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Abstract—The article considers the methods for vertical gyro construction on rough microelectromechanical
elements, such as: angular velocity sensors and accelerometers. It is proposed to improve the accuracy of
the microelectromechanical vertical gyro by combining it with a satellite navigation system. The solutions
proposed in the article make it possible to improve the accuracy of the integrated vertical gyro based on
micromechanical technologies, by the means of complex data processing that uses a compensation
scheme with the latest dynamic filter, which practically does not distort the errors of the strapdown
inertial microelectromechanical vertical gyro, and thus obtain an estimate of the ground speed as close to
the true speed as possible. Based on the obtained estimate, it is proposed to construct a scheme of the
vertical gyro speed correction (damping scheme), which would significantly improve the accuracy of
estimation of the angular orientation’s parameters.

Index Terms—Integration; compensation scheme; speed correction; strapdown inertial navigation

system; vertical error.

I. INTRODUCTION

While analyzing the primary information sensors
of existing attitude and heading reference system
and strapdown inertial navigation systems (SINS), it
can be noted that they belong to the class of
precision sensors, and therefore quite expensive, in
addition, they are not suitable for modern
microsatellites, microprobes, micro rovers and
miniature unmanned aerial vehicles (UAVs) due to
their weight and size parameters.

Therefore, nowadays, apart from precision
accelerometers and angular velocity sensors in
SINS, there is an increasing use of rather rough but
microminiature primary information sensors, which
are manufactured using micro-electromechanical
systems (MEM) technologies that are close to the
technologies of large integrated microcircuits. They
get mass-produced and cost as much as other
microcircuits — a few or tens of dollars.

However, the main  disadvantage  of
microminiature information systems, to which the
inertial MEM vertical gyro can be referred, is low
accuracy. That is why the currently formed practice
of creating such information systems is based on
their integration with more accurate, but less
informative systems.

As studies show, the most perspective system for
integration with SINS is a satellite navigation system
(SNS). Their joint use allows, on the one hand, to
limit the growth of SINS errors, and, on the other

hand, to reduce the noise component of SNS errors,
increase the rate of information delivery to onboard
consumers, and significantly increase the level of
noise immunity. Therefore, when constructing a
rough MEM-vertical gyro, it is proposed to integrate
it with the SNS.

When solving the problem of complex information
processing in integrated information systems, the
leading role is undoubtedly given to Kalman filtering.
Nevertheless, the use of the Kalman filter encounters
certain difficulties in its practical implementation on
board of an aircraft. However, in addition to optimal
state vector estimation algorithms, there are now
other integration methods, in particular, the method
of mutual compensation, which has proven itself in
practice.

The main advantage of Kalman filtering is that
with equipment integration its output restores the
estimates of the entire state vector, including the
angular coordinates, i.e. it improves the accuracy of
the angular orientation.

However, in our opinion, even when applying the
compensation scheme in conjunction with velocity
correction schemes, there is a possibility to improve
the estimation accuracy of angular orientation
parameters of the primary MEM-vertical gyro.

II. PROBLEM STATEMENT

Due to the fact that the vertical in SINS is
modeled by accelerometer signals through integral
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correction with further tuning to the Schuler
frequency, the presence of instrumental and
methodological errors causes undamped oscillations
with Schuler period in its structure (thus ensuring
the system is invariant to the action of horizontal
linear accelerations). These oscillations create errors
in attitude, speed and coordinates readings. Thus,
SINS is an oscillatory system that needs damping.
However, development of autonomous SINS
damping methods without involvement of other
sources of information leads to the loss of SINS
invariance with respect to linear accelerations
influencing the object.

The most common methods of SINS damping are
those based on integration with other sensors of non-
inertial nature. The effective methods are those that
eliminate or reduce Schuler period oscillations in
SINS by adjusting it from SNS receivers.

