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Purpose. The study has two purposes: development of mathematical model of one-axis inclinometer transducer of zenith
and sight angles designed in the form of extended floating tube, balanced by the different and with floatation miss in viscous
fluid filling in the transducer case; examination of pointing errors and development of the techniques that reduce them.

Methodology. The research used the methods of comparative analysis and mathematical modeling.

Findings. Mathematical model of one-axis inclinometer transducer of zenith and sight angles on vibrating base has been
developed. Sensing inclinometer device has been made as extended cylindrical floating tube balanced by different and on
floatation miss in viscous fluid filling in transducer case. Measurement range of zenith and sight angles is 0+360°. The for-
mulae permitting to evaluate measurement errors of zenith, sight angles and floating tube movement on the axis has been ob-
tained.

Originality. For the first time we have developed the mathematical model of inclinometer transducer with two degrees of
freeness: longitudinal axial movement and rotary movement about symmetry axis. Measurement range of zenith and sight an-
glesis 0+360°.

Practical value. The resulted mathematical model may be accepted as a basis for inclinometer transducers with float
structure intended to control dimensional orientation of a borehole during drilling process.

Keywords: error, one-axis transducer, zenith angle, sight angle, inclinometer, measurement accuracy, different and
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State of the art. Over the last years oil-and-gas produc-
ing industry of Ukraine has been developed rapidly. New
technologies of deep drilling of oil and gas boreholes with
bottom-hole depth from 5,000 m to more are above. Where-
as the boreholes building conditions are considerably com-
plicated, therefore this hole making technologies are im-
proved, they provide material changes of drilling process
performance [1].

There are kinds of drilling which are of specific im-
portance, they are directional and horizontal drilling, addi-
tional boreholes drilling in cluster drilling technique caused
by dense drilling in old deposits, out-of-the-way marsh-
lands, seas and oceans shelf zones, under industrial facili-
ties, power supply and transport utilities, built-up areas.

In directional drilling orientation parameter check-out is
carried out by inclinometer transducers is meant for measur-
ing the azimuth, zenith angle and whipstock orientation an-
gle during the drilling process.

Analysis of researches and publications. Analysis of
well-known works [2] shows that in order to measure zenith
angle and angle of inclinometer whipstock orientation angle
such structures are proposed as transducer structures made
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on the base of one-axis gimbal suspensions with external
and internal frames or one-axis inclinometer transducers.

Technical features of transducers in many instances es-
timate the accuracy of the hole wellbore passage in accord-
ance with designed trajectory and borehole entering the re-
quired part of producing zone.

Thus, actual engineering problem is the improvement of
inclinometer transducers which ensure production intensifi-
cation, refinement of oil and gas production, cost saving.

The object of the article is to describe new structure of
inclinometer transducer of zenith and sight angles, which
has two degrees of freeness: longitudinal axial movement
and rotary movement about symmetry axis, the develop-
ment of its mathematical model, errors study and identifica-
tion of the techniques of their reduction.

Basic material. It is proposed for orientation monitoring
to use inclinometer transducer with two degrees of freeness:
longitudinal axial movement and rotary movement about
symmetry axis, measuring range is 0+360° [3].

Such transducer consists of a pendulum component in
the form of extended cylindrical floating tube 1, balanced by
a different in viscous fluid and on floatation miss. Centre of
gravity of the float is displaced relative to rotation axis.
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During device inclinations relatively to vertical, the
float while rotating is set in the plane of inclination which
is measured by the transducer of rotation angle 2.

Axial movement of the float is measured by displace-
ment transducers 3. The transducers generate electrical sig-
nals functionally through trig dependences connected with
zenith and sight angles.

We shall make the mathematical model of such trans-
ducer. We shall introduce connected with the Earth fixed
coordinate system, fig.1, R, (O&n(), directing the axis

O¢ vertically and down the centre of the Earth. Axes O&
and On will be placed in horizontal plane.

