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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical sciences
scientific journal has been accepted for indexing in the Emerging Sources Citation Index, a new
edition of Web of Science. Content in this index is under consideration by Clarivate Analytics
to be accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and
the Arts & Humanities Citation Index. The quality and depth of content Web of Science offers to
researchers, authors, publishers, and institutions sets it apart from other research databases.
The inclusion of News of NAS RK. Series of geology and technical sciences in the
Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of geology and engineering sciences to our community.

Kazaxcman Pecnyonuxacol ¥nmmoix eoiivim akademusicol « KP ¥£A Xabapnapwi. 'eonoeusi scane
MEXHUKATLIK bLIBIMOAD CepUsiCbly bliblMU JcypHaabinbiy Web of Science-miy oicananranzan
nyckacol Emerging Sources Citation Index-me undexcmenyee kabviioaneanvlH xabapiaiiovl.
byn unoexcmeny 6apwicoinoa Clarivate Analytics komnanusicol JcypHandvl 00au api the Science
Citation Index Expanded, the Social Sciences Citation Index oicone the Arts & Humanities
Citation Index-xe xabwvL10ay macenecin xapacmoipyoa. Webof Science szepmmeyuiinep,
asmopnap, bacnawbliap MeH meKkemenepee KOHmMeHm mepenoici MeH canacvih Ycovlnaowvl. KP
¥F'A Xabapnapwi. I'eonocus scane mexnuxanvlk eviiimoap cepusicol Emerging Sources Citation
Index-xe enyi 6i30iy KoeamoacmvlK yulik ey 63eKkmi Jicane 6e0eN0l 2e0N102Usl HCIHE MEXHUKATBIK
2LILIMOAp OOUbIHULA KOHMEHMKE A0ai0bleblMbl30bl OLI0IPEOi.

HAH PK coobwaem, umo nayunoiii sicypran « zeecmuss HAH PK. Cepusi eeonocuu u mexnuueckux
HayK» 6vL1 npunam 0ns undexcuposanus 6 Emerging Sources Citation Index, 06noenennoii éepcuu
Web of Science. Cooepoicanue 6 3mom uHOEeKCUpOBaHUuU HAXOOUMCS 8 CMAOUl paccMOmMpeHUs
rxomnanueu Clarivate Analytics ons danvheiiueeo npunsmus scypHana 6 the Science Citation
Index Expanded, the Social Sciences Citation Index u the Arts & Humanities Citation Index. Web
of Science npeonacaem xavecmeo u enyOuHy KOHmMeHmMa Ol UCCledosamelell, asmopos,
uzoamenei u yupescoenuil. Brmouenue Hzeecmusi HAH PK. Cepus eeonoecuu u mexHuueckux
nayx 6 Emerging Sources Citation Index demoncmpupyem nauty npugepiceHHocms K Haubonee
AKMYANIbHOMY U GIUAMENbHOMY KOHMEHMY NO 2€0102Ul U MEXHUYECKUM HAYKAM Olsl HAule2o
coobwecmaa.
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A.D. Tulegulov', D.S. Yergaliyev?, S.Zh. Karipbaev’, N.A. Bazhaev”’,
D.V. Zuev?, Ye.G. Adilkhanov?

'Almaty University of Energy and Communications named after G. Daukeev,
Almaty, Kazakhstan;
?Civil Aviation Academy, Almaty, Kazakhstan.
E-mail: Bazhaev_na@mail.ru

MODERN METHODS OF GYROSCOPIC ORIENTATION
OF MINE WORKINGS

Abstract. Gyroscopic orientation of mine workings is a method that allows
using a gyrocompass to determine the direction of the geographic meridian at any
point in a tunnel, tunneling, etc. The gyroscopic orientation of mine workings
began at the beginning of the last century.

The practical application of high-tech devices, such as digital gyrocompasses,
has greatly increased the accuracy of the main bases of mine surveying networks
and made it possible to orient workings at great depths. Gyroscopic orientation
of mine workings is indispensable for the development of inclined shafts.

Gyroscopic orientation of mine workings is carried out during connecting
shooting during underground mining. The purpose of this orientation is to draw
up geodetic plans, both on the surface of the earth and underground working
horizons in a single coordinate system.

