50 ISSN 1990-5548 Electronics and Control Systems 2017. N 4(54): 50-58

UDC 629.735.051.83:629.7.014-519 (045)
DOI: 10.18372/1990-5548.54.12316

'A. E. Klochan,

’A. AlFAmmouri,

*V. K. Subbotyna,
‘Hafed I. S. Abdulsalam

POLARIMETRIC UNMANNED AERIAL VEHICLE LANDING SYSTEM

!23%Electronics and Computing Technics Department, National Transport University,

Kyiv, Ukraine
E-mails: 'V Arsenchuk@gmail.com, Zammourilion@ukr.net, *vks55@ukr.net, *hdwas78@gmail.com

Abstract—The paper deals with questions of developing the advanced polarimetric landing system for
unmanned aerial vehicle of plane type. The proposed polarimetric landing system can also be used for
landing the unmanned aerial vehicle of other types. The article considered the existing landing systems
for unmanned aerial vehicle as well as proposed the polarimetric landing system for unmanned aerial
vehicle, which consists of two parts: the ground-based block (radiation unit) and the on-board block
(measurement unit). The .methods for forming the glidepath with the use of polarized radiation and block
diagrams of onboard and ground blocks channels are considered in the article. In these conditions, the
ground-based block consists of three radiation channels, and the on-board block consists of five
measurement channels. The proposed system, potentially, allows determining the attitude of unmanned
aerial vehicle during landing, as well as, its deviation from glidepath with high accuracy and sensitivity.
Polarimetric landing system for unmanned aerial vehicle allows providing landing on non-horizontal and
moving plane of landing, as well as provide landing by complex trajectory. The formulas for
recalculating the measured polarimetric parameters in the attitude parameters of unmanned aerial
vehicle and parameters of its position relative to landing surface are given. In article were given result of
the mathematical modeling of measurement channel. Based on the results of this modeling, it can be
concluded that the dependence of the polarimetric parameters on the deviation of the unmanned aerial
vehicle from the glidepath is primarily linear and depends on the attitude of the unmanned aerial vehicle.

Index Terms—Block diagram; landing system; landing trajectory; measurement method; mathematical

modeling; planar isotropic dielectric plate; polarimeter; unmanned aerial vehicle.

I. INTRODUCTION

The global trend towards widespread use of
unmanned aerial vehicles (UAVs) in civil as well as
in military areas observed in recent years. This is

due to major technical and technological
achievement of science and technology, the
emergence of new lightweight and durable

composite materials, the rapid development of
microelectronic component base, the emergence and
rapid development of highly efficient renewable
power sources based on a lithium-polymer batteries,
the development of satellite-based navigation
systems, the development of computing technique
and other [1]. One of the reason for the rapid UAVs
development is that the use of UAVs in areas such
as earth remote sensing, monitoring lines of
communication and borders, retransmitting the
signals,  environmental  monitoring,  military
intelligence and other areas can substantially reduce
the cost in comparison with space or aviation
systems.

The widespread use of UAV, especially in civil
aviation, has led to the fact that, starting in 2005, the
International Civil Aviation Organization (ICAO)
has begun consultations on international application
of UAVs in civil airspace. In accordance with the

general concept of flight operations, UAVs should
operate in accordance with ICAO standards that are
intended for manned airplanes. Thus, systems of
UAVs that perform flights beyond visual line of
sight shall meet the requirements to the
communication, navigation and surveillance systems
offered for appropriate airspace [2]. In this case,
landing approach and landing is the most complex
and dangerous, in technical terms, the flight stages
of both manned and unmanned aircraft. Statistical
analysis of aviation fatal accidents and onboard
fatalities by phase of flight (Fig. 1) shows that about
47% of accidents occur in the approach and landing
phase [3].

Depending on a flight principle UAV divide on 5
groups: UAV of plane type (fixed-wing UAV),
UAV with flexible wing, UAV of helicopter type
(rotorcraft UAV, rotary-wing UAV), flapping-wing
UAV, UAV of aerostatic type (blimps) [1]. The
most widespread have UAVs of aircraft type and
helicopter type. The major advantages of fixed-wing
UAYV are the big duration of flight, big maximum
height and high speed of flight. The major
advantages of rotorcraft UAV are the ability to
hover in the air, high manoeuvrability and the ability
to perform vertical take-off and landing.

