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Jloxian mocBsiuieH 0COOEHHOCTSIM UACHTU(DUKALIMY TTOTPEIIHOCTEe Il MUKPOMEXaHMUYECKUX aKCeJIEPOMETPOB B COCTaBe AaT-
YyuKa MUKPOBHOpaLuU U ceiicMokapnuro6ioka. [IpuBeneHbl pe3ynbTaThl 9KCIIEPUMEHTAIbHbIX UCCICIOBAHUI U TTOKa3aHbl
JTOCTUTHYTBIE PE3YIbTaThl.
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The report is devoted to peculiarities of error identification of microelectromechanical accelerometers in the microvibration
sensor and cardioseismometer unit. The experimental research data and achieved results have been provided.
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CoBpeMeHHBIl ypOBEeHb MPOU3BOICTBA MUKPODJIEKTPOMEXaHUYE-
CKMX IaTYMKOB JJIsI MHEPLUUAIbHBIX CUCTEM MO3BOJIMJ HayaTh pa3-
paboTKY HEIOPOTUX CUCTEM aKTUBHOI BUOPOU3OISIILIUY LTSI Pa3Iuy-
HOro 000pyn0oBaHUsl, HAIpUMeEp UHTeP(hEePOMETPOB-aHATU3ATOPOB
Mmukpocxem tuna Polytec MSA-500 [1] u cuctem ceiicMoKapauno-
rpauu 171 HEMHBa3UBHOM TMAarHOCTUKM 3a00J1eBaHUIl BHYTPEH-
HUX OPTaHOB METOJIOM MH(POPMALIMOHHOTO aHaJIn3a KapAUuOCUTHa-
J10B [2, 3]. K HUM OTHOCUTCS ceiicMOKapAn00JI0K Ha OCHOBE MUKPO-
MeXaHMYEeCKHMX akcesJepoMeTpa u rupockona [3]. AkcenrepomeTp,
HCIIOJIb3yeMblil B celficMOKapnuoobaoke, U3MepsieT MepeMeHHYI0

COCTaBJISIIOLIYI0, COOTBETCTBYIOLIYO KapAMOIUKIIY B AMANa30He
yacToT oT 0,1 't 1o 150 ', a asist akTUBHOI BUOpOU30ISALIUM 0O60PY-
NOBaHMSI AMara3oH usmepeHuii cocrasasier ot 5 I'u go 200 I'u. dua-
THOCTHPOBAHME MPON3BOIUTCS B METUIIMHCKUX KaOMHETaX, B KOTO-
PBIX TPUCYTCTBYET BECh CITEKTP BHEITHUX BUOPAIIMOHHBIX U aKYCTH-
YEeCKMX BO3MYIIEHW I, CBSI3aHHBIX C paOOTON BEHTUJISILIUY, 000Dy~
MOBAHWS Y ABUKYIIUXCS PSIIOM CO 3TaHUEeM TPAHCIIOPTHBIX CPENCTB
u T.11. [Ipy 3TOM CIIEKTP 3TUX BO3MYIIEHUI COBIAMAET CO CIIEKTPOM
MOJIE3HOr0 curHajta. Bo3HuKaeT 3aauya UCKITIOYCHM S BIUSTHUS
BHEIIHUX MUKPOBUOPAIINil Ha paboTy ceiicMOKaparo6I0Ka.



AOKAAABI KOH®EPEHIIUU

Puc. 1. bBaok-cxema damuuka MuKposubpayuu ¢ yu@posvim eo1x000M
HA 0CHOB€ MUKPOMEXAHUYECK020 AKCeAepOMEeMPa ¢ AHAN0208bIM BbIXO0-
dom: 1 — anano2o8elit MuUKpomexanuueckuii akcesepomemp; 2 — mMaio-
WYMAWULL ONePayUuoHHbLI yCuaumens;, 3 — MUKpPOKOHMpPOALED CO 6CMPO-
EeHHbIM AHAN020-Uugpossim npeobpasoseamenem (AL[IT) u noddepickoii
unmepgeiicoe UART u JTAG; 4 — cmabuauzamop nanpsaxcenus; 5 —
8MOPUYHDBLIL UCTNOYHUK NUMAHUS

Fig. 1. The block diagram of the microvibration sensor with digital output
based on MEMS analog accelerometer: 1 — analog MEMS accelerome-
ter; 2 — low-noise operational amplifier; 3 — microcontroller with built-
in analog-to-digital converter (ADC) and support for UART and JTAG
interfaces; 4 — voltage regulator; 5 — secondary power supply

Ilpu ucnonb3zoBaHuU MHGOPMALMU C ceiicMOKapaMoOaoKa
HE00XOAMMO KOPPEKTHO BBIIEASITh U3 CUTHAJa MH(OPMaLMOH-
HYIO COCTaBJISIIOIYIO KapAUOLIMKIIAa C MUHUMAaJIbHBIMU MOTpeLl-
HOCTSIMU.

[llymoBBIE coCTaBIsIIONINE B KaHAEe M3MEPEHUSI MUKPOMEXaH M-
yeckoro akceygepoMmerpa (maiee — MMA) oKa3bIBalOT CYIIECTBEH-
HOE BIUSTHUE Ha TOCTOBEPHOCTH OIIEHKY M3MEPEHHBIX TTapaMeTPOB.
I1pu onpenenenunu norpemrHocteit MM A BakHOI 3anaveil SIBJIsieTCSI
omnpeaeseHne MUKPOBUOpallnii B ipoiiecce paboThl.

C0XHOCTb U3MEPEHU S MUKPOBUOPALIMM 3aKJTIOYAETCS B TOM,
YTO OHa, B OOLIEM cliyuyae, SIBJASIETCsS BEJIMYMHON clydyaiiHOI U ee
onpeaeseHue NpeacTaBasieTcsl CIOXHOM 3a1a4eid.

JIns ycTpaHeHU s BAUSTHUSI BUOPALIMOHHBIX YCKOPEHU I He00X0-
JIMMO UCTIOJIb30BaHWE TaTYMKOB MUKPOBUOPAIIU .