Key words: Gyroscopic orientation, gyrocompass, workings, “polar”
disturbing moment of a synchronous hysteresis gyro motor, drift of a gyroscope
from spherical support, high-tech devices.
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AL Tyaeryaos!, JI.C. Epraaues?, C.)K. Kapun6aes’, H.A. baxaes”,
I.B. 3yeB?, E.I. AquiibxaHoB?

'F. JloykeeB aTbIHIaFbl AJIMaThl JHEPIeTHKA )KOHE OalIaHbIC YHUBEPCUTETI,
Anmarel, Kazakcran;
2A3aMarThIK aBUalUs akagaeMuschl, Anmarsl, Kazakcran.
E-mail: Bazhaev na@mail.ru

TAY-KEH ) KXYMbBICTAPBIHBIH I'MPOCKOIIUAJIBIK
BAFBITTAPBIHBIH KA3IPI'I OAICTEPI

Annoranus. KeH ka30amapeIHBIH THPOCKONHUSIIBIK OaFIapiIaHybl — TYHHEIb
caJly JK9HE T.0. THPOKOMIIACTHIH KOMETIMEH TYHHEIIb/I1H Ke3 KeJIreH HYKTeCiHAer1
reorpadusIbIK MEPUIMAHHBIH OaFbITHIH aHBIKTayFa MYMKIHJIIK OepeTiH oic. Ken
Ka30anapblH TUPOCKOMUSIIBIK OaFapiiay ©TKEH FachIpbIH OachiHAa OacTa b,

Hudpablk THPOKOMITACTAP CHUSKTHI KOFAPhI TEXHOJIOTUSUIIBIK KYPBUTFBUIAPIBI
ic XKY31HJIe KOJJIaHy MapKIIeHepIIiK JKeIIep/IiH KYIITI HyKTeIepiHIH AJIIITH
alTapIBIKTall apTTHIP/BI )KOHE YIIKSH TEPEHIIKTET1 KyMBbICTap/bl Oarmapiayra
MyMKiHAIK Oepai. Kenbey okmanmapael urepy YIIiH KeH KazOalapbIHBIH
THUPOCKOIHASITBIK OAFBITTBUIBIFBI 6T KaXKET.

Ken kaz0anapbIHBIH THPOCKOMUSUTBIK OaF 1apiaHybl )KePaCThI TAy-KEeH KYMBIC-
TapbIH KYPri3y Ke3iHJe OaiIaHBICTHIPYIIIBI KBI3MET aTKapajbl. by OarmapasiH
Makcatblkep OETiH/E J1e, )Kep aCThl TOPU30HTTAPBIHIA 1a O1p KOOpAUHATTAp XKYHie-
CiHJIE KYMBIC 1CTEYJIIH T'e0e3UsUIBIK KOCTapIapblH xkacay OOJbIN TaObUIAIbI.

Tyiiin ce3aep: [ MpockonusIBIK 6aFaap, TMPOKOMIIAC, d3ipIaeMeliep, CHHXPOH-
JIbl THCTEPE3UC THPOMOTOPBIHBIH «IOJISIPJIBIKY aJlaHJIaTy COTi, CepajblK Tiperi
0ap rupoCKONTHIH JIpetidi, 5KOFapbl TEXHOJOTHSUTBIK KYPBUIFbLIAP.

AL Tyaerynos', /I.C. Epranues?, C.2K. Kapunoaes?, H.A. Baxaes”’,
I.B. 3yeB?, E.I. AquiibxaHoB?

' ATMaTHHCKHUI YHHUBEPCUTET SHEPTeTUKH U cBsi3u uM. I. Jlaykeena,
Anmarel, KazaxcraH;
2AkazieMus Tpak1aHCKOM aBuaruu, Anmarsl, Kazaxcras.
E-mail: Bazhaev na@mail.ru

COBPEMEHHBIE METO/IbI THPOCKOIIMYECKOI'O
OPUEHTHUPOBAHMUSA I'OPHBIX BBIPABOTOK

AHHOTa].[I/Iﬂ. FI/IpOCKOHI/I"IeCKOC OPHUCHTHPOBAHUC TOPHBIX BLIpa6OTOK -
METOA, MO3BOJISFOLIMI MMpOBOAUTHL IIPpHU IMMOMOLIU T'HUpOKOMIIaca OIPCACICHUC
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HarpaBJIeHUs reorpaguueckoro MepuuaHa B Jito00H TOUKe TOHHEI S, POXOIKU
U T. 1. ['MpocKonyecKkoe OPHEHTUPOBAHNE TOPHBIX BEIPAOOTOK HAYAJIOCH €IIIe B
HaJaje MpOoIUIOrO CTOJIETHS.

