), MoOyToBa eJeKTpOoHika (cradimizamis
300pakeHb y (oTo- Ta Bimeokamepax, MPHUCTPOi A BIPTYaIbHUX KOMIT IOTEPHHUX irop
Tomio) [2].

BaxnuBe 3HaYeHHS IPU BUTOTOBIIEHHI FETEPOT€HHUX CHCTEM, JI0 SKUX HaJeXaTh Taki
MIKpOCEHCOPH, MOC11al0Th CUCTEMH ABTOMATHU30BAHOTO MIPOEKTYBaHHS
MIKpOEIEKTPOMEXaHIYHUX CHUCTEM, SIKi TO3BOJIAIOTh CKOPOTUTU TEPMIH PO3pPOOJICHHS BUPOOY,
3MEHILIUTH BapTICTh IHTErpajbHUX MNPUCTPOiB Tomro. Ha choroani mporec po3poOiieHHs
CAIIP wmikpoeneKTpoMeXaHIYHUX CHUCTeM MOTpeOye HOBOTO aJeKBATHOI'O MaTeMaTHYHOTO
3a0e3nedeHHs [3].

[IpoBenenuii  aHamiz  JiTepaTypHHX  JDKeped B 00JacTi  MPOEKTYBAaHHS
MIKpOMEXaHIYHUX TIPOCKOIIB JIO3BOJISIE CTBEPIKYyBaTH, mo cydacHi MEMS - cencopu
KYTOBOi IIBHJKOCTI 3HAYHO IOCTYMAIOTHCA 32 TOYHICTIO, YYTIMBICTIO Tpamuiiitaum. [lo
OCHOBHUX (DaKTOpiB, IO BIUIMBAIOTh HA IX TEXHIYHI XapaKTEPUCTUKH, € KOHCTPYKTHBHI
napaMeTpH Ta marepianu ix BurotoBieHHs [4]. Tomy po3poOiieHHS MaTeMaTHUYHUX MOAeNei
JUTSL TOCJTIJIPKEHHsI BIUIMBY MapaMeTpiB KOHCTPYKIIT 1 MaTepiaiiB ii BUTOTOBICHHS Ha TEXHIUHI
XapaKTePUCTUKHU IHTErpaIbHOI0 MiKPOCEHCOpa KYTOBOI IIBUIKOCTI € aKTyaJTbHUM 3aBJIaHHAM
CHOT'OJICHHSL.
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MeTow po6oTH € PO3pOOIICHHST MAaTEeMaTHYHOI MO JIJISl JTOCIIPKEHHS TEXHIYHUX
XapaKTEPUCTHK IHTErPAJIbHOTO MIKPOCEHCOpa KYTOBOI IIBUIKOCTI, a TAKOX MOJCIIOBAHHS,
BUKOPUCTOBYIOUH PO3pPOOJIEHY MOJIENb, BIUIMBY KOHCTPYKTUBHHUX MapaMeTpiB MiKpoceHCOpa
Ha Oro TeXHIYHI XapaKTepuCTUKH Il Takux MatepianiB: SiC, Si, SiO,, Si3Ny, Ge, SiGe.

PesyabTaTn aociizkens Ta ix odroBopenHsa. MEMS - ripockomu BigHOCATH 10
BiOpaniitnux ripockomiB. OCHOBHA BiMIHHICTh MIKpOMEXaHIYHHX BiOpamiiHUX TipOCKOIIIB
BiJl TpamWIIAHUX TOJSITae B TOMY, [0 B KOHCTPYKIISAX iX BIJCYTHI €JIEMEHTH, SKi
obepraroThes. KpiM Toro, iX BUXIAHMI CHTHANI HOCUTH BiOparmiiiHuii xapakrep. Yci MEMC
BiOpaIliliHi TipOCKONH IPAIIOIOTh 32 TUM CaMUM (I3MYHHM IPHUHITMIIOM, aJle MAlOTh PI3HUN
XapakTep BIACHOTO PYyXy YYTJIMBOTO elieMeHTa. UyTIMBHH €IEMEHT MOXKE 3iHCHIOBATH
KpyTUJbHI  (KibLIeBa  KOHCTPYKINis) ab0  MOCTymajabHI  KOJMMBaHHS  (KaMepTOHHA
KOHCTpYKILis) [5].