Puc. 2. Cxema uzmeperuii MUkpogubpayui: 1 — mukpomexanuuecKuii
akceaepomemp; 2 — 040K npedgapumenbhulx ycuiumenei; 3 — naama
coopa dannvix NI USB-4432; 4 — komnvromep

Fig. 2. The scheme of measurement of microvibrations: 1 — MEMS accel-
erometer; 2 — preamplifier unit; 3 — National Instruments data acquisition
board NI USB-4432; 4 — a laptop

Hcnonb3oBaHue pa3nMIHBIX CXeMHBIX M KOHCTPYKTUBHBIX pelle-
HUI 1 MUKPOTIPOLIECCOPHOI TEXHUKU Ae/IaeT BO3MOXHBIM CO3aHue
naTyukKa MUKPOBUOPALMK C BHICOKUMU TEXHUUECKMMU XapaKTepu-
crukamu. Ha puc. | npuBeneHa 610k-cxemMa [aTymka MUKpoOBUOpa-
11t Ha ocHoBe MMA ¢ 1M(POBBIM BBIXOIOM.

st usBMepeHu st MUKpOBUOpaLlMKY B TOMELIEH UM ObLT pa3paboTaH
MakerT JaT4yuKa MUKpoBuoOpanuu (nasee — JIMB) Ha ocHoBe MMA
¢ aHasorosblM BeixonoM VS1002 ¢ nuana3oHOM M3MEpeHUus 2 g
1 CIIEKTPaJIbHOIA MJIOTHOCTBIO ITyMa HysieBoro curHana 7 ug/VHz [4].
CxeMma u3MepeHuit mpuBeaeHa Ha puc. 2. B coctaB cxeMbl u3Mepe-
HUii Bxonuin MMA c aHaJoroBbIM BeIXoa0M B coctaBe JIM B, mrata
cbopa naHHbIx National Instruments NI USB-4432 u HoyTOyK.

N3mMepeHust TpOBOAMINCEH B COCTaBe aHAIM3aTOPa MUKPOCXEM
MSA-500, ycTaHOBJIEHHOTO Ha MaCCMBHOE OCHOBaHME Ha TMOJY.
JIOTIOTHUTENBHO OBIIY MPUHSTHL MEPHI 10 YMEHBIIEHUIO DJIEKTPO-
MarHUTHBIX TIOMEX U YJAy4lIeHUIo 3ByKousosiiuu. [lon B 1abopa-
TOPUU BBINOJHEH Ha OCHOBE CTSIXKKH U3 MeCKa U 1IeMeHTa TOJIL -
Hoit 150 MM ¢ 1o006aBjieHUMEM B ONpeaeIeHHOM MPONOpLUHN IpeBec-
HBIX OMMJIOK. [To MOBEPXHOCTH CTSIXKKU HAa OUTYM YJIOXKEHBI TUCTBI

The modern level of production of MEMS
sensors for inertial systems has made it possible
to begin developing inexpensive systems of active
vibration isolation for various equipment, for
example, interferometers-analyzers of micro-
circuits of Polytec MSA-500 type [1], and seis-
mocardiography (SCG) systems for noninva-
sive diagnosis of internal diseases by the infor-
mation analysis of seismocardiogram [2, 3].
These include the cardioseismometer unit based
on a MEMS accelerometer and gyroscope [3].
The accelerometer used in the cardioseismom-
eter unit measures the variable component cor-

responding to the cardiac cycle in the frequency

range from 0.1 Hz to 150 Hz, and for active vibra-
tion isolation of the equipment the measurement
range is from 5 Hz to 200 Hz. Diagnosis has been
made in medical offices, with a whole spectrum
of external vibrational and acoustic disturbances
associated with the operation of ventilation,
equipment and vehicles moving alongside the
building, etc. In this case, the spectrum of these
perturbations coincides with the spectrum of the
useful signal. There arises a problem of eliminat-
ing the effect of external microvibrations on the
operation of the cardioseismometer unit.

When using information from the cardio-
seismometer unit, it is necessary to extract the

information component of the cardiac cycle from
the signal with high accuracy. The noise compo-
nents in the MEMS accelerometer measurement
channel exert a significant influence on the reli-
ability of the estimation of the measured param-
eters. In determining the errors of MEMS accel-
erometer, it is important to determine the micro-
vibration during operation. It is difficult to elimi-
nate the microvibration noise because it is a ran-
dom variable. The solution to the problem may
be the inclusion of a microvibration sensor in the
cardioseismometer unit.

The use of various circuit and design solutions
and microprocessor technology makes it possible




daHepbl TONMMHON 20 MM M JIMHOJIEYM.

Kpensienue [IMB ocyiiecTBsijioch ¢ momMo-
LIbIO CTIeIIMaJTbHON MACTUKHU, & MUTAHUE —
OT 1a60paTOPHOro UCTOYHMKA MUTAHUS
GPS-3030D. YacTtora onpoca cocTtaBisia
1 xI'u, BpeMst u3MepeHus B Kax10i TouKe —
120 cexyH .

JIJist OLleHKM TMOrpenrHoCTeil MUKpPO-
9JIEKTPOMEXaHUUECKUX TaTUYNKOB PEKO-
MEHIYeTCS UCTI0JIb30BaTh METO/l BAapualuu
AnnaHa. B cooTBeTCTBUU C METOIOM Bapua-
1IUU AJIJIaHa BRIYUCIISIIOTCS TUCTIEPCUU pa3-
HUIBI COCETHUX OTKJIOHEHU I, a He caMUX
OTKJOHEHUI LIEHTPUPOBAHHOTO CIy4Yaii-
Horo npoiiecca [5] mo hopmye

N-1

6,(7) =(2(AM *Ai)zj/(2(N*1)),

k=1
N — xosnmuectBO usmepenuit, N=1/T, T —
BpeMs ornpoca; A — 3HaYeHUe BbIXOIHOIO
CUTHaJIa C OCpeJITHEHUEM Ha UHTEpBaJe T;
T — BpeEMs OCpeHEH NS, 6, (T) — Aucnep-
CUS CydYalHBIX MUKPOYCKOPEHU; I —
OCH OPTOTOHAJILHOI CUCTEMBI KOOPIUHAT
X, Y, Z.

