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THE ACCURACY OF A TWO-STAGE GYROCOMPASS

3aBmaHHs 3a0e3MeueHHs] BUCOKOT TOYHOCTI BUMIPIOBAHHS OPI€HTAIlll PYXOMHUX
00’eKTiB OYyJ0 1 3aJMIIA€ThCA HAJ3BUYAHO aKTyalbHUM. JJi1 BU3HAYEHHSA MOJIO-
KEHHSI IJIONUHY reorpadigHoro Mepuaiana mij yac CTapTy pyXOMHX OO KTiB BHU-
KOPHUCTOBYIOTHCSI BUCOKOTYHI TiPOKOMIIACH — TPUCTYIEHEBI Ta JBOCTYIEHEBI. Y
CTATTi PO3MJISIHYTO JIBOCTYIICHEBHUI TiPOKOMITAC 13 YKOPCTKUM TOPCIHHHUM TIiIBICOM
pyxomoi yactuHu. «CTapiHHsS MaTepialy» TOPCIOHIB, BIUIMB HAa HUX TEMIIEPATypH
TOIIO, MPU3BOIAUTH O HEKOHTPOJIBOBAHOI 3MIHM KYTOBOi KOPCTKOCTI TOPCIOHIB,
110, Y CBOIO Yepry, MPU3BOAUTH JO MOSIBU MOMUJIKH Y BU3HAUYEHHI IMOJIOXKEHHS Me-
pumiaHa.

3anpornoHOBaHO METOJ BU3HAUYEHHS MOJOKEHHS MEpHUiaHa 3a YMOB, KOJIH KY-
TOBa >KOPCTKICTh TOPCIOHIB — HeBigoMa. MeToj mepeadadae CIOCTEPEKCHHS 3a
PYXOM TipOCKOIa y PeXHMi, KOJIM KIHETHYHUH MOMEHT 3MIHIOETBCS 3a JIIHIMHUM
3aKOHOM (POTOP PO3TAHSIETHCS).

VY pesynbTari MiHIMI3alii po301KHOCTI peallbHOTO PyXy TipoKoMIaca i pyxy
HOro MaTeMaTHYHOT MOJIENi 3HAXOMIThCS «HAWKpaIla OIiHKay MmapaMeTpa, 1o Xa-
pakTepu3ye IMOJIOKEHHSI MepujiaHa, 1 «HalKpala OIIHKa» KyTOBOI *KOPCTKOCTI
TOPCIOHIB B IaHOMY BUMIPIOBaHHI. PO3IIISIHYTO pe3ynbTaT MOJIENIOBAaHHS BIAIO-
BIJIHUX aJropuTMiB 00poOku iH(popmalii. BkaszaHi mepeBaru 3amponoHOBaHOi Me-
TOJWKHU B MOPIBHAHHI 3 TPAIULIIHHUMHU.

PaccmarpuBaercss MeTolMKa NPUMEHEHHs JABYXCTEIEHHOTO THpOKOMIIaca B
YCIIOBUSIX, KOT/A YIJIOBast )KECTKOCTh TOPCHOHOB TOABECa — HEM3BECTHA. MeToau-
Ka TpeAINoyiaraeT CpaBHEHHWE PEaIbHOTO ABMIKEHHS TMPOKOMIAca B PeXHUME JIH-
HEWHOI'0 pasroHa poTopa ¢ MAaTeMAaTHYE€CKOW MOJENBIO 3TOro JBMXKEHMs. B pe-
3yJbTaTe€ MHHHMMHU3ALUM HECOBMAJAEHUS JBYX YKa3aHHBIX IBM)KEHHH HaXOIATCS
«HAWJIy4dlIas OIEHKa» HAYaJbHOTO OTKJIOHEHHS OCH pPOTOpa TMPOKOMIIaca OT
IUIOCKOCTH MEPUJNaHa U «HAWIy4lllas OLEHKa» YIJIOBOM ECTKOCTH TOPCHOHOB B
JTaHHOM HM3MEpEeHHH. PaccMOTpEeHBI pe3yibTaThl MOJEIMPOBAHUS COOTBETCTBYIO-
IIUX aJITOPUTMOB 00pabOTKM MHPOPMALIUH.

Introduction

In geodesy, cartography, in the transport sector and military affairs,

instruments that made it possible to determine the position of the axes of the
geographical coordinate system at the place of measurements were widely used.

