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Abstract: The classification of gyroscopes based on the parametric model is considered. It
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INTRODUCTION

DOI: There are a number of fairly accurate gyroscopic systems that satisfy a large
10.21276/sjet.2018.6.1.5 | number of consumers [1-3]. For example, the micromechanical gyroscopes use, in vehicle
stabilization systems or video cameras [4-6]. Nevertheless, the ever-increasing demands
E’F_T.-E on the accuracy and gyroscopic instruments performance characteristics become a

1 prerequisite not only for subsequent improvements to classical gyroscopes, but also for
- % searching for fundamentally new ideas that allow solving the creating sensitive sensors
"" problem for indicating and measuring the angular movements of an object in space.

[=] =

At the present time, a large number of various phenomena and physical principles
are known that allow solving problems arising in the gyroscopes design [7]. But there are
also a number of questions. These issues include: construction design, calibration and
effective use of gyroscopes. However, up to now these issues have not been fully resolved.

Among the most popular gyroscopes are micromechanical gyroscopes (MMG) [7]. The demand for such gyros
is supported by many markets — client, medical, industrial and military [8].

The micromechanical gyro-accelerometer is also manufactured industrially in the form of small integrated
circuits. Due to the miniaturized dimensions and relatively cheap cost of manufacturing this device, the MMG field
application is growing every year [2]. But at the same time, the task remains to improve information reliability and
ensure trouble-free operation of gyroscopes. At the same time, scientific and technical directions are actively developing,
which are associated with the small-size motion control devices creation, where MMGs play a decisive role.

MATERIALS AND METHODS
Review of the literature on the research topic

The basic principles of the micromechanical gyroscopes design are set forth in the Yilmaz E study [10]. In this
paper, the latest theoretical methodologies for analysis and various types design are presented; most attention is paid to
the vibration Coriolis gyroscopes. The principles of designing sensors and their kinematics, origin of the motion
equations, analyzing the sensors dynamics in modulated and demodulated signals, calculating and optimizing the main
operating characteristics, and signal processing and control are also analyzed. In [10], numerical simulations of
gyroscopes were carried out using Simulink.

The rules for designing the fiber optic gyroscope basic construction are presented by Lefevre H.C. in [11]. A
system analysis of the fiber-optic gyroscope is performed. The paper describes the basic principles underlying the fiber-
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optic gyroscope, presents, and discusses methods for determining the characteristics of an object in space and the limits
of the device operability.

Awrejcewicz J.'s study [12] is devoted to classical mechanics. Attention is focused on presenting a unique
approach, introduced in classical mechanics, to the study of mechanical and electromagnetic processes occurring in
applied mechanics and mechatronics. A special emphasis is placed on the theory, modeling, analysis and control of
gyroscopic devices.

The parametric model construction of the tuning fork gyro using the universal Simulink tool was realized by
Mohite S., Patil N., Pratap R. in [13]. The obtained results are compared with the data obtained using a more complex
and powerful Coventor modeling system. The comparison shows that the parametric model created in Simulink gives
equally good results with fractional effort in modeling and computation as the model built in Coventor. In most cases,
finite element analysis is used in modeling.

Investigation of the vibration isolation platform design parameters at the time of gyro control is described by
Yao Z., Jingrui Z., Shijie X in [14]. The vibration isolation is considered, as it provides a direct and effective approach to
improving the high-precision guidance of high-resolution remote sensing. The paper presents studies that showed that the
platform parameters satisfy the vibration isolation requirement, but also ensure that the control system remains fairly
stable.

The main signs of the gyroscopes classification
Based on the existing gyroscopes structure and parameters analysis [9-13], a five-step classification of
gyroscopes is proposed, which is shown in Figure 1.
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Fig-1: Classification of gyroscopes
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In analyzing the features of modern gyroscopes, it is determined that all gyroscopes are subdivided into non-free
(one- and two-stage gyroscopes) and free (three-stage gyroscopes) [13].