Mexny nucnepcueit AnjaHa M CIeK-
TpajbHOU MIOTHOCTHIO IIyMa CYIIECTBYET
CBSI3b, KOTOPYIO MOXXHO MPEACTABUTH CIEIY-
IOLUM COOTHOILIEHUEM:

sin (nfr)
(nfr)?

McTouHMKY OMMOOK B BBIXOJHOM CHUT-

(1= 4f P df

Hasie IMB cTtatuctuuecku He3aBUCUMBI [5],
MO3TOMY IJIsl TUCIEpCUM AJITaHa MOXHO
3amucaTh Ceayollee alnpoKCUMUpPYollee
BBIpaXXeHME:

1 3
2y =R +I(2T+Bz 1n2+N2—+ =
o4(®)= 2 3 T 0 T’

ATIMPOKCUMAIIUST TTPOU3BOIUTCS METOIOM HaMMEHBIIUX KBaapa-
TOB, 3HaUeHus koadduuneHtos R, K, B, N, Q xapakTepusyoT UHTEH-
CHBHOCTD OTAEIBHBIX IITYMOBBIX COCTABJISIIOIINX BBIXOIHOTO CUTHAJIA.

to create a microvibration sensor with high tech-
nical characteristics. Figure 1 shows a block
diagram of the microvibration sensor based
on a MEMS accelerometer with a digital output.
However, the research has been carried out with
a sample based on analog MEMS accelerometer.

For measuring the microvibration in the
room, a sample of the microvibration sen-
sor (MVS) based on the analog MEMS
accelerometer VS1002 with a measurement
range of +2 g and a noise spectral density
of 7 ug/VHz has been developed [4].

The measurement scheme of the first
research is shown in Fig. 2. The measurement

MMUKPOCUCTEMBI

Tabauya 1. Tunet wymoe evixo0Ho20 cuexanra JIMB

Table 1. Noise types of MVS

Tun myma

Noise type

Hus), m/c’
White noise of the output sig
m/sec’

Benbrii IIYM BBIXOOHOTO CUTHaJIa (I_HyM KBaHTOBa-

nal (quantization noise),

JlaGopaTopus, yucTas 30Ha
Laboratory, clean room

02,00—-03,00 14,00-15,00

—1,9826-10™* —1,3452-107

m/sec

+hour

of the output signal),

Beblii irymM n3MeHEHM ST BBIXOMHOTO CUTHAIA
o M/c
(ciyyaitHoe 0J1y>K1aH1€e BBIXOJHOI'O CUTHAJIa), T
q

White noise of the output signal change (random walk

2,9298-10° 47241-10°

/c

CMEILeHUS HYJIS),

m/sec

shift), Jhour

DrKKep-1IyM BEIXOAHOTO CUTHAJA (HECTaOMIbHOCTD

Flicker noise of the output signal (instability of null

6,3405-107 1,3383-107*

BBIXOIHOI'O CI/IFHaHa) M/
5 \/q

m/sec’

~hour

walk of the output signal change),

beJplit yM cKOPOCTU U3MEHEH U SI BBIXOLHOTO
curHana (ciyyaitHoe GJ1yX1aHUe U3MEHEHUS

White noise of the output signal change rate (random

—5,6304-10°° —1,5224-10°°

m/c’

cUrHazua), —
q

m/sec’

~hour

Llly™m yxona BEIXOMHOTO CUTHaJA (TPEH I BBIXOTHOTO

Noise of the output signal drift (output signal trend),

2,0873-107™" 3,869-107°

I'paduk GyHKIMUM C TOTYYeHHBIMU KO3 (GUIIMEHTAMU J0KEH ObITh

Haubosee 6IM30K K rpaduKy dKCIIEPUMEHTATBHBIX JAHHBIX.

Hns IMB Obuti IpoBeneHbl M3MEePEeHUe, aHAIU3 BBIXOIHOTO CUT-

circuit included the analog MEMS accelerome-
ter VS1002, the National Instruments data acqui-
sition board NI USB-4432, and a laptop.

The measurements were carried out in the
MSA-500 chip analyzer, mounted on a mas-
sive base on the floor. In addition, the mea-
sures were taken to reduce electromagnetic
interference and improve sound insulation.
The floor in the laboratory is made from
a screed coat made of sand and cement 150 mm
thick with the addition of wood chips in a cer-
tain proportion. On the surface of the screed
coat, 20 mm thick plywood sheets and lino-
leum are laid on the bitumen. Mounting of the

HaJla U Ofpe/IeeHbl apaMeTpbl OInO0K. OCHOBHBIE TUIIbI IIYMOB JIIst
JAMB npencrapieHbl B Tadu. 1. Kak BUIHO M3 TabJIMIIbl, BCE IIIyMOBbIE
COCTaBJISIOLINE B HOUHOE BPeMsi 3HAUNTETbHO HUXE, YeM B THEBHOE.

microvibration sensor was carried out with the
help of a special mastic, and a laboratory power
source GPS-3030D provided the power supply.
The sampling frequency was 1 kHz, the mea-
surement time at each point was 120 seconds.

For estimation of the MEMS sensors
errors, it is recommended to use the Allan
variance method. Following the Allan vari-
ance method, the variances of the difference
of the neighbouring deviations, but not the
deviations of the centered random process [5],
are calculated from the formula:

csi(r):['z(A;ﬂ —A;>2]/(2<N—1>),
k=1




AOKAAABI KOH®EPEHIIUU

Tabauya 2. Mamemamuueckue 0XcUOAHUS U CpeOHeK8aopamu1eckie OMKAOHeHUS 8UOPOYCKOPeHUs Ha uHmepeane 1 cex. 6 KOHMPOAbHOI MOoUKe CMoAa

Table 2. Root-mean-square differences of the micromechanical accelerometer random error at launch

Akceinepomerp KXRB-2050
Accelerometer KXRB-2050

Mapka akcejepomMeTpa
Accelerometer model

be3 ¢uabTpa
No filter

CKO AnnaHa (g)

1073
Allan RMS (g) 3,639-10

@uiabTp ¢ YaCTOTAMHU Cpe3a
fi = 5Tnm f, = 200 I'n
Butterworth filter with cutoff
frequencies fl = 5Hz and