The block diagram of integration of SNS and
strapdown inertial MEM-vertical gyro (SIMVG),
which implements the compensation method together
with the correction scheme, is displayed in Fig. 1.

correction

XsmvG=XT :'ll-.——________:—-_‘ ’ -
I Ll Ll
|
|
|
|

Compensation scheme

SIMVG

Xsns=x+5%

SNS

Fig. 1. Block diagram of SNS and strapdown inertial
MEM-vertical gyro integration

The algorithm for complex information
processing, which uses the compensation method,
has a rather simple form compared to the optimal
Kalman filtering:

X = XgiMvG — F(p)(xSIMVG — XgNS )

where F(p) is the dynamic filter of the compensation
scheme; xgpvg, Xgng are navigation parameters
received from SINS and SNS (strapdown vertical
gyros are built according to SINS algorithms and are
able to generate, besides the angular orientation
parameters, navigation parameters, and ground
speed components, in particular); x is the
evaluation of this navigation parameter.

If the filter F(p) is selected so that it passes
interference &, with minimal distortion and
suppresses interference &,, then the error of the
complex system will be minimal, i.e. the error
decreases according to the difference in the spectral
characteristics of interferences &; and &,. If the

difference in  frequency characteristics  of
interference is significant, the output of filter F(p)
(see Fig. 1) will fully reconstruct interference &, that
is the SIMVG error, and at the compensation scheme
output the estimation of the navigation parameter
will match the measured parameter x as closely as
possible.

The task can be defined as follows: using the
latest dynamic filter in the compensation scheme,
which practically does not distort the SIMHV errors,
to obtain estimate of the ground speed as close to the
true speed as possible. Based on the reproduced
estimate, to form SIMVG velocity correction
scheme (damping scheme), which  would
significantly improve the accuracy of estimation of
the angular orientation parameters obtained from the
primary inertial MEM-vertical gyro.

III. PROBLEM SOLUTION

In contrast to Kalman filtering, the inertial-
satellite navigation systems integration based on the
compensation scheme is more fast-acting, and most
importantly, non-critical to non-stationary random
processes, likedrifts of real SINS primary
information sensors, and in addition,it can be quite
easily implemented in on-board CPUs. Results of
studies of compensation schemes [4] with a first-
order dynamic filter in the form of an aperiodic link
F(p)=1/(Tp +1) show that the estimate of initial

parameters is incomparably smaller than the error of
the SINS itself. However, compared to the SNS
error, there is a change in the compensation scheme
error over time. The maximum is reached at half the
Schuler period time.In this case, the error is
approximately twice the error of the reference
system (SNS). This is explained by the fact that the
SINS error, caused by the angular velocity sensor
error, apart from the component that changes with
the Schuler period, has a component that increases in
proportion to time. The first-order low-pass filter, on
the other hand, is effective only for constant, time-
invariant errors. However, a more complex third-
order filter such as:

3Tp+1
(Tp +1)(Tp+1)(Tp+1)°

no longer passes though not only the constant
component of the SINS error, but also errors that
change according to the laws of the first and second
orders. It also provides good filtering properties of
the integration scheme and fairly high accuracy
characteristics of current coordinates estimates, not

F(p)=
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worse than the optimal Kalman filtering scheme [1].
It is these estimates that are used in damping
schemes of inertial MEM-vertical gyro.

A simple one-component inertial MEM-vertical
gyro scheme was used to conduct studies of velocity
correction schemes. The inertial attitude and heading
reference system is constructed using algorithms
similar to those of SINS, therefore, when obtaining
simplified algorithms for a single-component inertial
vertical, the well-known SINS algorithms [2] were
used. The three-component SINS algorithms were
simplified and reduced to measuring only the pitch
angle and the northern component of the ground
speed, assuming the heading of the aircraft was
equal to zero. Simplified kinematic equations of the
one-component inertial vertical are as follows:

Vy=ay, ay=a,sind—a, cosy,

S=0, =0, —0, ,0 =—"T=-B

Vs ZA ZNHE ZNHE R
E

where Vy is the true northern component the
aircraft’s ground speed; a, is the projection of

aircraft’s apparent acceleration, measured by
accelerometers (signals ay, a,), on to the ON axis of

navigation trihedron; 9 is the pitch angle; o, is

z

the angular velocity of the aircraft rotation in pitch;
B is the geographic latitude; Ry is the Earth radius.