Centre of gravity and centre of volume of the float are
superposed with its symmetry plane.
Vector projection of accelerated gravity force g in sys-

tem of coordinate O&ng

0
gR(,: 0
4

We shall connect directional borehole with coordinate
system R (OX Y Z ), directing the axis OZ at longitudinal
axis of the borehole and obtained O&n¢ from system of co-
ordinate by rotation about the axis On anticlockwise on

zenith angle 6 with rotation matrix [4]

cosO 0 —sinb
A6 =1 0 1 0
sin6 0 cosO

We shall connect transducer enclosure with system of
coordinate R, (0X\Y,Z)) obtained by rotation on zenith

ang-le ¢ about the axis 0Z with the matrix

cose@ sing 0
A(p: —sing cosq Of-
0 0 1

System of coordinate R, (OX,Y,Z,) is connected with
the sensing element (float) of the transducer and logical co-
ordinates OXY'Z), about the axis OZI* on anglef3,

connected with the matrix

cosp —sinfB 0
Ag =|lsinf3 cosB O -
0 0 1
System of coordinate R; (O,X,Y;'Z,") is obtained by ax-
ial movement OZ; of the system (0X,Y,Z,) to the va-
lue Z.
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Fig. 1. Systems of Coordinate to derive the mathematical
model of one-axis transducer of zenith and sight an-
gles of inclinometer: 1 — extended cylindrical floating
tube; 2 — transducer of float rotation angle; 3 — trans-
ducers of float movement; O&nC — fixed coordinate

system connected with the Earth; OXYZ —coordinate
system  connected with  directional  borehole;
OX\Y,Z, — system of coordinate connected with

transducer enclosure; OX,Y,7,— system of coordinate
con-nected with sensing element of the transducer;

H k%

OX\Yz] - system of coordinate obtained by axial
movement OZ, of the system OX,Y,Z,

According to d’Alembert principle [5] we shall gener-
ate the mathematical model of such transducer on moving
base.

We shall sum up the moments acting relatively to the
rotation axis of the float

M +Mp+Mygy +M g +M; =0, (1

where M, — inertia from the float weight P and stati lift O

applied to the float; As, — damping moment of the float
during its rotation in viscous fluid; as,, — static moment

from the float weight and buoyant force applied to the float;
M, ~ frictional moment in float rotation axes; M:— vibra-

tional acceleration moment.
At determining the inertia we have regard to that the
float is attached by: s, =.§ — the moment from inertial

forces of the float mass, u,, =J,-p — the moment from
inertial forces of fluid mass added to the float [6], then

M, =(J+J)-B, ()

2

where J =m-r~; m— float mass; r — distance to the centre

of cylindrical float mass.
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Damping moment of the float during its rotation in vis-
cous fluid

Mp=K,;B, 3)

2'TE'R3'1f'M
981-h
float during its rotation in viscous fluid (this formula was
represented by E. A. Nikitin, A. A. Balashova Design of
differentiating and integrating gyroscopes and accelerome-

ters); /, — float length; R — gap midradius; h — gap between

where K, = — coefficient of damping of the

float and frame; p — coefficient of dynamic viscosity of flu-
id.

Hence, float damping moment during its rotation in vis-
cous fluid

2-m-R 1.
My="TC RS “4)
b 9817 P

Frictional moment in float rotation axes
M, =£M, B (%)
Projections of the moment 7, , acting relative to the

float rotation axis and originating by the float load are de-
termined on the reference mark R, from vector equality

HMYSTH = HZzHX ABT <Ay Ay ﬁRU -

(6)

*HaleXAﬁT 'Aw'Ae'QRU >

0 —c b
where 7 _|| . ¢ g — alternate matrix of radius vec-
-b —-a O
tor of float application point weight in the reference mark
0 f -e . :
Ry; Bo=l-r o -4 ~ alternate matrix of radius vec-
e d 0

tor of application point of static lift in the reference mark
Ry Py =m|0, 0, g|— vector of float weight; O, =
=m, [0, 0, - g| - vector applied to the float by static lift;
m; — mass of the fluid added to the float.

