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ABSTRACT

The study is devoted to solving the scientific problem of ensuring unbiasedness and increasing the efficiency of assessing the
spatial orientation of objects by applying new methods of secondary information processing in software and hardware components of
computer systems. The paper describes a developed method for compensating for magnetic anomalies that affect magnetically sensi-
tive sensors of the inclinometer rotation angles. It is based on recording the inclinometer readings and the angle of rotation of the drill
pipe as it rotates in the mouth of well in a range of 360 degrees. This makes it possible to determine and further take into account the
value of the magnetic deviation from the drill string in the readings of the inclinometer. A method is described for determining the
parameters of a magnetic anomaly from an external stationary source of a constant magnetic field by using redundant information
from the readings of inclinometery transducers in the mouth of well and at the point of assessment. This allows to expand the bound-
aries and scope of magnetometric transducers in difficult conditions. Methods for calculating the desired azimuth, as well as the pa-
rameters of the intensity vector of the magnetic anomaly are proposed. The errors of inclinometers based on sensor devices of various
physical nature (fluxgates, gyroscopes, accelerometers), both rigidly fixed and with the use of gimbals pendulum suspensions, are
considered. The factors influencing the bias of the estimation of the angles of the spatial orientation of the drilling tool, expressed
through the Euler angles, are analyzed. The analysis took into account the effect of various reasons: deviations of the transducers'
sensitivity axes from mutual orthogonality and the reference trihedron of the axes associated with the body; changes in the zero sig-
nal and transfer ratios under the influence of temperature; non-identical electrical parameters; inaccurate installation of the pendulum
gimbal sensor frames in the tilt plane and along the vertical of the place. The permissible boundary values of each of the given errors
have been determined. Consideration of these errors can significantly increase the unbiasedness of the assessment of the position of
the object in difficult conditions. The practical significance of the results presented in the paper is the development of software and
hardware components for assessing the spatial orientation of objects on the basis of the designed inclinometers capable of operating
in difficult operating conditions and having a small diameter of the protective casing. Similar software and hardware components for
assessing the spatial orientation of objects can be used: for the construction of underground communications; for the assembly of
large-sized and remote objects; for static sounding of soils; for monitoring the state of building structure elements during operation.
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INTRODUCTION the well's path allows not only to conduct better ex-
ploration but also to increase the oil and gas produc-
tion of the field by several times [9, 10], [11, 12].
When monitoring the state of building struc-
tures of critical systems (nuclear power plants, state
district power plants, hydroelectric power plants, oil
pipelines, high-rise buildings, etc.), it is necessary to

monitoring the state of buildings and structures dur- fr?ntgoLﬁgfié)r:'s\r;itti“?hne0;;2?;3;““;2;5?223?aucr_
ing operation, diagnostic systems in nuclear power, g op P y

etc. [1, 21, [3, 41, [5, 6], [7, 8. [8].

When carrying out geological prospecting, con-
struction of deep and super-deep wells (several Kil-
ometers deep) and cluster drilling methods are used,
when a whole cluster of wells (tens and hundreds) is
built from one mouth. This is necessary for condi-
tions of limited territorial opportunities (due to the
landscape, buildings, sea shelves, etc.). In this case, LITERATURE REVIEW
increasing the accuracy  of  monitoring

Nowadays computerized systems are widely
used in practice, in which it is necessary to assess
the parameters of the spatial orientation of objects.
Examples of such systems are computer systems
(CS) for controlling a drill string during geo-
prospecting, seismic hazard forecasting systems,

All these processes are associated with special
operating conditions (vibrations, magnetic anoma-
lies, remoteness, temperature, etc.).

Therefore, the development of computer sys-
tems and methods for processing measurement in-
formation is an urgent scientific and industrial task.

The analysis of known sources shows that the
assessment of the spatial orientation in the above

© Ryzhkov 1., 2020 cases is carried out, as a rule, by the hardware and

software components for the assessment of spatial
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orientation (HSCASO), which are included in spe-
cialized computer systems and intended for primary
(obtaining the measurement information) and sec-
ondary (measurement information processing) data
handling [13, 14], [15, 16], [17].

At the same time, the accuracy of the orienta-
tion assessment largely determines the efficiency of
the en-tire system. So, for example, increasing the
azimuth measurement accuracy by only two times
makes it possible to triple the number of wells in one
"cluster" and increase oil recovery by 1.2 ... 1.5
times [9, 10], [12], [14].

The most universal, from a scientific point of
view, is the technological process of construction of
deep wells, since HSCASO, in this case, operate in
difficult conditions, characterized by the presence of
vibration and magnetic anomalies, temperature in-
stability, etc., with severe restrictions on the size of
sensor devices (SDs), which leads to a bias in the
assessment of orientation [12], [15, 16], [17, 18],
[19, 20]. That is, considering this technological pro-
cess, we can simulate the whole complex of harmful
factors that affect the assessment bias in spatial ori-
entation. In the absence of this or that factor in a par-
ticular case, it is enough not to take this parameter
into account at the stage of secondary information
processing.