[IpakTHdyeckoe TpPUMEHEHHE BBICOKOTEXHOJOTHYHBIX MPHUOOPOB, KAKHMMH
ABIAIOTCS. IM(POBBIE THPOKOMIIACHl, B 3HAYUTEIHFHOW CTENCHH ITOBBICHIIO
TOYHOCTB ONOPHBIX ITyHKTOB MapKIIEH AEPCKHUX CETeH, T03BOIMII0 OPHEHTHPOBATh
BBIPAOOTKH Ha OOJIBIINX MTyOMHAX. [ Mpockonuyeckoe OpUeHTHPOBAHUE TOPHBIX
BBIPAOOTOK HE3aMEHHUMO IIPH Pa3padOTKe HAKJIOHHBIX CTBOJIOB.

l'upockonuueckoe OPHEHTHUPOBAHKWE TOPHBIX BBIPAOOTOK MPOBOAUTCS MpPU
COEIMHUTENILHON CHhEMKE BO BpeMs IOJA3EeMHBIX pas3paborok. Llemb Takoro
OPHEHTHUPOBAHHS — COCTABUTH Ie0/IC3MUECKIE TIIAaHbI, KaK TOBEPXHOCTH 3E€MIIH,
TaK M MO/I3€MHBIX TOPU30HTOB BBIPAOOTKH B €JMHOM KOOPIMHATHOM CHUCTEME.

KnioueBble cji0Ba: THPOCKONMMYECKOE OPUEHTUPOBAHHUE, THPOKOMIIAC, pa3-
pabOTKH, «IOJSPHBIN» BO3MYIIAIOUINI MOMEHT CUHXPOHHOI'O T'MCTEPE3UCHOTO
THPOABHUIrATEIsl, yX0J TUPOCKOMNa CO C(hEepUIECKOM OMOpPOii, BBICOKOTEXHOIOTHY-
HBIE TIPUOOPEI.

Introduction. The first gyrocompasses were patented in Germany and the
USA in 1911. Their work is based on the principle of a spinning top: the axis
of a rotating top at high speeds necessarily takes a vertical position. Today, a
gyroscope is the most complicated digital device that allows the gyroscopic
orientation of mine workings with the highest accuracy (Szafarczyk A. et al,
2017:77).

Also, such a connecting survey should ensure the orientation of the reference
surveying network concerning the geodetic network on the ground; to ensure
the alignment of the mine surveying network by accurately establishing the
coordinates of a series of points in the coordinate system acting on the surface.
The transfer of elevations from the ground to mine workings is another purpose
of connecting surveying (Grobler H., 2015).

Before starting the gyroscopic orientation of mine workings, it is necessary to
determine the “local” correction of the gyrocompass itself. With this definition,
the gyroscopic azimuth of the side with a certain directional angle is specified.
When the gyroscopic orientation of mine workings is performed constantly at
new points, the corrections are calculated twice before it descends into the mine,
and once after the work is completed (PMG Katowice, 2007).

When performing subsequent work, after each stage, a control determination
is done. The correction is calculated from the last 4 measurements as arithmetic
mean.

In this connection, the gyroscopic orientation of mine workings, the main task
of which is the transfer of coordinates from the earth’s surface to underground
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horizons, is the work of the highest level of responsibility, which is performed
during tunneling of:

- various tunnels;

- subway lines;

- mines (Zhen S, et al, 2013:85).

Advantages

The possibility to perform the assigned tasks regardless of the time of day,
the depth of tunneling, at an arbitrary distance from the shaft - quite reasonably
brings the gyroscopic orientation to the leading positions among other methods.
At the same time, there is no need to stop all work at the site, which is necessary
when using other survey methods.