Ha puc. 1 300pakeHO CHpoOIeHYy MOJETh BIOPALIMHOTO TipOCKONA — YYTIUBUN
€JIEMEHT MiJBIIIEHUI Ha IBOX MPY)KHUX €JIEeMEHTaxX 3 JBOMa CTYNEHSMH BIIbHOCTI.

]

YUyTIHBHH | ] 2(Q)

"
eJIeMeHT . j4 .

i
b,
z —— B Si (acpyxoma wacrmma)
Q 5i (pyxoma 3acTHHAa)

Pucynok 1. CxemMaTuyHe 300pakeHHs CIIPOIIEHOT MOZIEN “UyTIMBHI eneMeHT — nemndep” (ae ¢y, ¢, —
xoedinienTH qucunauii, &, k, — koedilieHTH JKOPCTKOCTI NPYKHUX E€IEMEHTIB Y HANPAMKY Ocei x 1y
BIIMIOBIZTHO) 1 KOHCTPYKIIi iIHTETpaIbHOTO MIKpOCEHCOPa KyTOBOI IIBHIKOCTI

Figure 1. Schematic view of the simplified model “sensing element - damper”, (where c,, ¢, — damping
coefficients, k, k, — spring constants of the spring elements on x- and y-direction respectively) and
construction of the integrated angular velocity microsensor

[Tpunun poOOTH TaKOro TipOCKOIa MOJsArae B HacTymHomy [6]. UyTnuBuii enemeHT
NPUBOJATH Y BHMYILIEHI TapMOHIWHI KOJUBAaHHS 3 YacCTOTOIO, OJHM3BKOIO O PE30HAHCY B
HampsiMi OCl X 3a [JOHNOMOIOK 30BHiIHBOI cuwm  F(t) = F,cosw,t. Ilpu oGepranHi
wiatrgopmMu, Ha SKIH BCTAaHOBIEHO TIPOCKOM, BIIHOCHO OCI YYyTJIMBOCTI mpuiamy (oci
BHUMIPIOBAaHHS z) 3 KyTOBOIO MBUAKICTIO € BuHNKae KopionicoBa cuia inepuii. Cuna inepiii
dx(t)

dt
IpONOpUiHHUN KyTOBiH mBHAKOCTI BUMiptoBaHHs (2. KopionicoBa cuna iHepuii BUKIHKAE

Kopiomica ( F,(t) = 2m€2

) 3MIHIOETBCS 3 YaCTOTOK BUMYILEHHUX KOJMBaHb, a ii MOJYIb

MOCTYMANbHI KOJIMBAaHHS YYTJIMBOTO €JIEMEHTa B HampsMi oci y. AMIUTITYIa WX KOJHUBaHb €
IPOTIOPLIHHOI0 BEITUYMHI KyTOBOI HIBHAKOCTI oOepTanHs tuiardpopmu €, a ix ¢asa — B
Harpsmi odepTanHs w1athopmu. Pyx ayTnuBoro eixeMeHTa Moke OyTH OMMCAaHUI HACTYITHOIO
CHCTEMOIO TU(epeHITiaTbHIX PiBHSIHB!
- d*x(t) te dx(t)
dar’ todt

+k x(t) = F,cosw,t, (1)
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d>y(1) dy(t) dx(t)
+ +k y(t) =2mQ , 2
" dt* “ dt V() =2m dt @

ne m — poboya Maca MIKpOCEHCOPa;

Cx, ¢y — KoeilieHTH Aucunanii;
ky, k, — KoediLlieHTH KOPCTKOCTI MIPYKHUX €IEMEHTIB Y HANPSIMKY OCEH X 1) BIANOBIJHO;
X(t) 1 y(t) — nepeMillleHHs YyTIMBOTO JIEMEHTa B HAIIPSIMKY X Ta ) BiJIITOBITHO.
Po3B’s13aB1IM HaBeleHyY BHIIE CUCTEMY AuQepeHmiaabHux piBHAHb (1, 2), oTpuMaemMo
KOJIMBAJILHUN PyX Y HANPSIMKY X 1 )

