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Abstract—In this paper, attention was paid to the analysis of the micromechanical sensor unit of the
inertial navigation system as the main component of an unmanned aerial vehicle, as well as to improve
the technical characteristics. This type of sensor is characterized by large instrumental errors and low
sensitivity. In order to increase the sensitivity of a micromechanical gyroscope, the article proposes using
resonant oscillation modes, which “enliven” its inertial mass. And in order to reduce the quadrature
error of the gyroscope, which is one of the main obstacles to achieving its accuracy, it was proposed to
reduce the level of these interferences not only using the synchronous detector, but also in front of it. A
scheme is proposed that provides compensation for quadrature interference not by the mechanical
moment generation contour, but by the output voltage channel. Since such a scheme does not affect the
mechanical quadrature oscillations of the inertial mass, this effect can be interpreted as a self-oscillation
mode, which increases the sensitivity of the secondary contour of the micromechanical gyroscope.

Index Terms—Microelectromechanical sensors; micromechanical gyroscope; self-oscillation mode;
sensor sensitivity; sensitive element; secondary circuit; quadratured error; synchronous detector;

feedback.

I.INTRODUCTION

The article discusses one of the most pressing
problems of information support for navigation
systems — improving the accuracy of information
sensors. In this paper, attention was paid to the
development of a strapdown inertial navigation
system (SINS) sensor unit as the main component of
an unmanned aerial vehicle (UAV), as well as the
study of their methodical and instrumental errors.

Current miniature SINS of UAV are builds on the
basis of microelectromechanical (MEMS) sensors, in
particular, on MEMS accelerometers and
micromechanical gyroscopes (MMG). In this case,
the main contribution to the error of the SINS
provides MMG — angular velocity sensor. Therefore,
this paper focuses on this sensor. When creating
miniature SINS there are fundamental difficulties,
the main of which is: the development of information
sensors with a wide range of measurements and
acceptable accuracy in the conditions of their rigid
mounting on board the UAV.

II. PROBLEM STATEMENT

Micromechanical gyroscopes miniature SINS are
microelectromechanical systems in which the energy
of the forced (primary) oscillations of the inertia

mass (IM) on an elastic suspension (resonator) under
the influence of a portable angular velocity is
converted into secondary vibration energy, which
contains information about the measured angular
velocity. This transformation is due to the effect on
the resonator of the forces (or moments) of the
Coriolis inertia when the resonator is rotated with a
bulk angular velocity, the vector of which is
perpendicular to the vector of the instantaneous
velocity of the inertial mass of the resonator. Since
MMG of miniature SINS of UAV must have a wide
range of measurements, high sensitivity and
accuracy, the task of improving existing MMGs is
crucial for creating more accurate compared with
existing SINS analogs.

To achieve high sensitivity MMG designers try to
reduce the elastic of the suspension of moving parts
of the device, but this, as a rule, reduces the range of
measurements and reduces the accuracy of MMG.
Therefore, in order to solve this problem, it is
proposed to use resonant oscillation modes that

"energize" the IM, with further amplitude
modulation of the measuring signal.
Among the main sources influencing the

accuracy of MMG mark out:

— changes in the geometric dimensions of the
elastic elements;

— unbalances;
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— unequal stiffness of the elastic suspension;

— distortions of the axis of the suspension;

— divergences of the crystallographic directions
with the axes of the device, etc.

In particular, due to the non-perpendicularity of
the axes of the frame's rotation, there is oscillation
around the output shaft even in the absence of the
MMG rotation. These oscillations lead to the onset
in the output signal of the vibratory MMG
quadrature  component (QC) —  quadrature
interference. The name "quadrature" is due to the
fact that the phase of this component differs from the
phase of the useful signal by /2. The QC level may
exceed the errors of other sensors by several orders
of magnitude, therefore, the problem of a radical
reduction in quadrature interference in the MMG is

very relevant, since the requirements on the
accuracy of the MMG constantly increase.
Therefore, the problem statement can be

formulated as follows: to reduce the QC, which is
one of the main barriers to achieving the high
accuracy of vibratory MMG, while increasing their
sensitivity.