© National Aviation University, 2017
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Fig. 1. Percentage distribution of aviation fatal accidents
and onboard fatalities by phase of flight

Comparison of fixed-wing UAV and rotary-wing
UAV (engine type, fuel load, disposable load)
illustrate the advantages of fixed-wing UAV: long
range, long duration of flight, better aerodynamic
property, high wuseful load factor. However,
rotorcraft UAV have another repudiatory advantage
over fixed-wing UAV: the ability to land on a
surface of limited size [4]. Therefore, in the future,
we will focus on the landing system for fixed-wing
UAYV, as a more promising type of UAV.

A successful dealing with a problem of safe
landing the fixed-wing UAV in a discrete airspace,
in instrument meteorological conditions and without
direct visibility, requires the development of a UAV
landing system that will provide the required level of
flight safety in accordance with the requirements and
standards of ICAO. Since UAVs are used in
different areas and have different purposes, so the
UAV landing system in general should allow
landing by complex trajectory, on a non-horizontal
and on an unprepared for landing surface. Therefore,
in order to ensure safe and efficient landing of
UAVs, it is necessary to measure the UAV's attitude
relative to the landing plane and to measure the
UAV's deviation from a complex landing trajectory
with high accuracy and sensitivity.

II. REVIEW

Depending on weight and duration of flight UAV
are divided into [1]:

— mikro- and mini-UAV with near radius of
action (take-off weight to 5 kg, range of action to
25...40 km);

— light UAV with small radius of action (take-off
weight to 5...50 kg, range of action to 10...70 km);

— light UAV with average radius of action (take-
off weight to 50...100 kg, range of action to
70...150 km);

—average UAV (take-off weight to 100...300 kg,
range of action to 150...1000 km);

— average-heavy UAV (take-off weight to
300...500 kg, range of action to 70...300 km);

— heavy UAV with average radius of action (take-
off weight more than 500 kg, range of action 70 ...
300 km);

— heavy UAV with long duration of flight (take-
off weight more than 1500 kg, range of action about
1500 km);

— unmanned warplanes (take-off weight more
than 500 kg, range of action about 1500 km).

Following methods of landing are used for
landing of fixed-wing UAV: the method of
controlled falling, parachute method of landing,
landing with used of catch wire, landing in the stop
net, landing on the runway. Herewith, the method of
controlled falling is used very rarely and mainly for
mini- and micro-UAVs. Parachute method of
landing, landing with used of catch wire, landing in
the stop net are used for light UAVs with take-off
weight up to 50 kg. For landing the medium and
heavy UAVs with take-off mass more than 50 kg are
used the runways.

Different systems and technologies are used for
coordination the UAV's landing and entering it into
the landing area (into the starting point of landing):
into the parachute deployment point, into the start
point of controlled falling, into the point of
engagement with the catch wire, into the point of
location of stop net, into the point of glide-path
capture. The main landing systems of manned
airplanes, which are used for UAV landing are ILS
(Instrument Landing System), GPS / GLONASS,
MLS (Microwave Landing System), GCAS (Ground
Controlled Approach System), VBLS (Visual Based
Landing System) and others.