Let us study the influence of the harmonic components of the moments on the
drift of a gyroscope from a central spherical support. The disturbing moment of
the electric motor contains several harmonic components (Tulegulov A.D. et al,
2021:149). In particular, imperfections in a synchronous motor cause angular
vibrations of the rotor. The frequency of these perturbations is a multiple of the
frequency of rotation of the stator magnetic field relative to the rotor (Vesela M.
et al, 2016:98), the phases are determined by the phase of the rotating magnetic
field of the motor.

Disturbing equatorial moments due to geometric defects of the supports have
a spectrum of frequencies that are multiples of the rotor speed.

The main sources of forced “equatorial” oscillations of the rotor axis of
gyroscopes are the dynamic unbalance of the rotor, “internal” disturbing
moments, determined by technological imperfections in the manufacture of
the rotor support units (Sammarco J., 2012:1127). In the case of a dynamically
unbalanced gyroscope, the axis of dynamic symmetry of the rotor passes through
the center of the suspension, but does not coincide with the axis of its rotation due
to imperfections in the manufacturing technology of the rotor and assembling
the elements of the gyroengine (Golovanov V.A., 2004).

Materials and methods. Let us compose the equations of motion of a ball
gyroscope, caused by the influence of harmonic disturbing moments of the
magnetic field of the engine, which allow us to analyze the motion of the rotor
and identify the reasons for the drift (Hendrik C. 1., 2016:108).

In the equation of motion, we will take into account only the “polar” disturbing
moment of the synchronous hysteresis gyro motor. Due to technological
imperfections in the manufacture of bearing supports, which contain a wide
range of frequencies, disturbing moments are neglected.

Let us consider the case when the gyroscope rotor is dynamically unbalanced.
Assume that all axes of the right orthogonal trihedron intersect at one point.
When analyzing the kinematics of the gyroscope, we use the following coordinate
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systems: O€ - right orthogonal trihedron associated with inertial space; Oy, On
- intermediate right orthogonal trihedrons; 0z, OX - right orthogonal trihedrons
associated with the rotor. The axis OZ3 at zero readings of the sensors of the
angular position of the rotor coincides with the axis of rotation of the magnetic
field of the stator of the synchronous motor. Let us assume that the trihedron
Ox coincides with the main central axes of inertia of the rotor and let OX3
be the axis of dynamic symmetry of the rotor. Except for imperfections. All
coordinate systems are the same (Anderson, E. G., 2010).
Trihedrons O1), Oy, Oz, Ox are obtained from a trihedron 08 by successive
turns by angles [, T, [‘3, e around axes 0§, On,, Oy and Oz, respectively:

0512253 OE - OT]1ﬂ2113 0 - OY1Y2Y3 0 - 0212,73 5 0z, Ox1Xzx3, (1)
i.e. as a product of matrices Szz,; = S;S;S;SI.

Here I, I3, € - small angles of rotation; S1,S5,S3, St - coordinate system
rotation matrices. The value of the angle € determined between the axes of proper
rotation and dynamic symmetry in modern gyroscopic instruments is small.

Denote through 14, (5, Q35 projections of the absolute angular velocity
of the rotor on the axis of the trihedron OX.

Using sequences (1), we can determine the projections of the absolute angular
velocity of the rotor on the axes of the coordinate system Qx,x,x5- Let us
assume that the angular velocity of the rotor F differs from the constant value
of the angular velocity of rotation of the stator magnetic field {1y by a small
value 0,. O - is called the synchronization angle, i.e. this is the angle of rotation
of the rotor relative to the magnetic field of the stator.

Let us write the absolute angular velocity of the rotor in projections on the
axis of the trihedron x, associated with the axes of dynamic symmetry of the
rotor

QIX le I:‘l 0 0
Qo | = 2538557 | Qe | + 28383 [ o | + i85 || + sz |0 @
Q3x Qs 0 0 I3

Here Q1§, ng, 9-35 - base angular velocity projections, f'3 =0, + 0 -
rotor angular velocity.