F, .
x(t)=—"-sina.t, 3)
Cxa)x
2F,Q 1 .
y(t) =" . sin(w, 1 +6), (4)
“ lor ) (e, /mf
0 -
ne 0= arctany—/x; @, 1 , — PE30HAHCI YACTOTH 110 HATIPSIMKAX X i Y BiANOBiqHO. B3sBum
¢, /m
Xm 1 Y aMIUTITYIM KOJWBaHb Yy PE30OHAHCI MO X 1 y HampsMKax Ta JAOOPOTHICTh MO X 1
In) ma
HanpsaMmkax Q, = h, 0, = — | OTpUMaemMo
c, c,
5,0
X = = 5
"=k )
2x, Q o /o
Ym == — 1 : (6)
x 2 2
Ji-toro )T+ folos o)
y
1-(w, /0, )
6 = arctan ( — ) (7)
- (a)x / a)y)
Q

y
SIKII0 pe30HaHCHI YaCTOTH B HaNpPSMKax OCEH X 1 y CHiBHaIaloTh, o o3Havae @ =0 ,

TOJII YyTJIMBHUH €JIEMEHT KOJIMBAETHLCS MPSIMOIHIHO i KyTOM JI0 OCi X (IuB. puc.2).

| > m
X

Pucynoxk 2. CxemaTnyHe 300pakeHHS KOJIMBAIBHOTO PyXy YyTJIMBOTO eleMeHTa npu 6 = 0

Figure 2. Schematic view of the oscillating movement of the sensing element when 6 =0

UyTIuBICTh 10 BUMIPIOBAILHUX NIEPEMIIIEHb YyTIMBOTO EIEMEHTA

_ dym _ 2xm a)x /a)y (8)
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HOpMOBaHa tl}’TJ’II/IBiCTL a0 BI/IMipI-OBaJ'IBHI/IX nepeMimeHL YYTJIUBOTO CJICMCHTA
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Ha puc. 3 300paxkeHO B3a€MO3B 130K Mi’K HOPMOBAHOIO YyTJIMBICTIO Sy, 1 (wy/@)) 11t
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Pucynox 3. 3ane;xHicTh HOPMOBAHOI YyTIMBOCTI IIEPEMIIEHb MIKpPOCEHCOPa Sy, Bill (w./)) AMs Pi3HUX
3HaueHb KoedilienTa 1o6poTHOCTI O,

Figure 3. Dependence of the normalized displacement sensitivity on the microsensor Sy, on (w,/w,) for
different quality O, values

3 piBHAHHA (4) YyTJIMBICTH MEPEMIIICHb Yy PEXKHMI BHUMIPIOBAaHHS BU3HAYAETHCS 3
PE30HAHCHUX YaCTOT @y, @, 1 KOE(IUIEHTIB Aucunauii ¢, ¢,. ToMy a8 JOCIIIKEHHS
TEXHIYHUX XapaKTEPUCTUK TpOCKONa HEOOX1JHO MMPOBECTH aHaIII3 IIUX MapaMeTpiB.

VY npaHiii KOHCTPYKLIi MiABIC 3 YyTJIMBUM €IEMEHTOM 1 NIPYKHI €JIEeMEHTH, IO
3’€IHYIOTh YYTJIMBUH €IEMEHT 3 MiJBICOM, a MiJABIC 3 aHKEpPaMH, MOKHA PO3TISATH K
MOJIeNIb “dyTIIMBUN eleMeHT — aemndep”. YoTupu BUTHYTHUX TPYKHHX €JIEMEHTH MOXKHA
PO3TIsLIATH SIK YOTUPH NPY>KUHH, 3’ €THaH] TTapaiebHO.

KoeoiuieHT >xopcTkocTi kj 4 OOHIET CeKLii HpPYXKHOro eJeMeHTa I PoOOUMX
KOJIMBaHb O0YUCITIOIOTH 32 (hopMyIoro [5]

_12E1,
b_d Lb_d3
ne Iy 4— MOMEHT 1HepIii NPYKHOTO €JeMEHTA JJIsl POOOYHMX KOJIMBAHb
étdebds

JIB1 cek1ii BUTHYTOTO MPYXKHOTO efleMeHTa 3’€JIHaHi MOCIiI0BHO, 3BiACH Koe(]ilieHT

YKOPCTKOCT1 OJHOT'O BUTHYTOT'O MPY>KHOTO €JIeMEHTa 00UHUCITIOEMO 32 POPMYIIOI0
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YoTvpu BUTHYTHUX TPYKHUX EIEMEHTH 3’ €JIHaHI MapajieIbHO i MarTh OJHAKOBHI
po3mip. ToMmy Koe(ilieHT KOPCTKOCTI CHUCTEMH HJs pOOOYHMX KOJHMBAHb OOUYUCIIOEMO 32
dbopmyIoro

