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Annomayusn. Pobomusuposannvie 6ecnunomuvie nemamensuvie annapamut (PEJIA) wupoxo npumensiiomes 6 eoennom
Oene, enaenvim obpazom é pazeedke. Kpynnvie annapamer mozym 6vime ochaujenv: oopyircenuem u eecmu b6oegvie Oeticmeust.

Mamepuane: u memoost. [Ipumenenue PEJIA ¢ epascoanciux yensax marxoce modicem Ovims eecoma spdexmusnviv (Mo-
HUMOPUHE IECHBIX NOJACAPOE, cocmaegienue monoepaguueckux kapm u m. 0.). bonvuyio pone uepaem memoo onpeoenenus nonodice-
HUA U OpUEHMAYUY aNNapama 6 NPOCMPAancmee 6o epems e2o noiema. Hauge ecezo O IMO20 NPUMEHAIOMCS CUCTHEMbL ROZUYUOHU-
posanua GPSTJIOHACC. Oonaxo ucnonvszosanie noooOHbIX MEXHOIOUT ROZUYUOHUPOBAH U MOdicem Bvlmb 3ampyoHeno unu 60-
obue neeozmodcno. Paboma makxux cucmem moocem Goime HapyuieHa 6 pesyivmame yeneHanpasneHno2o nooaenenus mbo uz-3a
UCKAICEHUST HABULAYUOHHO20 RO 34 CHEM NEPeOmpPadlcenus HA6ULAYUOHHO20 CULHANA OM UCKYCCIMEEHHbIX 0BBEeKmoe u 3a cuem
oepanunenus euoumocmu eopuzonma. Cuenan GPS/I'JIOHACC mooicem oxazamuves HeOOCMYNHbIM U3-30 penvedha 2opHOti MecmHo-
cmu unu eopoockux 30anuti. Henonvzoeanue GPS/ITJIOHACC moocem Goime nenpuemnemvim RO RPUdUHE CEKPEMHOCIMU W HE00-
CIMAMOYHOI IMOYHOCIL.

Pesynomamst u obcyycoenusn. Ilosmomy paspabomra cucmem noszuyuonupoeanus BILIA, nezasucumvix om Oannvix
CHYMHUKOBLIX CUCIMEM HASULAYUY, AGTACMC AKMYATbHbIM Hanpaenenem uccnedoeanuii. Ilepcnexmuensiii cnocob peutenus maxoi
3a0auu — paspabomra aneopumma onpedenenus HawanvHovlx xoopounam PEBJ/IA e ycnoeusx uckadcenus nasueayuonnoz2o nons 3a
cHuem nepeompadicenis HaUSAYUOHHO20 CUSHANA OM UCKYCCIMGEHHbIX 0BBbEKMOe i 34 CHem O2PaHuueHUs GUOUMOCIU 20PU30HMA.
I'noGanenvie nasueayuonnvie cnymuuroevie cucmemvt (I'HCC) aensomes ocnoenvim cpeocmeom Hasueayuu Ol MHOSUX ROOGUIIC-
HbIX CUCINEM U, 6 HACMHOCIU, OISl CO8PEMEHHBIX pOBOMU3UPOBAHHbIX BecnUIOMHbIX emamenviblx annapamoe. OOnaxo npumense-
mole ¢ nasuzayuonnvix xomnnexcax PEJIA npuemnuxu THCC obnaoaiom kpaiine nu3koii ROMeXOyCmouuueocmuio, Kak cieocmeue
02PaAHUMUBAIOM UX NPUMEHEHUE 6 CIIONHCHBIX PAOUOINEKMPOHHbIX yenoeusax. IIpaxmuuecku ece eudvr nomex cuenanam I'HCC mooicno
pasoemime HQ UCKAXCEHUSA HAGUSAYUOHHOLO NOJIA 24 CUEM NEPEOMPANCEH U HAGULAYUOHHOL0 CULHAIA O UCKYCCMEEHHbIX 06beKMoe
U 30 cuem o2panudenus eUOUMocmu eopuzonma. Jannvie uckadicenus «paspyuiaiom» nasucayuonnoe none I'HCC. B maxoii cumya-
Yyuu Oadce NO 3apaHee U3BECIMHbL XAPAKMEPUCIMUKAM KAHANIO8 HAGUSAWUOHHBIX CUZHANIO8 HAOMIOOaemcs Kpaiine HUusKuil ypoeeHb
nonesnozo cuenana (munye 161...155 o6Bmy).