Instrumental landing system (ILS) is intended to
provide the approach of the aircraft according to
radio beacons signals of the international ILS system
and landing system of the IL type. In it, the
conditional planes of the set landing course and the
glideslope are created by means of the
electromagnetic fields of the course (CRB) and
glideslope (GRB) beacons, the signals of which are
accepted by on-board equipment. According to the
information about deviation of the aircraft from the
set landing trajectory, the process of control the
aircraft in the manual or automatic control mode is
carried out. The deviation measurement error of the
course is + 10 m, and the deviation of the glissade is
+ 1.5 m. This landing system is most used for
manned airplanes and is widely used for UAVs.
Microwave landing system (MLS) has some
advantages over ILS. But it didn't find widespread
use for both manned and unmanned civil aircraft.
The use of satellite navigation systems (GPS /
GLONASS) in combination with GBAS systems can
provide approach of the aircraft according to I
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category of landing, but approach of the aircraft
according to II and III categories of landing requires
greater accuracy than GPS / GLONASS systems
provide. But in spite of this, GPS / GLONASS
systems are used to entering of the aircraft on the
landing trajectory. The ground controlled approach
system (GCAS) is used at military airfields. But this
landing technology uses manual control, it is difficult
to automate, and in addition, the GCAS have a low
landing data refresh rate, which significantly reduces
the ability to manage UAVs in critical situations.
Visual landing systems (VBLS) are also used for
landing UAVs. The principle of the VBLS is to
analyze the image of the landing surface. This allows
for automatic landing at an arbitrary unfitted
aerodrome. Thus, the existing UAV landing systems
do not provide fully automatic landing and landing
with the required safety level in accordance with the
requirements and standards of ICAO.

III. PROBLEM STATEMENT

Extension of scope the UAVs requires
improvement of the effectiveness and safety of their
flights. Landing is the most complex flight stage of
UAVs as well as a manned aircraft.Providing
automatic, safe and efficient landing of UAVs to an
any equipped landing surface requires the
development of new or improvement existing
landing systems. In this case, the UAV landing
system should provide measurement of the UAVs
deviation from the complicated landing trajectory as
well as determine the UAV attitude in relation to the
landing surface with high accuracy and sensitivity
and in real time. This will avoid the UAV collision
with the landing surface by separate parts of the
structure: a nose or a tail during landing with a pitch,
a wing during landing with a roll. Also, the UAV
landing system should be portable, have a simple
structure, a small mass and small dimension, to
ensure the operational preparation of any suitable for
landing surface to UAV landing.

IV. PROBLEM SOLUTION

This paper is an extension of work originally
presented in IEEE 4th International conference
“Actual Problems of Unmanned Aerial Vehicles
Developments (APUAVD)” [9]. This article
continues studying the issue of using polarimetry in
aircraft landing systems and is aimed at a wider and
more detailed examination of the polarimetric
technology possibility to solve aircraft landing tasks.
Polarimetric techniques are understood to mean the
totality processes of collection, accumulation,
processing, transmission, storage and display of
information. They use polarimetric methods and
devices to obtain basic information about the object.
This article proposes the polarimetric landing

method and system, which implements this method.
The operation principle of the method is based on
Fresnel's formulas. The proposed method and
system are based on the use of physical properties of
artificial electromagnetic waves in the optical band,
which propagate in space.

Application scope of optical measurement
methods in various fields of science and technology
has expanded significantly in recent years. This is
due to their advantages. Optical measurement
methods have the following advantages: non-
destructive testing, noncontact measurement, high
measurement accuracy and sensitivity, high speed of
measurements, and others. Polarimetric measurement
method is one of the most sensitive optical
measurement methods. Polarimetric measurement
methods involve measuring the polarization
properties of radiation after interaction of polarized
radiation with the objects: the degree of polarization,
azimuth plane of polarization, ellipticity and others.
Polarimetric measurement methods allows measuring
the azimuth plane polarization with accuracy 0,0005°
[5]. And the use of the compensation principle in
polarimetric =~ measurements allows for high
sensitivity. Polarimetric techniques are understood as
totality of processes of collecting, accumulation,
processing, transmission, storage and display of
information about the object of study, which use
polarimetric means and methods for obtaining
primary information.

Polarimetric methods for determining the
propagation direction of polarized radiation by
measuring its angle of incidence are currently being
developed. These developments allow determining
the angle of rotation the moving object relative to a
fixed starting point. Moreover, the polarized
radiation source can be located both on a moving
object and at a starting point. This is a possibility due
to use the dielectric plane-parallel isotropic plate in
the optical measuring channel, which rotates the
polarization plane of the incident linearly, polarized
radiation depending on its angle of incidence. In [6]
has examined the application the method of
determining the propagation direction of polarized
radiation to determine the aircraft attitude during
landing, and in [7] has examined the application the
method of determining the propagation direction of
polarized radiation in aviation navigation systems for
determining the aircraft coordinates.