3
24El, , 2Et, W, ,

k, =4k, = = (10)
ol Lbids Lbids

Cymapauii KOe(ilieHT »XOPCTKOCTI JJIsi BUMIPIOBAJBHHUX KOJIMBAaHb BU3HAYAIOTHCS
3 3
TAaKUM CaMHUM IUIAXOM, JHIIE ¢ ¢W) 4 3MIHIOETBCS B YUCENBHUKY HA W) i i, TOMY IO
NPYXKHI €JIEMEHTH BUTHHAIOTHCS B HAPSIMKY TOBIIMHHU.

2EW, 1, °
_ b_s3b_s (11)

N

y

Pe3onancHa yacToTa KOMMBAIBHOI CUCTEMH MOKE OYTH BH3HaueHa yepe3 Koe(ilieHTn
YKOPCTKOCTI ¥ pob0Uy Macy MikpoceHcopa. BillmoBigHO 10 BU3HAYCHHS PE30HAHCHOI YaCTOTH
JUTSL MOJIEITT ““AyTIIMBHUH €JIeMEHT — aeMidep” OTpIMaEMO

(12)

(13)

ne My — poboda Maca (BKIIIOYA€E MiJBIC, MPYXHI €IEMEHTH, YyTIUBHIA eleMeHT); M; — maca
YYyTJINBOTO €JIEMEHTA.

Amnaniz gopmyn (12) — (13) Bkazye Ha Te, IO PE30HAHCHA YAacTOTa 3MEHIIYETHCS,
KOJIM JTOBXXHMHA IMPY)KHOTO €JIEeMEHTa 3pOCTa€; Pe30HAHCHA YacTOTa 3POCTAE, KOJIM IIMPHHA
NPYKHOTO €JEeMEHTa 3pOCTa€; PEe30HAHCHA YacTOTa 3pOCTAa€, KOJIHM TOBIIMHA IPYKHOTO
€JIEMEHTA 3pOCTa€; YaCTOTa pOOOYMX KOJIMBAaHb YYTJIMBIIIA JI0 TOBKUHH 1 IIUPUHH MIPYKHOTO
€JIEMEHTa 1 MEHII YyTiuBa [0 UIMPUHH MpPYKHOTO enemeHnta. Ha puc. 4 — 9 moxazaHo
3aJICKHICTh MK PE30HAHCHUMH 4YacTOTaMH B X/y HampsMKax 1 po3MipaMH HpPYKHOTO
€JIeMEHTA JIJIs TAaKUX MarepiaiB ix BurorosieHHs, sk SiC, Si, Si0,, SizNa, Ge, SiGe.
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Pucynok 4. 3aneHiCTh 4aCTOTH poOOYMX KOJIHUBAHb Bif PucyHoK 7. 3aeXHiCTh YaCTOTH BUMIPIOBAIBHUX KOJIHUBAHD
AOBXHHH MPY>KHOr'O CJICMCHTA BiJl JOBXXWHH IPY’KHOTO €JIEMEHTa

Figure 4. Dependence of the drive frequency on the length  Figure 7. Dependence of the sense frequency on the length of
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PucyHok 5. 3aexHICTh 4aCTOTH POOOYHX KOJIHMBaHb Bij
UIMPUHU TPYKHOTO CIEMEHTa

Figure 5. Dependence of the drive frequency on the width
of the spring element
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PucyHok 6. 3aekHICTh YaCTOTH POOOYMX KOIHMBAHb Bij
TOBIIMHH MPY>KHOTO EIEMEHTA

Figure 6. Dependence of the drive frequency on the
thickness of the spring element

TipOCKOI BUKOPUCTOBYE AUQEpEHLIHHY KOHIEHCATOPHY napy (auB. puc. 10).
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Pucynox 8. 3aexHiCTh YaCTOTH BUMIPIOBAJIbHUX KOJIMBaHb

BiJl LIMPUHH NPY>KHOTO €IeMEHTa

Figure 8. Dependence of the sense frequency on the width of
the spring element
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PucyHox 9. 3a1exHiCTh YaCTOTH BUMIPIOBAJIbHUX KOJMBaHb