III. PROBLEM SOLUTION

To achieve high sensitivity of MMG, it is
proposed to use self-oscillatory modes of operation
of MMG in the below resonance region.

One of variants of conversion devices into the

regime of self-oscillations is the wuse of
compensating mode of operation of
electromechanical devices. Compensation mode

results in the expansion of the measurement range
and increase the accuracy of the device. And if the
compensation mode is combined with self-
oscillating, then, as a result, you can get an
additional increase in the sensitivity of MMG. In
addition, the self-oscillation mode allows you to
switch from amplitude modulation (AM) of the
output signal to frequency modulation (FM), which,
in turn, leads to an extension of the measurement
range and increased accuracy.

Thus, in order to improve the accuracy
characteristics of the MMG, it is necessary to
combine the compensation and self-oscillation
modes of the instrument with a simultaneous
transition from the AM to the FM signal, which
forms the primary measuring information.

A generalized structural chart of self-oscillating
MMG is presented in Fig. 1.

The Position sensor 1 detects the position of the
sensitive element (SE) relative to the axis of
excitation. The signal from Position sensor 1 is fed
to the comparator, the output voltage of which
controls the Key. The force sensor (FS) causes the
SE to oscillate in accordance with the signal
received on the FS from Key.
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Fig. 1. Structure chart of self -oscillation MMG

In the presence of an angular velocity along the
sensitivity axis of MMG the SE oscillates in
antiphase relative to the initial axis due to the
influence of the Coriolis force. The Position sensor 2
detects these vibrations. The signals at the Position
sensor 2 output are amplified by the amplifier and
fed to the Modulator, respectively, and then through
the analog-digital converter (ADC) to the
microcontroller (MK). The signal at the output of the
MC carries information about the measured angular
velocity of the MMG.

The creation of self-oscillation mode is carried
out by introduction into the feedback circuit of the
devise a non-dynamic element FS with a known
static characteristic. In this case, the SE of the MMG

is converted into an oscillatory system, to which the
input and compensating action is applied. The input
action is formed as a result of MMG interaction with
the measured physical quantity, and the
compensating effect is generated by the FS. The
insertion of a nonlinear link into the device circuit
results in the formation of a bipolar electric signal in
the feedback circuit, under the action of which the
SE performs a harmonic motion.

Since in this case MMG becomes a compensation
measurement sensor, its accuracy depends mainly on
the characteristics of the nonlinear link FS in the
feedback circuit.

The research of the proposed scheme for
constructing MMG was carried out by mathematical
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modeling using a mathematical model of the movement
of SE of MMG along the x and y axes in the form:

mi +p % +[c, —m(o? +0))x - 2mo,y —mé, y

+mo .oy = —mVx +tm(V o, V.o )+ F,

my+p,y+[c, —m(o + o)y —2mo_x — mo_x
+mo,o,x = —mK +m(Vo —-Vo,),

where |, b, are coefficients of viscous force, which
determine the oscillation energy dissipation of SE
along x and y direction; c,, c, are coefficients of
elastic forces; m is the mass of SE; F is the peak

value of the force, produced FS; Vy, V) are linear
velocities of SE in the system of moving axes; x, y
are inline offsets of SE from balance position.
Sensitivity of SE is simulation by “Dead Zone” link,
and FS nonlinear link is simulation by relay
characteristic.

The simulation confirmed the high sensitivity of
the device. The MMG fixed a change in angular
velocity even at 0.01 °/s (Fig. 2).

However, the proposed approach to the
construction of MMG does not solve the problem of
compensating quadrature interference.

At the initial stage of the development of MMG,
the task of selecting the useful signal and
suppressing the QC was carried out with the help of
one element — the synchronous detector (SD).

However, the SD makes its own mistakes, which
can be attributed to the noise and zero biases that arise
due to the phase shift Ag between the input and
reference voltages. Therefore, it is advisable to reduce
the level of quadrature interference by several orders
of magnitude until the voltage is fed from the SE
sensor to the output signal box. That is, a signal
proportional to quadrature interference must be
compensated directly at the output of the SE sensor.