Rotating the polarization plane of polarized
radiation after falling on isotropic planar dielectric
plate with weakly absorbing material is explained by
various transmittance and reflectance for p- and s-
polarized beam components, which are described by
Fresnel's formulas. Studies, presented in [10] and
[11], confirm this statement and show that at falling
of linearly polarized beam on the dielectric plate the
reflected and refracted beams will also be linearly
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polarized, and the rotation angle of polarization plane
will depend on the angle of incidence. The values of
azimuth of polarization plane for the reflected and
refracted beam that has passed through the two faces
of the plate can be determined by the following
formulas:

cos(i—r)
¢, =arctg| ———tgo, |,
cos(i+r)

0, = zurctg(cos2 (i-r)tgo, )

where ¢, is the azimuth of polarization plane of the
reflected beam; ¢, is the azimuth of polarization
plane of the incident beam; ¢, is the azimuth of

polarization plane of the refracted beam; i is the
angle of incidence; r is the angle of refraction.

The use of polarimetric technologies to improve
the safety and efficiency of UAV landing is to
develop a polarimetric landing system. The system
includes a radiation block and a measurement block.
The radiation block is placed on the surface of the
landing and is intended to form a line of glidepath.
The measurement block is placed on board the UAV
and is intended to determine the UAV attitude
relative to the plane of boarding and its deviation
from the glidepath.

A. Polarimetric principle of forming the landing
glideslope

The forming of landing glideslope by use of
polarimetric means was considered by the authors in
[8]. The scheme of forming the landing glideslope by
means of polarized radiation is shown in Fig. 2 and
consists in as following. The glissade line is formed
as the intersection the plane of course and the plane of
glissade. Plane of the glideslope is formed by
scattering of plane-polarized radiation in a horizontal
plane at the glideslope angle. However, the scattering
angle of radiation in the vertical plane should be
minimal. The plane of the course is formed by turning
plane of the glideslope (scattering plane-polarized
radiation in the horizontal plane) around the
transverse axis (in the vertical plane) with
simultaneous turning of radiation polarization plane.

Also, the glissade line can be formed as follows.
The plane of the course is formed by scattering the
plane-polarized radiation in a vertical plane.
However, the scattering angle of radiation in the
horizontal plane should be minimal. The plane of the
glideslope is formed by turning plane of course
(scattering plane-polarized radiation in the vertical
plane) in a horizontal plane with simultaneous turning
of radiation polarization plane.

Plane of glideslope

/ Plane of course
in polarimetric
landing system

Plane of course

Glideslope

Plane of
glideslope in
polarimetric
landing system

Plane of runway

4/

Fig. 2. Scheme of forming landing glideslope by using
polarized radiation

Thus, plane of the course will be characterized by
"zero" angle of incidence (or "zero" polarization
azimuth plane of radiation strike upon dielectric
plate) and the plane of the glideslope will be
characterized by "zero" polarization azimuth plane of
radiation strike upon dielectric plate (or "zero" angle
of incidence). At the intersection of these planes will
form a line of glideslope, which will be characterized
by "zero" incidence angle and "zero" polarization
azimuth plane of the incident beam.

B. Radiation block of a polarimetric UAV landing
system

The radiation block of the polarimetric UAV
landing system consists of two sub-blocks. The first
sub-block consists of two channels and provides
radiating of two scattered plane-polarized beams in
the horizontal plane, which differ in wavelength and
polarization azimuth plane. The dependence of the
polarization azimuth plane on the direction of
radiation in the first sub-block is shown in Fig. 3.

Pe1.°
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-

A0,

5 0 [

Fig. 3. Dependence polarization plane azimuth of radiation
on the direction of radiation in the first sub-block
of radiation block

The second sub-block consists of one channel and
provides radiating scattered plane-polarized beam in
the vertical plane. The dependence of the polarization
azimuth plane on the direction of radiation in the
second sub-block is shown in Fig. 4. The block
diagram of one channel of the radiation block is
shown in Fig. 5.
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Fig. 4. Dependence polarization plane azimuth of radiation
on the direction of radiation in the second sub-block
of radiation block
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Fig. 5. Block diagram of one channel the radiation block