! Igor Sikorsky Kyiv polytechnic institute
2 Igor Sikorsky Kyiv polytechnic institute
% Igor Sikorsky Kyiv polytechnic institute


https://doi.org/10.20535/0203-3771392020229091

Mexanika 2ipocKoniunux cucmeum

In peacetime the speed and accuracy of obtaining information from these
devices influence the quality of the performed work and their productivity,
whereas in combat situation these features can preserve the personnel life while
carrying out the tasks. To improve the accuracy of the above mentioned meters,
a fairly large number of methods have been proposed, most of which involve the
presence of two identical devices with the kinetic moment vectors directed
oppositely [1], or conducting software turns of the device’s body during
measurements [2, 3]. These methods require the design refinement of devices,
which is their «minus». Recently, the so-called «algorithmic methods» for
increasing the accuracy of instruments, involving the observation of the
movement of a sensitive element of a device with subsequent mathematical
processing of information have been widely used [4]. In order to significantly
reduce the measurement time, it was proposed [5] to use information on the
movement of the sensitive element of the three-degree ground pendulum
gyrocompass obtained during acceleration of its rotor. At the same time, it is
possible to simultaneously «evaluate» the constant uncontrolled harmful
moment acting around the axis of suspension of the sensing element.

Two-stage terrestrial gyrocompasses have an advantage over three-stage
gyrocompasses due to the smaller period of free oscillations. The use of two-
stage gyrocompasses with the suspension of the moving part on rigid torsion
bars leads to a further reduction in the period of free oscillations, however, the
presence of an error related to the uncontrolled change in the angular rigidity of
torsion bars in time inhibits the widespread use of this device.

Formulation of the problem

The purpose of this article is to develop algorithms for processing of
information about the movement of a sensitive element of a two-stage
gyrocompass in the mode of acceleration of its rotor, allowing one to determine
both the azimuth of the north direction and the angular stiffness of the torsion
bars at the time of measurement, which will significantly increase the accuracy
and speed of the device.

Statement of the main research material

Two degrees gyrocompass is essentially an angular velocity sensor,
responsive to the horizontal component Qg of the Earth angular velocity,
provided that the axis of suspension of the device exhibited at locations
vertically. In case if the suspension device is made on the rigid torso tries,
gyroscopic moment HQga (H is a kinetic moment gyro, o is a small d-axis
deviation angle of the rotor of the geographic meridian plane) is balanced by
elastic torsions point k(a—«,), where k is the angular torsion stiffness, o, is the

azimuth axis gyro rotor flexbeam when is not twisted. At the end of the
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transition process, the azimuth of the steady-state position of the rotor axis o
can be determined as

Olger = k(aset - O(’O) H _1%_1 . (1)
As seen from (1), the accuracy of the position determining of geographic
meridian depends on the precision reference latitude measuring point, stability
of the angular momentum, the accuracy of measurement of the angle of the gate
of the gyroscope and the angular reference of torsions accuracy. It is nonstability
of the torsion rigidity Ak, resulted from «aging of the torsion materialy,
temperature affecting etc. leads to an error

AO(’set = Ak(O('set - ao) H _1%_1;

which is dominant in the operation of a two-stage gyrocompass [6, 7].

The article discusses the technique for determining the plane of the
geographic meridian with a two-stage gyrocompass in the case when the angular
rigidity of the torsion bars is not known in advance. The technique involves
observation of the movement of the main axis of the gyroscope in the mode of
the kinetic momentum change according to the law

H=H +ht, (2)
where h is the rate of kinetic moment change, Hyis the initial value of the
angular momentum, t is current time, followed by comparing the actual curve of
the azimuth movement of the movable part of the device and its mathematical
model, made by the method of least squares. The «best estimate» of the azi-
muth &, of the initial position of the rotor axis obtained due to this method will

be the answer to the task of the gyrocompass to find the position of the meridian
[8, 9], and the «best estimate» of the angular stiffness k of the torsion bars will
correspond to the rigidity value in this launch.

The equation of motion of a two-stage gyrocompass at small angles of
deviation from the plane of the meridian has the form [10]:

la+HQo+k(a—0a,) =0, (3)

where | is the axial moment of inertia of the moving part of the device. Taking

into account (2), equation (3) can be written as follows:
d+(A+Bt)a=D, (4)

where
A=(H,Q +k)IY B=hQ 1™ D=ka,l™. (5)
A new independent variable z is introduced

2 3
zzg(m Bt)z. (6)

Taking into account (6), level (4) takes the form

2%0" + 1720 + %0 = D(1,5B) ° 27, )
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2
where o' = z—a; o' = z—?, and its solution can be written as follows [11]:
z z

1 1

a=231,(2) +2%Y,(2), (8)

3 3
where Y,,(z) and I,5(z) are Bessel functions of the first and the second kind of

order «1/3».

