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Pe3yapraTel. CIipoeKTHpOBaHa MeXaTpOHHAs CH-
creMa, Ojaromaps WMCIIOJIb30BAaHUIO TpPEX IIaroBBIX
IBUTATeNIe, YIPaBISIEMBIX MHMKPOKOHTPOJJICPOM,
TO3BOJISIET TTOJHOCTBIO aBTOMATM3MPOBATh IPOIIECC
CKaHHMPOBAHMS TTOBEPXHOCTHOTO MOTEHIIMAJIA, TTOBBI-
CUTb TOYHOCTb U OBICTPOAEHCTBUE MU3MEPEHUST KOH-
TaKTHON Pa3HOCTU IMOTEHIIMAJOB HAa OCHOBE MeTola
KenbBuHa. Pa3zpaboTaH psii HOBBIX MOJAEEH A5 TPO-
BEAEHHUSI MOJEJIbHOTO 3KCIIepUMEHTA Ha MaKpOypOB-
He B cpene ECAD nporpamMm. CripoeKTUpPOBaH OIbIT-
HBII 00pa3ell CUCTeMBI W IIPOBEACHBI HATYPHBIC 9KC-
TMEPUMEHTHI C Pa3HBIMM MaTepuajaMH U TTOKPHITHUSI -
MH.

Hayynasa wnoBu3Ha. PazpabGoTaHbl HOBBIE MOJAEIU
3JIEMEHTOB CUCTEM aBTOMATUYECKOTO YIIPaBICHUS, OT-
BeUaroIre KPUTEPUSIM afeKBaTHOCTU U SKOHOMUYIHO-
CTH, KOTOPBIE JOTIOJHSIOT MaTeMaTU4ecKoe odbecreue-
HUe 1 paciupsioT BosmoxHoct ECAD misg anannsa
MeXaTPOHHBIX CUCTEM.

IIpakTnueckas 3HauumocTtsb. [1o cpaBHEHUIO C Mpo-
TOTUIIAMU pa3paboTaHHas CUCTEMA UMEET TaKUe OTJIr-
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Purpose. Experimental measurements of vibro movement of the spatial drive system using laser triangulation sen-
sors and definition of integrated dynamic characteristics of a drive using hyperspectral analysis methods.

Methodology. Experimental research methods using high-precision laser triangulation sensors of vibro movement
and application of hyperspectral analysis methods based on multiple (two-dimensional) Fourier series for processing
the measurement results of vibro movement of the table of spatial drive system .

Findings. The technique of precision dimensions (0.2 mm) of vibro movement of the table of the spatial drive
system was developed. Projections of displacement of the table and the trajectory of its movement are determined. We
established that the set of trajectories is described by the fuzzy sets and proposed analytical dependencies that describe
the membership functions of the fuzzy sets. Application of hyperspectral analysis methods for determining the inte-
grated dynamic characteristics of the spatial drive system was substantiated.

Originality. High-precision measurements of vibro movement of the spatial drive systems were obtained for the
first time. In this study it was established that on exposure to the dynamic load we receive the displacement projection
of a table with high-frequency oscillation parameters, which are fuzzy. This causes ripple movement of the table and
uncertainties of the trajectories, which are located within the elliptical stripe. The location of the table within the band
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is a fuzzy set. Characteristic membership function looks like Gaussian curve, and its parameters depend on the polar
angle. This fuzziness of a fuzzy set changes by 2...3 times within the polar angle of 2n. The efficiency of using the in-
tegrated dynamic characteristics of a drive that are represented as a spectrum of squared absolute value of two-dimen-
sional Fourier series, that is one of the varieties of hyperspectral analysis, was proved for the first time.

Practical value. The regularities of vibro movement of the drive system that has the poorly defined (fuzzy) high-
frequency components were determined. Methods for evaluating a fuzzy effect on the trajectory of the moving table
were developed, and practical recommendations to establish patterns of the fuzzy oscillation using hyperspectral

analysis methods were provided .

Keywords: drive systems, table, vibro movement, laser triangulation sensor, trajectory, fuzzy sets, characteristic func-

tions, hyperspectral analysis

Introduction. Spatial drive systems with parallel ki-
nematic connections are fundamental for the advanced
technological equipment. Manipulator constructions,
industrial robots and metal cutting machines have been
realized efficiently so far.