3axnouenue. B cmamve npueedenvi 0OCHOSHbIE NONONCEHUS MAMEMAMUYECKOI MOOENU Onpeoesenus IOYHOCIHU KOOpOU-
Ham nonoJcenus 0ObEKMA cO CHYMHUKOE 8 OeKaAPMOosbIX koopounamax. Paccmompen npoyecc naxonnenus outubox nozuyuoHup o-
eanus oovexma. Coenanvi 66160061 0 NAPAMEMPAX OUUBOK, GIUMIOWUX HA TROYHOCI ROZUYUOHUPOBAHUS OObEKMA, OMHOCUMENTbHO
YpOeHs cucHana, NPUHUMAEMO20 CO CRYIMHUKA.

JlaHHBIe MccleOBaHUS BBITTOMHEHB! IPH TOAepKKe HaydHOTo TpoekTa «Pa3paboTka poGoTH3HpOoBaHHOTO OGECIUIOTHOIO
JIeTaTeNLHOTO annapara MyJIbTUPOTOPHOTO TUIIA ¢ UCTIONb30BaHUEeM GecliaTOpMEHHON HHEPIIHANbHOM HABUTAI[MOHHON CHCTEMBI)
Denepanpuoit [leneBoit [Iporpammer Ha 2014-2020 roapl (yHuKanbHBIN uaeHTHdHKaTop REMEFI57818X0222) ipu dunancoBoit
nojiepxkke Munuctepersa Hayku u Bricimero O6pasosanus Poceun, Ha 6aze [[KII CKOVY.

KnroueBnie ciioBa: MaTpulia [OJOXKEHUS, MATpHIla TOYHOCTH MO3UIMOHUPOBAHMUS, TUCTIEPCHS, CPEAHS KBaJpaTHUecKas
norpemuocth, GPS, I'TTOHACC.

Annotation. Robotic unmanned aerial vehicles (RBLA) are widely used in the military, mainly in intelligence. Large vehi-
cles can be equipped with weapons and conduct combat operations.

Materials and methods. The use of RBLA for civilian purposes can also be very effective (monitoring forest fires, drawing
up topographic maps, etc.). The method of determining the position and orientation of the device in space during its flight plays an
Important role. Most often, GPS/GLONASS positioning systems are used for this purpose. However, using such positioning technol-
ogies may be difficult or impossible. The operation of such systems can be disrupted as a result of targeted suppression or due to
distortion of the navigation field due to re-reflection of the navigation signal from artificial objects and by limiting the visibility of
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the horizon. The GPS/GLONASS signal may not be available due to mountainous terrain or urban buildings. The use of
GPS/GLONASS may not be acceptable due to secrecy or lack of accuracy. Therefore, the development of UAV positioning systems
that are independent of satellite navigation systems data is an important research area.

Results and discussions. A promising way to solve this problem is to develop an algorithm for determining the initial coor-
dinates of the RBLA in conditions of distortion of the navigation field due to re-reflection of the navigation signal from artificial ob-
Jects and by limiting the visibility of the horizon. Global navigation satellite systems (GNSS) are the main means of navigation for
many mobile systems and, in particular, for modern robotic unmanned aerial vehicles. However, GNSS receivers used in rbla navi-
gation systems have extremely low noise immunity, which consequently limits their use in complex radio-electronic conditions. Al-
most all types of interference to GNSS signals can be divided into distortions of the navigation field due to re-reflection of the navi-
gation signal from artificial objects and by limiting the visibility of the horizon. These distortions "destroy" the GNSS navigation
field. In this situation, even if the characteristics of the navigation signal channels are known in advance, there is an extremely low
level of the useful signal (minus 161...155 dBW).