= 200Hz

1,667-107°

be3 ¢uabTpa
No filter

8,0445-10°°

Akcexnepometp VS1002
Accelerometer VS1002

@uiabTp ¢ YaCTOTaAMHU Cpe3a
fi = 5Tum f, = 200 I'y
Butterworth filter with cutoff
frequencies f; = 5 Hz and
f, = 200 Hz

4,416-107

CKO (g)

104
RMS (2) 8,967-10

8,381-10°*

3,732:107*

4,416-107

YckopeHwe, g | Acceleration, g

t, sec

Puc. 3. Mukpoyckopenus no ocu Z npu 6KAH04eHHOU cucmeme aKmusHol eubpousorayuu: 1 — us-

MepeHus Ha cmoauke [g], 2 — usmepeHus Ha 20408Ke MUKPOCKona [g]

Fig. 3. Acceleration on the Z axis with the active vibration isolation system on: 1 — measurements

on the table [g]; 2 — measurements on the microscope head [g]

[lIym kBanToBaHust odycnasnusaercst ALLIT JIMB u nerko moxer
OBITH OTGUIBTPOBAH MOJIOCOBBIM DUIBTpOM. OIINUOKYU, CBSI3aHHbBIE
¢ acddexTamy KBAHTOBAHUSI, HE HAKATITMBAIOTCSI C TEUEHUEM BPEMEHH.

where N is a number of measurement points,
N =1/T, T — measuring time; A’ — the aver-
age of an output signal in the time period T;
T — averaging time; o7(1)
of random microvibration;
orthogonal frame OXYZ.
There is a relationship between Allan’s

— Allan variance
i — axes of the

variance and the spectral noise density, which
can be represented by the following relation:

sin*(nf7)
(nf1)’
Sources of errors in the output signal of the

MVS are statistically independent [5], so for
the Allan variance one can write the following

o) = 4] P(f)=—2df .

approximating expression:

2
=Rk i tmaen g2
2 3 b4 T T

The approximation is made following
the method of least squares, the values of the
coefficients R, K, B, N, Q characterize the
intensity of the individual noise components
of the output signal. The graph of the function
with the coefficients obtained should be clos-
est to the graph of the experimental data.

The measurement of MVS output sig-
nal has been carried out, and error parameters
have been determined. The main types of the
noise of the MVS output signal are presented
in Table 1. As can be seen from the table, all
noise components at night are much lower than
in the daytime.

The quantization noise is caused by the
ADC of the MVS and can easily be filtered by
a bandpass filter. Errors associated with quanti-
zation effects do not accumulate over time.

CnyuaitHoe 61yXK/1aHUe BBIXOJHOTO CUT-
HaJla — OCHOBHAsl LIYMOBasi KOMIIOHEHTa
B BBIXOIHBIX JTaHHBIX MUKPO3JIEKTpOMEXa-
HUYECKUX AaTUMKOB MPOSIBISIETCS B OTKJIO-
HEHWU 3HAYCHU U OT UBMEPEHHBIX CIydaii-
HBIM 00pa30M; TIpU 3TOM CpeTHee OTKIIOHE-
HUE PacTeT C yBeJIMYCHUEM BPEMEHU.

HecTtabuabHOCTh CMEUIEHUS HYJS
(bIMKKep-1IyM) — IIYM, BO3HUKAIOIINI
B DJICKTPOHHBIX KOMITOHEHTaX AAaTYMUKa,
MOJABEPXKEHHBIX CIy4aiiHOMY T.H. Mepla-
Huto (flickering). Oka3bIBaeT 3aMeTHOE BJIU-
SIHUE Ha HU3KUX 9acToTax [6].

CnyvaiiHoe OJyXJaaHUe M3MEHEHM S
BBIXOJIHOT'O CUTHAaJIa — cJyyaiiHoe GiyxKaa-
Hue usMmepsieMbix JIMB MUKpOYCKOpEHMIA.
[llyM Heu3BeCTHOW MPUPOIBI C OUYECHB 0OJIb-
WKMM BpeMeHeM Koppeasduuu (Hauboiee
CyIIeCTBEHHOE BJIMSIHUE OKa3bIBACT M3ME-
HEHUE TeMIIepaTyPhl B X0l SKCIIEPUMEHTA).

TpeHI BBIXOAHOTO CUTHAja MpPeacTaB-

JigeT co0oil feTepMUHMUPOBAaHHOE OTKJIOHEeHUE nmoka3zanuii JIMB
Ha 3HAUYMTEJbHBIX MPOMEXYTKaX BpeMeHU. B moxassionem 601b-
IIMHCTBE CJyYaeB TAKOMU IIyM 00YCJIOBJIEH YCIOBUSIMU Cpebl [6].

The random walk of the output signal is the
main noise component in the output data
of MEMS sensors, it makes itself felt in the devi-
ation of values from the measured randomly;
also the average deviation increases with time.

Instability of null shift (flicker-noise)
is noise that occurs in electronic components
of the sensor, that are subject to a so-called
random “flickering”. Flicker noise has a sig-
nificant impact on low frequencies [6].

The random walk of the output signal
change is a random walk of the measured
microacceleration. The noise is of unknown
nature with a very long correlation time (the
most significant effect is the temperature
change during the experiment).

The changes in the output signal are
a deterministic deviation of the MVS readings




Tabauya 3. PezonancHole vacmomol KOHCMPYKUUU paboveeo mecma

Table 3. Resonance frequencies of the workplace construction

Pe3oHancHbIE
gacToThl, I'n
Resonance
frequencies, Hz

Touyka nu3mepenus

Measuring point

TToBepXHOCTH MoJia
Floor surface

MaccruBHOE OCHOBaHUE

Massive base 607;1002

YcraHoBOYHAs MJINTA

Mounting plate GRS

CucremMa aKkTUBHOM BUOPOU30ISILIUU
TS-300
System of active vibration isolation TS-300

258; 420

Cronuk ¢ TPEMA CTCIICHAMU NMEPEMEIICHU A

Table with three degrees of movement 281; 804

Ilepen HayayioM paGOTHI OBLIM POBEAECHBI U3MEPEHUST HYJIEBOIO
curHaysia JIMB Ha paboyem cToJjie KOHTPOJIbHOM YyCTaHOBKU. Pe3yib-
TaThl U3MEPEHUH 10 ocu Z npuBeneHsl Ha puc. 3. [loocam X u'Y
HabJIoMaeTcs Ta e KapThuHa.

