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PaccMOTpeHbl MPUHLUIBI pa3pabOTKM CUCTEMbl YMpaBJeHUs I8 MUKpOdJeKTpoMexaHuuyeckoro (MOM) rupockomna
C KOJIBIIEBBIM PE30HATOPOM C MaKCHMMaJbHO HIMPOKUM IMpUMeHeHHeM HUGPOBLIX TexHosioruid. [lpuBeneHbl ormuca-
HUE TIPEIJIOKEHHOM CUCTEMBI YIIPABJIEHUsI U Pe3yJIbTaThl YMCICHHOTO MOJEJIMpPOBaHUs ee paboThl. [lokazaHa BO3MOXK-
HOCTb WCIIOJIb30BAaHUS 3HAYEHMs 4YacTOThI TMEPBUYHBIX KOJIeOAHMIl I BBICOKOTOUHOIO H3MEpPEHHUSI TeMIlepaTyphl.
IlpencraBiaeHbl pe3yabTaThl UCIBITAHWIT Ha aBTOMaTU3MPOBAHHOM MCITBITATEJILHOM CTEHIE MaKeTHOro oOpaslia TMpo-
CKOI1a, MOJHOCTBIO OATBEPXKAAI0LINE PaO0TOCITOCOOHOCTh pa3paboTaHHOM 1IMGPOBOI CUCTEMBI YIIpaBJICHHUSI.

Karouesole croea: MukposInekmpomexaHu4eckuil 2UpocKkon; Koabesoll pe3oHamop; cucmema ynpasieHus,; yugpposas oopabomka
cuenanos; IIJTUC.

The paper highlights principles of control system development for a microelectromechanical gyroscope with ring resonator with
unlimited usage of digital technologies. The description of the proposed control system and results of its numerical modeling have
been provided. It has been shown that the frequency of drive mode motion can be used for precise temperature measurements. Results
of gyroscope testing with automated test bench, which fully confirm the functionality of the developed control system, have been given.
Keywords: microelectromecanical gyroscope; ring resonator; control system; digital signal processing; FPGA.

[To Mepe yaydieHUs TOYHOCTHBIX ITapaMeTPOB MUKPOIJIEKTPOMEXa-
Hudeckux (MOM) THpOCKOIIOB, TIpeqHa3HAYCHHBIX JIJIST U3MEpPEHUS
YIJIOBOI CKOPOCTH, TIPOUCXOANT 3HAYUTEIBHOE PACIIUPEHUE 00IacT
ux npuMeHeHusi. OMHUM U3 TTyTeil COBEPIIEHCTBOBAHUS UX XapaKTe-
PUCTUK SIBIISIETCSI pa3paboTKa yCOBEPLIEHCTBOBAHHBIX 2JIEKTPOHHBIX
MOJICUCTEM, B YACTHOCTH C MCMONb30BaHUEM LIU(DPOBBIX TEXHOIOTHUIA.
CTpyKTypHas cxeMa pa3paboTaHHON LUbpPO-
BOI1 cucTeMsl yrpasiaeHus: MOM-rupockora
C KOJIBIIEBBIM PE30HATOPOM IpeicTaBieHa
Ha puc. 1. OTInYuTeNIbHON 0COOEHHOCTHIO
TMAHHOM CHCTEMBI SIBJISICTCST TTOJTHOCTBIO T~
poBas meTas (pa30BOil aBTOMOICTPONKU
YACTOTHI KOHTYpa IMEPBUYHBIX KOJICOAHUIA.
Cucrema ynpaBiaeHUsI ¢ BBICOKOM TOYHO-
CTBIO MOAACPKUBACT AMIJIUTYY U YaCTOTY
MepBUYHBIX KOTEOAHUI KOJbLIEBOTO pe30-
HaTopa MpU U3MEHEHU U BHEIIHUX YCIOBU A
(npex /e Bcero reMreparypbl). 3aBUCUMOCTb
mapaMeTpoOB YYBCTBUTEJIbHOIO 3JIEeMEHTa
OT TeMITepaTypbl MOXET OBITh UCTIOJIb30BaHA
IUTST TeMIIepaTypHOU caMOKOMIIEHCAIIMU
BBIXOTHOTO CHTHaJa TUpockormna. JlaHHbIi
TTOIXO/T TTO3BOJISIET MOOUTHCS JTyUIlleil KOM-
TeHcanuu (HampuMep, ¢ MEHbIITUM THCTepe-
3UCOM) 1O CPABHEHUIO CO CIYYAEM UCIIONb-