It is known from the literature that modern in-
clinometric complexes, including such SDs as accel-
erometers, gyroscopes (Solid-state Wave Gyroscope,
hereinafter referred to as SWG) and magnetometric
transducers (fluxgates), are used as SDs in spatial
orientation assessing [1, 2], [3, 4], [5, 6], [7], [9].
[12], [15, 16], [17], [19], [21, 22], [23, 24], [25, 26].
At the same time, it is technically difficult to ensure
the stability of the primary transformation of
HSCASOs to all types of disturbing influences.
Analysis of existing HSCASOs showed that the
technological solution to this problem leads to a sig-
nificant increase in the resource intensity of comput-
er systems in general and significantly narrows the
field of their application [8], [12], [19, 20], [21].

Modern inclinometric complexes are a complex
CS's, which includes not only SDs but also a signifi-
cant ground part, consisting of an interface unit, a
unit of communication channel support, as well as
the computing part of the system. At the same time,
maintenance of such a system requires highly quali-
fied personnel, and the cost can reach several million
and even tens of millions of USD [2, 3], [6].

To resolve this contradiction in this work, the
task is to develop models and methods for the sec-
ondary transformation of measurement information,
which make it possible to provide given unbiaseness
of the assessment and increase its efficiency when
HSCASO operates in difficult conditions. In this

case, the measurement errors that arise in the process
of assessing the spatial orientation are not supposed
to be eliminated technologically (which dramatically
increases the cost of the system), but only to be de-
termined and mathematically compensated for at the
stage of secondary information processing.

This approach, on the one hand, complicates the
mathematical support of the assessment process.
However, when used as part of HSCASO, this com-
plication is not significant and does not affect the
labour intensity of operating the inclinometric sys-
tem.

On the other hand, this approach can signifi-
cantly reduce the technological requirements for the
manufacture of sensors, which not only make the
system cheaper but also expand the scope of its ap-
plication by reducing its cost.

To solve this problem, it is necessary to develop
refined mathematical models that take into account
the entire spectrum of the above errors and harmful
factors affecting the bias of the assessment.

MATHEMATICAL MODEL OF THE
INCLINOMETER TAKING INTO ACCOUNT
THE INSTRUMENTAL ERRORS OF THE
SENSOR

To construct a mathematical model of the incli-
nometer, it is proposed to use 3x3 matrices of direc-
tion cosines, which describe the sequential rotation
of the object relative to the moving coordinate axes.
As the angles of rotation we will use the spatial
Euler-Krylov angles, that is, sequential rotation by
the azimuth angle (around the third axis), along the
zenith angle (around the second axis) and the sight-
ing angle (around the third axis) [12], [18], [27].

Let us introduce moving OXYZ, OXiYiZi,
OX2Y2Z; and fixed O&NG, OE*n*C* coordinate axes
(Fig. 1), where O&n{ is bound to the magnetic North,
and O&*n*(* — to the geographical one. In this case,
the third axes of the fixed coordinate systems are
directed downward (towards the center of the Earth),
along with the gravity acceleration vector g, first
axes are directed to the “North” corresponding to the
sensor type (geographic or magnetic), and the sec-
ond axes are directed perpendicular to the two above
so that the benchmark obtained is right-oriented. We
will designate the benchmarks Ry (fixed relative to
the Earth) and R (movable, connected with the incli-
nometer).

The transition from stationary coordinate sys-
tems to moving ones is carried out by successive
rotation through the Euler-Krylov angles (azimuth,
zenith and sighting ones).

Fig. 1 shows the axes of the coordinate systems
and the angles connecting them to each other, as
well as the reference vectors (g is the acceleration of
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gravity, T is the strength of the Earth's magnetic
field and Q is the angular rotation of the Earth).

Using the matrices of direction cosines, we can
form a mathematical relationship between the mov-
ing and stationary coordinate systems by multiplying
successively the corresponding rotation matrices
around the third and second coordinate axes and
around the third one again [12], [18], [27].

Then the following relationship can be written
in matrix form:

Te = A Ae(Z)Aa(3>TRo’

Qg = A(D(3)A9(2)A“z(3)QR;’
9r = Ay Mo A Ir,

While manufacturing three-component sensors,
it is practically impossible to ensure their identity
technologically. Even within the same batch during
serial production, the electrical characteristics of the
sensitive elements and their primary transducing

channels have deviations. This determines the pres-
ence of a zero signal for SDs, the difference in their
gain ratios and temperature coefficients.