We think that vibration is linear and it is not accompa-
nied by angular oscillations: 7,(z) =||X; (1), ¥;(t), Z,(1)] - Con-

sidering that transducer case moves according to harmonic
law relatively to the axes OX 1* s OYI* R OZ; with various

amplitudes but the same frequency originated by drilling
tool

X, (t)=4;sin ot ;

Y (t)=A4,sin ot ;

Z,(t) = Aysin ot ,
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then the vector of vibrational acceleration is in the form

5

50 =]%0. %@, Z,0)| =1 V2. V5

1) = H— ©* - A sin wt, —®” - A, sin of, —»° - Ay sin oat)H .

Projection of vibrational acceleration vector in the refe-
rence mark R,

%2:A15T'%1-

Vector of vibrational moment acting on sensing device
is calculated in the following way [7]

M%:i "f'(mi‘%z)' ™

Substituting (2—7) for (1) we can get the equation of in-
clinometer transducer, it describes float movement relative-
ly to rotation axis. If the centre of gravity and centre of vol-
ume are superposed with its symmetry plane i.e.
b=c=d=e= f =0, the equation is written the follow-
ing way

(m-r* +J,)- f+K, - f+g am-sin(¢-p)sin 6+

. . 8
+am-(sinﬁ-Vl+cos/3~V2):iMﬁﬁ. ®

Analogous we shall derive the equation of float axial
movement OZ,; with regard to external forces acting on the

float.
Projection of the force F, originated by float load dur-

ing axial movement OZ; can be designated by the equation
"FZ" = Ae ’ ﬁRn - Ae ’ QRO : (9)

The equation of inclinometer transducer describing
float axial movement OZ, is written in the following way

Am-Z+K,-Z+C-Z+
(10)
+Am-gcos O+ Am-V, =tF,

z\’

where Am = (m—m,) — reserve buoyancy of float (this
formula was represented by K.L. McClure Theory of iner-
tial navigation); C — rate of “electrical” spring of feedback;

Z,7,7 — axial OZ, movement, velocity and acceleration

of the float; F;, — frictional force in axes of supports during
float movement.

Mathematical model of one-axis inclinometer transduc-
er of zenith and sight angles describing transducer perfor-
mance on a movable base is written in the following way
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(m-r*+J,)-B+K,-f+ga-m-sin(¢-B)sin O+

+a-m~(sin[7’-V1 +COSﬂ"Vz):iMﬂvﬂf

. . . (1D
Am-Z+K,-Z+C-Z+

; z

+Am-gcos@+Am-Vy ==+ ,/z.?‘

Mathematical model of one-axis inclinometer transduc-
er on a fixed base is obtained from the system of equations

(11) having put ¥, =V, =, =0
(m-r’+J) B+K, -/'3+g.a~m~sin(¢-/3).sin9=iM,,,ﬂ

B

, -(12)
.. . Z
Am-Z+K, - Z+C-Z+Am-g-cos@=+F, —

2

Static behavior of inclinometer transducer of zenith and
sight angles can be obtained from the system of equations

(12)have put B=B=0, Z=7=0.Hence

ga-m-sin((/ﬁ-ﬂ)sinG—Mﬁ_z—0 13)

C~Z+Am-gcos6’—Fﬁ‘£.=0 14)

]

The equation (13) shows measurement error of sight
angle determined by setting moment of the float

iMﬁE
Ap=— T 1. (15)

_ga~m~sin6

The equation (14) shows axial OZ; movement of the
float in the form
+r 2
" Z‘ Am-g
- -cos 0 - (16)
C

7=

C

Whence it follows that the transducer generates not on-
ly movement functionally connected with zenith angle but
the error determined by force of dry friction.

For inclinometer transducer which has minimum forces
of dry friction in the axes of supports we can get static be-
havior of the transducer

o=p;
Z:—Am.g‘cose;
0 = arccos [— g]
Am-g
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Conclusion. For the first time we have proposed the
structure of sensing device of zenith and sight angles on the
base of pendulum in the form of extended cylindrical float
with two degrees of freeness: longitudinal axial movement
and rotary movement about symmetry axis.