30BaHMsI BHELIHETO Tepmonarunka. Kpome

TOTrO, OMpe/eJeHUe TOYHOCTH U3MEPEHU I TEMIIePaTyphl MO mapame-
TpaM MepPBUYHBIX KOJIeOaHU I TTO3BOJISIET OLEHUTh TOYHOCTb U CTa-
OUJILHOCTb CaMoii LM(POBOIT CUCTEMBI yIIPABIEHUS.

3HaueHME TeMIepaTypbl MOXET OBbITh MOJYYEHO U3 TEMIIEpaTyp-
HOM 3aBUCHMOCTH YaCTOTHI TIEPBUYHBIX KojebaHuii. PacueTHoe 3Ha-
YeHHWe U3MEHEHHUsI YaCTOThI TIEPBUYHBIX KOJIEOAHUI OT TeMIlepaTyphbl

Puc. 1. Cmpykmypnas cxema yugposoii cucmemol ynpasaeHus eupocKkona
Fig. 1. Block diagram of digital control system for MEMS gyroscope




AOKAAABI KOH®EPEHIIUU

Puc. 2. 3asucumocms yacmomo: nepaU1HbIX K0AOAHUL OM 8peMeHU U epaduk eapuayuu Aniana 04s usmepeHus memnepamypsl no dmoii 3a6UCUMOCmU

Fig. 2. Temperature dependence of primary oscillation frequency and Allan variance of temperature derived from this dependence

Puc. 3. 3asucumocms amnaumyosi 8030yxucoaroujeco CueHaia KOHMypa nepeuyHslX Koaebanuii om epemenu u epapuk eapuayuu Arrana 015 usme-

DEHUs meMRepamypbi o MOl 3A8UCUMOCU

Fig. 3. Temperature dependence of primary oscillation exciting signal amplitude and Allan variance of temperature derived from this dependence

COCTaBJSIET IJISI MCTOJIb3YEeMOTO YYBCTBUTEJHHOTO DJIEMEHTA
0,44 T'n/°C. DxcniepuMeHTaIbHbIE 3aBUCUMOCTH JIJISI 3TOTO criocoba
oIpeneeHus] TEMIIEpaTyphl IPUBEIEHBI Ha puC. 2. YII0BOi K03(d-
(GULIMEHT 3aBUCUMOCTH YaCTOTHI OT Temmepatypbl — 0,426 I'u/°C.

As the accuracy of MEMS gyroscopes
intended for measuring the angular velocity
improves, the area of their application sig-
nificantly expands. One way to improve their
characteristics is to develop advanced elec-
tronic subsystems, in particular using digital
technologies. The block diagram of the devel-
oped digital control system of the MEMS
gyroscope with a ring resonator is presented
in Fig. 1. A key feature of this system is a com-
pletely digital phase locked loop of the pri-
mary oscillation circuit.

The control system with high accuracy
maintains the amplitude and frequency of pri-
mary oscillations of the ring resonator when
the external conditions (for example, temper-
ature) change. The dependence of parame-

ters of the sensing element on the temperature

can be used for the temperature self-com-
pensation for the output signal of the gyro-
scope. This approach allows better compen-
sation (for example, with a smaller hysteresis)
as compared with using an external temper-
ature sensor. In addition, the determination
of the accuracy of temperature measurement
with respect to the parameters of the primary
oscillations makes it possible to evaluate the
accuracy and stability of the digital control
system itself.