In addition, it is practically impossible to ensure
the mutual orthogonality of each sensing element of
a three-component sensor.

In connection with the above, we will introduce
designations to take into account the axes misalign-
ment of the sensitivity of SDs for each of the sen-
SOIS: M, ul', s, (i, j=12,3) are small misalignments

of magnetometric SDs, SWGs and accelerometers
respectively (the i-th sensor relative to the j-th axis),
and d",d",d? (i=12,33) are information signals of

three-component sensors (magnetically sensitive,
gyroscopes and accelerometers).

Then the mathematical model for determining
the spatial orientation, taking into account misa-
lignment in SDs, can be written in the following
form:

For magnitometric SDs:

(d" — 3d," + pydy")sin @+ (dy' + wgpd)” — wyidy")cos

Qo =- (dY = uhd) + uhd) ) cos gsin @ — (d) + pond,” — 42 d) )sin pcos @+ (d) — pdM + plid))sing’
For SWGs:
(d; — p,d, + .05 )cosgsin €@ —(d, + u,,d, — u,,d; )sin @cos @ + (d,; — p,,d, + p5,d, )sin &
For accelerometers:
9o J@7 = 607+ £,d2) + (A5 + 2,407 — £,,d2)? e d2 +e8d? —eid?

a a a
da - 532d1 + ‘931d2

Thus, if the misalignment of sensitive axes is
determined in advance for a given specific sensor,
these coefficients can be taken into account at the
stage of secondary information transformation,
thereby reducing the bias of the orientation estimate
made by HSCASO. It should also be noted that the
values of these misalignments for a particular sensor
are constant throughout its life.

Analysis of the obtained mathematical models
showed the degree of influence of misalignments on
the final result of orientation assessment.

So, for example, for accelerometers we get the
following expressions:

a a a a a
dy —&,d, +&,,d,

|A 49| < |332| —+ |831|,

[Ag| <|erz|+|eas|+ (21| +|e12 ) + ‘Ctg 9*‘ :

Misalignment of accelerometer's sensitive axes
leads to a twofold error in the assessment of the zen-
ith and more than fourfold one in the assessment of
the sighting angles in relation to the misalignments
themselves. At the same time, with an increase in the
latitude of the measurement point, the bias of the
assessment of the sighting angle will further in-
crease.
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Fig. 1. Coordinate axes
Source: compiled by the author

For azimuth sensors we have:

(2 b)b
Vby? J

In practice, this means that at the latitude of the
city of Dnipro, in order to ensure the unbiasedness
of the azimuth estimate, within one degree, it is nec-
essary to ensure the accuracy of the orientation of
the sensitivity axes of each of the three-component
SDs, no more than three arc minutes. This require-
ment is difficult to ensure technologically, which
leads to a complication of the design, the need for
adjustment of SD and a significant increase in the
resource intensity of the inclinometer [12; 18; 20-
21].

For an inclinometer with gimbal frames we
have:

|Aa| < 2431 (3+2b) +(2+b)ul.

[Aa|=|As" +]AB|L+b"),

where b* is the magnetic inclination of the meas-
urement point.

This means that for the latitude of the city of
Dnipro, the error in setting the internal and external
gimbal frames (¢ and f) within one degree leads to a
bias in the azimuth assessment within 8.86 degrees,
which is completely unacceptable for this technolog-
ical process.

In addition to mechanical instrumental errors,
the inclinometer also contains electrical ones ob-
tained during the manufacturing. This is due to the
technical impossibility of making absolutely identi-
cal SDs of a three-component sensor. Each of the
three sensing elements has a non-zero value of the
zero signal U, (i =1,2,3), as well as a gain ratio dif-

ferent from the other two SDs, which provides une-
qual values U, (i =1,2,3) of the output signal ampli-
tude u,, (i=123).

The difference in these characteristics leads to

an additional bias in the assessment of the spatial
orientation.

2

[ +5i+vl+b2(3‘A9‘+2‘Aq;‘)} J{%Jr
3m im

t

Uy
U,

U
sl
UZm

2
:'& +241+b? ‘Aq)@
2m

Na<
1 §’a
12

uUu,-u U
AOQ = arccos[w’] —arccos —
3m

3m

Ag = —arcctgy [Ul_um Yan

2_U20 im

J+ arcctg — Uﬂ :
2 im

In practice, this means that to ensure the unbi-
asedness of the object orientation estimate within
one degree, the ratio of the zero signals to the maxi-
mum value for each SD should not exceed 0.012 %,
and the transfer ratios of different SDs of one sensor
should not differ by more than 0.6 %.
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METHODS FOR DETERMINING THE
PARAMETERS OF THE INCLINOMETER'S
INSTRUMENTAL ERRORS

The methods for determining the misalignments
of the SD sensitivity axes are based on the following
sequence of actions.