The technology equipment based on spatial drive
systems demonstrates wide range of functionality and
high performance. Tough dynamic modes of work make
the main feature of the equipment. The equipment
speed drive-up requires its dynamic characteristics re-
finement. Therefore, the study of spatial drive systems
vibration characteristics is currently important.

The key issue is to determine dynamic properties of
highly-refined technological equipment on the basis of
spatial drive systems with parallel kinematic connections.

The issue is connected with essential scientific and
practical targets of robotic system implementation into
industry.

The recent research studies focus on the theoretical
and experimental studies of spatial drive system dynam-
ics [1]. Drive system dynamic characteristics have been
observed to be more complex and are described by ran-
dom regularities [2]. In series of research studies it is
claimed that the study of dynamic characteristics re-
quires special methods and equipment [3, 4]. Noncon-
tact laser triangular sensors have been verified to be op-
timal measurement constructions [5]. Some researchers

[6] outline the vagueness of drive system dynamic pa-
rameters and indicate the necessity of introducing inte-
gral parameters in order to determine the spatial drive
system dynamic properties [7].

The literature review analysis allows us to state that
currently the methods for determining integral dynamic
parameters of spatial drive systems are absent. Thus, the
experimental determination of vibro movements in spa-
tial drive systems and analysis methods for experimental
measurements, which measure their integral dynamic
properties, are considered to be unsolved within earlier
issues.

The objective of the study is to make experimental
measurements of vibro movements of spatial drive sys-
tems by means of laser triangular sensors and to deter-
mine integral dynamic characteristics of drive systems
by hyper spectral analysis.

To reach the objective it is necessary to make the ex-
perimental measurement of drive system vibro move-
ments by laser triangular sensors and to determine inte-
gral dynamic parameters of drive systems by hyper spec-
tral analysis with two-dimensional Fourier series.

Presentation of the main research. Multi-coordinate
technological equipment [7] which has been developed
combines two independent drive systems: one is for the
independent spatial displacement of the tool, and the
other is for the spatial displacement of parts (Fig. 1, a).

Fig. 1. Scheme of technological equipment which combines two autonomous spatial drive systems (a) and location of laser
triangulation meters V and device of harmonic dynamic load S on the table (b)
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Tool displacement is provided by the drive system
featuring six rods of variable length 7/ moving from plat-
form 2 with a spindle mounted on it. Spatial tool dis-
placement takes place continuously within the working
area of the system.

To expand the workspace of the equipment it has a
movable table 3 with drives fixing the table in the correct
position in space. Each of the drives A4, BB,, ..., GG, is
designed as a discrete multi-positional pneumatic actu-
ator [8]. The drives are operated by a special system that
provides installation of pneumatic actuators of the drives
in a fixed position on the support. The drives are con-
nected to the table with high precision spherical joints
located at points A4, B, ..., G. The drives are pivotally
mounted on a fixed basis at points Ay, B,,..., Gy. The
Table is fixed in the necessary position in the process of
work. Dynamic displacements of the table result from
dynamic loads. The accuracy of the multi-coordinate
equipment is most significantly affected by the dynamic
displacements of the table in the plane perpendicular to
axis z (the plane of joints A4, B, ..., G location). The dy-

namic table load with the harmonic force F was carried
out during the research.

The table displacement was measured in two mutu-
ally perpendicular directions along the axes x and y with
two laser meters 5 and 6.

The dynamic processes in spatial drive systems fea-
ture considerable complexity. They are determined by
numerous factors of random nature. Therefore, experi-
mental and theoretical methods were used for the study.

High-frequency triangulation laser distance meters
RF603-10/2 with a working range of 2 mm and measur-
ing precision of 0.2 um [5] were used for measuring the
table displacement in two mutually perpendicular direc-
tions under the influence of harmonic load acting on the
table. The meters were installed on the table. They mea-
sured the distance from the moving table to the fixed
cylindrical surface of the platform (Fig. 1, b). The fre-
quency of harmonic load was changed by the control
system in the range of 10...150 Hz. The results of the
displacement measurements were presented digitally
with discretion in time of 0.5; 1.0 ms and were formed as

I, ¥ ML hRAE ]

arrays. The vibro displacements of the table in two di-
rections which we obtained are poly-harmonic process-
es (Fig. 2, a).