One channel of the radiation block includes
radiation source 1; monochromator 2; Faraday cell 3;
sound generator 4; scattering lens 5, slit diaphragm 6,
which are placed on rotatable platform 7. Radiation
source 1 is intended for radiation the plane-polarized
radiation. Monochromator 2 is intended for
transmission the wavelength on which the
appropriate channel of measurement block is tuned.
Faraday cell 3 is intended for rotating the beam
polarization plane. Sound Generator 4 is intended to
form control signals to the Faraday cell 3. Scattering
lens 5 and a slit diaphragm 6 are intended for
scattering plane-polarization radiation with a definite
divergence angle in the vertical and horizontal
planes. The platform 7 rotates around a vertical axis
at constant frequency and provides changing the
radiation direction of the beam 8. The beam

polarization plane rotates simultaneously with
platform.  This ensures communication of
polarization plane azimuth and the direction of
radiation.

C. Measurement block
landing system

of a polarimetric UAV

The block diagram of one channel the measuring
block is shown in Fig. 6.

6 7
- y
(Ao

Fig. 6. Block diagram of one channel the measuring block

The measurement block consists of three sub-
blocks, each of which is configured to measure the
polarization plane azimuth of the beam of the
corresponding radiation block channel. The first and
second sub-blocks consist of two measurement
channels, and the third sub-block has one measuring
channel. Thus, the measurement block consists of
five measuring channels.

The channel of measurement block consists of
planar dielectric plate 1, which is intended to rotate
the polarization plane depending on the angle of
incidence and polarization plane azimuth of the
incident beam, it provides getting primary
information about incidence angle and polarization
plane azimuth; optical filter 2, which is intended to
transmission the wavelength on which the
appropriate channel of radiation block is tuned;
focusing lens 3, which is intended to focus the
radiation on the Faraday cell 4; Faraday cell 4, which
is intended to modulate polarized radiation in an
alternating magnetic field; sound generator 5, which
is intended to form control signals to the Faraday cell
4; analyzer 6, which is intended to determine the
polarization plane azimuth; photodetector 7, which is
intended to convert polarization plane azimuth into
an electrical signal; narrow-band amplifier 8, which
is intended for amplifying electrical signal;
synchronous detector 9, which is intended to increase
the  measurement  sensitivity and  provide
measurement "on zero signal"; microcontroller 10,
which is intended for processing measurement
results; storage unit 31, which is intended for
collecting and storing measurement results;
calculator 32, which is intended to perform
mathematical calculations.

D. Operation of polarimetric UAV landing system

Polarimetric UAV landing system consists of five
channels and provides measurement the five
polarization azimuth plane of the transmitted beams
¢4, Which are described by the following formulas:

¢, =arctg cos’ i —arcsin (&(Z])thg((pd )J’
n

¢, =arctg| cos’| i, - arcsin(sm(lz)D tg(e.) |
n

(. . (sin(i;)

¢,, =arctg| cos”| i, —arcsin tg(e..) | (1)
n

(¢, = arctg| cos’| i, —afCSin(sm(14) th(q’ez) ’
n

(¢,5 = arctg| cos’| i —arcsin(sm(ls) th(@ea) ’
n
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where ¢ ,,,0,,,9,35,9,4,,9,5 1s the polarization plane
azimuths of the transmitted beams in each measuring
channels; ¢,,,¢,,,¢,; is the polarization plane
azimuth of the incident beams in each measuring
channels; i,i,,i,,i,,i; are angles of incidence in each
measuring channels; n is the refraction index of
dielectric plate material.

Dependence spatial incidence angle of radiation
from the inclination angle of dielectric plates and
planar incidence angles of radiation are determined
by the following formulas:

iﬁmmgjg%@+%ﬁ+%%%+%ﬁ
i, = arctg\/tg2 (i, + @y ) +te” (i +6,1,)
iy = arctg\/tg2 (i, +0ps )+t (i +0,5)
i, = arctg\/tg2 (i, + @y )+t (i +6,14)

iy = arctg\/tg2 (iw +Qps ) +tg’ (ie + Gpls)
is the spatial incidence angle of
is the

where i ,i,,1,,1,,1;

radiation in each measuring channels; i

\4
planar incidence angle of radiation in horizontal
plane; i, is the planar incidence angle of radiation in

vertical plane; ¢ is the horizontal inclination

pl n
angle of dielectric plates in nth measuring channel;
0, , is the vertical inclination angle of dielectric
plates in nth measuring channel.