The float is placed into cylindrical frame with close gap
filled in with viscous fluid and it is balanced by a different
and on floatation miss. Measurement range of zenith and
sight angles is 0+360°.

According to d’Alembert principle we have obtained
mathematical model of one-axis transducer of zenith and
sight angles of inclinometer on vibrating and fixed bases
with regard to inertial forces and moments acting relative to
the float rotation axis and axial movement of the float
which permits to study its errors.
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Merta. Po3poOka MaTeMaTHIHOT MOJIENI TIBOCTYIICHEBO-
TO IHKJITHOMETPUYHOTO MEPETBOPIOBAYA 3€HITHOTO Ta BI3Hp-
HOTO KyTiB, BAKOHAHOTO Y BUIJISl MOJIOBKEHOTO IMIIIHII-
PHUYHOTO TIOTJIaBKa, BPIBHOBAXEHOTO MO AudepeHTy i Ha
3aJMIIKOBY Bary y B'S3Kifl PiuHI, IO 3aIlOBHIOE KOPITYC
nepeTBopioBaya. JlocipKeHHs TIOXHOOK 1 BHSBIICHHS TIPH-
HOMIB 1X 3HIKCHHSL.

Metoauka. Y poOOTi BUKOPHCTOBYBAINCS METOAH I10-
PIBHSUTBHOTO aHAJI3y Ta MAaTEMATHIHOTO MOICTIOBAHHSL.

PesyabTaTn. Po3poOreHa maremMaTtHmiHa MOJENb JBO-
CTYIEHEBOTO IHKJIIHOMETPUYHOTO MEPETBOPIOBaYa 3CHITHO-
TO Ta BI3UPHOTO KyTiB Ha BiOpyroUiit ocHoBI. [lepBuHHMIt iH-
KIIIHOMETPHIHUH TePETBOPIOBAY BUKOHAHWH Y BUTJISI TI0-
JIOBKEHOTO IMJIIHAPUYHOTO TIOIUIABKA, BPIBHOBAKEHOTO MO
nepeHTy i Ha 3IMIIKOBY Bary y BsI3Kil piyHi, 10 3amo-
BHIOE KOpITyC TiepeTBoproBada. Jliarma3oH BUMIprOBaHHS 3c-
HITHOTO Ta BisupHOro KyTiB 0+360". OTprMani BUpasy, mwo
JIO3BOJISIFOTH OITIHUTH TTOXMOKK Yy BUMIPIOBAaHHI 3€HITHOTO,
BI3MPHOTO KYTIB 1 IPH NEPEMIIeHH] MOIIIaBKa y3/I0BX OCI.

HayxoBa HoBH3HA. YTiepiie po3po0iieHa MaTeMaTHHa
MOJIeNb IHKJIIHOMETPUYHOTO IIePeTBOPIOBaYa, II0 Mae JiBa
CTYTICHI CBOOOIH: TIEPEMIIIIEHHS 32 MO3I0BKHBOI0 BICCIO Ta
obepTasibHE HaBKOJIO OCi cuMeTpii. JliarmasoH BUMiproBaHHS
3EHITHOTO Ta Bi3UpHOTO KyTiB 0+360°.

MpakTuuna 3Haunmicte. [lomsrae B po3poOiii MaTe-
MaTH4HOT MOJIEJIi, MOKJIaJICHOT B OCHOBY 1HKJIIHOMETPUYHUX
MEPETBOPIOBAYIB HA OCHOBI IMOIUIABKOBOT KOHCTPYKILT JUIst
KOHTPOJTIO MPOCTOPOBOT'O MOJIOYKEHHS CBEPUIOBHHH Y TIPO-
1ieci OypiHHS.