The sensor is mounted on a rotary-axis table
under laboratory conditions. Further, using the rota-
ry-axis table, the sensor rotates sequentially with a
given step around two or three mutually orthogonal
axes. The angles of rotation are fixed either accord-
ing to the data from the rotary-axis table itself, or by
an additional precision device that has sufficient ac-
curacy in measuring the corresponding angles of
rotation. The readings taken from the SD are record-
ed in the database. After the end of all rotations, a
harmonic Fourier series is compiled and its coeffi-
cients are found by the method of least squares [12;
18; 27]. Next, the desired misalignments are deter-
mined.

In practice, the found coefficients of the Fourier
series are elements of the correction matrix.

So, for example, for a three-component block of
accelerometers, the sequence of actions that imple-
ment the proposed method is as follows.

1. Enter n values of the specified sighting angle
¢ and r values of the specified zenith angle 0:

¢1a (02""<0n7 61, 92""9r;
2. Enter the appropriate accelerometer signals:

Ua

ijk

1=123, j=12,..n, k=12,..r

3. Calculate the elements of the adjustment ma-
trix:

11 &, a3 a4

A= &, Ay, 8y 8y
—&; —ay 833 8y,

a, a,, —ad5 Qy

B, =(a,,a,,a,,,), B, =(d,,d,,d;,d,)",
Bs = (CI’CZ'C3’C4)T1
where:
b, =-cos ¢, sin 6,

n r
a;, =_zzb1jw

j=1 k=1

n r n r
2
azzz_zzbuk' azzzz b3kbjk‘
j=1 k=1
r

b, =sin ¢;sin g,

r n r
al3:nzb3k’ a14:_zzb2jk'
k=1

j=1 k=1

a,, = _Z Z ijkbljk‘

j=1 k=1

b,, =cos 6,

j=1 k=1

El

nor

a, =-nr,

El

& :_Zzulajk' a, :_Zzulajkbljkr a;=-

j=1 k=1 j=1 k=1 =1 k

nor

n r n r
_ a a _ a
da__ Uijbljk d4 _Zzuzj'kbskv Cl__ZzUSjk
j=1 k=1 j=1 k=1 j=1 k=1
n r n r n r
a a a
C,=- U3jkb3k' C3=— U3jkb1jk Cp=- U3]kb2]k
j=1 k=1 j=1 k=1 j=1 k=1
4. Calculate:

A X, =ATB,i=123. (X, =Ua, U2, AP 2T,

X,=(Us, 22,22 U2 ) X, = UL, AD,-U2,, AP )N,

02 m

UZ UG Ul U2 U

a
01~ 02~ 03"~ ml’ mZ’UmS'

5. Calculate misalignments:

&1y zﬁ’ €13 zﬁf €23 :K’
Uml Uml Umz

Szlzﬁv €32 :ﬁ’ €37 7\{3) :
U U U

m2 m3 m3

6. Calculate the transfer ratios of the accel-
erometers using the formula:

Thus, all values of the instrumental errors of
SDs of the three-component block of accelerometers
are found.

This method is also applicable to find the pa-
rameters of the instrumental errors of the magneto-
metric SDs of a three-component azimuth sensor, as
well as the instrumental errors of the SWG.

To compensate the temperature errors of two-
and three-component sensors, it is necessary to ap-
proximate the temperature dependence of each SD
[12; 24-25]. It should be understood that although in
the case of orientation sensors the SD temperature
error is partially compensated by using the arc-tan
and arccotan functions, the presence of a primary
transducing channel in the sensor also leads to the
case when individual components of a multicompo-
nent sensor have different signs of temperature coef-
ficients.

Therefore, it is advisable to compensate for the
temperature error with a second-order polynomial
for each SD separately.

Examples of compensation for the temperature
error of a two-component azimuth sensor are given
for the case when both temperature coefficients are

a,, = nzr: b2, a, = DI :7ZZb§jk, positive (Fig. 2) and for the case when the signs of
k= Lk = the temperature coefficients of SD are different
(Fig. 3).
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Source: compiled by the author
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COMPENSATION OF MAGNETIC
ANOMALIES

Magnetic anomalies accompany the well con-
struction process constantly, since the drilling rig
and the drilling tool are the source of magnetic
anomalies themselves. It should be noticed that
borehole drilling using only one inclinometer is car-
ried out in a wide range of magnetic latitudes and
under different operating conditions. Therefore, de-
viation compensation, as is customary in avia and
naval magnetic navigation while drilling, is practi-
cally impossible [26], [28, 29].

From here, it is proposed to eliminate the mag-
netic deviation not with special deviation devices,
but with the help of a technique that allows calculat-
ing the parameters of the magnetic deviation of the
inclinometer at a given drilling point and eliminating
it by registering into the inclinometer readings at the
stage of secondary information processing.