Substituting equations (2) in the equations (1) and
solving the formed system of equations we will find
the planar incidence angle of radiation in horizontal
and vertical planes (plane of course and plane of
glissade) i, iy, and the polarization azimuth plane

of the incident beams o, ,,9,,,9,; -
The direction of beam radiation relative to plane
of course W, and plane of glissade 6,, which are

recorded on UAV board can be determined by the
following formulas:

P + 9, 20,5 =9, — 9,
o, =702y, =Pt )
The angles of deviation the UAV from the line of
glissade can be found by the following formulas:
AO=0 +i,,
- “)
Ay =y, +i,.

The attitude of the UAV can be found by the
following formulas:

y= P, +9,, =20, ’

2
VY =Ay +y, (5)
9=A0+0,.

where ¢, is the polarization azimuth plane of the
radiation corresponding to the line of the glissade;
y, is the runway heading; 6, is the inclination
angle of the glissade.

V. RESULTS OF RESEARCH

The paper proposes the polarimetric landing
system of fixed-wing UAV: the polarimetric principle
of forming the landing glideslope, the radiation block
and the measuring block of the polarimetric landing
system, as well as the principle of its operation. The
system consists of two blocks: the radiation block and
the measuring block, which provides measuring in
five channels: 4 glissade channels and 1 course
channel. The system provides polarization plane
azimuths measurements of the transmitted beams ¢d
in five channels and provides calculation of the
planar incidence angle of radiation in horizontal and
vertical planes i, , i,, as well as polarization plane

azimuths of the incident beams ¢,,¢,,, ¢, . The

angles of deviation the UAV from the line of
glissade and the attitude of the UAV are determined
in the calculator by the formulas (4) and (5).

In the process of mathematical modeling was built
plots a dependence graphs of polarization plane
azimuths of the transmitted beams ¢d in five
channels from angles of deviation the UAV from the
line of glissade. Figure 7 shows the graph for the
particular case: course angle, roll and pitch of UAV
during landing is equal to zero (y =0;y =0;3=0).

ddl ) pdd
bd2 fods odl 4 §dd
od3 bd2 | ddS

9 / hd3

Ay = -20°
181 18] AB= -3¢
AB,° Ay, 0
-3 0 5 10 -40 -20 0 0 40

Fig. 7. Dependence graph polarization plane azimuths
of the transmitted beams @d from angles of deviation
the UAV from the line of glissade
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After analyzing the graph, we conclude that the
dependencies are mainly linear, and the sensitivity of
the measurement depends on the UAV attitude.

VI. CONCLUSIONS

The article deals with the existing method and
systems for UAV landing and proposed UAV
landing system based on polarimetric technologies:
proposed polarimetric method for forming the
landing glideslope and polarimetric landing systems.
Proposed system potentially, can provide landing on
non-horizontal and moving plane of landing, as well
as provide landing by complex trajectory due to high
accuracy and sensitivity of determination the UAV
attitude and its deviation from a landing trajectory.
The article also shows the results of mathematical
modeling of the measurement channel.
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A. €. Kiouan, A. Ans-Ammopi, B. K. Cy6otina, Xagen I. C. Adayiacanam. IlonapumeTprnyHa cucTeMa MOCaAKu
0e3MiJIOTHHX JiTAJTBHUX anapaTiB