In the expansions of the nonlinear angular velocity of the rotor in projections
onto the axis of the trihedron x, we keep the linear terms and nonlinear terms of
the second order of smallness in [7, 17,15, 1%, and 0, 0. We assume that the
gyroscope is mounted on a fixed base. Then the angular velocity will take the
form
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le = Fl COS F3 + Fz sin F3, QZX = F3£ + FZ CoS F3 - Flsin F3,
Qay = (IysinTy — T cosTy)e + L1, + 15, 3)

When compiling the equations of motion, we use the coordinate systems and
kinematic relations given above.

We introduce additional notation: M1§: sz M3§ - projections of the
moment applied to the rotor on the axis of the trihedron &; A, B, C - main central
moments of inertia of the rotor directed along the equatorial and polar axes;
Hix, Hoyx, H3x n ng, Hzg, H3§ - projections of the angular momentum vector
H* on the axis of trihedrons x and &, respectively.

Since the main cause of the gyroscope error is the “polar” disturbing moment,
this moment M can be represented as a vector sum of the components directed
along the axes of the right orthogonal trihedrons O, Oz, Ox:

M* = M¢i + M7j + Mge, 4)
and we believe that Mg, Myy «M3g; M, M3, «M3,; Miy, M3, «Mg,.

In the future, we will consider the components of the disturbing moment M*
of the electric motor, represented as sums of harmonic terms with frequencies
that are multiples of the frequency of rotation of the stator magnetic field (1.,
and phases (;, determined by the phase of the rotating magnetic field:

= Y24 My cos(1Q.T + Qp), (5)

Where, M{ = —VIxH*sin 0°; H*, Q; - intensity amplitude and phase
of the 1st harmonic component; I — permanent magnetization vector; V - volume
of the active part of the rotor.

Projections of the angular momentum vector Hg , Hy are connected as follows:

Hig H;,
H;E = EEX H;X > (6)
Hie Hax

Eg - transformation matrix, which, when taking into account terms of the
second order of smallness for /7, 11, I, I}, € and 0, 0 appears as follows:

cos I (=sinTl; + L) (esinl; + 1)
(L cos +sinly) (=L sinlz+cosl; — [ €) (—ecosl; — 1)
(-Licos;+ I sinly) (Lysinlz+Tcoslz+¢) (—TI'yesinly —LecosT; + 1)
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where Hiy = AQyy, Hy, = By, H3, = Cfl3, - projections of the vector H*
on the axis of dynamic symmetry of the rotor, I, = 1 — (¢? + ;2 + [,?) /2.

Using the theorem on the change in angular momentum, we write the equations
of motion of the rotor in projections on the axes of the trihedron 0&;¢,¢3:

H:Lf = M;:f,n = 1,2,3- (7)

The reason for the occurrence of moments My on the right side of equation
(7) is the “polar” disturbing moment of the electric motor.

If we substitute the values of the projection of the angular velocity of the rotor
on the axis of dynamic symmetry into the equations of motion, then in expanded
form the system of equations of motion (7) has the form:

d/dT{A[[cos®I; + Isin2l3 /2] + B[—ely sin [y — [3sin2l3/2 +
Lisin?I3| + Clely sinIy + I3} = My,
d/dT{A|I}sin2I3/2 + IsinI;] + Blels cos Iy + Iycos? Ty — [sin2ly/
2] + C[—el3 cos Iy — LT5]} = Mye,
d/dT{A[—IiTycos?Ts + L[ sin2l3 /2 — LIy sin2l| + Blel [y sin Ty +
el I3 cos Ty + €23+, 1,sin2l3 /2 + I11yc0s? Ty + €l cos Iy — [1Tysin?Iy —
LI sin2ly/2 — elysinly| + C|el} sin [y — elycos I +
I —ehLysinTy —eli[zcos Iy + I3 cos T cos Iy cos €]} = Mg, (®)

After substituting (3)-(6) into (8), we bring the equations of motion of the
rotor (8) to a dimensionless form, having normalized the variables included in it:

L =Lyi, I3 = Ly;,0 = L.0,01, = 0.1y, Doy = Dy, L3 =
3,w3,,A=C,a,B=C,b,C=Cc, Hikf = Hg. hyg, H;f = H{*hzngékf =