Two main sources of magnetic anomalies are
considered: the constant magnetic field of the anom-
aly from the drill string itself, in which the SD is
fixed, and the external, stationary relative to the
Earth, constant magnetic field of the anomaly of any
origin, including from casing pipes of running or
other wells and foreign underground objects, which
are the source of the magnetic field.

In the first case, it is proposed to rotate the en-
tire drill string by 360 degrees around the longitudi-
nal axis of the well with subsequent calculation of
the constant and variable components of the magnet-
ic field. In this respect, the constant component of
the measured magnetic field will correspond to the
magnetic anomaly of the drill string itself, since it
rotates with the sensor, and the variable component
will correspond to the Earth's magnetic field.

In the second case, it is proposed to conduct
preliminary measurements of the values and orienta-
tion of the support vectors g, T and Q at the mouth
of well for subsequent control of their relative posi-
tion. Since the vectors g and Q are considered stable
at a given point, then any change in the magnitudes
or mutual orientation of the vectors can occur only
as a result of an external magnetic anomaly. Thus,
by recording and calculating these changes, it is pos-
sible to determine the parameters of the magnetic
anomaly at the point of assessment.

The general formula describing the deviation is:

6=A+Bsina"+Ccosa’+ Dsin2a’+ Ecos2a’

It should be noted that the semicircular compo-
nents (B and C) correspond to the influence of “hard
iron”, that is, permanent magnets, and the circular
and quarter components (A, D, E) correspond to the
influence of “soft iron”, i.e. materials that are not a
source of a magnetic field, but are capable of dis-
torting it when they enter the zone of its action.

When calculating the coefficients of the desired
magnetic deviation, harmonic Fourier series with
unequal steps and the least squares method were
used.

GENERAL SEQUENCE OF
IMPLEMENTATION OF THE PROPOSED
METHODS

Consistent application of the proposed methods
for determining the parameters of disturbing factors
and their further consideration at the stage of sec-
ondary information processing allows eliminating
their influence on the bias of the assessment of spa-
tial orientation using HSCASO.

In Fig. 4 the sequence diagram of the HSCASO
attitude assessment is given. The diagram shows that
part of the work is carried out in laboratory condi-
tions on a calibration bench (rotary-axis table) at the
stage of manufacturing the inclinometer.
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The calibration bench (pre-adjustment)

The location of measurement and orientation assessment itself
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Fig. 4. Diagram of the sequence of assessing the object orientation
in difficult conditions using HSCASO

Source: compiled by the author

According to the methods described above, the
main individual parameters of the inclinometer are
determined (misalignments of the axes of sensitivity,
the magnitude of zero signals and transfer coeffi-
cients of SD, temperature coefficients of SD). All
received data are unique for this particular sensor
and do not change for the entire duration of its oper-
ation life.

Further, directly on the drilling site, the parame-
ters and the relative position of the reference vectors
are measured and these data are recorded.

Then a magnetic anomaly of the first type (from
the drilling rig itself) is determined and recorded in
the database.

Next, the spatial orientation of the object is as-
sessed with parallel monitoring of the appearance of
a magnetic anomaly of the second type (from an ex-
ternal source). If it appears, according to the above
methodology, its parameters are determined, and the
data are corrected at the stage of secondary infor-
mation processing.

CONCLUSIONS

The accuracy of the assessment of the object
orientation largely determines the efficiency and/or
safety of work in many practically important appli-
cations, such as geological exploration, monitoring
systems during construction, etc. Therefore, when
developing software and hardware components for
assessing spatial orientation, it is necessary to in-
crease the efficiency of primary and secondary pro-
cessing information.

1. It is shown in the work that taking into ac-
count the instrumental errors caused by the peculi-
arities of SD manufacturing can significantly in-
crease the unbiasedness of the assessment of the spa-
tial orientation of objects. Specific values of the de-
gree of the main factors influence on the assessment
bias of the objects spatial orientation (misalignment
of the axes of sensitivity, the presence of a zero sig-
nal, non-identity of transfer coefficients and temper-
ature parameters) are obtained.

2. Mathematical models and methods have been
developed that make it possible to determine the

ISSN 2617-4316 (Print)
ISSN 2663-7723 (Online)

Systems analysis, applied information
systems and technologies

227



Applied Aspects of Information Technology

2020; Vol.3 No.4: 221-231

values of all the main parameters of instrumental
errors of each SD in the inclinometer, and the possi-
bility of compensating for their influence on the re-
sults of assessing the spatial orientation of objects
has been shown.

3. Mathematical models of the inclinometric in-
strument are proposed, taking into account the in-
strumental errors of SD and eliminating them at the
stage of secondary information processing.