The structure chart of secondary circuit with
suppression circuit of the moment of quadrature
interference Mqgc, by creating the compensating
moment of the Mcomp, is represented in Fig. 3.
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Fig. 2. Simulation results of auto-oscillation MMG

Fig. 3. Structure chart of secondary circuit with QC
suppression circuit

The use of this approach is possible only for
gyroscopes with a large difference in their own
resonance frequencies of the suspension. In this
case, the signal at the output of the SE sensor,
proportional to the quadrature interference,
coincides with the phase with the signal of the
primary oscillations. This operation is simple,
however, given that the value of QC varies from
sample to sample, it is expedient that the selection
operation of the compensating moment be
performed automatically.

But in the work the scheme was proposed that
provides the automatic selection of the coefficient p
and compensation of quadrature interference not in
the contour of moments generation, but in the output
voltage channel (Fig. 4).

Two signals from sensors of the SE: U; and U,
are received at the input of the device, which are
proportional to the primary and secondary SE
oscillations, respectively. Enhanced in K times, the
input voltage U, enters on the first multiplier, where
the quadrature component p is demodulated. The
signal p represents the sum of the constant voltage
proportional to the quadrature noise amplitude and
the two high-frequency harmonic signals at the
double frequency of the primary oscillations. With
the help of the PI controller, a constant component is
allocated, which is used on the second multiplier as
a modulating signal, giving the required amplitude
of the reference voltage U,. In this case, the
multiplier is considered as a device with an
amplification factor, controlled voltage, or as an
amplitude modulator.
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Fig. 4. Flow chart QC compensating device

In order to reduce the effect of high frequency
noise in the circuit, low frequency filters LFF,, LFF,
of the first order are used (from the total output
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sensor’s signal extract harmonic having a frequency
of primary oscillations which excitations in the SE).
As a result, the voltage is formed of the same
amplitude and frequency as the signal of quadrature
interference. The signal Ugomp is subtracted from U,
thereby to compensate the quadrature interference.

Thus, a compensatory signal is generated at the
output of the quadrature jamming device. Such a
scheme is much more precise than the programmatic
suppression of the quadrature interference signal,
which is commonly used in existing MMG.

In the implementation of the proposed
compensation scheme for quadrature interference,
MMG in the secondary circuit under the influence of
an uncompensated moment of quadrature
interference does not fluctuate even in the absence
of a measurable angular velocity Q.

The expression describing the change in the
amplitude of quadrature oscillations has the form:

yquad :‘WA; (p)‘ KQCOL,

p=jo

-1
where W), (p) =(T2p2 +2ETp +1) is the transfer

function of the circuit of secondary oscillations;
o is the frequency of primary oscillations.

It follows from this expression that the amplitude
of the oscillations depends (see Fig. 3) on the

mechanical  gain KMz‘WAZ’,(p)‘ ~, on the
pP=jo,

amplitude of the primary co-oscillations
o =sin(w;f) and on the coefficients of cross-

stiffness Ko -

This effect can be interpreted as the previously
considered self-oscillation mode of the MMG. But
here, in order to increase the sensitivity of the
secondary circuit, quadratured oscillations of SE,
which arise under the influence of an
uncompensated moment of QC, and have a
frequency of excitations in the primary oscillations
of the EC, are used.

Naturally, such a scheme for increasing the
sensitivity of MMG is much simpler than the
scheme of artificial switching the device into a mode
of self-oscillation using a compensatory mode of
operation. But since the level of quadrature noise
MMG varies from sample to sample, in case of
increased requirements to the characteristics of such
a self-oscillating circuit, its additional adjustment is
necessary.

In this case, it is necessary that a time-varying
signal, coinciding in frequency and amplitude with
the signal of a quadrature interference, should arrive

at the sensors of the moment channel of secondary
oscillations.

Testing the performance and stability of the
circuit with QC suppression under various
conditions was carried out in the software package
MatLab. The results of research show that the
proposed method is invariant to frequency
mismatch. Regardless of the frequency difference
between the primary and secondary circuits, the
steady-state value of the compensating signal does
not change. The method ensures the stable operation
of the circuit regardless of the phase delay of the
signals introduced by the means of measurement and
compensation of the quadrature interference of any
level.