H*hsf, MTI_E = M*mnf (n = 1,2,3),T = T*t, M3x = M*m3x_ (9)

The characteristic values of the variables will be chosen as follows
1

T* == _Q_J-Q* = I;.QC,.Qg* = -QC' C* = C;H* = H* = C*"Q3*’

C

He. = eH, M, =H" .. (10)

Results. The amplitudes of the angular variables 1,50, by virtue of the
very purpose of the gyroscopic system, are values of the order of a few fractions
of a minute of arc. Therefore, we choose [, = &. We choose the characteristic
values of the remaining variables in such a way that their dimensionless values
do not exceed values of the order of unity.

Let us assume that the difference between the equatorial moments of inertia

219



NEWS of the National Academy of Sciences of the Republic of Kazakhstan

of the rotor is small: a-b= €e, where e is a dimensionless value of the order of
unity.
Taking into account the normalization of variables (9) and characteristic
values (10), we write equations (8) in the normalized form
d/dt{ay, — cey,sin?(t + €y3) + 0.5cey,sin2(t + y3) + ey5(c —
a)sin(t + ey3) + cy, + cey,ys — (a — ge)sin(t + y3) + csin(t + y3)} =
myg,
d/dt{1/2cey,sin2(t + €y3) + ay, — cey,cos?(t + €y3) + ey3(a —
c)cos(t + €y3) — ¢y, — cey,ys + (a — ge)cos(t + €y3) — csin(t + €y3)} =
mye,
d/dt{ey,(c — a)sin(t + €y3) + ey,(a — c)cos(t + €y3) + cy3 +
ey, (a — c)cos(t + €y3) + ey, (a — ¢)sin(t + ey3) — cey? — ceyz —
V1v2(a —c)e + agy y,} = mse. (11)
The solution of equations (11) containing the small parameter € will be sought
in the form of an expansion in powers of the small parameter:

va=1" +er” + o n=123. (12)

A finite number of expansions (12) on a limited time gives an asymptotic
approximation for the solution of the original system.
In the normalized form, the perturbing moment vector is represented as:

0 .0 0..0 .0 0..,,0 .0 0
Myg, Myg «Mge] Mgy, My, KM3y, Myy, My, €Mz, (13)

In equation (11), we reduce the common factor € and equating the terms at the
zero degree of €, we write the zero approximation equations

;0) 4 (0) = (a -

ay, 1)cost,

(14)
ayz(o) 1(0) = (a — 1)sint,

and equating in (11) the terms at the first power of &, we obtain the equations
of the first approximation

ayl(l) y(l) —d/dt {e [O.Syz(o)sinZt y( )sin?t + Smt] —(a—
1D (6Osint + 6@ cost) + Vz(o)é(o)} +myp,

apf? = 7 = —d/dt {e [0.57Vsin2t ¥ cos?t — cost] + (a -
1)(9(O)C03t — H(O)Slnt) - )/1(0)9(0)} + mglf)a
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6w = —d/dt {(a - 1) [(yz(o) - )'/1(0)) sint + ()’/2(0) + yl(o)) cost —

2 2
7Or%| - [(yf‘))) + (%) ] + ayfo)yz(‘”} +m) (15)
where, mgl) = mgg)yz(o),mgl) = —mg(;)yl(o),mgl) = mgl), since the projecti-
ons of the moment M3¢€3¢ on axes 0&;, O, are equal to zero, and with the
projection of the moment mgs, €3, on axes 0&;, 0&,, coefficients in front of
them vanish.
The solution of the equations of motion of the zero approximation (14) have
the form:

0
)/1( ) = —cost, (16)
yz(o) = —sint,

0 =32 (my/1*)cos(lt + Q).

In the first approximation equation (1.15), the linear and quadratic terms of the
variables ],1(0), ),(0), g (0) are already known. The constant components of these
terms determine a particular solution of system (11) of the form 1(1), '2(1).