Conclusion. The article presents the main provisions of the mathematical model for determining the accuracy of the coor-
dinates of the object's position from satellites in Cartesian coordinates. The process of accumulating object positioning errors is
considered. Conclusions are made about error parameters that affect the accuracy of object positioning, relative to the signal level
received from the satellite.

These studies were carried out with the support of the scientific project "Development of a multirotor type robotic un-
manned aerial vehicle using a strapdown inertial navigation system" of the Federal Target Program for 2014-2020 (unique identifier
RFMEFI57818X0222) with the financial support of the Ministry of Science and Higher Education of Russia, based on the NCFU
Central research center.

Key words: position matrix, positioning accuracy matrix, variance, mean square error, GPS, GLONASS.

Introduction. When determining the position of an object in Cartesian coordinates, special signals are used.
Each GPS satellite constantly transmits navigation messages containing, in particular, the coordinates of the satellite at
the time of sending the message and the time of sending. A GNSS receiver receiving such a message from a satellite
navigation system (SNS) can calculate the distance to the satellite:

d= (" —¢lmy.c (1)

In this formula, the transit time of the signal (from the time of sending t©™P to the time of receiving t ™)
multiplied by the speed of propagation of the radio signal, i.e. the speed of light c.

The geometric interpretation of the system for determining the position of an object in Cartesian coordinates is
as follows. A message in the form of a signal area from one satellite selects a part of the space in which the consumer is
located - a sphere determined by its center-satellite and radius. The information from the second satellite is another
sphere of the signal space. The message from the third satellite adds more parameters of the signal space and uniquely
determines the coordinates using the method of comparison. The condition that all three spheres have a common point
follows from the design of the navigation system itself. Of the two solutions (intersections of the circle and the third
sphere), one is implausible, and the second contains the true coordinates of the object's position in Cartesian coordi-
nates.

Thus, the problem of determining the initial coordinates of an UAV under conditions of distortion of the navi-
gation field due to re-reflection of a signal from artificial objects and by limiting the visibility of the horizon is relevant
and significantly affects the efficiency of processing GPS / GLONASS data and the accuracy of determining the loca-
tion of objects (for example, unmanned aerial vehicles ).

It is necessary to develop a methodology that allows determining the initial location of the SSV, assessing the
quality of the navigation signal, for making a decision on entering the initial coordinates into the inertial navigation
system (SINS) in conditions of shading and receiving the reflected signal from the SNS.

Materials and methods. In [1-4], methods are given that allow determining the initial location of an SSV, but
do not explain the effect of satellite geometry on the accuracy of object positioning.

Figure 1 shows the distances R; (i = 1...4) from satellites to the user.
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Fig. 1. Description of the satellite and the position of the UAV in Cartesian coordinates

Distances R; (i
Ri = \/(X AS’al‘J'_)(User)2 + (YSatii _YUser)2 + (Z Sal‘ii_ZUser)2 ' (2)

Using the coordinates shown in Figure 1, we obtain the position matrix P [] of the object in Cartesian coordi-

can be determined using the formula:

nates:
i XUser _XSatJ YUser _YSatJ ZUser _ZSatJ 1_
Rl Rl Rl
XUser _XSat72 YUxer _YSat72 ZUser _ZSat72 1 3)
P — RZ RZ RZ
XUser - XSazj YUxer - YSat73 ZUser - ZSat73 1
R, R, R,
XUser XSat74 YUxer - YSat74 ZUser - ZSat74 1
L R4 R4 R4 n
Required:
1. Determine the indicators describing the influence of satellite geometry on the positioning accuracy of the ob-
ject Ri.

2. To develop a methodology for determining the initial coordinates of an UAV in conditions of distortion of
the navigation field due to re-reflection of the navigation signal from artificial objects and due to limiting the visibility
of the horizon.