A scheme of a single-component inertial MEM-
vertical gyro with velocity correction is displayes in
Fig. 2.

Fig. 2. Block diagram of the SNS and the strapdown
inertial MEM gyro-vertical integration

In contrast to implementation of a damping
scheme in a platform based SNS, in SINS the
additional circuit K; is introduced not into the
accelerometer output signal line, but into
acceleration line reduced to the geographic
accompanying basis.

Signals Aa,, Aa, and . . represent the most
significant sources of MEM-vertical errors. The one-
component vertical gyro is a negative feedback
circuit, and the presence of two integrating links in
the loop indicates the structural instability of such a
circuitt. When such a circuit is exposed to

disturbances in the form, for example, of errors Aa,,

Aay or @, ., it causes undamped oscillations with

natural frequency +/g(R)”' . Structural analysis of

the circuit shows that the presence of a constant
accelerometer error Aa,, Aa,,, will cause an error in
the reproduction of the vertical (pitch angle 9),
while in the presence of a constant drift of the
angular velocity sensor . ., the vertical is

reconstructed without a constant error, but there is a
periodic error. Typical graphs of changes in vertical
reconstruction errors in the presence of a constant
accelerometer error and angular velocity sensor drift
are shown in Fig. 3.
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Fig. 3. Typical graphs of vertical reconstruction errors

Let us carry out an analysis of the corrected
vertical gyro circuit. Let us define the error of speed
determination as

VNers - VNSINS - VN’

where AVNS[NS = VNsms ~V,, here Vigns 18 the

northern component of ground speed measured by
SINS; Vy is the true northern component of the
aircraft ground speed.

Making the assumption about the aircraft’s
horizontal flight, we will assume that while flying
around the spherical Earth the angular velocity .,

will equal to:
o, =-V,/R;.

Then, writing down the equation for the left
adder of the block diagram, we get the error of the
pitch angle changing:
+LAV

R

AS =0 Nens KZ (AVK - AVNSINS ) ’
E

zdrift

In horizontal flight, the aircraft’s acceleration
changes only in the horizontal plane, i.e.
accelerometers, taking into account their own errors,

produce such data a =V, +Aa,, a ,=8+Aa,

(where g — gravity acceleration). Assuming that for
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small angles sinA3 =AY, and cosA3 =1, we write
the equation for the right adder of the block diagram

Vwgns =V +0a, - gAS + K, (AVK _ AVNSINS) .

After the transformation of this system, we obtain
a system of equations, which describe the SINS
errors in operational form

pAS(p)—(%Kz)AVNm (»)

—w., (D)~ KAV (p)
gA(P) + (K + p) AV (P)
=Aa, (p)+ K AVk (p).

The characteristic determinant of this system can
be written as

1
A(p)=p2+K|p+g(E+sz-

Analyzing the characteristic equation, it can be
noted that the introduction of a correction circuit
with a gain K, reduces the period of natural
oscillations of the system, and the introduction of a
correction circuit with a gain K, provides damping
of oscillations in the system.

To confirm the possibility of an inertial-satellite
vertical gyro construction, a strapdown vertical gyro
prototype was created. It was based on GPS
navigator receiver (GPS-Module-BR355) and flight
sensors of low accuracy that were a part of the
automatic control systems (angular velocity sensor
(DUSM), and two overload sensors (BDLU-3)). The
prototype was integrated with the LabView
mathematical programming environment. In order to
simulate changes in orientation angles, strapdown
sensor units were mounted on a rotary stand (Fig. 4),
which allowed to change the angular position of the
sensor unit with an accuracy of 0.01°.

Fig. 4. Prototype of strapdown vertical gyro based on GPS navigation receiver (GPS-Module-BR355)
and rough flight sensors

Prototype tests have proved the overall possibility
of constructing a damped inertial-satellite vertical
gyro. The accuracy of the inertial-satellite vertical
gyro was tested with the use of mathematical
modeling, as well as by testing its prototype.