Free gyroscopes are divided into balanced, the center of rotors mass coincides with the rotors suspension center
(a gyroscopes number built on the basis of balanced gyroscopes are called direction gyroscopes), and unbalanced, the
mass center of which does not coincide with the suspension center are positional (heavy) gyroscopes.

All free gyroscopes, both balanced and unbalanced, have three identical properties: preserving property the
orientation of its rotation axis invariance in space; processing property in the presence of an external force moment;
property of insensitivity to impacts.

The basic types of gyroscopes in terms of the number of degrees of freedom can be divided into [10]: one step;
two-step; three-step.

Gyroscopes with three degrees of freedom are divided into [2]: balanced or a static; unbalanced or positional.

Gyroscopes with two freedom degrees, in turn, are divided into [8]: differential gyroscopes; integrating
gyroscopes.

Vibration gyroscopes combine devices that differ in the nature of the sensitive element (SE) motion and the
principle of action, in which the moment (force) arises, causes the sensor to deviate from the institution that carries out
the mobile movement. A distinguishing vibration gyroscopes feature is the connection of the sensitive element to the
base on which it is mounted [8].

Optical gyroscopes have replaced old gyroscopes types, due to the fact that they have a humber of advantages.
In addition, these advantages have already created new gyroscopes areas application. Optical gyroscope has almost
instant readiness to work, in comparison with mechanical. Such gyroscopes have much less weight, and high operation
reliability due to the lack of mechanical elements.

There are fiber optic gyroscopes (FOG), which are manufactured in the so-called minimal configuration with
equal optical paths for two rays propagating in the opposite direction, in the fiber circuit [8, 9].

Mechanical gyroscopes are based on the law of rotational moment (angular momentum) conservation. The main
property of such a gyroscope is the ability to preserve in space the invariable direction of the rotation axis in the external
forces acting absence on it and effectively resist the action of forces external moments. This property is largely
determined by the magnitude of the gyroscope's own rotation angular velocity.

According to the principle of constructing an elastic suspension, all known MMG types can be classified
depending on the SE motion type in the suspension, MMG can be divided into three groups [7-9]: MMG RR (rotare-
rotare) type — both forms of oscillations are angular; MMG RL type — angular combination and linear form of rotor
oscillations; MMG LL (linear-linear) type — both modes are linear.

Thus, a classification is presented, which consists of five levels, modern most common gyroscopes, allows
determining their interrelationships. This makes it possible to study in more detail the gyroscopes structure, as well as
their parameters.

RESULTS AND DISCUSSION
Parametric model of gyroscopes

Among the various microelectromechanical sensor systems, the gyroscope is one of the most complex sensors in
terms of design, therefore on the basis of the presented classification it is proposed to develop a generalized parametric
model. The parametric model includes the interrelationships of the it’s various components parameters. In such a model,
changing the value of one parameter entails changing the values of the gyroscope model parameters associated with it.

We construct a parametric description of each gyroscope separately set, which can be represented as:

G, =< 06l me v !>, (1)
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where ¢, —a lot of gyros at k — degrees number of freedom in a gyroscope, k =1..3; oc | — a subset of optical

gyroscopes (Optical gyroscope), i = 1, 2, 3 this is the subclasses number; j — gyro parameters, j=1..n; mMG .J — a subset
of mechanical gyroscopes (Mechanical gyroscope), i = 1, 2 this is the subclasses number, j — gyro parameters, j=1..n ;
ve | —a subset of vibration gyroscopes (Vibrating gyro), i = 1, 2, 3 this is the subclasses number, j — gyro parameters,

where j=1..n,

Let the subset of optical gyroscopes consist of structural elements:

i_ 2
OGi’<ROG_’SOGi’LDOGi’UOGi’DOGi‘OSOGi>’ ()
1

where R oo — reliability; Sos — sensitivity; | e linear dimensions; Uoe — input voltage; Do — bandwidth;

0s o6 — output signal.