CTaTTIO IPUCBSIYEHO MMUTAHHIO PO3POOKH MEPCIEKTUBHOI MOISIPUMETPHYHOI CUCTEMH MOCAAKH OE3IMIJIOTHUX JITaTbHUX
amapariB JIITAKOBOTO TUITY. 3aIIpOIIOHOBAHA IOJIIPUMETPUYHA CUCTEMA MOCAIKH, TAKOXK, MOXKE BUKOPHCTOBYBATUCH IS
MOCaIKu O€3IIOTHHX JIITAIFHUX arapaTiB 1HIIMX TUIIB. B CTaTTi po3MISIHYTO ICHYIOUI CHCTEMU TOCAIKU Oe3MIOTHIX
JITaNbHUX amapariB, a TaKOX 3alPONIOHOBAHO MOJSIPUMETPUYHY CHCTEMY IMOCAIKH, SKa CKJIQJAETHCS 3 IBOX YAaCTHH:
HazeMHOro OioKy (OJIOKY BUIPOMiHIOBaHHs) Ta OopToBoro Oioky (OJIOKy BHMiproBaHHs). Po3risiHyTo Meronu
(bopMyBaHHS JiHIi TJTicagy 3 BUKOPUCTAHHIM MOSIPH30BAHOTO BUTIPOMIHIOBaHHS Ta OJIOK-CXEMH KaHaIliB OOPTOBOTO Ta
HazeMHoro 0JokiB. [Ipu npoMy HazeMHUIT OJIOK CKIagaeThes 3 TPHOX KaHaJiB BUIIPOMIHIOBAaHHS, a OOPTOBHIA OJIOK — 3
I'STH KaHaJiB BUMIpIOBaHHS. 3allpOIIOHOBaHA CHCTEMa IOTEHIIHHO J03BOJSIE BH3HAYAaTH IPOCTOPOBE ITOJIOXKEHHS
0E3ITIOTHOTO JIITAIBHOTO anapaTy Mij Yac IMOCajJK{, a TaKOK WOro BiJXWIIEHHS BiJl TPAE€KTOPii MOCAJIKH 3 BHCOKOIO
TOYHICTIO Ta 4yTJiuBicTIO. [lonsipumMeTpuyHa cucremMa Iocaaky J03BOJISE TIPOBOJUTH MTOCA/IKY HA HErOPH30HTAIBHI Ta
PYXOMi IUTOLIMHY MOCAJIKU, & TAKOXK 3/IHCHIOBATH MOCAIKy 3a CKIIAJHOIO TpaeKTopiero mocaaku. Haseneno ¢opmynu
nepepaxyHKy IOJSIPUMETPUYHUX [apameTpiB, SKIi BUMIPIOIOTBCS, B IapaMeTpd MPOCTOPOBOTO ITOJIOXKEHHS
0€3ITIOTHOTrO JIITAIFHOTO anapaTy Ta HOoro ImojoKeHHs! BiTHOCHO JiHiT roricaan. [lokazaHo pe3ynbTaTé MaTeMaTHaHOTO
MOJICTTIOBaHHSI POOOTH KaHaldy BUMIpIOBaHHS, 32 pe3yJbTaTaMU SIKO'O MOXKHA 3pOOHMTH BHCHOBOK, IO 3aJIEKHICTh
MOJSIPUMETPUYHHUX NIApaMETPiB BiJl BENWYMHH BiIXWICHHsS OE3IUIOTHOTO JIITANBHOIO amapary Bij JiHIT Tiricagu mae
MepeBAYKHO JIHIMHUN XapaKTep Ta 3aJIeKUTh Bl IPOCTOPOBOTO MOJIOKEHHS O€3MIJIOTHOTO JIITAIEHOTO anapary.
KaroudoBi cioBa: crcrtema nocajku; TPaeKTOpis MOCAJIKH; OJIOK-CXeMa; MOJISPUMETP; IUIOCKO-TIapajiesbHa i30TpoIHa
JIieNIeKTpUYHA TIACTHHA; METOJ BUMIPIOBaHHS; MaTeMaTHYHE MOJISITIOBaHHS; O€3IIIOTHUH JIITaJbHUK anapar.
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A. E. Kinouan, A. Ans-Ammopu, B. K. Cy60otnna, Xaden U. C. Adayiacanam. Ilonsspumerpuyeckas cucremMa
MOCaIKH OeCTTUJIOTHBIX JIeTaTeJbHBIX aNlNapaToB