Amateur solution, found using the procedure of arbitrary constants varia-
tions, with the recurrence relations for Bessel functions is given by:

O fractional = g D(]"SB)_% {i‘ Zzll(z)dz:| Z;Y;(Z) - g D(l’ 5)_2 |:j; ZzYl(Z)dZ:| Z;’l;(Z) ' (9)

3 3

Therefore, the general solution of equation (7) can be written as follows:
Z Z

o= Clz%]% (z)+ CZZ%Yl (z2)- NE[ZZYé (Z)d2:| Z%I% (z)+ NDZZI%‘ (Z)dZ:|ZéY% (z). (10)

0 0
TC _2
where N =§D(1,SB) 3,

To find the integration constants C; and C, we introduce the initial
conditions:

t=0->a(0)=a,; a(0)=0a,

2 3
t=0 - z(t=0)=z,=—A¢
(t=0)=2=-¢2
& = o/'(1,5B2) > 6, = a} (1,5B2,)°
in which the general solution of equation (7) has the form:

o=2N [—E(zo, z)zéll(z) +F(z,, Z)zéYl(Z)}+

Fog 5 (z-2%)° L, @)Y, (z) =Y, (D)1, (ZO)} - (11)

“ap 57 | Y@L @1 @Y @) |
Where )

E(z,,2) = _Z[ zzYl(z)dz; F(z,,2) = _Z[zzll(z)dz .

Considering the fact that the observed coordinate of the gyroscope motion
is the o — o, expression (11) is represented as follows:
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oa—o,=2N [—E(zo, z)zél%(z) +F(z,, z)z%Yé(z)} +
ra, {g(z-z%){l;(z)v_z(zo)—vl(zn_z(zo)}—l}— (12)

—ocg-g(z-zzo)é{Il(z)Yl(zo)—Yl(z)Il(zo)} .

The left side of equation (12) is a well-known function of time, which is
the angle of rotation of the main axis in azimuth relative to the gyrocompass
body. The right side of this equation is the mathematical model of the indicated
motion («,,(z)-«,). Then, it is necessary to find the «best» estimates of the
initial parameters guided by the criterion of minimum mismatch of the azimuth
motion curve and its mathematical model (the left and right side of
equation (12)). It is impossible to apply the method of least squares (MLS) in its
analytical form since the desired initial position of the rotor axis and angular
torsion stiffness k are nonlinear in the mathematical model (a,, (2) —a,). In this
case, it is possible to use the solutions of Eq. (7) in the form of the right-hand
side of dependence (12) as a mathematical model.

Another option is also possible when its differential equation (4) is
accepted as a mathematical model and gyrocompass. Machine modeling of the
least-squares procedure was carried out in exactly this way [12] (Fig. 1).

The differential equation (4) imitated the gyrocompass movement for the
following values of input parameters:

— moment of inertia of the moving part of the device
J=1,1607-10"°,[H-m-s?];

— the initial value of the angular momentum H ,=0,4, [H-m-s];

— the rate of change of the kinetic moment h=2-10", [H-m];

— the horizontal component of the angular velocity of rotation of the Earth,
corresponding to a geographical latitude of 60°, Q.= 3,65-107°, [s*];

— the angular stiffness of torsion k=2,076-10"*, [H-m];

— the initial deviation of the main axis of the gyrocompass from the plane of

3,69pi [rad] :

540

— -the initial rate of deviation of the main axis of the gyrocompass from the
plane of the geographic meridian ¢, =0;

— integration interval t=[0;200], [sec];

— integration step At =1, [sec].

the geographical meridian o, =
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of a gyrocompass

Fig. 1. Machine simulation circuit

Consequently, the real two-stage gyrocompass is represented by
differential equation (4) with numerical data of the input parameters

A=19,14-1072,[s2]; B=6,29-10"°,[s?]; D=3,837-10 2, [s?] (13)

. . 3,69
and initial conditions o, ZSTOTE’ [rad]and &, =0.

The mathematical model of the gyrocompass is represented by the same
differential equation (4), parameters B =6,29-10°, [s°]and ¢,=0 which are

known, and for the parameters «ag» and «k» their limiting values are selected :
o, €(-&:&), pao; ke(1,0;2,5)-10" H -m. (14)

Further, the curve, which imitates gyrocompass (with numerical
values (13)) is sequentially compared with the mathematical model of the
movement as the result of machine integrating of the differential equation (4).
This comparison was carried out in stages, by the method of least squares. H and
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the first stage was sought «discrepancy» to 306 (16-19) pairs of values of

. (L
parameters o, and k increments Ao, ~ 210

[rad] and Ak =107, [H'm].Binding

@, (0g; k) =23 [( — ) — (o, — )] with n=200 is presented in Table 1. As
i=1

can be seen from tablel, the minimum value of the residual
@, (0y; k) =6-10", [rad?] takes place at,

&, =3—— rad, and K=1,9-10, [H-m]
540

Table 1.