BiJl TOBIIMHH NPY>KHOTO €JIEeMEHTa

Figure 9. Dependence of the sense frequency on the thickness

of the spring element
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Figure 10. Differential capacitance pair in the angular velocity microsensor
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3a BIJICYTHOCTI poO0OYOT HAmMpyrd 3MiHHOIO CTpyMy a00 KyTOBOi HIBHAKOCTI CTaTHYHA
BUMipIoBaibHa eMHICTh MEMS - ripockona o64ucioTs 3a Gopmynoro
&s

Jie € — JIIeNIeKTPUYIHA CTajia sl TTOBITpst; S — IUIomIa eNeKTpoaa; dy — BIACTaHb MiXK YyTIHBHM
€JIEMEHTOM 1 €JIeKTPOJIOM JUIsl CTaTH4HO1 eMHOCTI. Hexaii cuna Kopiomica 3Mymrye 4yTinuBuid
eJIeMEHT omyckatucsa Ha BiacTtaHb Ad (nuB. puc. 10). BpaxoBytouu, mo nporun 4d<<d, to
BEPXHiH 1 HWKHIN KOHJEHCATOPU 3MiHIOIOTh EMHICTh Ha

C - &8s &s & - Ad
' dy+Ad d,(1+Ad/dy) d,\ d,)

& &S &S Ad

C, = = ~r—|1+—

dy—-Ad d,(1-Ad/d,) d,\ d,

3MiHYy €eMHOCTI AUQEPEeHLIHHOT0 KOHIEHCATOpa OOUUCITIOITH 3a (POPMYIIOI0
AC:CZ—Clzé- Ad =2C, Ad (14)
dO dO dO

3 dopmyn (8) 1 (14) emHICHY YyTIMBICTb MIKPOCEHCOpPA KYTOBOi HIBHAKOCTI MOKHA
00umncIuTU 3a HOPMYIIOI0
_dC 4Cx, o lo,

o o, [1—(a)x/a)y)2]2+Q12(a)x/a)y)2

y

(15)

Ha oOCHOBI mMpOBEICHOrO MOJETIOBAHHS 3QJIGKHOCTI PE30HAHCHUX 4YacTOT BiJl
KOHCTPYKTHUBHHUX IapaMeTpiB MPYKHUX EJIIEMEHTIB OyJI0 MOOyI0BaHO CKIHUCHHOCIEMEHTHY
MOJIeNIb KOHCTPYKIii MikpoceHcopa (muB. Tabn. 1) B CAIIP ANSYS [7] i mpoBeneHo
MOJICNIFOBaHHS i moBemiHku (auB. puc. 11 — 16).

Ta6auns 1.
KoHcTpyKTHBHI apaMeTpu MOJEINi MIKpOCEHCOpa KyTOBOI IIBUKOCTI,
BUKOpPHUCTaHi i MoaentoBanHs B ANSY'S

Koncmpykmuenuii napamvemp 3Hauenns

Po3Mmipu uyTnmBoro eneMeHTa 400 mxm x 400
MKM

ToBIIMHA KOHCTPYKITIT 2 MKM
JloBXXHHA BHYTPIIIHLOTO NPYXKHOTO €JIeMEHTa 400 MxM
[luprHa BHYTPIIIHBOTO MPYKHOTO €JIeMEHTa 10 MKM
3a30p Mk BHYTPIITHIM MPY>KHUM €JIEMEHTOM 1 YyTIMBHM €JIEMEHTOM 10 MKM
3a30p MK BHYTPIIIHIM NIPYKHAM €JIE€MEHTOM 1 TiBICOM 20 MKM
[upuna migBicy 600 MM
Bucota migsicy 600 MM
ToBmuHa miaBicy 50 MKM
JloBXHHA 30BHIIIHBOTO NPY)KHOTO €JIEMEHTa 30 MKM
BucoTa 30BHIITHKOTO IPY)KHOTO €JICMEHTA 200 MKkM
ToBuIMHA 30BHINIHBOTO MPY>KHOTO €JIEMEHTa 5 MKM
Po3mipu ankepa 30 MM x 30 MKM
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ELEMENTS AN

STEP=1
NEOR sus =8
REOR FREQ=19375
SEQV (AVG)

DMK =76693
SMN =.382E+12
SMX =.569E+18

L382B+12 1zem+is 253B+18 379E+18 L S06E+18
.63zE+17 .150E+18 .316E+18 .443E+18 .569E+18