A graph of the vertical reproduction errors
variations with the use of a speed correction circuit,
resulting from mathematical modeling of the
considered one-component inertial MEM vertical
gyro scheme, is shown in Fig. 5.

The prototype experiments evaluated the
accuracy of orientation angles measurements with
and without correction from the satellite navigation
system. A graph of the vertical reproduction error
variations in the presence of a constant

accelerometer error and the drift of the angular
velocity sensor in the presence of correction from
the SNS is shown in Fig. 6.
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Fig. 5. A graph of the vertical reproduction errors
variations with the use of a speed correction circuit,
resulting from mathematical modeling
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Amplitude

Fig. 6. A graph of the vertical reproduction errors variations
with the use of a speed correction circuit, resulting from
experiments with prototype

The constant vertical reproduction error A3

IV. CONCLUSIONS

The solutions proposed in the article make it
possible to improve the accuracy of an integrated
vertical gyro, which is based on micromechanical
technologies, through the latest integrated
information processing and velocity correction, and
which can be implemented quite easily on board of
an aircraft.

REFERENCES

[1]M. K. Filyashkin and M. P. Mukhina, “Gyro-
accelerometric method of determination of angular
orientation parameters,” Systems of control,
navigation and communications, no. 2(30), 2014,

pp. 56-62.

[2] V. O. Rogozhin, A. V. Skrypz, M. K. Filyashkin, and
M. P. Mukhina, Stand-alone navigation systems for a
concrete type of aircraft and their maintenance.
NAU, Kyiv, 2015, 308 p.

[3] MPU-6050 Six-Axis (Gyro + Accelerometer) MEMS
g MotionTracking™ Devices https://www.invensense.
com/products/motion-tracking/6-axis/mpu-6050/

[4] M. K. Filyashkin and T. I. Maryasova, “Algorithms of
suboptimal filtration in the schemes of integration of
inertial-satellite  systems by the method of
compensation,” Electronics and Control Systems, no.
2(28), 2011, pp- 100-106.
https://doi.org/10.18372/1990-5548.28.628

[5] F. M. Zakharin, V. M. Sineglazov, and M. K.
Filyashkin, Algorithmic support for inertial-satellite
navigation systems. NAU, Kyiv, 2011, 320 p.

Received April 12, 2022.

depends on a pitch angle 3 and on the deterministic

components of accelerometer errors Aa,, Aa,, and is
described by

. Aa sin3—Aa cosd
A9 = arcsin—= .

The vertical reproduction error for the ADXL
150 micromechanical accelerometer from Analog
Devices, with a zero shift error of 0.01 g, equals to
0.5°. This meets the requirements of existing
precision vertical gyros.
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M. K. ®inamkin, O. 1. CmipHoB. /lemndoBana MikpoMexaHiuHa ripoBepTHKAIb

PosrisiHyTO criocodu mo0y0BH rHpOBEpTHKAIEH Ha TPyOHX MIKPOEJIEKTPOMEXaHIYHUX EIeMEeHTaX: JaT4uKax KyToBOl
LIBHIKOCTI Ta akcenepoMeTpax. [1iIBUIIUTH TOUHICTh MIKPOEGIEKTPOMEXaHIYHOI TipOBEPTUKAII ITPOIIOHYETHCS HIISIXOM
il KOMIUIEKCYBaHHs 13 CYIIYTHHKOBOIO HaBIrallifHOIO CHCTEMOIO. 3alpollOHOBaHI B CTaTTi PIllIEHHS J03BOJSIOTH
MiJIBUIIMTA TOYHICTH POOOTH IHTErpoBaHOI TipOBEPTHKANi, MOOYAOBAaHOI Ha OCHOBI MIKpPOMEXaHIUYHHX TEXHOJIOTIH,
HIJISIXOM KOMIUIEKCHOT 00poOKHM iH(opMallii, 1110 BUKOPUCTOBYE CXEMY KOMITEHCAIlT 3 HOBITHIM TMHAMIYHUM (DiIbTpOM,
IO TPaKTHYHO HE CIIOTBOPIOE TMOXHOKM Oe3mrartopMHOi iHEpHiHHOT MIKpOEIeKTPOMEXaHIYHOI TipoBepTUKai, i
OTpUMATHU OIIHKY JTOPOXKHBOI MIBUAKOCTI 1 MakCHMajbHO OLIHHWTH IUISXOBY IIBUIAKICTb. 3a BiATBOPEHOIO OI[IHKOIO



