128

ISSN 1990-5548 Electronics and Control Systems 2017. N 1(51): 128-133

UDC 629.7.027 (045)

'0. A. Sushchenko,
2Y.V. Beliavtsev

MATHEMATICAL MODEL OF DYNAMICALLY TUNED GYROSCOPE

Educational & Research Institute of Air Navigation, National Aviation University, Kyiv, Ukraine
E-mails: 'sushoa@ukr.net, *dragonwow3@ukr.net

Abstract—The paper deals with creation of a set of models of the dynamically tuned gyroscope by means
of Simulink. The developed model is close to the real device as it includes models of both the gyroscope
and service electronic devices. Models of angle and rate meauring devices based on the dynamically
tuned gyroscope are obtained. Simulation of measuring processes had been carried out. The possibilities
of small angular rate measurement were studied. The influence of sampling intervals on accuracy of
measuring processes was researched. The obtained results can be useful for creation of navigation
systems used in high-accurate autonomous applications.

Index Terms—Inertial sensor; dynamically tuned gyroscope; rate gyroscope; simulation; sampling

interval.

I. INTRODUCTION

Inertial sensors are important components for a
number of practical applications. Robotics,
autonomous vehicles, airplanes, ships, satellites and
inertially stabilized platforms are some examples of
such applications. They make us to realize the
importance for many countries of having their own
development of inertial technology [1].

The dynamically tuned gyroscopes (DTG) can be
used in the inertially stabilized platforms as
measuring instruments of servo systems [2]. Such
platforms are widely used in aviation and rocket
technologies to solve vehicle navigation and also
stabilization of special devices including direction
finders, viewfinders, objectives of photo cameras
and so on [3].

Particularly, the gyroscopes usually involve high
cost manufacturing processes, sophisticated techno-
logy and expertise, so that the necessary perfor-
mance on vehicle navigation or device positioning
can be achieved. The dynamically tuned gyroscopes
are one of the options nowadays that can provide the
required performance for many applications at a
reasonable price. They demand considerable less
investment in materials, machinery and man power
when compared to the other usual sensors such as
the floated or ring-laser gyroscopes [1].

Dynamically tuned gyros can be designed as

three-degree-of-freedom gyroscopes, which can
measure attitude of a vehicle. Such a device
supplemented feedback can be wused for

measurement of vehicle angular rates. From the
technical point of view it means that feedback
amplifier must be included in the control contour.
Thus, considered device can operate in two modes.
This provides definite advantages for using above
stated DNGs in high-accurate navigation and
stabilization systems.

II. PROBLEM STATEMENT

The problem is development of the mathematical
model of DTG in all possible modes of its operation.
Such specific problems as influence of sampling
interval and cross connections on the quality indices
of transient processes will be studied. The structural
scheme of the measuring device model based on
DTG is given in Fig. 1. Such a device can be used
for measurement of angles, which determine
position of a vehicle in the inertial space. Depending
on location of measuring axes, the device can carry
out functions of the wvertical or directional

gyroscope.
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Fig. 1. Structural scheme of a measuring device based on
DTG (vertical gyroscope): o, B are measured angles;
Woteas Worag are transfer functions by angles a., B; H
is the kinetic moment; 7 is the time constant; ®,; o, are
input angular rates; H; = 0.999H; TM denotes torque
motor; PDM denotes pulse duration modulator; N,, N are
control codes, which are determined in the computing

device; I,, Ip are control currents, which enter to PDM
inputs
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The model represented in Fig. 1 corresponds to
the vertical gyroscope. Notations in Fig. 1, which are
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given in brackets, correspond to the directional
gyroscope.

Thus, the represented device includes DTG,
torque motors and pulse duration modulators. To use
the above represented device as a rate gyroscope is
possible using feedback by output signals. The
structural scheme of such a device is represented in
Fig. 2.
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Fig. 2. Rate gyroscope based on DTG: FA is feedback

amplifier

The rate gyroscope based on DTG is the high-
accurate measuring instrument. Therefore it can be
used in the high-precision inertial navigations
systems and attitude and heading reference systems
(for example for the marine navigation), where
setting to horizon can be done based on
measurement of the Earth angular rates.