As a result of the research, it is found that the har-
monic load of the table leads to the oscillation of the
Table with projections that are close to sinusoidal
(dashed lines in Fig. 2, a). Thus, there is an unclear
(blurred) high-frequency oscillation of the table whose
amplitude is less than 5...10 % of fixed amplitude of si-
nusoidal oscillations of the table.

High-frequency oscillation periods do not exceed
10...15 % of the fixed period of sinusoidal oscillations
and undergo random changes in the experimental mea-
surements. Changes in amplitude and high-frequency
oscillation periods are explained by the influence of the
numerous factors including characteristics of the com-
pounds in the drive, a design feature of joints, spatial
fluctuations of the table and others. It is found that the
changes of oscillation parameters are insignificant.
Therefore, it is efficient to use unclear (blurred) arrays
for their study.

According to measured table displacements in x and
y directions, the experimental trajectories of table dis-
placement affected by a harmonic load are found
(Fig. 2, b).

Due to the occurrence of high-frequency oscillations
of the table trajectory, its movements are within the
band of the elliptical shape. The band width of the loca-
tion of the table trajectories is 13...16 microns at a maxi-
mum rate of diametrically elliptical area of 62 microns.

Current position of the table is characterized by the
radius vector p, and the polar angle ¢ located on the
projection of the table displacement according to func-
tional connections

p=i\/m; (p=arcth'/x- (M

The table location varies in a chaotic manner. Thus,
there are unclear (blurred) changes of the radius vector
p(). Statistical average value of the radius vector chang-
es is conducted and it is established that the average
value of the radius vector within the elliptical band
changes according to the law
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Fig. 2. The results of experimental measurements of projections of the table displacement (a) and experimentally deter-
mined trajectory of table displacement affected by harmonic load (b)
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pe((p) = Peo COS (2(P + \Veo)a (2)

where p,, is the average radius; v, is the initial phase
determining the angular location of the elliptical area on
the coordinate plane.

Calculation according to the dependency (2) results
in the curve FE close to an ellipse which is in the middle
of the elliptical region (Fig. 2, b). Ellipse axes &, n are
oriented at an angle to the coordinate axes of x and y.
Further analysis of the trajectories is made in a coordi-
nate system &r which corresponds to the direction of the
ellipse axes E.

The trajectories in Fig. 2 are built for fixed table po-
sitions that define intervals of 4 ms. That is why they
look like broken lines. Statistical data processing of fixed
positions of the table is carried out; they are two-dimen-
sional coordinates of sample pairs where the table is at
any given time. M frequency histogram of the table in
the appropriate section of elliptical trajectories of band
arrangement has been built by statistical processing of
the array of the number of the table positions in a sepa-
rate square area obtained from experimental measure-
ments.

Ordinates of the histogram are defined by the for-
mula

M, (x.5)="",
n):
where #; is the number of points that fall on k-square
area, the center of which has coordinates x;, y;; #y is the
total number of points.

Ordinates of histogram M normalized to maximum
value define the probability of the table location in this
part of the elliptical area (Fig. 3, a).

Areas of minimum (D,, D;) and maximum (D,, Dy)
values are traced on the histogram. They alternate in the
tangential direction and reflect the changing probability
of the table location with its random movement along
the arc of the elliptical area. Changes of the histogram
ordinates are an integral feature of dynamic properties
of spatial drive system. Areas D,...D, are not allocated

on the bands of trajectories location (Fig. 2, b). Special
methods were used to investigate these areas.
Projections of vibro displacements determined ex-
perimentally (Fig. 2, a) using differentiation made it
possible to define vibro velocities projections V.(7) i

V(). Velocity_ components projected on a tangent V.

and normal V, of the elliptical curve that defines the
midline trajectory were calculated. Statistical analysis of
stochastic processes that define normal and tangential
vibro velocity of the table was conducted. In particular,

rpm velocity values were defined by dependencies
o | M, . | M,
Vn2=_JV,12‘df§ Vf=—J‘Vf'dt,
Nt o Nt o

where 1, is the average time of traversing the elliptical
part of the trajectory by the table; N is the total number
of table displacement cycles in the elliptical trajectory.