M.K. Filyashkin O.I. Smirnov_Damped Micromechanical Hyrovertical 63

MIPOITOHYEThCsE  c(OPMYBATH CXeMY IIBHJAKICHOI KOpEKIil TipoBepTHKaii (cxeMy AeMndyBaHHS), sSKa iCTOTHO
TIOJIIIINIIA TOYHICTh OIIHIOBAHHS IIApaMeTPiB KYTOBOI Opi€HTallil.

Kaw4oBi ciioBa: KOMIUIEKCYBaHHS; CXeMa KOMIIGHCAIlli; IIBUIKICHA KOpeKis; Oe3miar¢opMHa iHepIiaibHa
HaBiramifHa cucTeMa; MoXuOKa BEepTHKAJII.
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M. K. ®unsmxun, O. U. CmupHoB. [lemngupoBaHHAs MUKPOMeEXaHHYeCKas THPOBEPTHKAJIb

PaccMoTpeHb! criocoObl IIOCTPOSHUsI THPOBEPTHKAJIEH Ha TPYObIX MHKPODJIEKTPOMEXaHUUECKHX DJIEMEHTaX: AaTduKax
YIJIOBOM CKOpOCTH U  akcenepomerpax. IIOBBICUTP TOYHOCTh MHKPOINEKTPOMEXAaHUUECKOH THpOBEpTHKAIN
MpeJylaraercst myTeM ee KOMIUIEKCUPOBaHMSA CO CIYTHHKOBOM HaBUTALMOHHOW cucreMoil. IIpennoxkeHHbIe B CTaThe
pelIeHus] MO3BOJISIIOT TOBBICUTh TOYHOCTh pabOThl MHTETPUPOBAHHONW THPOBEPTUKANHM, IOCTPOSHHOW Ha OCHOBE
MHUKPOMEXaHHYECKUX TEXHOJOTHH, IyTeM KOMIUIEKCHOH 00paboTku WH(MOpMalWK, HCIONb3YIOMEH CcXeMy
KOMIICHCAIlUM C HOBEHIIMM JMHAMHYECKUM (WIBTPOM TPAKTUYECKH HE HCKAKAIOMIUM  IOIPEIIHOCTH
0e3ruIaTpOpMEHHON WHEPLUHUAIBHOH MUKPOIIEKTPOMEXaHMUECKOH THPOBEPTHKAIN, M IOIYYUTh OLEHKY ITyTEeBOH
CKOPOCTH MaKCHMAJIbHO NPHOJIKEHHYI0 K UCTUHHOM. [lo Bocnpon3BeneHHO# oLieHKe mpeiaraercsi chopMHpOBaTh
CXEMY CKOpPOCTHOHM KOPPEKIIMH THPOBEPTHKAIHN (CXeMy JAeMI(upoBaHus), KOTopas Obl CYIIECTBEHHBIM 00pa3oM
yAy4IINIa TOYHOCTh OLIEHUBAHUS ITApaMETPOB YIIIOBOW OpUEHTAINH.

KnaroudeBble cioBa:  KOMIUIEKCHPOBAHHE; CXeMa KOMIICHCAILIMM; CKOPOCTHAas KOppeKuus; OeciuiaTdopMeHHas
HHepIMaIbHasl HABUTALIMOHHASI CUCTEMA; IOTPEIIHOCTh BEPTUKAIIH.
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