The temperature value can be obtained
from the temperature dependence of the pri-
mary oscillations frequency. For the ring res-
onator used in the research the theoretical
value of the change in the primary oscillations
frequency with temperature is 0.44 Hz/°C.
The experimental dependences for this method

MuHuMyM Bapuanuu AJUTaHa Ui 3HAUYEHUS] TeMITePATyPhl, BHIUMC-
JIECHHOTO Ha OCHOBAHUU MU3MEHEHUST YaCTOTHI MIEPBUYHBIX KOJeOa-
HUit, — 6,4-10™*°C npu BpeMeHHN Koppesiuni = 15 cexynn. Paspema-
1o111ast CMTOCOOHOCTh MpK BpeMeHU ycpenHeHus | cekynna — 0,002°C.

of determining the temperature are shown
in Fig. 2. The frequency dependence coefficient
is 0.426 Hz/°C. The minimum of Allan variance
for the temperature value calculated from fre-
quency change is 6.4-107*°C with a correlation
time of about 15 seconds. The resolution with 1
second averaging time is 0.002°C. The further
growth of the variation is due to a change in the
temperature in the room.

Another way to obtain temperature value
is to measure the change in the quality factor
of the ring resonator. In the steady state (with
constant amplitude of oscillations), the exci-
tation signal of the primary oscillation circuit
is inversely proportional to the quality factor.
Figure 3 shows experimental dependencies for
this method of temperature determination.
It can be seen from the first graph that when




JanpHeimuit poct Bapualuu o0yCIOBIeH

U3MEHEHUEM TeMIIepaTyphl B TOMEIICHUH.

Jpyrum cmoco6oM U3MepeHus Temrepa-
TYPbl MOXET OBbITh U3MEHEHUE TOOPOTHOCTU
YYBCTBUTEJIBLHOTO 2JIeMeHTa. B ycTaHOBUB-
memMcsl pexuMe (MpU MOCTOSIHHOM aMIUTUTYIe
KoJieOaHMi1) BO30YKIAIOUINiI CUTHA KOHTYpa
MEePBUYHBIX KOJIEOAaHUIT 0OpaTHO MPOIOPIHU-
oHajieH 1oopoTHocTU. Ha puc. 3 npuBeneHbt
SKCTIepUMEHTAIbHbIC 3aBUCUMOCTH TSI TaH-
HOTO cToco0a oIpeneeHus] TeMIepaTyphbl.
W3 nepBoro rpaduka BUAHO, YTO TIPU U3MEHE-
Huu TemrepaTypbl oT —30 1o +50 °C misg noa-
JepXaHusl MOCTOSIHHOW aMILTUTY/bl TEPBUY-
HBIX KOJIeOaHU1 MOTPe6oBaIOCh YBEIMUEHUE
BO30Oyxnatouiero curiana Ha 40 %. Munumym
BapMaLMU AJUlaHa JUlsl 3HAYCHUST TeMIIepaTyphl
B cJIyyae ee BBIYMCIICHUS 110 aMIUTUTYIEe BO3-
OyKIaolIero CUrHaia MepBUYHBIX KOJIeOaHMit
coctasisier 5,210 °C npu BpeMeHU ycpenHe-
Hus =9 cexyHa. Pazpelaroias criocoOHOCTb
npu BpeMeHu ycpenHenus 1 cekynna — 0,03°C.
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Puc. 4. Cpasnenue 3navenus memnepamypoi ¢ HeuIHe20 memMnepamypHo2o 0am4uka co 3Ha4eHu-

eM, NOAYUYCHHbIM NO USMEHEHUI 4adCmOombl Nepeu1Hblx Konebanuil

Fig. 4. Comparison of the temperature value from external temperature sensor and the value obtained

from the change in the primary oscillations frequency

Ha puc. 4 npuBeneHo cpaBHeHUE 3HAYEHUS TEMIIEPATYPhl C BHEILI-
HETo TeMIepaTypHOTO JaTYMKa CO 3HAYCHUEM, ITOYIEHHBIM 110 U3Me-
HEHUIO YaCTOTH TIEPBUYHBIX KOJeOaHUil. [ITUTEIBHOCTh SKCIIepH-
MEHTa — OKOJIO 12 4acoB, TaHHbIE PErMCTPUPOBAIUCH ¢ YacToTOoi 1 1.
B kauecTBe BHELTHETO TEMIIEPATYPHOTO AaTYUKA UCTIONb30BaH HUDPO-
Boii 12-6urtHbIi naTuuk TMPII2 ¢ paspemenuem 0,0625°C.