An analysis of the stability of the developed
system shows that the feedback does not affect the
useful signal, orthogonal quadrature interference.

In order to study the dynamic characteristics of
the developed system, a mathematical model of the
MMG secondary circuit was developed, taking into
account quadrature interference.

Ji+d g4k, +koeMoe = koM ) |1 =27,Q6,

comp
My =k o, M, = f[a], o=sin(ep).

Here o, y are primary and secondary oscillations of
the SE; Q is the measured angular velocity; k., is the
coefficient of cross stiffness; w; is the frequency of
primary oscillations; J, is the moment of inertia;
fis the function describing the operation of the QC
compensator.

The QC compensating device simulation and
analysis of a useful component extraction was
carried out using the program of visual simulation
Simulink.

The transition function plot shows (Fig. 5) that in
the initial period of time, the output amplifiers are in
saturation mode, preventing the allocation of a
useful component.

mmmmmmmmmm

Fig. 5. Research results of the QC compensating

device simulation
Upon completion of the transition process of
compensating the quadrature error it’s form an
amplitude-bottom-modulated signal, the envelope of
which contains information about the measured
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angular velocity of the base. The observed phase
shift is introduced using the LFF circuit.

IV. CONCLUSIONS

Analysis have shown the capacity for work and
effectiveness of the proposed method for
suppressing quadrature interference. Its
implementation in the MMG will reduce the offset
of the output voltage of the sensor, increase the
slope of output characteristics of the MMG, as well
as reduce the threshold of sensitivity.

Micromechanical gyroscopes, operating in self-
oscillation mode with the compensation system of
the quadrature interference in the electronic part of
the control channel SE, is able to significantly
improve the dynamic and accurate characteristics of

the block of inertial sensors for the navigation
systems of unmanned aerial vehicles.
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M. K. ®@inamkin, O. L
MiKpOMeXaHiYHOMY ripockoni
VY crarTi npoaHaxi30BaHO MiKpPOMEXaHIYHUI CEHCOPHUI 0J10K Oe3maT(opMHOI iHepLiaNbHOI HaBiraliiHOI CUCTEMH, SIK
OCHOBHOT'O KOMIIOHEHTa OE3IiJIOTHOI'O JIITAIILHOTO amnapara, a TaKoXK PO3IVISIHYTO NUTAHHS MOKPAIIEHHS TEXHIYHUX
XapaKTEepPUCTUK MIKpOMEXaHIYHUX TipockomiB. Takuii T TaTYUKIB XapaKTepH3yEThCS 3HAYHUMH 1HCTPYMEHTAILHIMHU
MOXUOKaMM Ta HU3BKOI YyTHHBicTIO. [l MiIBUINEHHS YYTIMBOCTI MIKPOMEXaHIYHOTO TipOCKona B CTaTTi
3aIpOIIOHOBAHO BUKOPHCTOBYBATH PEXXMMHU PE30HAHCHUX KOJHMBaHb, SIKI «OKUBIIIOTH» HOro iHEpuUiiiHy Macy. A s
3MEHILICHHS KBaJpaTypHOi MOXUOKH TipOCKOIIa, SKa € ONHOI 3 OCHOBHHMX IIEPEIIKOJ Ha NUIAXY MiJBUIIEHHS HOro
TOYHOCTI, 3alPOIOHOBAHO 3HU3UTH PiBEHb IIMX IMOXHUOOK HE TUIBKU 3a JOIMOMOIOK CHHXPOHHOI'O JETEKTOpa, a il Ha
Horo Bxomi. Po3pobneHo cxemy, sika 3a0e3rnedye KOMIIEHCAIII0 KBaJpaTypHUX MOXMOOK HE 3a KOHTYpOM TIeHeparii
MeXaHIYHOrO MOMEHTY, a 3a KaHalloM BuXiqHoi Hanpyru. OCKUTBKYM Taka cXeMa He BIUIMBA€E Ha MEXaHIuHI KBaJpaTypHi
KOJIMBAaHHSI 1HEpLIHOT MacH, 1iei e()eKT MOXKHA IHTEPIIPETYBATH K PEXHM aBTOKOJIWBAHb, KU IMiJBHILYE YYTIUBICTH
BTOPUHHOT'O KOHTYPY MiKpOMEXaHIYHOT'O TipOCKOIIA.