Results and discussion. Applying sequentially the transposition of the position matrix, multiplication and in-
version, we calculate the inverse matrix DOP D [1], designed to determine the influence of satellite geometry on the
positioning accuracy of an object:

p=[[P] .[P]T : )

Using the matrix calculation rules, the 16 elements of the DOP D matrix are denoted as follows:
D

11 12 13 14

D= D, D,, Dy D, )
Dy, Dy, Dy Dy
b, D, D, D,

The following DOP indicators are known that describe the effect of satellite geometry on the positioning accu-
racy of an object [1, 3]:
— GDOP (Geometric DOP): describes the effect of satellite geometry on positions in 3D space and time;
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—PDOP (Positional DOP): describes the effect of satellite geometry on positions in 3D space;

— HDOP (horizontal DOP): describes the effect of satellite geometry on position in plane (2D);

— VDOP (Vertical DOP): describes the effect of satellite geometry on altitude (1D);

— TDOP (Time DOP): describes the effect of satellite geometry on time measurement.

The general error in the position of the UAV is determined by the accumulation of errors of the factors consid-
ered above, and they, in turn, can be calculated from the elements of the matrix DOP D as follows:

GDOP=\[D,,+D,, + D;;+ D, - (6)

PDOP=[D, +D, +D,, . (7)
HDOP=.[D, +D,, - ®)

vDopr=./D,, . ©)
TDOP=./D,, . (10)

Therefore, in the case when the elements of the DOP matrix D (5) are known, it is possible to determine the
DOP indicators describing the effect of satellite geometry on the object positioning accuracy R;. These parameters are
functions of the corresponding covariance matrices of elements in the global or local geodetic coordinate system. They
can be obtained mathematically from the position of the available satellites (navigation signal sources). Many GNSS
receivers allow you to display the current location of all satellites (“satellite constellation™) along with DOP values.

The method for determining the initial coordinates of an SSV in conditions of distortion of the navigation field
due to re-reflection of the navigation signal from artificial objects and due to limiting the visibility of the horizon is as
follows:

1. Based on the received signals, it is necessary to compose a matrix of positions P [] of the object in Cartesian
coordinates (formula (3)).

2. Calculate the matrix of the influence of satellite geometry on the positioning accuracy of the DOT object ac-
cording to the formula (5).

3. Determine the DOP indicators according to formulas (6) - (10).

4. Check the accuracy of the assessment of the initial coordinates of the ballistic missile system according to
the ratios:

PDOP? = HDOP* + VDOP* 1 GDOP* = PDOP* + TDOP*. (11)

The source [1] shows that the accuracy of measuring the location of an object is proportional to the DOP val-
ues. This means that when the DOP value is doubled, the object location error also doubles. The following relationships
apply:

— error R; (1o) = 1* Total RMS * value DOP;

— error R; (20) = 2* Total RMS * value DOP;

— RMS (Root Mean Square) - root mean square error.

Table 1 shows the types of horizontal errors depending on the mean square error (16 = 68 %, 20 = 95 %) with
HDOP = 1.3.

Long-term measurements, available from the US FAA, showed that 95% of all measurements had horizontal
and vertical errors less than 7.4 and 9.0 m, respectively. The time period for the measurement was 24 hours [1].

In the source [1], the DOP value is defined as the reciprocal of the volume of the tetrahedron, composed of the
position of the satellites and the user (Figure 2, volume indicator).

When modeling various situations and drawing up a methodology, the following conclusion was made: the
larger the internal volume of the tetrahedron, the lower the DOP value.

Table 1
Types of horizontal errors with HDOP = 1.3
Error type Error
Total RMS 4m
Horizontal error Ri (16 = 68%, HDOP = 1.3) 6M
Horizontal error Ri (26 = 95%, HDOP = 1.3) 12m
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Fig. 2. Influence of satellite geometry on the positioning accuracy of the object (RBV)
Studies have shown that with open and free areas (no shading), the satellite communication area is favorable
for DOP values, and they rarely exceed 3 (Figure 3).