During the statistical analysis of pulsating velocity
values, a mixed point was defined

A

V.= [vy.
0

As a result of calculation, it was established that the
following can be taken with sufficient practical reliability

VV.~0.

The resulting ordinates of the histogram in an inte-
gral form (Fig. 3, a) reflect correlation of chaotic dis-
placement of the table in the direction perpendicular to
tangent to the arc of the ellipse to movement in the di-
rection of the tangent. The correlation between the ordi-
nates of the histogram and the ratio of rms values of pul-

sating vibro velocity of the table Va. and tangent veloc-

ity of the table V. was determined. It was found that in
the first approximation it can be taken that

77 =c, .

b

Fig. 3. Experimentally determined histogram of frequency of the table centre location in certain areas of elliptical band of
trajectories location (a) and characteristic functional surface describing unclear position of the table at some points of
elliptical band location of trajectories of the table centre displacement (b)
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where C,, is a constant factor that depends on the ACS
average transition time of an elliptical trajectory.

The histogram is smoothed by two-dimensional cu-
bic splines and normalized to the maximum value with
receiving surface which describes the reliability of hit-
ting of the table centre in a certain spatial area. The re-
sulting spatial surface looks like a protuberance of the
elliptical ring with variable height and width in the tan-
gential direction (Fig. 3, b).

The resulting characteristic surface u(x, y) is gener-
alization for the two-dimensional area of the fuzzy sets
characteristic function [9] which determines the reli-
ability of the table position in a certain area of elliptic
band of trajectories locations. The characteristic func-
tion is given in the form of two-dimensional graphics
which includes a series of isolines (Fig. 4, a).

The graph clearly traces D, and D, areas with a maxi-
mum reliability of finding a table. D, and D; areas have
less reliability for finding a table in them. The areas D, ...,
D, determine extreme values of the function. They are
arranged in pairs around the greater axis of the ellipse £
which corresponds to the central part of elliptical bands
of trajectories locations (limited by dashed lines).

To establish appropriate patterns of fuzzy dynamic
characteristics of the table, the hyper spectral analysis
methods are applied [10]. They are based on the use of
multiple (two-dimensional) Fourier series. According to
the proposed method, two-dimensional characteristic
function of fuzzy set p is given in the form of multiple
(two-dimensional) Fourier series. The function on the
periphery of the elliptical area is equal to zero. Thus, pe-
riods T, T, are presented in coordinates which cover el-
liptical band with a certain excess.

At the same time, the function p can be considered
periodic along two coordinates x and y, and considering
only one (central) period is relevant. This assumption
makes it possible to apply a two-dimensional character-
istic membership function as a series in a complex form

MERIED Y Y A SN )

k=—c0 m=—c0

where o, = 2n/T,, o, = 2rn/T, are basic values of fre-
quencies; C; , are complex two-dimensional Fourier
series coefficients which are associated with the value of
characteristic function by integral functional connec-
tion
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The range of coefficients Cy ,, is calculated by inte-
grating the smoothed cubic spline histogram. Complex
coefficients have real and virtual part. For hyper-spec-
tral analysis squared absolute values of complex series
coefficients are used (power process spectrum). The
two-dimensional power spectrum is presented in the
form of a bar graph (Fig. 4, b).

The analysis of the spectrum shows that significant
components in the Fourier series (3) are components
with coefficients Cy ; and C); y. The main component is a
component which corresponds to coefficient Cs.
Therefore, to define the approximate value of character-
istic function type we can use a simplified range which
includes 1...2 components. In its simplest form, it is

)G ]

For more exact characteristic function description,
the following functional connection should be used

i, (%)= Re[Cg.7 e o] } )

Thus, hyper-spectral analysis makes it possible to
simplify the mathematical model describing the two-

Fig. 4. Presentation of a two-dimensional characteristic function of fuzzy location of the table through isolines of exact
reliability (a) and hyper-spectrum of squared absolute value of complex two-dimensional Fourier series coefficients
which describes the fuzzy trajectory characteristic function of table displacement trajectory (b)
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dimensional characteristic function that determines the
trajectory of the table.

Spectral analysis gives integrated dynamic charac-
teristics of the trajectory of the table with regard to fuzzy
(blur) trajectory of the table within vibration loads.