KirwuoBi ciioBa: noxubxa, osocmynenesutl nepemaeo-
Pro6au, 3eHimuuil Kym, Gi3upHull Kym, iHKIiHOMemp, mod-
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HICMb GUMIPIOBAHHS, Ougepenm i 3anumKo8a eaza, mame-
MamuyHa mooens

Hens. PaspaboTaTh MaTeMaTHYECKyl0 MOJEIb JIBYX-
CTENIEHHOTO MHKJIMHOMETPHUUYECKOTO IpeoOpa3oBaTess 3e-
HHUTHOTO ¥ BU3UPHOTO YIJIOB, BBIIIOJHEHHOTO B BUJIE YIJIN-
HEHHOTO IWJIMHAPUYECKOTO TOIUIABKA, YPaBHOBEIIEHHOTO
o quddepeHty u Ha OCTaTOYHBIN BEC B BA3KOH KHUIKOCTH,
3amoHSIONIEH KopIiyc npeoOpasoBaternsi. MccnenoBanue
TIOTPEITHOCTEN 1 BBISIBIICHUE IPUEMOB UX CHIKEHUSL.

Metoauka. B paboTte MCronbp30BaHbl METOIBI CPABHH-
TENBHOTO aHAIN3a ¥ MATEMAaTHIECKOTO MOICITIPOBAHHSL.

PesyabTaThl. Pazpaborana maremMaTtudeckas MOJIENb
JBYXCTENEHHOTO HMHKIMHOMETPHYECKOTO Mpeoldpa3oBa-
TeJIs 3eHUTHOTO M BH3MPHOTO YIJIOB Ha BHOPHpPYIOIEM
OocHOBaHWU. [lepBUYHBI HHKIMHOMETPHYCCKHUNA IIPEOO-
pa3oBaTenb BBIIIOJIHEH B BHJCE YIIMHEHHOTO IIMIMHIPH-
YEeCKOTO MOIUIaBKa, yPaBHOBEIIEHHOTO 10 U depeHTy u
Ha OCTaTOYHBIA BEC B BA3KOHN JKUIKOCTH, 3aITOTHSIOMICH
KopIryc mpeobpa3oBarens. J[mana3oH M3MEpeHHS 3CHUT-
HOTO W BU3MPHOTO yrioB 0+360°. ITomydeHs! BhIpaxke-
HUSI, TIO3BOJISIFOIIME OLICHNUTH MOTPEITHOCTH B M3MEPEHHUN
36HUTHOTO, BU3UPHOTO YIJIOB W NPH MEPEeMENCHUH T10-
IJIaBKa BJOJb OCH.

Hayunasi HoBu3Ha. BriepBble pa3paboraHa MaTeMaTH-
YyecKasi MOJIeNIb MHKJIMHOMETPHYECKOTo IpeodpasoBarels,
MMEIOIIIETO JIBE CTEIEHN CBOOOBI: TIEPEeMEIeHHE 10 MPo-
JIOJIBHOW OCH M BpAIAaTEIbHOE BOKPYT OCH CHMMETpPHH.
Jluama3oH W3MepeHHs 3€HUTHOTO ¥ BU3UPHOTO YIJIOB
0+360°.

IIpakTHyeckasi 3HAYMMOCTDb. 3aKIIOYaeTcsi B pas3pa-
00TKE MaTeMaTHYECKOW MOJIENH, IOJOKEHHOW B OCHOBY
WHKJIMHOMETPHYECKNX TpeoOpa3oBaTeneil Ha OCHOBE II0-
IUIABKOBOW KOHCTPYKIMHU JUISi KOHTPOJS MPOCTPAaHCTBEH-
HOT'0 TIOJIOXKEHHSI CKBAKHHBI B TIpoLiecce OypeHnsl.

KiroueBble cjI0Ba: nocpeuHocmns, 08YXCHeneHHol
npeobpasosamens, 3eHUMHbIIL Y207, GUSUPHBIL V20T, UH-
KAUHOMemp, MOYHOCHb U3MepeHus, ouggepenm u ocma-
MOYHbBIL 6eC, MAMEMAMULECKAsL MOOETb

Pexomenoosano 0o nyonixayii O0oxm. mexH. HAYK
B.I'. 3apenbinum. Jlama naoxoocenns pykonucy 10.03.14.

ISSN 2071-2227, HaykoBun BicHuK HI'Y, 2015, N2 2