[MepBoHAYaIbHO OBLIU MCCIETOBAHBI CIyYaifHbIE TTOTPEITHOCTU
cMellleHusI HyJIs1 akcenepoMeTpoB B 3anycke JIMB. [laHHble B Teue-
nue 100 ¢ 3anmuchIBaIuCh Ha paboueM CToJIe JIa3epHOTO UHTepdhepo-
meTrpa MSA-500 ¢ maccCMBHOI M aKTUBHOM BUOPOU3OJISILIMEH B HyJIe-
BOM MOJIOKEeHUHU. [10 BBIXOIHBIM TaHHBIM B HYJIEBOM TIOJIOXEHUH ObUTN
MOCTPOEHBI Bapualuu AsiiaHa. [1jisi ycKOpeHU i Mo BEPTUKAJIbHOK OCH
OBbUIM BBIYMCIIECHBI CpelHEeKBaApaTUUHble OTKIOHEHUs ClyyaiiHOM
MOTPEIIHOCTH B 3aITyCKe U OTKJIOHEHUsI AJUlaHa, KOTOpPbIe TPUBEICHBI
B TabJ. 2. It 60oJblIeii yOeIuTeIbHOCTH ObLIM TIPOBEICHBI U3Mepe-
HUst ¢ ipyriM MMA, UMEIOIUM MEHbBIIYIO MOTPEITHOCTh U3MEPEHUSI.
JIJ1s1 KaXkJIoro IUKJIa U3MEePEeHUI ISl yCTpaHEeHUsT JIMHEWHBIX YCKO-
peHUit ToTyYeHHbIe TaHHbIe (DUITBTPOBAIKCH MTOJTOCOBBIM (DUITBTPOM
cyactoramu cpesa f, = 5 T u f, = 200 I,

Kak BunmHoO 13 T2671. 2, 63 huabTpa cpenHeKBaIpaTUIHOE OTKJIIO-
HEHUe Ha MHTepBaJie OTIMYAETCS OT OTKJIOHEHUsI AJlIaHa Ha 9TOM
K€ MHTepBasie. AHAJOTMYHAs KapTUHA Habmoaanack 1 o ocsam X, Y.

MMUKPOCUCTEMBI

Puc. 4. Omxnonenusn Annana Hyne6oeo cueHana MUKpOMeXaHuuecKoeo axKce-
snepomempa 6 duanazone 0— 1000 Iy (1) u  nosoce uacmom 5—200 Iy (2)

Fig. 4. Allan deviations of the null signal of a micromechanical accelerom-
eter in the range of 0—1000 Hz (1) and the frequency band of 5—200 Hz (2)

DuibTpaliys TaHHBIX OJOCOBBIM (DUIBTPOM C YACTOTAMU Cpe3a
fi=5Tunf,=200'u npuBesna K COBMaJeHUIO CMELICHHOI 1 HeCMe-
LIEHHOM OLIEHKM CpeIHeKBaAPaTUYHOI0 OTKJIOHEHU S it MMA
VS1002. DT0 MOXET TOBOPUTH O TOM, YTO COOCTBEHHBIMU IIyMaMU
st MMA siBiisieTcst CpelHeKBaapaTUIHOE OTKJIOHEHUE ITPU PaBeH-
CTBE CMEIIEHHOI 1 HeCMellleHHOM olleHKU. C ApyToit CTOPOHBI, 3TOT
pe3yJIbTaT TOBOPUT O TOM, UTO B IUama3oHe 4acToT a0 5 ' mpucyT-
CTBYET 3HAYUTEJIbHBII CIIEKTP BHEITHUX BO3MYIIIEHUA.

Ha puc. 4 mpuBeneHbl OTKIOHEHU s AJlIaHa HYJIEBOTO CUTHaIa
MMA B nnanazone (0—1000) I'it u B mosoce yactot (5—200) I'ir.

AHau3 OTKJIOHEHU I AJlJlaHa MoKa3aJ, YTO CIeKTpaibHasl IJIOT-
HOCTb IIyMa HyJeBoro curHajsa IMB Ha uHTepBasie 1 cekyHaa
cocTtaBJisieT (5—7) Ug, UTO CYIIECTBEHHO HUXe U3MEPEHHbIX 3Have-
HUi. DTO MOXET rOBOPUTH O TOM, YTO B IOMELLEHU YU IPUCYTCTBYIOT
MUKPOYCKOPEHU S M Ha pUC. 3 MpUBEICHbBI U3MEPEHHbBIC 3HAUCHU ST
YCKOpPEHMIA, a He HYJIeBOI CUTHA.

J1nst BBISICHEHUST IPUYUH NTaHHOTO SIBJICHUS OBLIN U3MEPEHBI
pPE30HAaHCHBIE YACTOTHI CTOJIAa, HA KOTOPOM ObIJT ycTaHoBJeH [IMB.
PesynbraTsl u3mMepeHust COOCTBEHHBIX YaCTOT KOHCTPYKIIMU pabo-
Yero MecTa MpuBeACHBI B Ta0I. 3.

Kax BugHo u3 Ta671. 3, Ha MOy 1aGOpaTOPUU OTCYTCTBYIOT Pe30-
HAHCHBIE YaCTOTHI, @ B KOHCTPYKLIMU paboyero Mecta OTCyTCTBYIOT
PE30HaHCHBIE YaCTOThI B AMana3oHe yactoT (5—200) I'u.

over significant time intervals. In the major-
ity of cases, such noise is due to environmental
conditions [6].

Before the beginning of the work, mea-
surements of Allan’s variance were made
on the desktop of the control unit. The results
of measurements along the Z-axis are shown
in Fig. 3. The same pattern is observed for the
X and Y axes.

Initially, random errors of null offset of the
accelerometer at launch were investigated.
Data for 100 s were recorded on the desktop
of the laser interferometer MSA-500, with
passive and active vibration isolation at null
position. On the output in the null position,
Allan deviations were constructed. For the
acceleration along the vertical axis, the root-
mean-square deviations of the null offset

random error at the start and the Allan devia-
tions, which are given in Table 2, were calcu-
lated. For greater credibility, measurements
were made with another micromechanical
accelerometer having a smaller measurement
error. For each measurement cycle to elimi-
nate linear accelerations, the obtained data
were filtered by a bandpass filter with cutoff
frequencies f1 =5 Hz and f2 =200 Hz.