The functional connections (4) and (5) make it pos-
sible to predict the probability of finding a table in the
relevant area of an elliptical band of the trajectory loca-
tion. They describe parameters of blur of the trajectories
of the table stipulated by various structural and exploita-
tion factors determined experimentally in an integral
form.

Conclusions.

1. Vibro displacements of an actuating element (the
table) of the spatial drive system affected by harmonic
load through laser triangulation sensors feature projec-
tions which are close to sinusoidal dependencies includ-
ing high-frequency fuzzy (blur) components. Therefore,
the trajectories of the table displacement are located
within elliptical band with the width of 8...12 % of the
greater axis of the ellipse according to the average values
of trajectories.

2. Probability of the table location in a certain area of
elliptical band is defined with two-dimensional charac-
teristic function. But the maximum values of character-
istic function are located on the elliptic curve and change
by 10...20 % along the length of the elliptic curve and the
blur of the characteristic function varies by 2...3 times
along the length of an elliptic curve reaching extremes in
the vicinity of larger axis of the ellipse.

3. It is appropriate to use hyper-spectral analysis
methods based on decomposition of characteristic func-
tion in multiple (2-dimensional) Fourier series as well as
spectra of squared absolute values of complex two-di-
mensional Fourier series coefficients found by integrat-
ing the area of two-dimensional characteristic member-
ship function. 1...3 components are significant in the
spectra of coefficients simplifying the definition of cha-
otic (blurred) high-frequency table oscillations.

References/Crnucok JirepaTypu
1. Coon, S. and Gosselin, C., 2012. Strukturnyi sintez
parallelnykh mekhanizmov [Structural synthesis of par-
allel mechanisms]. Moscow: Fizmatlit.

CsanbBeHb KyH. CTpyKTypHbBI CUHTE3 Tapasuiesb-
HbIX MexaHu3MoB / CsHbBeHb KyH, Toccemun Kie-
MeHT — Mocksa: @uzmatimr, 2012. — 275 c.

2. Gladwell and Graham, M. L., 2004. Inverse Problems
in Vibration. 2nd ed. Springer, XV, ISBN: 978-1-4020-
2670-6

3. Briot, S. and Khalil, W., 2015. Dynamics of Parallel
Robots: From Rigid Bodies to Flexible Elements. Springer
International Publishing Switzerland.

4. Zhao, Yj., 2013. Dynamic optimum design of a three
translational degrees of freedom parallel robot while
considering anisotropic property. Robotics and Comput-
er-Integrated Manufacturing, Vol. 29(4), pp. 100—112.
5. Riftek Sensors and Instrumens, 2011. Trianguliatsion-
nyie lazernyie datchiki. Seriia RF603. Rukovodstvo po
ekspluatatsii [ Laser triangulation sensors. RF603 Series.
Operations manual]. Minsk: RIFTEK.

80

TpuanrynssumoHHBIe Ja3epHble matduku. Cepus
P®603. PykoBOACTBO MO 3KCIUIyaTaUuMd — MMHCK:
000 ,,PUDTEK*, 2011. — 46 c.

6. Zhao, Y., Qiu, K., Wang, S. and Zhang, Z., 2015. In-
verse Kinematics and rigid-body dynamics for a three
rotational degrees of freedom parallel manipulator. Ro-
botics and Computer-Integrated Manufacturing, No. 31,
pp. 40—50.

7. Strutynskyi, S. V. and Gurzhiy, A.A., 2013. Prostorovi
systemy pryvodiv [Spatial drive systems: monograph]
Kiev: Pedagogichna dumka.

CrpytuHcbkuii C. B. TTpocTtopoBi cuctemMu MnpuBoO-
niB: MoHoTrpadist / CtpyruHcskuii C. B., I'ypxiit A. A. —
Kuis: ITegaroriuna nymka, 2013. — 492 c.

8. Heisel, U., Strutinskiy, S., Sidorko, V., Filatov, Yu.
and Storchak, M., 2011. Development of controllable
spherical fluid friction hinges for exact spatial mecha-
nisms. Production Engineering, Vol. 5, pp. 241—250.

9. Uskov, A. A. and Kruglov, V. V., 2003. Intellektualnyie
cictemy upravleniia na osnove metodov nechetkoi logiki
[Intellection control systems based on fuzzy logic meth-
ods]. Smolensk: Smolensk city printing house.