In mountainous areas, forests and urban areas, the DOP values, in contrast to the cases discussed above, have
values much greater than one, which makes it difficult to determine the position of an object in space.
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Fig. 3. HDOP values, in the area without shadow / obstruction of the satellites (maximum PDOP value <1.4)

Figures 3 and 4 show the cases of PDOP change in the absence (maximum PDOP less than 1.9) and presence
of obstructions (maximum PDOP greater than 20) satellite visibility, respectively. In the experiment for Figure 4, the
western area is shaded by a tall building.
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Fig. 4. PDOP values, high shadow / obstruction of satellites (maximum PDOP> 20)

In the case of strong shading (Figure 4), the temporary ability to determine the position of the object with the
required accuracy (DOP <2) is rather small and has a random nature.

For accurate measurements, it is recommended in [4] that time periods with DOP values above 6 should not be
used for accurate measurements.

DOP values can be estimated based on the current position of the constellation of satellites [2, 3].

During the experiment, the calculated DOP values coincided with the measured ones, which confirms the cor-
rectness of the developed technique. In order to actualize the determination of the initial coordinates of the UAV exper-
imentally in conditions of distortion of the navigation field due to re-reflection of the navigation signal from artificial
objects and with limited visibility of the horizon, studies were carried out when the location of navigation satellites is
shown in Figure 5, where the western side is shaded.

Fig. 5. Location of navigation satellites during the experiment

The figure shows that satellites G15, G13, G5 and R7 are out of line of sight of the antenna of the navigation
receiver, nevertheless, the data from these satellites take part in the formation of the navigation solution. Their signals
are reflected from the metal roof of a nearby building, thereby introducing an error in determining the coordinates of the
location.

The received signal is characterized by a step change in level from 20 to 33 dbHz. The satellites listed above
are periodically automatically excluded by the GNSS receiver from the navigation solution.

For comparison, the signal strength of the G17 satellites is 43-50 dbHz,

G1 44-46 dbHz, which are in line of sight.

In the course of the experiment, it was determined that another characteristic sign of the reception of the re-
flected signal is an abrupt change in the estimate of the decrease in the accuracy of the received GDOP signal from 1.45
to 2.9, which can be observed in the interval in 10-12 minutes.
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Under normal conditions, the GDOP parameter changes slowly, the rate of its change is commensurate with
the time of change of visible satellites above the horizon.

Based on the analysis and experiment performed, it is possible to conclude that an increase in HDOP of more
than 2 is a necessary, but not sufficient condition for the distortion of the navigation field. The analysis should also in-
clude the received signal strength of a particular satellite, as well as the rate of change of the GDOP parameter.

Thus, it is necessary to determine the initial position of the UAV, assess the quality of the navigation signal,
make a decision on the algorithm for the correction of the onboard SINS during takeoff and landing in conditions of
shading and the possible reception of the reflected signal from the SNS.

Possible conditions are:

1. The received signal can be used to initialize the SINS and determine the position of the UAV with high ac-
curacy.

2. It is possible to determine the location of the UAV with reduced accuracy.

3. It is possible to determine the position of the UAV with a large error.

An analysis of a full-scale experiment showed that in order to achieve the maximum accuracy in determining
coordinates during the preparation of an UAV for takeoff, it is recommended to carry out a tolerance control of the dis-
persion of the carrier-to-noise ratio of the navigation radio signal received from the satellites by the GNSS receiver.

If there are at least 7 satellites with normal dispersion indices, and when the HDOP, GDOP parameters are in
tolerance, it is necessary to record the navigation parameters into an array containing the fields: longitude, latitude, alti-
tude, HDOP parameter, GDOP parameter. This array will contain navigation parameters with the best indicators of the
accuracy of determining the coordinates of the aircraft.

If the HDOP or GDOP indicators do not meet the specified requirements, but the received navigation radio
signal from at least 7 satellites meets the requirements for the carrier-to-noise ratio, in this case the navigation parame-
ters recorded in the array will meet the reduced requirements for position determination accuracy UAV.