CraTbsl TOCBSIIEHA BOIMPOCY pPa3pabOTKU IEPCIEKTUBHON MOISIPUMETPUYECKON CHCTEMBI TOCAJIKH OECIMIOTHBIX
JIeTaTeNbHBIX allapaToB CaMoJIETHOro Tuma. lIpeioykeHHas! MOISpUMETpHYEcKas CUCTeMa ITOCA/IKH, TAKKE MOXKET
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HCIIOJIB30BAThCSA JUIS MOCAJKHA OECIHIOTHBIX JIETATENbHBIX amapaToB APYTUX TUIIOB. PacCMOTpPEHBI CYIIECTBYIOIINE
CHCTEMBI TIOCaIKH OECIMIOTHBIX JIETATEIBHBIX AlllapaToB, a TaKKe MPEIIOKEHO MOIIPUMETPHUYECKYIO CHCTEMY
MOCAJIKH, KOTOpas COCTOUT W3 IBYX dYacTeil: HazeMHOro Ojoka (Oyioka H3iydeHHs) U OopToBOro Ojoka (Oyioka
usMepenusi). B cratbe paccMOTpeHbI METOIBI ()OPMHUPOBAHUS JIMHUM TJIHCCAIbI C MCIIOIB30BAHUEM IOIAPU30BAHHOTO
U3Ty4YeHHsT U OJOK-CXeMbl KaHATIOB OOPTOBOTO M HAa3eMHOro OJIOKOB. IIpu 3TOM Ha3eMHbIH OJOK COCTOMT M3 TpeX
KaHaJIOB H3JIydeHUs, a OOpPTOBOH OJOK — W3 IATH KaHAJIOB HM3MepeHHs. IIpeioKeHHas CHUCTeMa MOTEHIHAIbHO
MO3BOJISAIET OMPEICIATh MPOCTPAHCTBEHHOE MONIOKEHHE OECIMIIOTHOTO JIETATENIFHOTO allllapaTa MPH MOCcaaKe, a TAKKe
€ro OTKJIOHEHUS OT TPAEKTOPUH ITOCAKH ¢ BHICOKON TOYHOCTBIO U UYBCTBUTENILHOCTHIO. IToMsApuMeTprUYecKas CucreMa
MOCAJKA TIO3BOJISIET IPOBOAWUTH IIOCAIAKY HAa HErOPU3OHTAIbHBIE W MOIBMIKHBIE IUIOCKOCTH IIOCAIKH, a TaKXKe
OCYIIECTBIIATh IOCAAKY [0 CIOKHONH TpaekTopud mocaakd. IlpuBeneHsl (OPMYJBl IepecueTa H3MeEpPSEMbIX
MOJSAPUMETPUYECKUX TMAPAMETPOB B IMApaMeTphl MPOCTPAHCTBEHHOIO IOJOXKEHUS OECIHIOTHOrO JIETATENbHOIO
anmapata M €ro IOJOXKEHHS OTHOCHUTEIBHO JIMHMM TIHCCaabl. IlokasaHbl pe3yiabTaThl MaTEMaTHYECKOTrO
MOJIETMPOBaHUs PabOThl KaHala HU3MEPEHUS, MO Pe3y/bTaTaM KOTOPOr0 MOJKHO CHAENaTh BBIBOMA, YTO 3aBHCHMOCTH
MOJSIPUMETPUYECKUX TAPAMETPOB OT BEIMYMHBI OTKJIOHEHUS OECIMUIIOTHOrO JIETATEIBHOIO ammapara OT JUHHA
TIIMCCaIbl UMEET PEUMYIIIECTBEHHO JIMHEHHBIN XapaKTep ¥ 3aBHCUT OT MPOCTPAHCTBEHHOTO MOJIOKEHUS OECTTUIOTHOTO
JIeTaTeNIbHOTO aIlapaTa.

KnrouyeBble ciioBa: cucrteMa MOCAJKH; TPAaeKTOPHS TMOCAAKH; OJOK-CXeMa; MONSAPUMETP; IUIOCKOMapasuieabHast
H30TPOIMHAs AUDICKTPUYECKas IUIaCTHHA, METOJ HW3MEPEHHs; MaTeMaTHYeCKOe MOJEIUPOBAaHUE; OECIUIOTHBIN
JIeTaTebHBIN arlnapar.
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