Parameter R reliability can be described as follows:

ROG. =< P(t)OG 'mOG_'RfOGi’Pp(t)OGi’}\’(t)OGi'Qp (t)OGi > (3)

where Py — trouble-free operation; mos — maintainability; rf — time to failure; PP(oe — failure-free
i 1

operation probability; Ao — failure rate, indicates the average failures number that occurs per unit of product
i

operation time; Qp (t) , — unexpected failure probability.

Parameter s sensitivity can be represented as:

K _,N _,a _ >, (4)

where Joe — Output signal; dos — phase shift; Koo proportionality coefficient, which is determined by the
i i i
photodetectors parameter; N s coil turns number; a o —anarea that spans one turn.

Parameter J (Output Signal) can be described as follows:
i

3 . > ®)

oei:< ¢OGi’KOGi’ o6

where ¢ s phase shift; « s proportionality coefficient, which is determined by the photodetectors parameter;
i i
I — light intensity at the radiation source output.

OGI

Parameter u . input voltage can be described as:

UOGi:<UdOGi,KsOGi,WOGi,NOGi>, (6)
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where ud oc — Z€ro drift of the input signal; ks I scale gyro factor; Woo o~ angular velocity; N s noise
i i i i

gyro.

Let us now consider a mechanical gyroscopes subset consisting of structural elements:

i_
MGi_<RMGi'SMGi’EMGi’MMGi'(PMGi’LMGi>’ (")

where R ve .~ reliability; s =~ — sensitivity; E ve  —exactness; M — external force moment; Oye deflection

angle of the external suspension frame; L Ve angular momentum.

Parameter R reliability can be described as follows:

Rue =Py My 'RfMGi'Pp(t)MGi’Mt)MGi'Qp(t)MG_ Z ®)

where P() e | — trouble-free operation; m ve | — maintainability; Rrf Ve | — time between failures; PP (1) 6 |
probability of failure-free operation; x(t),, . — the failure rate, indicates the average number of failures that occurs per

unit of time; qQp (1) e " probability of unexpected failure.

Parameter m MG the moment of external force can be described as:

My =< IiMG Oyve Eme . T (©)

where Sye angular acceleration; Lve moment of inertia relative to the rotation axis; Oye angular velocity
i i i

rotation vector.

Parameter L the angular momentum consists of:
i
L = I o > (10)

The third gyroscope kind of is vibration gyroscopes. The subset consists of the following parametric elements:

i_
VG =< Ev<3i'Rv<3 _’SVGi’LD VGi’ME VGi’DVGi’VVGi’TVGi . (11)
I

where E,c —exactness; R - reliability; S~ sensitivity; LD - linear dimensions; ME ve —Mmeasurement

error; D . —durability; v . —maximum normal voltage; Ty — torsions length.

Parameter r . reliability we express through:

Ry =< P(yg My REo PR, 2Dy @)y > (12)
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where P — trouble-free operation; m e - maintainability; Rrf v time to failure; pp Oy — failure-free
i i i i
operation probability; »(t), . —failure rate; Qp (t),,, — unexpected failure probability.

Parameter D durability we represent it in the form:
i

Dve; =< EVGi’NVGi'IVGi'SVGi’pVGi

>, (13)

where Eo — elastic modulus; N w number of destruction cycles; l,c - constants that are determined during the
i i i

test; ¢ . — relative deformation; Pys — oscillation frequency.

Parameter v, the maximum normal voltage is represented as:

Vi =< M mx E 3 W >, (14)

where M mx . — the maximum moment that occurs when the opposite end of the beam is displaced; € ., -
i i
elasticity modulus of the beam material; 3, . — inertia moment of the cross-section beam; w - resistance moment
i i

of in bending.

Parameter T, optimal length of elastic suspensions, torsions can be described as follows:
i

>, (15)

VG . ve 'Pve '®ve Pve Py '®ve Pyve

where i — torsion length; b _ — thickness of torsions; ¢, _ — width of the torsions; ¢ _ — elasticity modulus
of silicon; & e torsion stiffness; o, —resonance frequency in the driving mode; p . — operation frequency of

the drive generator.