VYckoB A.A. HTeieKTyallbHbIe CUCTEMBI YIIPaB-

JICHUs Ha OCHOBE METOIOB HEUETKOM JTorTnKu / A. A. Yc-
koB, B. B. Kpyrios. — CMosneHck: CMoJieHCKas TOpOJI-
ckag Tunorpacdus, 2003. — 177 c.
10. Stankiewicz, S., 2007. Methodology of statistical
spatial-frequency processing hyperspectral aerospace
images. Geodesy, cartography and aerial photography,
Vol. 68, pp. 240—249.

CrankeBuu C. MeTonosorisd CTaTUCTUYHOTO TPO-
CTOPOBO-YaCTOTHOTO OOPOOJIEHHS TiMepCcreKTPaTbHUX
aepOKOCMIYHMX 300paxkeHb / C. Crankesud; ['econesis,
Kaprorpadist i acpocdorosHiManHst. — 2007. — Bur. 68. —
C. 240—-249.

Meta. ExcrneprMeHTalibHi BUMipu Bibporepemi-
IIEHb MIPOCTOPOBUX CUCTEM ITPUBOIIB 3 BAKOPHUCTAaHHIM
JIa3epHUX TPiaHTYJISILIHMUX BUMipIOBauiB Ta BU3HAYEH-
HS iHTEeTpaJbHUX AMHAMIYHUX XapaKTEPUCTUK CHUCTEM
MPUBO/IiB METOAAMU TiMepCHeKTPATbHOIO aHali3y.

Meromuka. EkcnepuMmeHTanbHi METOAM OCIi-
IKEHb 3 BUKOPUCTAHHSIM BMCOKOTOYHMX JIa3epHUX
TpiaHTYJISLIAHUX BUMipIOBayiB BiOpornepeMilleHb i 3a-
CTOCYBaHHSIM METO[IiB TiMepCcreKTPaIbHOTO aHali3y Ha
OCHOBI KpaTHUX (JIBOMipHUX) psiniB Pyp’e st 00poo-
KU pe3y/ibTaTiB BUMIipiB BiOporepeMillleHb CTOIa PO-
CTOPOBOI CUCTEMU MTPUBO/IB.

Pe3syabratu. Po3pobiieHa MeTOIMKA BUCOKOTOUHMX
(0,2 MxM) BUMIpiB BiOpoIiepeMillleHb CTOJIa IIPOCTOPO-
BOI CHUCTeMU NpUBOAIB. Bu3HaueHi mpoekilii nepemi-
LLIEHHS CToJIa Ta TpaeKTopii oro pyxy. JloBeneHo, 110
HaOip TPAEKTOPIiil OMUCYETHCSI HEYITKUMU MHOXWHA-
MU Ta 3alpoNOHOBaHi aHANITUYHI 3aJeXXHOCTi IJIs
OIMUCY XapaKTepUCTUUYHUX (PYHKLINA MPUHATIEKHOCTI
HEUiTKUX MHOXUWH. OOIrpyHTOBaHE 3aCTOCYBaHHSI Me-
TOMIB TiMepCHeKTPaabHOTO aHali3y MJIsi BU3HAYEHHS
IHTErpaJIbHUX AUHAMIYHUX XapaKTepPUCTUK MPOCTOPO-
BUX CUCTEM TIPUBO/IIB.

HaykoBa HoBH3HA. YTIepiiie IMpoBeaeHI BUCOKOTOU-
Hi BUMipu BiOpomnepeMillleHb IPOCTOPOBUX CUCTEM
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TEOTEXHIYHA I TIPHUYA MEXAHIKA, MAWWWNHOBYAYBAHHA