4. Methods for determination and subsequent
accounting at the stage of secondary information
processing of magnetic anomalies of two types:
anomalies from the drilling rig itself and anomalies
from an external source (casing pipes, adjacent wells
and other external objects of the magnetic field) are
proposed.

5. Methods for eliminating the temperature er-
ror of inclinometers of various designs by a second-
order polynomial are shown, as well as the results of
experimental studies.

6. The proposed models and methods could be
used in the development of software and hardware
components of the spatial orientation of objects,
which can be widely used in various fields, for ex-
ample, in the construction of underground commu-
nications; when assembling large and remote ob-
jects; with static sounding of soils; when monitoring
the state of foundation elements and building struc-
tures of especially critical structures (nuclear, ther-
mal power plants, etc.) during operation, and others.
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AHOTALIS

Pobota npucBsueHa BUpIlIEHHIO HAYKOBOI IpoOIeMH 3a0e3MeYeHHs] He3MIIIEHOCT] Ta MiABUILEHHS e()eKTUBHOCTI OL[IHKH MPO-
CTOpOBOi OpieHTawlii O00'€KTiB HUIAXOM 3aCTOCYBaHHSA HOBHUX METOMIB BTOPUHHOTO IEPETBOPEHHsS iH(poOpMaLii B MPOrpaMHO-
arapaTHUX KOMIIOHEHTaX KOMITIOTEPHUX CUCTEM. Y POoOOTI NPEACTaBICHO METOX KOMITEHCAllii MarHiTHUX aHOMAJIiH, 10 BIUTMBAIOTh
Ha YyTJIMBI 10 MarHiTHOTO MOJIS JaTYHKH KYTiB IIOBOPOTY iHKIiHOMeTpa. BiH IpyHTyeThCs Ha peecTpallii oKa3aHb IHKIIHOMETpA i
KyTa IOBOPOTY OypOBOTO iHCTPYMEHTY IIpH Horo o0epTaHHI B THPIIi CBEPUIOBHHU B Jialla30Hi TPHCTA HIicTAecAT rpanycis. Lle mo-
3BOJIsIE BU3HAYMTH 1 HaJlaJli BpaXOBYBaTH 3HAUEHHS MarHiTHOI AeBianii Bix OypoBOi KOJOHHM B ITOKa3aHHAX iHKIiHOMeTpa. OmucaHo
METOJ BU3HAYCHHS MapaMeTpiB MarHiTHOI aHOMaii Bil 30BHIIIHBOTO HEPYXOMOTO JKepela HOCTIHHOTO MarHiTHOTO MOJI 3a paxy-
HOK BHKOPHCTaHHS HA[UTHIIKOBOI iH(popMalii Bif MOKa3aHb iHKIIHOMETPUYHHX MEPETBOPIOBAYIB B THPJII CBEPAJOBHHH 1 B TOYII
MpOBEeHHS OIIHKU. Lle n03BoJIsse€ PO3MMPHUTH MeXi Ta 001acTh 3aCTOCYBAHHS MAarHiTOMETPHYHHMX IEPETBOPIOBAUiB B CKIATHUX
yMOBax. 3alipONIOHOBAHO METOIHM OOYHCIICHHS UTYKaHOTO a3uMYTY, a TAKOXK — apaMeTpiB BEKTOpa HANPYKEHOCTI MarHiTHOI aHOMa-
nii. Po3risiHyTO MOXMOKH IHKJIIHOMETPIB Ha OCHOBI IIEPBHHHHX ITEPETBOPIOBAYiB pi3HOI (izuynol npupoau (Gepo3oHoBi, ripocko-
I, aKCelIepOMETPaMH), SIK 3 )KOPCTKO 3aKpiIFIEHHMH, TaK i 3 BUKOPHCTAHHAM KapJaHHHX MasTHUKOBUX IijBiciB. [IpoaHanizoBaHo
YUHHUKHY, 10 BIUIMBAIOTH HA 3MIIIEHICTh OLIHKH KYTiB IPOCTOPOBOI OpieHTamii OypoBOTro iHCTPYMEHTY, IO BHPaXKEHI Yepes3 KyTH
Eiinepa BHACIZOK pi3HUX MPUYMH: BiIXWICHHS OCEH YyTJIMBOCTI EPETBOPIOBAUIB Bijl B3a€MHOI OPTOTOHAIBHOCTI i ONOPHOTO TPH-
IpaHHMKA OCEH, MOB'I3aHOTO 3 KOPIIYCOM; 3MiHH HYJIHOBOTO CHTHANY i IepelaBalbHOTO KoedillieHTa MiJ BIUIMBOM TEMIIEPaTYpH;
HEIZICHTUYHOCT] eJEKTPUYHHUX MapaMeTpiB; HETOYHOI YCTAaHOBKH MAasTHUKOBHX KapJaHHMX PaMOK JaTYMKa B IUIOLIMHY HAXWIY i 1O
BepTUKAJI Micls. BU3HaueHo momycTUMI rpaHUYHI 3HAYCHHS KOXKHOI 3 HaBeACHUX MOXUO0K. OOIIIK KOMITIEKCY IUX MOXHUOOK T03BO-
JIsi€ 3HAYHO MiJBUIIUTH HE3MILICHICTh OLIHKU IapaMeTpiB MPOCTOPOBOTO MOJOXKEHHS 00'€eKTa B CKIagHUX yMmoBax. [IpakTuuHe 3a-
CTOCYBaHHS MPEACTABICHUX B POOOTI pe3yibTaTiB JO3BOJISIE PO3POOHTH 1 BIPOBAAUTH 1IHKIIHOMETPH, 3AaTHI MPALIOBATH B CKJIQJIHUX
eKCITyaTallifHNX yMOBax, IO MAalOTh MaJMH J[iaMeTp OXOPOHHOTrO KoKyXa. [1ofiOHiI cHCTEMH MOXYTh BUKOPHUCTOBYBATHCS: IS
OyIiBHMIITBA IiJ3€MHUX KOMYHIKaIil; Ul 30MpaHHs BeTMKOrabapuTHHX i BiggajdeHuX 00'€KTiB; JIs1 CTATUYHOTO 30HyBaHHS IPYyH-
TiB; JUISI MOHITOPHHTY CTaHy €JEMEHTIB (yHIaMeHTy i OyIiBeIbHHUX KOHCTPYKIIH OCOONMBO BiNOBIiNaJbHHUX CIOPYA (aTOMHHX,
TEIUIOBHX CTAHIIIH TOIIO.) B MPOLIECi EKCILTyaTallii.
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AHHOTALIMA