The table «residualsy. The first approximation @,(a,;k)-10°%, [rad?]
ke10“Hem

1,001,10/1,201,3011,401,501,601,701,80 1,90 2,00 2,10 2,20 2,30 2,40 2,50
-10107 109 112 114 117 120 123 126 129 132 136 139 (143 147 151 (155
-9191,293,2195,3197,4 99,7102 105 107 110 112 115 118 121 124 128 131
-8177,0(78,6/80,382,1 83,985,8 87,8189,992,0 94,2 96,598,8 101 104 106 109
-7 64,0165,3166,6 68,0 69,571,072,574,175,877,5(79,3181,183,084,986,989,0
-6 64,0165,366,6168,069,571,072,574,175,877,5(79,3181,183,084,986,989,0
-5141,6142,4143,1143,9 44,7455 46,4 47,2 48,1 49,1 50,0 51,052,053,054,055,1
-4 132,3132,8133,3133,8 34,4 34,9 35,5/36,1 36,7 137,337,9 38,539,2139,840,541,2
-3120,620,520,3 20,1 20,019,8 19,719,519,4 19,2 19,1 18,9 18,818,6 18,4 18,3
-217,317417517,717,818,018,1 18,2 18,4 18,5/18,7 18,8 19,0 19,1 19,319,4
-1116116/11611611611611,611,611,611,611,611,611,611,611,611,6
7,137,036,936,836,736,64 6,55|6,46 6,3716,2816,196,10 6,02 5,94 5,86 5,78
2,332,352,372,382,402,42 2,43|2,45 2,47 2,49 2,50 2,52 2,54 2,55 2,57 2,59
1871,661,471,291,130,980,840,72 0,61 0,51 0,43/0,360,300,26 0,230,22
1,070,860,670,510,38/0,27 0,18 0,12 0,82 0,06 0,07 0,10 0,16 0,24 0,35 0,48
1,491,31|1,17{1,07/1,00/0,97|0,98|1,031,12 1,24 1,40 1,60 1,83 2,11 2,42 2,76
3,133,012,952,94 2,99 3,09 3,25 3,46 3,72 4,04 4,41 4,83 5,31 5,84 6,43 7,07
5,99 5,97 6,02 6,15 6,35 6,62 6,97 7,39 7,89 8,46 9,10 9,81 10,6 11,5 12,4 13,4
10,110,210,410,711,111,6 12,212,8 13,6 14,515,516,517,7 19,0 20,3 21,8
9,9310,411,111,8112,713,714,916,117,519,020,622,3 24,1 26,1 28,2 30,4
21,922,4 23,0 23,7 24,6 25,7 26,9(28,329,831,4 33,2 35,2 37,3139,6 42,0 44,5

Let us choose the nearest neighborhood of the point where there is a
minimum of the function @ (a,;k) and carry out search with the

.. . 0,1
minimum increments AocO:STg,[rad] and  Ak=0,1-10"° [H'm] . The

minimum value of the residual in the second approximation is 1,85-10™

e /540, [rad °]

O 0N~ IWNEFO

rad”. It takes place at &, =3,7$, [rad], k =2,07-10*,[H-m].
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The third approximation is feasible near the minimum point, again
reducing the step Ao, and Ak by 10times. The minimum value of the

residuals @, (o,,;k) =8,08-107%, [rad®], which takes place when &, :3,68577T0

.rad, k=2,076-10",[H-m] is obtained. As we see residual @(ay; k) obtained

in the third approximation occurs at & and k, practically relevant parameters,
set in the mathematical model of the gyrocompass, indicating the viability of the
proposed method.

Conclusions

The article considers a two-stage gyrocompass with a suspension of the
moving part made in the form of rigid torsions. It is indicated that the dominant
error is the error from the instability of the angular rigidity of the torsion bars.

A method is proposed for eliminating this error, based on a joint analysis
of the azimuthal movement of the gyrocompass and the movement of its
mathematical model, in the mode of linear acceleration of the rotor. This
approach also allows reduction of measurement time (used rotor acceleration
mode, formerly ballast) in each dimension determined as the start position of the
azimuth axis of the rotor, and the magnitude of angular torsion stiffness.

Algorithms for identifying the above parameters based on the least
squares method have been developed. Machine modeling was performed using
OLS algorithms, which confirmed the efficiency of the proposed methodology.
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