The proposed parametric model can be used as a basis for developing a mathematical model in the process of
creating a module for the automated design of gyroscopes type: vibration, mechanical or optical.

Discussion of the results of the application of the parametric model for analyzing the performance of gyroscopes

With the proposed parametric model (8) for determining the micromechanical gyroscope parameters, studies
were conducted of such parameters as the failure probability and the failure-free operation probability for different
operating times. A gyroscope of the RR type is chosen for research.

The results of the calculations are given in Table 1 and Table 2.

The failure rate was determined on the basis of the expression [15]:

—at —
"ma i(t) che tacyhe 2 n+an-n(
M), - - - :

(16)
i PP(Dyg ALt -t N (t) - At
I

where n(t) —number of failed products at time t; At —time interval; N (t) —number of work items, by the time t.
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The failure probability was calculated using the probability failure density, which is determined through the
failure-free operation probability and the failure rate according to the formula [15]:

ROV
fue (1) = TI 17

Table-1: Failure probability and failure-free operation probability for work over a period of 50 to 150

hours
Working hours t, hFailure probability e (1), % Failure-free operation probability PP %
50 1.7 98.3
60 25 975
70 2.8 97.2
80 34 96.6
90 4.7 95.3
100 8.8 91.2
110 9.5 905
120 10.4 89.6
130 10.9 89.1
140 11.4 88.6
150 12.1 87.9

Now it is suggested to check the gyroscope operation after 20 hours.

Table-2: Failure probability and failure-free operation probability of for work over a period of 200 to 400 hours

Working hours t, hJFailure probability fye (1), % Failure-free operation probability pp (1) - %
200 6.626 93.374
220 7.332 92.668
240 9.676 90.324
260 10.555 89.445
280 12.895 87.105
300 14.656 85.344
320 15.824 84.176
340 16.410 83.590
360 18.444 81.556
380 20.968 79.032
400 23.034 76.966

The failure-free operation probability is determined by the formula [15]:

PP(t),,e =¢ ' =1-fyg (0. (18)

Dependence of the failure probability during the operation time from 50 to 150 hours is shown in Figure 2.
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Fig—-2: Dependence histogram of the failures probability on the operation time

In Figure 2 and Figure 3 on the abscissa axis 11 values — this is the operating time (from 50 to 150 hours with an
interval of 10 hours).

Dependence of the failure-free operation probability during the operation time from 50 to 150 hours is shown in
Figure 3.
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Fig-3: Dependence histogram of the of the failure-free operation probability on the operating time

The dependence of the failures probability and the failure-free operation probability on the operating time is
shown in Figure 4 and Figure 5. In Figure 4 and Figure 5 on the abscissa axis 11 values — this is the operating time (from
200 to 400 hours with an interval of 20 hours).
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Fig—4: Dependence histogram of the failures probability on the operation time
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Fig-5: Dependence histogram of the of the failure-free operation probability on the operating time

The built-in histograms allow you to visualize the values of the selected micromechanical gyro parameters. On
the basis of which it can be concluded that the longer the gyro operating time, the greater the failure probability and the
lower the failure-free operation probability.

CONCLUSION

The structure of existing gyroscopes is reviewed; the gyro type’s constructions and their functional capabilities
are analyzed. The analysis made it possible to determine the main gyroscopes components and their parametric features,
which subsequently became a prerequisite for the development of classification, as well as the creation of a parametric
model.

A parametric model is proposed that can be used as a basis for developing a mathematical model in the process
of creating a module for the automated gyroscopes design of vibration, mechanical or optical type.

As a result, the developed parametric model can be implemented in parametric methods in order to qualitatively
pick up more structural gyroscopes elements, while considering different gyroscopes types, using always up-to-date data.
Designed by the proposed models, the gyroscope will be more adapted to the environmental conditions and have optimal
parameters for efficient operation of the device.

Investigations of the failure probability and the failure-free operation probability for a period of 50 hours to 150
hours and for a period of 200 hours to 400 hours were conducted. The longer the gyro worked the less chance of trouble-
free operation.
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