TTonyyeHHast oueHKa TOYHOCTH U3MEPEHUSI TeMIIepaTyphl O1u3Ka
K pe3yjabTataM, Mojy4aeMbIM IJIsl CeLiMaiu3upoBaHHbBIX MOM-
TepmoMeTpoB. Hanpumep, B padore [1] npu UCIOJb30BaHUM TUPO-
cKoIa Ipyroro TMIa MUHUMYM Bapuauuu AJjijiaHa st TeMIIepaTypbl
cocrtasun 4-10*°C npu BpemeHu koppensinnu 40 cekyHa. B paore
[2] npu ucnonb30BaHUM cliellMalIbHO pa3paboraHHOT0o MOM-
3JIEMEHTa Ha TOM Xe MPUHIMIIE U3MEHEHU ST COOCTBEHHON 4YaCTOThI
MMpU U3MEHEHUW TeMIIepaTyphl TOJIyueHa pa3pelnaionias crnocoo-

obecrnieunBaeMylo LMGpoBoii cucteMoil ynpasiaeHus. Cienyer Takxke
OTMETHTD, YTO ITOCTPOCHUE CUCTEMbI CAMOTEPMOKOMIICHCAIINH HE Tpe-
OyeT TOMOTHUTEILHOTO YCTIOXKHEHUS YITPABIISIIONIEH CXeMBI, T. K. HE00-
XOIMMBIE ISl TOTO CUTHAJBI B LUGPOBOM BUIE B HEHl yXKe MPUCYT-
cTBYIOT. PazpaboTaHHbIil MakeT HM(POBOI CUCTEMBI YIIPaBJICHUS
TaKXe MOXET OBbITh UCIIOJIb30BaH MPU MPOEKTUPOBAHUM CIIELIUATU3H -
POBAHHOM yNpaBJsIOLIEii MUKPOCXEMBI, JJIs1 SKCIIEPUMEHTAJIbHOM Mpo-
BEPKHM Pa3IMYHBIX BAPUAHTOB €€ peaTn3aluu.
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HocTb 1,6-107*°C (CK3 npu BpeMeHU ycpeaHeHus | ceKyHa).
IMonyyeHHBIE Pe3yIBTATHI MOATBEPKIAIOT BHICOKYIO TOYHOCTD TIO/I-
Jep>KaHMsl YaCTOThI U aMILTUTY/bI TIEPBUYHBIX KOJIEOaHUI THPOCKOIA,

the temperature changes from —30 to +50°C
in order to maintain a constant amplitude
of the primary oscillations, an increase in the
exciting signal by 40 % is required. The min-
imum of Allan variance for the tempera-
ture value in the case of its calculation by the
amplitude of the exciting signal of the primary

oscillations is 5.2-10°

C with averaging time
of about 9 seconds. The resolution with I sec-
ond averaging time is 0.03°C.

Figure 4 compares the temperature value
from the external temperature sensor with the
value obtained from the change in the primary
oscillations frequency. The duration of the
experiment was about 12 hours, the data were
recorded at a frequency of 1 Hz. The external
temperature sensor is a digital 12-bit TMP112
sensor with a resolution of 0.0625°C.

The accuracy of the temperature measure-
ment is close to the results obtained for spe-
cialized MEMS thermometers. For exam-
ple, in [1], when using another type of MEMS
gyroscope, the minimum of Allan variance
for temperature was 4-10*°C with a 40 sec-
onds correlation time. In [2], using a spe-
cially developed MEMS element on the
same principle of changing the natural fre-
quency with a temperature change, a resolu-
tion of 1.6-10*°C (RMS at 1 second averaging
time) was obtained.

The obtained results confirm the high
accuracy of maintaining the frequency and
amplitude of the primary oscillations pro-
vided by the digital control system. It should
also be noted that the construction of such

a compensation system does not require any

measurements of silicon MEMS resonant thermometers. Proceed-
ings of the IEEE Sensors Conference, Limerick, Ireland, October
28-31, 2011. P. 1257—1260.

additional complication of the control circuit,
because all necessary signals are already pres-
ent in a digital form. The developed model
of a digital control system can also be used
in the design of a ASIC.
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