npuBoniB. BcTaHoBIEHO, 110 3a Ail AMHAMIYHOIO Ha-
BaHTaXXEHHS MPOEKIIil IepeMillleHb CToja HaOyBalOTh
BUCOKOYACTOTHUX KOJUBaHb, MapaMeTpu SIKUX € He-
4iTko Bu3HayeHUMU. Lle oOyMoOBIIOE TynbcaliiiHUi
pPyX CTOJIa Ta HEBM3HAYEHICTb TPAEKTOPIli, 110 PO3Ta-
LIOBYIOTBCSI B MeXKax eJiNTUYHOI Mmoyiocu. PosTamny-
BaHHJI CTOJIa B MeXaX MOJIOCU € HEUITKOIO MHOXKHWHOIO.
XapakTepucTUyHa (DYHKILiSI TPUHATEXKHOCTI Ma€e BU-
s KpuBoi ['ayca, mapameTpu 1Kol 3aj1exath Bif Mo-
JisgpHoOro Kyta. [Ipu 1IbOMY PO3MUTICTh HEUITKOI MHO-
XKWHU 3MIHIOEThCS y 2...3 pa3u B Mexax MOJSIPHOTO
KyTa 27. Ynepiie n1oBeneHa e(peKTUBHICTb 3aCTOCYBaH-
HSI iHTEeTPaJTbHUX TUHAMIYHUX XapaKTEPUCTUK CUCTEM
MPUBO/IB, TONAHUX Y BUIJISAL CIIEKTPa KBaIpaTiB MO-
IIyJIiB ABOBUMipHOTO psiny Dyp’e, 1110 € OMHUM 3 Pi3HO-
BUJIiB TillepCIIEKTPaJbHOTO aHai3y.

IIpakTHuHa 3HaYMMicTh. BcTaHOBJIEHI 3aKOHOMIp-
HOCTI BiOpomnepeMillleHb CUCTeMHU MPUBOMIIB, 110 Ma-
I0Th HEUiTKO BH3HAYeHi (pO3MUTi) BUCOKOYACTOTHi
cknagoBi. Po3pobieHa MeToarKa OliHKY BILIMBY PO3-
MMTOCTi Ha TPAa€eKTOPii MepeMillleHHsI CToJIa Ta HaJdaHi
MPaKTUYHI peKOMeHAallii 3i BCTAHOBJIEHHSI 3aKOHO-
MipHOCTi pO3MUTOCTI KOJIMBAaHb METOJAMU TiMepCreK-
TPAJIbHOTO aHAJIi3Yy.

Kimouosi ciioBa: cucmema npugodis, cmin, gibponepe-
MileHHs, Aa3epHi mpiaHeyAayiliHi 8UMIpH8aui, Mmpaek-
mopii, Heuimiki MHOJNCUHU, XapakmepucmuuHi QyHKUil,
einepcnexmpanbHuil aHaniz

enas. DKxcniepruMeHTaIbHbIE U3MEPEHUS BUOpOIIe-
peMeIleHUI MPOCTPAHCTBEHHBIX CUCTEM MPUBOIOB C
KCTIOJIb30BaHUEM JIa3€PHBIX TPUAHTYJISILIMOHHBIX W3-
MepuTeeil U oTpeae/ieHue MHTeTPaJIbHBIX TUHAMUYe-
CKUX XapaKTEPUCTUK CUCTEM IPUBOJOB METOIAMMU TH-
MepCIeKTPaTbHOTO aHAIN3A.

MeTtoauka. DKcrepuMEHTAIbHBIE METOIBI MCCIe-
MOBaHWIA C WMCIOJB30BaHMEM BBICOKOTOUHBIX Ja3ep-
HBIX TPUAHTYJISIIMOHHBIX U3MEPUTENIei BUOpOIepemMe-
IIEHU 1 PUMEHEHUEeM METOIOB TUIICPCIIEKTPAIBHO-
ro aHaJin3a Ha OCHOBE KPaTHBIX (IBYXMEPHBIX) PSIIOB
®ypbe 111 006pabOTKU pe3yJIbTaTOB M3MEPEHMIl BU-
OporepeMelleHU CToJIa MPOCTPAaHCTBEHHOM CUCTEMBI
MPUBOIOB.