As can be seen from Table 2, without a fil-
ter, the standard deviation in the interval dif-
fers from Allan deviation in the same interval.
A similar situation was observed for the X, Y
axes.

The filtering of the data by a band-
pass filter with cutoff frequencies f, = 5 Hz
and f, = 200 Hz resulted in the coincidence
of the biased and unbiased estimate of the

root-mean-square deviation for the VS1002
micromechanical accelerometer. This may
indicate that the intrinsic noise for a microme-
chanical accelerometer is the root-mean-square
deviation when the biased and non-biased esti-
mate are equal. On the other hand, this result
suggests that in the frequency range up to 5 Hz
there is a significant spectrum of external dis-
turbances.

Figure 4 shows the Alan deviations of the
null signal of the micromechanical acceler-
ometer in the range of 0—1000 Hz and the fre-
quency band of 5-200 Hz.

Analysis of Allan’s deviations have shown
that the spectral density of null signal noise
of the microvibration sensor in the 1-second
interval is (5—7) ug, which is significantly

lower than the measured values. That may
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Puc. 5. Cnexkmp yckopenus 6 onesnoe epems JIMB
Fig. 5. MVS acceleration in the daytime spectrum

G-10 G+10
G-5 G+15
GO G+20

G+5
G -10, bandpass filter 10 order f, = 40 Hz, f, = 200 Hz
G-10, non. ¢unsTp 10 nopsaka f, =40 M, T, = 200 'y
G -5, bandpass filter 10 order f, = 40 Hz, f, = 200 Hz

G -5, non. dunbTp 10 nopsiaka f, =40 [y, £, = 200 My
G0, bandpass filter 10 order f, =40 Hz, f, = 200 Hz
G0, non. punbTp 10 nopsiaka f, =40 iy, £, = 200 My

G +5, bandpass filter 10 order f, = 40 Hz, f, = 200 Hz

G +50, non. puneTp 10 nopsaka f, = 40 M, f, = 200 My
G +10, bandpass filter 10 order f, = 40 Hz,
G +10, non. GpuneTp 10 nopsaka f, = 40
G +15, bandpass filter 10 order f, = 40 Hz,
G +15, non. ¢wneTp 10 nopsaka f, = 40 iy,
G +20, bandpass filter 10 order f, = 40 Hz,
G+20, non. gunsTp 10 nopsaka f, =40 My, T, = 200 My

Puc. 6. Omiaonenus Annana muxpoycxopenuit IMB, usmepennvix 6 mepmoxamepe

Fig. 6. Allan deviations of MV'S microaccelerations measured in a thermal chamber

be because there are microaccelerations in the
room, and Fig. 3 shows the measured values
of the accelerations and not the null signal.

To find out the reasons for this phenom-
enon, resonance frequencies of the table were
measured, on which a microvibration sensor
was mounted. The results of self-resonance
frequencies measuring the workplace con-
struction are shown in Table 3.

As can be seen from Table 3, there are
no resonance frequencies on the laboratory
floor, and in the design of the workplace, there
are no resonant frequencies in the frequency
range of 5-200 Hz.

To confirm the correctness of the results
obtained, vibration velocity measurements
were made by a vibration meter from Polytec
Gmbh PDV 100 and errors in the measure-
ment of vibration velocities were estimated.
As a result of measurements, it was found out

that the error in measuring the vibrational
velocities at the averaging time of up to 1 sec
for a microvibration sensor is approximately
halfthat of the vibrometer, suggesting that the
measured vibration velocities of the microvi-
bration sensor are reliable.

To detect perturbations in the measure-
ment process, registration and spectral anal-
ysis of null signals of the accelerometer of the
MVS were performed during the day. Figure 5
shows the acceleration spectrum in the daytime
at an interval of one hour from 2 pm to 3 pm.

As can be seen from Fig. 5, in the spectrum
of the microvibration sensor signal in the fre-
quency range up to 40 Hz, there are external
actions in the ranges: 1-5 Hz, 7-9 Hz, 11-16 Hz
and 32—37 Hz with amplitudes of (1-6)-10~ g.

As can be seen from the obtained results,
the microvibration sensor measures the entire

spectrum of acoustic, infrasonic and infra-low

J1J151 TOATBEPXKIEHUST KOPPEKTHOCTH TTOJTY-
YEHHBIX PE3y/IBTATOB OBbUIM MTPOBENEHBI U3Me-
peHus BUOPOCKOPOCTEit BUOPOMETPOM (PUPMBI
Polytec Gmbh PDV 100 u oueHeHbI morper-
HOCTH U3MEPEeHUs1 BUOpOCKOpocTeii. B pesysib-
TaTe U3MEPEHUI BBISICHWIOCH, YTO MOTpelL-
HOCTb MU3MEPEHMsI BUOPALIMOHHBIX CKOPOCTEei
Mpu BpeMeHU ocpeaHeHus 1o 1 cex. st IMB
MPUMEPHO B IBa pa3a MEHbIIIE ITO CPABHEHUIO
¢ BUOGPOMETPOM, UTO TO3BOJISIET MPEATIOa-
raTh, YTO U3MEPEHHbIE BUOPAIIMOHHBIE CKO-
poctu JIMB sBIsIIOTCSI TOCTOBEPHBIMU.

Jnst BBISIBJIEHUSI BO3MYILIEHUI B TIpO-
lecce U3MepeHuil OblIa MpoBeaeHa PeTH-
CTpalus U CIeKTPaIbHBIN aHAIN3 HYJIEBBIX
curHaioB akcejgepomerpa JIMB B TeueHue
cyTok. Ha puc. 5 npuBeneH cnekTp yckope-
HUS B THEBHOE BpeMsI Ha MHTepBaJie OHOrO
yaca ¢ 14.00 4. 10 15.00 4.

Kak BugHO U3 puc. 5, B cieKTpe CurHaia
JAMB B nuarmna3sone yactor 10 40 I'u mpucyTt-
CTBYIOT BHEIIIHUE BO3ICICTBUS B 1UAMAa30-
Hax (1-5) T'u, (7-9) ', (11-16) T u (32-37)
c ammutynamu (1-6)-10° g.