Pabora mocBsilieHa PENICHUI0 HaydHOH MpoOieMbl oOecreyeHUsl HECMEIIEHHOCTH M MOBBIICHUS 3()(GEKTUBHOCTH OLECHKU
MIPOCTPAHCTBEHHOW OPHEHTALMH OOBEKTOB IyTEM HPUMEHEHHs HOBBIX METOJOB BTOPHUYHOTO MpeoOpa3zoBaHMsi MHpOpMAIMU B
[IPOrpaMMHO-AIIapaTHBIX KOMITIOHEHTaX KOMITBIOTEPHBIX cHUCTeM. B pabore ommcaH pa3paOOTaHHBIH METOJX KOMIIEHCAINU
MarHUTHBIX aHOMAJMH, BIAMAIOUIMX HAa MarHUTOYYBCTBUTEJIbHBIE NaTYMKM YIJIOB ITOBOPOTAa MHKIMHOMEeTpa. OH OCHOBBIBAacTCs Ha
perucTpaniy MOoKa3aHHH MHKIMHOMETpa M yIJia IOBOpOTa OypoBOM TpyOBI NpH €€ BpalleHHH B YCThe CKBAKHMHBI B JHAIa30HE
TPUCTA IIECTHAECST TPATyCcOB. DTO MO3BOJSIET ONPEAENIUTE U B JATbHEHIIIEM YUUTHIBATh 3HAUEHHE MAarHUTHOH J€BHAIINN OT OypOBOM
KOJIOHBI B TIIOKA3aHMSAX WHKIMHOMETpa. ONHcaH METOJ OIpeleNeHHsl I[apaMeTPoB MarHWTHOM aHOMAIMH OT BHEIITHETO
HETIOJIBIKHOTO HMCTOYHHMKA IMOCTOSIHHOTO MAarHUTHOTO TOJIST 332 CYET HCIOIb30BAHHS HM30BITOUYHOM HH(pOPMAIUM OT ITOKAa3aHHI
MHKJIMHOMETPUYECKUX IpeoOpa3zoBaTeliei B yCThe CKBaXXHMHBI U B TOUKE NMPOBEACHHS OLIEHKH. DTO MO3BOJIET PACHIMPUTh IPAHULIBI U
obnacTh TPUMEHEHHS MarHHTOMETPHYECKHX MpeoOpa3oBaTeieil B CIOXKHBIX YCIOBHSX. I[IpeayoKeHbl METOJbl BBIYHUCICHUS
HCKOMOI'O a3MMyTa, a TaKXke — IapaMeTpoB BEKTOpa HAIPSKEHHOCTH MAarHUTHON aHoMainuu. PaccMOTpeHbl MOTpenrHoCcTd
MHKIMHOMETPOB Ha OCHOBE IMEPBHUYHBIX NpeoOpasoBareneil pasnuyHoi Qusnueckoil npupois! (Gpeppo30HI0BbIE, THPOCKOIIHI,
aKCEeJIEPOMETPBI), KaK JKECTKO3aKPEIICHHbIE, TaK M C HCIOJIb30BaHUEM KapJaHHBIX MasTHHKOBBIX IMOJABECOB. IIpoaHaNH3upOBaHbI
(haxkTOpBI, BIUSIONINE HAa CMEIMIEHHOCTh OIIEHK! YTIIOB IPOCTPAHCTBEHHON OpHEHTANH OypOBOTO HHCTPYMEHTA, BBIPAKCHHBIX Yepes3
yruel Oiniepa  BCIEACTBHE PA3NUUHBIX INPUYMH: OTKIOHEHHWS OCeH WyBCTBHTEIBHOCTH IIpeoOpas3oBarenell OT B3aWMHOU
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OPTOTOHAJILHOCTU U OINOPHOIO TPEXIPAHHUKA OCEH, CBA3aHHOTO C KOPITyCOM; HM3MEHEHHs HYJIEBOTO CHUTHAJa W IEepelIaTOYHbIX
K03 GUIHEHTOB 10 BO3ACHCTBHEM TEMIEPATypbl; HEUICHTHYHOCTH OJIEKTPUYCCKHX I[apaMeTpOB; HETOYHOW YCTaHOBKH
MAasiITHUKOBBIX KapJaHHBIX PaMOK JaT4MKa B IJIOCKOCTh HAKJIOHA U IO BEpPTUKAIM MecTa. OmpeneneHbl IOMyCTUMbIE I'PaHUYHBIC
3HAYEHUs] KOKIOH W3 NPHUBEICHHBIX MOTPEUIHOCTEH. YYeT KOMIIeKca STHX MOTPEIIHOCTEH IMO3BOJSET 3HAYUTEIBHO IOBBICUTH
HECMEIIEHHOCTh OLICHKH IOJIOKEHUS OOBEKTa B CIOXKHBIX YCIOBUSX. lIpakTHdeckoe MpUMEHEHHE MpPEICTaBICHHBIX B pabdote
Pe3yJIbTaTOB TMO3BOJISICT CO37aTh W BHEIAPUTh MHKIMHOMETPBI, CIIOCOOHBIC PadOTaTh B CIOXKHBIX 3KCIUTYaTAIllHOHHBIX YCIIOBHSX,
AMCIOIIME Malblii THaMeTp OXPaHHOTrO Koxkyxa. [10J00HBIE CHCTEMBI MOTYT HCIOJB30BAaThCS: UL CTPOUTEIBCTBA IMOJ3EMHBIX
KOMMYHHKAIMA; Ui COOPKH KPYIMHOTa0APHTHBIX W YOAJICHHBIX OOBEKTOB; JUISI CTATUYECCKOTO 30HIUPOBAHUS TPYHTOB; IS
MOHUTOPHHTA COCTOSHHUSI 3JICMCHTOB (DYHIIAMEHTA M CTPOMTEIBHBIX KOHCTPYKIUI 0CO00 OTBETCTBEHHBIX COOPYKCHUH (aTOMHBIX,
TEIUIOBBIX CTAHIMH U T.7.) B IPOLIECCe IKCILTyaTalluH.