The purpose of the paper is development of
models in modes of attitude and angular rate
measurement. The models will be created by means
of Simulink. Including service electronics models
makes models close to real systems. This allows
study important design problems including influence
of sampling interval and cross-connections on
measurement accuracy.

III. ANALYSIS OF LAST RESEARCHES AND
PUBLICATIONS

There are many textbooks and papers, which deal
with features of operation and simulation of
measuring instruments based on DTG [1], [2].
Applications of DTGs are considered in [3].
Detailed mathematical description of DTG with the
gas dynamic bearing is represented in [4].

Above stated applications are extended
nowadays. And it is important to improve
mathematical models of DTG in order to satisfy new
rigid requirements to accuracy, extension of
functional possibilities and so on.

IV. MATHEMATICAL MODEL OF ATTITUDE
DYNAMICALLY TUNED GYROSCOPE

Firstly, the mathematical model of the measuring
instrument based on DTG with orientation of the
kinetic moment providing measurement of heading
will be considered. Such a device corresponds to the
directional gyroscope. In accordance with [5] the

mathematical model of DTG represents a set of the
differential equations

. - H
J('x+doc+H[3+F[3+coc=—H](ox+Mz;
o o Q)
JB+dB—H(.X.—?(X+CB=H](DZ—Mx,

here J is a sum of equatorial moments of the rotor
and gimbals respectively; d is the damping
coefficient; H is the gyroscope kinetic moment; T
is the gyroscope time constant; ¢ is the residual

rigidity of gimbals; H, = H(1-s); s =107; 0,0,
are projections of the platform angular rates onto the
platform axes; M ,M, are external disturbance

moments.

The model of the vertical gyroscope can be easy
obtained based on (1) and structural scheme
represented in Fig. 1. It is not given in the paper due
to its similarity to the directional gyro model.

The Simulink model can be created by means of
direct implementation. But such a model is too
difficult for both development and understanding.
Therefore it is convenient to develop the model
using representation by means of transfer functions.
For this it is possible to use the Laplace transform.
Neglecting external moments we will represent the
model (1) in the following form

2 H
Jp oc+dpoc+Hp[3+7[3+coc =-Ho,;
o 2
Jp2[3+dp[3—Hpoc—Foc+c[3 =Ho,,

where p is the Laplace operator.

The set equations (2) can be solved relative to the
output variables

az% —(H+£)B—H]mx ;
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To provide effective functioning of the developed
model it is convenient to divide and multiply the
equations (3) by p

H_ H
a=—L—|Hp-—p-—Lo, |;
Jp +dp+c p

)

Ip
P 4)
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Jp~+dp+c Tp p
Due to these transformations the transfer

functions of (4) become proper. Using equations (4)
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it is easy to create the Simulink model of DTG based
on transfer functions. Such a model is characterized
by the high speed of operation during simulation.
This is important for research of transient processes
of navigation systems.

Elimination of cross connections between
measuring channels can be achieved by means of
ideal dynamical tuning [5]. But such a situation is
impossible in practice. The approach to elimination
of cross connections between measuring channels is
given in [6]. It is based on using two dynamically
tuned gyroscopes, kinetic moments of which are
directed in opposite directions. Really, based on
equations (4) it is possible to derive expressions for
determination of angle o
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The appropriate expression for the gyroscope with
the kinetic moment of the opposite sign becomes

_ —Ho (Jp’+dp+c)+Ho, (Hp+HIT)

(6
(Jp* +dp+c) +(Hp+HIT)® ©)

As follows from (5), (6) it is possible to eliminate
cross connections of DTG measuring channels. The
mathematical model of the device based on two
DTG with oppositely directed kinetic moments is
represented in Fig. 3. The model of the rate
gyroscope based on DTG including feedback is
represented in Figs 4 and 5.
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Fig. 3. Simulink-model of the measuring device based on two DTG
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Fig. 4. Simulink-model of the rate gyroscope based on DTG
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Specific feature of the rate gyroscope based on o
DTG is usage of the feedback. In this case the o FH
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mathematical model of the measuring instrument
must be supplemented by the models of electronic
units, including amplifier, digital filter, analog-
digital converter, and pulse width modulator.
Mathematical models of units, which form feedback
of the device, are represented in Figs 6 — 9.
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Fig. 7. Analog-digital converter
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Fig. 9. Pulse-width modulator

The represented models correspond to the real
devices as far as possible.