In the presence of a navigation radio signal satisfying a given carrier-to-noise ratio from less than 7 satellites,
the navigation data recorded in the array will determine the position with a low accuracy in determining the position of
the ballistic missile. In this case, the following solutions to this problem are possible:

1. Change the launch site of the UAV.

2. Carry out the determination of the initial coordinates using other methods, for example, electronic maps us-
ing known landmarks on the ground. Further, it is necessary to load the obtained coordinates into SINS. In this case, it
is necessary to estimate the vertical take-off altitude of the SSV in order to leave the zone of the distorted navigation
field. During takeoff, the SINS correction from the SNS receiver should not be performed.

In the SNS receiver [4,5], it is possible to use models for calculating navigation parameters depending on the
dynamics of objects.

When working with loads <1 g, the model for calculating coordinates assumes a highly dynamic object that
can change its speed with an acceleration of up to 1 g, as a result of this the spread of coordinates given by the receiver
at rest will be large. When switching to a stationary dynamic platform model, the variance of the generated coordinates
will be small.

The dynamic model "Aviation <1 g" is working for UAV. The use of the "stationary" dynamic platform model
in determining the coordinates of the initial position will significantly reduce the variance of the initial position coordi-
nates obtained from the SNS receiver.

The operation of the algorithm involves several stages:

1. The stage of configuration of the SNS receiver to work with the model of a stationary object. At this stage,
the dynamic model is switched, which is used to estimate the coordinates of the location and check the correctness of
the switch.

2. Stage of assessment of the received parameters. The variance is assessed:

— CNO ratio — carrier / noise, for the navigation signal received from satellites;

— HDOP - factor of decrease in the accuracy of determining coordinates in the horizontal plane;

— GDOP — geometrical factor of decrease in coordinate determination accuracy.

3. The stage of dividing the received coordinates depending on the characteristics of HDOP, GDOP and CNO,
and writing data to arrays.

4. The stage of determining the accuracy of the navigation data provided for the SINS initialization. At this
stage:

— a decision is made on the availability of UAV position data;

— depending on the parameters of the received signals, the accuracy factor of the navigation solution is estab-
lished;

— a data readiness signal is generated for SINS initialization;

— if it is impossible to determine the coordinates with a given accuracy, a message is issued to the operator to
make a decision about another method of initial SINS initialization.

5. The stage of switching the used dynamic platform to "Aviation <1 g" and checking the correct switching.

14 Bbinyck Ne2, 2020



COBPEMEHHAA HAYKA U MHHOBALUWMNU

Conclusions. In this paper, we propose a method for determining the initial coordinates of an SSV under con-
ditions of distortion of the navigation field due to re-reflection of the signal from artificial objects and due to limiting
the visibility of the horizon.

The technique, presented in the form of a sequence of actions and equations (5—11), makes it possible to de-
termine the initial location of the ballistic missile system, to assess the quality of the navigation signal, to make a deci-
sion on entering the initial coordinates into the SINS under shading conditions and receiving the reflected signal from
the SNS. It is based on the use of the HDOP and GDOP parameters, which make it possible to form the initial naviga-
tion parameters for loading into the SINS with the best indicators in determining the accuracy of the coordinates of the
SSV, in the presence of at least 7 satellites with normal carrier-to-noise ratio.

A feature of this technique is that an onboard GNSS receiver is used as a meter for HDOP and GDOP parame-
ters.

On the basis of the technique, an algorithm has been developed for estimating the parameters of the received
navigation signal, which makes it possible to identify the fact of distortion of the navigation field, to minimize the errors
that arise when determining the initial coordinates of the ballistic missile.

The estimation of the accuracy of determining the coordinates of a location has three states. The coordinates of
the initial location determined by the algorithm can be used to initialize the SINS:

— with high precision;

— with reduced accuracy;

— with a large margin of error.

In the latter case, it is necessary to change the place of the planned take-off of the RBVA. Or estimate the alti-
tude at which the conditions of distortion of the navigation field will be eliminated due to re-reflection of signals or
shading of the line of sight of the satellite. After initialization with parameters of low accuracy, take off in the SINS
autonomous mode. Turn on the correction after leaving the area of distortion of the navigation field.
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