Let us calculate the explicit expressions )‘/(1) and )'/2(1) in terms of the
gyroscope and perturbation parameters. In addition, P()ejlow we will take into
account only the first harmonics of the perturbation 1m,

Substituting (16) into (15) and averaging the expressions over time t, we
determine the departure of the ball gyroscope:

() = —(my,c050,) /2, (1SV) = (my,5inQ,) /2 (17)

The drift occurs when the dynamic unbalance of the rotor interacts with the
first harmonic component of the “polar” magnetic moment. The drift does not
depend on the small dynamic asymmetry of the rotor (Benecke, et al, 2006).

It was noted in (Caspary, et al, 2013; Mine Health and Safety Act No 29 of
1996 Government Gazette, 2011) that the drifts of a gyroscope with a hysteresis-
type gyro-motor change from start to start or during short-term power failures.
Assumptions are made about the connection of this phenomenon with a change
in the phase angle of the rotating magnetic field of the stator relative to the rotor.

The drift can be explained by the quadratic interaction of two types of angular
vibrations of the rotor, arising from the imperfection of the support nodes and the
electric motor (Williams, H. S., 2015).
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The constant components of the gyroscope escape velocities depend
harmonically on the phase angle of the rotating magnetic field of the stator
relative to the rotor, which is consistent with the results of works [5, 6, 7], in
which other types of devices were considered.

Passing in (17) to the non-normalized form, we obtain

;) = — ((I\Z—;Z)) £cosQ; = —7.1x107*ecosQ, (c™1),([}) =

7.1x10™*esinQ, (¢ 1) (18)

When estimating the numerical values of the drift of a gyroscope with a central
spherical pore, the following characteristics were used (Young, E. M., 2009):

M,;, = 9.81x107° (krm%c™2),H = 0.069 (xrm?c™1). (19)

Discussion. In the general case, the torque depends both on the angle of
rotation of the rotor relative to the magnetic field of the stator, and on the angular
velocity of this rotation.

Along with the disturbing moment (5), we take into account the synchronous
K.0 and asynchronous Ny6 components of the moment of electromagnetic
forces acting along the rotor axis, wheﬁ K. is the steepness of the torque
characteristic of the synchronous drive, “'0 is the damping coefficient. Having
additionally normalized the values: Ny = N, ng, K. = K, kc, we choose the
characteristic values of these variables as follows: K, = C*-ch N, =¢&CA,,
where €& = € /2 The third equation of system (15) can now be written in a
dimensionless form as follows

6© =m§,raemd = %32, m; cos(lt + Q) —no6® — k60O, (20)

where k. - natural frequency of small oscillations of the rotor relative to the
magnetic field of the stator.
We give the solution of equations (15) in the form:

90 = deo_(n/z)t sin (\/kc —nit/4+ 8) + 32 (ke = 1¥)ymycos(it + Q,)/
[(ke = 12) + n§l] + L2y nolmy sin(lt + Q1) /[(ke — 12) + ngl?], 21y

Where, dg,d; — constants of integration determined from the initial
conditions. At - | = 1, substituting (21) into (15) and averaging over 7, we
determine from the first two equations (15) the constant components of the drift:

()'/1(1)> = l{[_(kc + 1)n05inQ1]/2 + (3kc - Zkg - 2n(z) - 1)COSQ1} (22)
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) = L{(1 = ko)sinQ, + [(ke + 1ngcosQ,1/2} »
where | = my,/{2[(k, — 1)? + n3]}.

We write (22) in dimensional quantities:

<Fz> = D{(1 — I})esinQq + [(I; + 1)I ecosQ,]/2}
(1) = D{—[(; + DLesinQ,]/2 + [31; — 2(1)* —
—2(I,)%? — 1]ecosQ, } (23)

Where, D = M,,/{2H[(I; — 1)* + (I)*]}; I, = 2%/0¢;
I, =13/g; I3 =N,/ H; 2> = K./C - natural frequency of small
oscillations of the rotor relative to the magnetic field of the stator in dimensional
form.

The steepness of the torque characteristic of a synchronous drive K _is defined
as K. = [ Hy cos6 (©), Here H{® - constant term of the stator magnetlc field
strength g (0) - initial timing angle.