Ki1roueBble cj10Ba: KOHTPOJIb MPOCTPAHCTBEHHOW OpUEHTAIMH; MarHUTHBIC aHOMAJIUH; JATYUK OPHEHTALUH; WHKINHOMETP;
a3MMYT; 3€HUTHBIN YT OJI; yroji YCTAaHOBKU OTKJIOHUTENSI; CMEIICHHOCTh OLICHKU OPUEHTAINH; MaTeMaTH4ecKast MOJIeNb

ABOUT THE AUTHOR

Igor Victorovych Ryzhkov — PhD (Eng.) (2005), Associate Prof., Department of Information Technology and
System, Prydniprovs’ka State Academy of Civil Engineering and Architecture. 24a, Chernyshevsky St. Dnipro,
Ukraine

riv.ryzhkov@gmail.com. ORCID: http://orcid.org/0000-0001-9105-7149

Scientific field: Computer Systems, Inclinometers, Sensors of Orientation

Irop BiktopoBu4 PukkoB — kax. texHid. Hayk (2005), mouent kadenpu IHpopmariiianx texsooriii i cucrem/
[MpugHinpoBchKa aep)KaBHA aKajaeMis OyJiBHHLTBA Ta apXiTeKTypH. Byi.UepHuIueBcskoro, 24a J{xinpo, Ykpaina

ISSN 2617-4316 (Print) Systems analysis, applied information 231
ISSN 2663-7723 (Online) systems and technologies


http://orcid.org/0000-0002-4078-3519