V. SIMULATION RESULTS

It should be noted that time averaging had been
used for representation of simulation results. The
appropriate model is given in Fig. 10. Results of
simulation of small angular rate measurement are
given in Fig. 11a, 11b.
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Fig. 10. Averaging of simulation results

The transient process of small angular rate
measurement (0.0007 rad/s) is given in Fig. 1la.
Sampling of signal processing is 1 ms. Figure 11b
represents the same results after averaging. Thus,
simulation results prove the possibility to measure
small angular rates by means of DTG. Such results
prove also the possibility to use above mentioned
device for setting to the initial meridian during
heading determination. (Rate values are close to the
Earth angular rate) [6]. It is known that sampling
interval influences on accuracy and reliability of
information processing. This defines quality of
control transient processes. Therefore research of
sampling interval value on transient process
characteristics was one of purposes of simulation
using the developed DNG model. To solve this
problem, different combinations of digital capacities
of the analog-digital converter (ADC), computing
device (CD) and pulse duration modulator (PDM)
were used.

TABLE I

COMPARISON OF SAMPLING INTERVALS

# Digital Digital Digital
variant capacity capacity capacity
of ADC,s of CD, s of PDM, s
1 0.0012 0.0012 0.0012
2 0.0048 0.0048 0.0048
3 0.0012 0.0048 0.0048
4 0.0012 0.0012 0.0048
5 0.0048 0.0012 0.0012
6 0.0048 0.0048 0.0012
7 0.0012 0.0048 0.0012
8 0.0048 0.0012 0.0048

Simulation results are given in Fig. 11c, 11d. Output
signals of PDM are given here. Simulation time was
accepted to be equal to 1 s. The reference signal is
equal to 0.2 arcmin.
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Fig. 11. Simulation results: (a) corresponds to the small angular rate (0.0007 rad/s), (b) corresponds to the average small
angular rate; c, d correspond to variants of different sampling intervals (variants 4 and 8 of Table I)

VI. CONCLUSIONS

The dynamically tuned gyro model based on
Simulink is created. This allows us to take into
consideration features inherent to real systems and
provides simulation close to real system functioning.

Models of DTG in modes of measurement of
both attitude and angular rates are developed.

Simulation results are given and analysed. The
possibility to measure small angular rates is proved.
Influence of sampling intervals is researched.
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O. A. Cymenko, IO. B. BeasiBues MatemaTuyHa MoJe/ b AUHAMIYHO HAJIAIITOBAHOI O TipocKoONa

[IpencraBneHo HHU3KY MojeNedl JIMHAMIYHO HAJIAMITOBAHOI'O TipOCKOIA, CTBOPEHUX Y cepexoBumli Simulink.
Po3pobiieHa Moaenb HAOMWKAEThCS A0 PEabHOTO MPHIAAY, OCKUIBKA BOHA MICTHTBh MOJENI SIK TipOCKOmNa, Tak i
CEepBICHOI E€JEeKTPOHIKH. PO3IIsHYTO MOneNi BUMIpPIOBAdiB KyTiB Ta KYTOBHX HIBHIKOCTEH Ha OCHOBI JHHAMIYHO
HACTPOIOBAHOTO TipOCKOMNa. BHKOHAHO MOJCTIOBAHHS BHMIPIOBAIBHUX TpoIeciB. JIOCTIHKEHO MOKIUBOCTI
BUMIpPIOBaHHS MaJHMX KYTOBHX HIBUAKOcTedl. OTpuMaHi pe3yiabTaTH MOXYTh OyId KOPWUCHI MiJ 4Yac CTBOpPEHHs
HaBITAI[IHHUX CUCTEM JUIsi BUCOKOTOYHHX Ta aBTOHOMHHX 3aCTOCYBaHb.

Karou4osi cioBa: iHepuiasbHUl 1aTYUK, JUHAMIYHO HAJIAIITOBAHWI TiPOCKOI, IIBUIKICHUHN TipPOCKOI, MOJEIIOBAHHS,
IHTEpBaJ TUCKPETH3aLlii.
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