Thevalues Nand A vary from 10 ¥to 10 (Nms) [6]and 0.05...0.1[7]or 10...20
(hertz) [6], respectively. Taking into account (18) and taking Q. = 5.0x103
(c™1), A2 = 1.6x10* (c7?) (20hz), Ny/ H = 1.4x1072, we determine
the drift (23)

(I;) = —107%(0.02esinQ; + £cosQ,) (c™b),
(I,) = 107°(0.3esinQ; + 2ecosQ;) (c71). (24)

The expressions for the drift angular velocities (18) and (24) of a spherical
gyroscope with a dynamically unbalanced rotor contain a dimensionless small
parameter g, which determines the angle between the axis of proper rotation
and the dynamic symmetry of the rotor. These two axes do not coincide due to
imperfections in the manufacturing technology of the rotor and the assembly of
the gyroscope elements. The value of the constant angle € in modern gyroscopic
devices is small. It is about 10™%+107>. Substituting the value € = 107>
into the expression for the departure (18) of the ball gyroscope, which depends
on the first harmonic component of the disturbing moment of the electric motor
and the phase angle Q1 of the first harmonic of the disturbing moment, we obtain:

(I1) = —7.1x107%cosQ, (c™1),
(I,) = 7.1x107%sinQ, (¢~ 1) (25)
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In (Golovanov, 2004), the angular velocity of the gyroscope drift in a gimbal
suspension with a dynamically unbalanced rotor with a fixed base was obtained.
The moments relative to the axes of the outer and inner rings and the rotor are
considered to be equal to zero. At values of angular velocity, unbalance, polar
and equatorial moments of inertia of the rotor, respectively, equal to 3045.8 (c-
1), 10-5, 0.324x10*(kgm?), 0.196x103(kgm?), The drift is -10° (c).

In the same place, the angular velocity of the gyroscope drift was obtained
without taking into account the influence of the perturbing moment of the electric
motor.

Ifin the expression of the angular velocity of drift of such a gyroscope, obtained
in (Tulegulov, 2021), with a dynamically unbalanced rotor with a fixed base, the
influence of the disturbing moment of the electric motor is not taken into account,
then the drift expression exactly coincides with the drift obtained in (Sammarco,
2012)andthedriftis—8x1072 (¢™1).Inthiscase, theangularvelocity,unbalance,
polar and equatorial moments of inertia have, respectively, the following values
2500 (¢™1), 1075, 0.03924x1073 (kgm?), 0.02943x1073 (kgm?).

Conclusions: The drift obtained in (Tulegulov, 2021) for an integrating float
gyroscope with an unbalanced rotor depends on the first harmonic component of
the disturbing moment of the electric motor and the phase angle Q, of the first
harmonic of this moment and is 5x107*sin(Q; + ¥) (c¢™1). Here ¥
depends on the coefficient of viscous friction.

Dynamic reactions due to errors in the supports are detected during the
assembly process and are partially eliminated by dynamic balancing.

Abroad, there are models of balancing machines specially adapted for
balancing small rotors and equipped with installations for calibrated drilling.

In a Dekker type 211 semiautomatic balancing machine (USA), in which the
drilling head is mounted directly based on the balancing machine, it is possible
to dynamically balance the rotors of gyro motors with a mass of 160—-600 (g)
with an accuracy of 0.3 (um) in terms of the displacement of the center of mass
(Hendrik, 2016).

In this section, equations of motion are compiled in the form of equations
of kinetic moments for the rotor in projections on the axis of a fixed trihedron
connected to the gyroscope stator. The moment created by the hysteresis type
electric motor along its own axis is not constant, it depends on the dynamic
unbalance of the rotor and the imperfection of the motor supply. For the ball
gyroscope, it is shown that the interaction of the rotor imbalance and the first
harmonic component of the disturbing motor torque is the cause of the drift,
which depends on the phase angle of the rotating magnetic field of the electric
motor. The perturbation frequency is a multiple of the rotor rotation frequency.
The influence of the synchronous and asynchronous components of the moment
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of electromagnetic forces on the dynamics of the gyroscope is also considered.
It can be seen from the drift expressions that the drift value averaged over the
phase angle 0 of the rotating magnetic field of the stator can turn to zero, which
coincides with the recommendations proposed by previous authors. Quantitative
estimations of ball gyroscope errors are given.
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