Pucynok 11. CkiHueHHOEIEMEHTHA MOJIEIb MIKpOoceHcopa Pucynox 14. KonuBaHHS 9yTIMBOTO €IEMEHTA P YacTOTI

KyTOBOT IBUAKOCTI, moOyaoBaHa B ANSYS 19375 I'y, 3monensoBani B ANSYS
Figure 11. Finite element model of the angular velocity Figure 14. Oscillations of the sensing element at the
microsensor designed in ANSY'S frequency of 19375 Hz simulated in ANSYS
NODAL SOLUTION AN NODAL SOLUTION I\N
Treo-sozs Treomzoiss
glﬁ}sv"SZEB . EESVZE7ZDD(AVG)

SMX =.114E+19

e e exerrors e —_— _——
Pucynox 12. KonuBaHHs npyXHOTO MiJBiCy MPU Y4acTOTI Pucynox 15. KonuBaHHS 9yTIHBOTO €IEMEHTA P 9acTOTI
5923 I', 3moaenpoBani B ANSYS 20164 I'u, 3momensoBani B ANSY'S
Figure 12. Oscillations of the spring suspension at the Figure 15, Oscillations of the sensing element at the

frequency of 5923 Hz simulated in ANSYS frequency of 20164 Hz simulated in ANSY'S
NODAL SOLUTION AN NODAL SOLUTION I\N
STEP=1 STEP=1
SUB =4 SUB =10
FREQ=8618 FREQ=25553
SEQV (AVG)

SEQV (AVG)
DMK =142595
SMN =.686E+12
sMX =.111E+19

SMX =.447E+18

— I—
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Pucynox 13. KonuBanHs npy»XHOTO MmiJBiCy MPH 4acTOTI

Pucynox 16. KonuBaHHs Ipy»KHOTO MiJBICY IPH 4acTOTI

8618 I't, 3MozxensoBani B ANSYS 25553 I'u, 3mozaensoBani B ANSYS
Figure 13. Oscillations of the spring suspension at the Figure 16. Oscillations of the spring suspension at the
frequency of 8618 Hz simulated in ANSYS frequency of 25553 Hz simulated in ANSY'S
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BucnoBku. Po3po0iieHO MaTeMaTHYHY MOJENb i MPOBEAECHO MOJETIOBAHHS BIUIMBY
napaMeTpiB KOHCTPYKLIi Ta MaTepianiB ii BUTOTOBJIICHHS Ha TEXHIYHI XapaKTEPUCTHKHU
IHTETpaJbHOTO MIKPOCEHCOpPa KYTOBOi IIBUIKOCTI, Taki, $AK YacTOTH pOOOYHMX 1
BUMIPIOBAJIbHUX KOJIMBAaHb YyTIMBOTO €IEMEHTa MIKpOCEHCOpa 1 Horo uyTiuBicTb. Ha ocHOBI
OTPUMAHUX  PE3yJbTaTiB  MOJCIIOBAHHS  3QJICKHOCTI  PE30HAHCHUX  YacTOT  Bif
KOHCTPYKTUBHUX IapaMeTpiB MIKPOCEHCOpa MOOYIOBAaHO CKIHYCHHOEIIEMEHTHY MOJIEh HOTo
koHcTpykuii B CAIIP ANSYS 1 mpoBemeno wmopemtoBanHs ii moBeniHku. Otpumani
pe3yiabTaTH MOXYTh OyTH BUKOpHCTaHi A nooyaoBu komm orepaux VHDL-AMS, SUGAR
Mozeneld Ui MiJACHCTEMH aBTOMAaTH30BAHOTO IPOCKTYBAHHS MIiKPOEIEKTPOMEXaHIYHUX
CHCTEM.

Conclusions. The mathematical model for research of technical characteristics of
integrated angular velocity microsensor is developed. Simulation of influence of construction
parameters and fabrication materials of the microsensor on its technical characteristics, such
as drive and sense oscillations of the sensing element of the microsensor and its sensitivity, is
performed. On the base of the performed simulation of the dependence of resonance
frequencies on the constructive parameters of the microsensor, the finite element model of its
construction in ANSYS is created and the simulation of its behavior is performed. The
obtained results can be used for creation of VHDL-AMS, SUGAR models for MEMS
computer-aided design subsystem.
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