Karwou4oBi ciioBa: MikpoenekTpoMexaHiuHI JaTYNKH; MIKpOMEXaHIYHHH TipOCKOI; PEKUM aBTOKOJIMBAHb; YyTIUBICTH
JIaTYMKa; YYTIMBUHA eIEMEHT; BTOPHHHUN KOHTYp; KBa/IpaTypHa IMOXHOKa; CHHXPOHHHH JIETEKTODP; 3BOPOTHHH 3B’SI30K.
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H. K. ®Ouasmxun, O. U. Yepnsaii. KomneHcanuss KBaapaTypHOii NOIPelmIHOCTH B aBTOKOJIe0ATeIbHOM
MHMKPOMeXaHNYeCKOM THpPOCKoIe

B crarke npoaHaNM3UpOBAH MHKPOMEXAHWYECKHMH CEHCOPHBIM OnoKk  0Oe3mnaTOopMEeHHOW HHEpIHATbHON
HABHUTAlIMOHHOW CHUCTEMBbI, KAK OCHOBHOM KOMITOHEHT OECITMIIOTHOTO JIETATENILHOrO aIlapara, a TakkKe pacCMOTPEHBI
BONpPOCHl YIYYIIEHUS TEXHUYECKHX XapaKTePUCTUK MHUKPOMEXaHHMUECKHMX THUpOCKOMOoB. Takoi THUN JaTYUKOB
XapaxTepusyeTcs: OONbIIMMU HHCTPYMEHTAJIBHBIMU MOTPEITHOCTSAMHU U HU3KOH YyBCTBUTENBHOCTHIO. J[J1s1 TIOBBIIEHN T
YYBCTBUTEIHHOCTH MHUKPOMEXaHUYECKOI'O0 THPOCKONA B CTAThe MPEIOKEHO HCIOIb30BAaTh PEKHUMBI PE30HAHCHBIX
KoJieOaHMH, KOTOpBIE «OXKHBIISIFOT» €ro MHEPIMOHHYI0 Maccy. A JUIsi YMEHBIIEHUsI KBAJAPATypHBIX [TOMEX THPOCKOIa,
SIBIIAIOUIMMCS OJJHUM W3 OCHOBHBIX IPEMATCTBUNA Ha ITyTH MOBBIIMIEHUS €r0 TOYHOCTH, MPEIJIOKEHO CHU3UTh YPOBEHb
9THX TOMEX HE TONBKO C MOMOIIBI0 CHHXPOHHOTO JETEKTOpa, HO M Ha ero Bxoge. IlpemnoskeHa cxema, KoTopas
obecrieuynBaeT KOMIIEHCAIMIO KBaJpaTypHBIX IOMEX HE 110 KOHTYpPY IeHepalui MEXaHHYeCKOro MOMEHTa, a 110 KaHaly
BBIXOZHOI'O HampspkeHusl. IlOoCKONBbKY Takas cXeMa He BIMSeT Ha MeXaHWYeCKHe KBaJApaTypHble KojeOaHus
WHEPUUOHHON Macchl, 3TOT 3(P(eKT MOXHO HHTEPIPETUPOBATH KaK PEKUM aBTOKOJIEOAHUI, KOTOPHIH IOBBIIIAET
YYBCTBUTEIHHOCTh BTOPUUHOTO KOHTYpa MUKPOMEXaHUYECKOTI0 THPOCKOIIA.

KaroueBbie cjioBa: MUKPOIJIEKTPOMEXAHUYECKUE NATYMKU; MUKPOMEXaHUYECKUH TMPOCKOIl; PEKUM aBTOKOJICOaHHH;
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