Kak BUTHO U3 TTOJIyYeHHBIX Pe3yIbTaTOB,
JAMB usmepsiet Bech CIeKTp aKyCTUYECKUX,
MHOPa3ByKOBBIX U MHGPAHU3KUX YACTOT.
ITpu 5TOM COOCTBEHHBIE IIYMbI HAXOASITCS
Ha ypoBHe MeHee (3—4)-10° g.

OCHOBHBIMM MCTOYHMKAMM IIYMOB
1 MUKPOBMODPALIMIA SIBISIOTCS KOMIIPECCOPHI,
BEHTWISILIMS, TPAHCIIOPTHBIE CPENCTBA, TPY-
OOIpPOBOIBI, paboTalolINe CTAaHKK, 000PYI0-
BaHue. [1pOM3BONCTBEHHbBIE ¥ TPAHCTIOPTHEIC
IITYMBI COIEPKaT MH(PPa3BYKOBBIE COCTABIISIO-
1111e, KOTOPbIE HE PETUCTPUPYIOTCS] OOBIYHBIMU
U3MEPUTENbHBIMY TPUOOPAMHU, HE CIBIIINMBI

frequencies. In this case, the intrinsic noise
is less than (3—4)-10° g.

The primary sources of noise and micro-
vibration are compressors, ventilation, vehi-
cles, pipelines, working machines, equip-
ment. Production and transport noises contain
infrasound components that are not recorded
by conventional measuring instruments, are
not audible and have high sound pressure lev-
els. In this case, the spectrum of the external
frequencies 8—9 Hz, 11-13 Hz, 14—16 Hz and
32—37 Hz is close to the spectrum of the car-
diac cycle.

An important error of the micromechan-
ical accelerometer is the random error of the
null offset at launch. One of the components
of this error is thermal mechanical noise,
which determines the minimum of error.

The self-resonance frequency of the
micromechanical accelerometer suspension




¥ 00J1aal0T BBICOKUMU YPOBHAMMU 3BYKOBOTO

nasneHus. [1py 5TOM CIIeKTp BHEITHUX YacTOT
(8=9) I'u, (11-13) T, (14—16) T u (32—-37) T
030K K CIIEKTPY KapAMOLIUKIIA.

BaxHoii morpeniHoctbio MMA siBsieTCst
cllyyaiiHasi TOTPeIIHOCTb CMEIIeH s HYs
B 3anycke. OQHOI U3 COCTaBJISIIOUIUX ITOM
MOrPELIHOCTH SIBJISIETCS TEMJIOBOI MEXaHU-
YEeCKMIii TyM, KOTOPBIl ONpesiessieT MUHU-
MYM TOTPEITHOCTH.

CobGcTBeHHas yacTtoTa nmoaseca MMA
3aBHCHUT OT MACChl MHEPIIUOHHOTO 3JIEMEHTA
aKcesepoMeTpa M XeCTKOCTU TOPCUOHOB
WJIV KOHCOJIM B 3aBUCUMOCTH OT TUIIa aKce-
nepomMeTpa. JJoOpOTHOCTD MoOJABECa 3aBUCUT
CYLIECTBEHHO OT BSI3KOTO TPEHU Sl MaTepu-
ajla TOPCMOHOB U KOHCOJIM U BSI3KOTO Tpe-
HUSI UHEPLIMOHHOI Macchl O Fa30BYIO Cpeny.

111 obecrieyeHUst MUHUMaJILHOTO 9KBH-
BaJICHTHOTO TerioBoro myma MMA Heo6Xxo-
MO MCITO0JIb30BaTh MaTepuas ¢ MaKCUMalb-
HOU yIeqbHOM IIOTHOCTHIO, MUHUMAaTbHBIM
KO3 DUITMEHTOM BHYTPEHHETO BSI3KOTO Tpe-
HUSI 1 MUHUMAaJIbHOM TUIOTHOCTBIO Ta30BOI
Cpenbl ¥ aBieHus BHYTpH mpubopa. Kak npa-
BuJI0, MMA uMeeT mojocy mpoInycKaHMs
0—1 kI, a 106pOTHOCTb — GJIM3KYIO K 1.

Kaxk uzBectHo, MMA KpoMe TEIJIOBbIX
IIYMOB 00J1aaI0T MOBBILIEHHO! YYBCTBU-
TEJILHOCTBIO K CpelHeil TemmepaType 1 K rpa-
IUEHTaM TeMIlepaTypsl B Ipoliecce padoThI.
I1pu 3TOM BO3HMKAET HEOOXOIMMOCTD OTIpe-
nesieHust Ko duimeHTa 4yBCTBUTETbHOCT
K TeMIIepaType 1 TeruioBoMy 1rymy. Jist aToro
ObLIM TTPOBeNeHbI UcTbITaHus ¢ JIMB B Tepmo-
Kamepe. Ha puc. 6 mpencTaBieHbl OTKJIOHEHNUS
AnnaHa ¢ huabsTpalyeii u 6e3 huabTpaLmu.

depends on the mass of the inertia element
of the accelerometer and the rigidity of the
torsion bars or console, depending on the type
of accelerometer. The quality of the suspen-
sion depends significantly on the viscous fric-
tion of the torsion bars and console material
and the viscous friction of the inertial mass
against the gaseous medium.

To ensure the minimum equivalent ther-
mal noise of a micromechanical accelerom-
eter, it is necessary to use a material with the
maximum specific density and the minimum
coefficient of internal viscous friction and the
minimum density of the gaseous medium and
the pressure inside the device. As a rule, the
micromechanical accelerometer has a band-
width of 0—1kHz, and the quality factor
is close to 1.