PesynabTatel. PazpaboTaHa MeToauka BbICOKOTOY-
HbIX (0,2 MKM) U3MepeHUi BUOpOTIepeMellIeHUi CToJIa
MPOCTPAHCTBEHHOM CUCTEMBI PUBOAOB. OnpenesieHbl
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MPOEKIINN TIepeMEIIeHNsT CTolMa W TPAeKTOPUU €ro
nBykeHns. JlokazaHo, 4TO HAOOP TPAEKTOPUIL OTTMCHI-
BaeTCs HEYETKMMU MHOXECTBAMU U MPEIOXKEHBI aHa-
JIMTAUYECKKUE 3aBUCUMOCTHU [IJIs OMMCAHUsSI XapaKTepu-
CTUYECKNX (YHKUMK TPUHAMIEKHOCTH HEYETKUX
MHOXecTB. OOOCHOBaHO NPUMEHEHHE METONOB TH-
MepCHeKTPaJTbHOTO aHaIM3a Ijisl OIpeae/icHUsT MHTe-
IPaJIbHBIX TUHAMHWYECKHMX XapaKTePUCTHK IPOCTPaH-
CTBEHHBIX CHCTEM IIPUBOJIOB.

Hayunas nHoBu3Ha. BriepBble TTpoBeeHBI BHICOKO-
TOYHBIC M3MEPEHUS] BUOPOIEpPEeMEIIeHUI TTPOCTpaH-
CTBEHHBIX CHCTEM IPUBOAOB. YCTaHOBJICHO, UTO IIPU
BO3IECTBAM TMHAMUYECKON HATPY3KN MPOEKINH TIE-
pEMEIIEHNI CTOJIa TPUOOPETAIOT BBICOKOYACTOTHBIE
KoJIe0aHMsI, ITapaMeTPbl KOTOPBIX HEUYETKO OIpeeie-
HbI. DTO OOYCIOBIMBAET MYJbCALIMOHHOE IBUXECHUE
CcTOJIa M HEONpPEeNeJEHHOCTh TPAeKTOPUil, KOTOpPbIE
pacrnoJjiaralotcsl B rpeesiax 3JUIMNTHYECKON TOJIOCHI.
PacmionoxeHnue crona B Tpeaeiax IMOJIOCHI SIBJISIETCS
HEYETKUM MHOXKECTBOM. XapaKTepucThieckas pyHK-
LIVST IPUHAUIEXXHOCTH UMeeT BUA KpuBoii ['aycca, ma-
paMeTpBl KOTOPOU 3aBUCSIT OT MOJISIpHOTO yria. [1pu
5TOM Pa3MBITOCTh HEYETKOTO MHOXKECTBA MEHSETCS B
2...3 paza B IIpeieiax MoJISIPHOTO yIia 21t. BriepBeie mo-
KazaHa >G(PEKTUBHOCTb IIPUMEHEHNST MHTETPATbHBIX
IMHAMUYECKUX XapaKTEPUCTUK CUCTEM IIPUBOJIOB,
MPEACTaBIEHHBIX B BUIE CIIEKTPa KBAIPATOB MOIYJIEH
nByMepHoro psiga ®ypbe, KOTOpbIE SBJSTIOTCS OJHOM
13 Pa3HOBUIHOCTEN IMITEPCIIeKTPaIbHBIX aHAIN34a.

IIpakTHYecKas 3HAYMMOCTH. Y CTAHOBJIEHBI 3aKOHO-
MEpPHOCTH BUOpPOINEPEeMEIICHUI CUCTEMBI TTPUBOIOB,
KOTOpBIE MMEIOT HEYETKO OINpeaeecHHbIE (pa3MBbIThIEC)
BBICOKOYACTOTHBIE COCTaBJIsTIone. Pa3paboraHa me-
TOIWKA OICHKU BIIUSTHUST pa3MBITOCTH Ha TPAeKTOPUU
TepeMeIeHNS CTOJIA Y TaHbI IPAKTUYECKNEe PEKOMEH-
ALY 110 YCTAHOBJICHUIO 3aKOHOMEPHOCTH Pa3MBbITO-
CTU KoJIeOaHUII METOJAMU TUITEPCIIEKTPAIBLHOIO aHa-
Jn3a.

KioueBble cioBa: cucmema npueodos, cmoi, eubpo-
nepemeuieHus, 1a3epHble MpUaH2yISAUUOHHbIE U3Mepume-
AU, MPAeKmopul, Heyemiue MHONCeCMed, XapaKmepu-
cmuveckue QyHKYUL, UnepcneKmpanbHblil aHaiu3

Pexomendosano 0o nybaixauyii dokm. mexH. HAyK

O. B. lllesuenkom. Jlama HaoxoOdxiceHHs  pYKOnucy
07.01.16.
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