As is known, micromechanical acceler-
ometers, in addition to thermal noise, have

MMUKPOCUCTEMBI

Mukpoyckopetue | Microacceleration

MO =1,3139-107 | Mean value = 1,3139-10"
CKO=2,2907-10° | RMS =2,2907-10°
Annpokcumauys | Approximation

0=3,27-10"1+7,89-10° 1"

CKO annpokcumaun 2,96-107°
RMS approximation 2,96-10°®

Puc. 7. Annpokcumayus MUKpoycKopeHui
Fig. 7. Approximation of microacceleration

o no sap. Annana ot 5 ¢ | Allan Deviation since 5 sec
0,=2,028-10°+4,891-107 1", RMS =3,164-10°

0,=4,766-10°+1,16-10°1, RMS = 1,27-10°
0,=5,807-10°+2,645-10"°1**, RMS =4,763-10""

0,=7,061-10°+1,875-10°1-3,413-10 712, RMS =2,304-10""

Puc. 8. Annpoxcumayus nyneeoeo cuenana JIMB no epemenu no 0anuvim, CHAMbIM 60 8DEMEHHOM

unmepgane 02.004. — 05.00 u.

Fig. 8. Approximation of the M VS null signal in time according to the data recorded in the time inter-

val from 02.00 to 05.00 hours

an increased sensitivity to the average tem-
perature and temperature gradients dur-
ing operation. In this case, it becomes nec-
essary to determine the coefficient of sensi-
tivity to temperature and thermal noise. For
this purpose, tests were carried out with MVS
in a thermal chamber. Figure 6 shows the
Allan deviations with and without filtration.

Based on the test results, calculations were
carried out for the choice of approximation
equations and calculation of approximation
coefficients by the method of least squares.
Based on the results of the experiments, the
optimal approximation polynomial was deter-
mined (Fig. 7) with the smallest error, which
has the form 6 = 6,T + 6,T".

The mathematical expectation of micro-

acceleration in the temperature range —10...
20°C was 1.3139-107 g, and the RMS —
2.9704-10"% g, the mean-square error

of approximation was 2.96-10~* g, which
is much lower than the error of the micro-
mechanical accelerometer MVS (5—7 ug).
This indicates that in the output signal
of the microvibration sensor there are not
only internal noises but also external micro-
acceleration. At the same time, it should
be noted that in algorithmic compensation
it is necessary to determine the sensitivity
coefficients to the temperature in propor-
tion to the first degree and the square root
of the temperature.

Figure 8 shows the results of approximat-
ing the null signal of MVS in time by the con-
stant components of Allan deviations.

As can be seen in Fig. 8, the trend of the
output signal is described by the expression:
6 =0, + o1 + o,t/° with the smallest error.

Thus, when measuring microaccelera-
tions in the angular mode, it is desirable to use




AOKAAABI KOH®EPEHIIUU

[o pe3ysnbraTaM MCIBITAHUI TPOBOAUIIUCH PACYETHI 10 BEIOOPY
ypaBHEHU ammpoOKCUMAIIUU U BbIYUCIEHUE KOI(DDUIIUEHTOB
anmnpoKCUMallMK METOIOM HaMMEHbBIINX KBaapatoB. [1o pe3yibra-
TaM 3KCIEPUMEHTOB OMPEIeTUIICS ONTUMAaTIbHBIN MTOJMHOM arpOK-
cuMaluu (puc. 7) ¢ HAMMEHbILIEi MOrPEIIHOCTbIO, KOTOPBIA UMEeT
Bunc =oT +o,T"

MaremaTnueckoe oX1IaHue MUKPOYCKOPEH Ui B AMATIa30HE TEM-
nepatyp (—10...20)°C cocrasuio 1,3139-107 g, a CKO — 2,9704-10% g,
CcpeaHeKBaapaTuiecKast MOrpelirHOoCThb allMPOKCUMAIlMU COCTaBUIIA
2,96-10* g, 4TO 3HAUNTENBHO HUXKE MOTPEIIHOCTY MUKPOMEXaHH-
yeckoro akceinepomerpa IMB (5—7 ug). 1o roBopuT o TOM, UYTO
B BBIXOIHOM curHaje JIMB mpucyTCTBYIOT He TOJBKO BHYTPEHHUE
LIyMbI, HO ¥ BHEIIHUE MUKPOYCKOpeHUsi. OMHOBPEMEHHO CIIEAyeT
OTMETHUTh, YTO MMPU AJTOPUTMHUYECKON KOMIIEHCALIMU HEOOXOTUMO
onpeaensiTh Ko3hHUIIMEHTH YYBCTBUTEIBHOCTU K TEMIIEpaType
MPOTMOPIIMOHATBHO MEPBOI CTENEHU 1 KOPHIO KBaIPATHOMY OT TeM-
rneparyphbl.

Ha puc. 8 mpuBeneHbI pe3yabTaThl alllIPOKCUMALIUK HYJIEBOTO
curHaja JIMB 1o BpeMeHU 1o OCTOSTHHBIM COCTaBJISIIOIINM OTKJIO-
HeHUii AjaHa.

Kak BumHO U3 puc. 8, ¢ HAUMEHbIIEeil MOTrPEIIHOCTbIO TPEHT
BBIXOHOTO CUTHAJIA OTTUCHIBAETCS BBIPAXEHUEM G = O, + 6,7 + 6,7/,

Takum o6pa3oM, IpU U3MEPEHU U MUKPOYCKOPEHU T B pexkume
YTJIOB XeJIaTeIbHO UCIIOJIb30BaTh aJITOPUTMHUYECKYIO KOMIIEHCALIM IO
1o BpeMeHU. [1pr 3TOM MOTPEUIHOCTh alMPOKCUMAIIUH COCTABIISIET
2,304-107 g.

ABTODBI CYMTAIOT, YTO B TAHHON pabOTE HOBBIM SIBJISICTCSI CIIEIY-
1o1iee:

1) usmepenue JIMB Bcero criekTpa akycTUUeCcKuX, MH(GpPa3ByKOBbIX

U MH(DPAHU3KKX YaCTOT;

2) oI MUHUMU3AaLUUU CIYyYaiilHOW MOTPEINHOCTH CMEUICHM S

HYJIsl HeOOX0onMMa KOMITEHCAIIM I TT0 TeMIlepaType MOJTUHOMOM

6 =0T + 6,T" u BHewHNM Bo3IelCTBIEM;

3) B pexXuMe yIJIOB JIJIST aITOPUTMHUIECKOM KOMTIEHCAIIMU 10 Bpe-

MEHN HeOOXOMMO HCTIONB30BaTh MOJUHOM G = G, + 6T + 6,77
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