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Abstract—The article deals with the problem of determining the coordinates of the location of the target
based on using some lines-of-sight by means of antennas mounted on unmanned aerial vehicles.
Algorithms for target positioning using an unmanned aerial vehicle are proposed. The proposed
algorithms require knowledge of the coordinates of several positions of the unmanned aerial vehicle. For
solving the problem, the least-squares technique is used. Some ways of solving the problem are
considered. In the first case, the algorithms assume finding several lines of sight of the target. Further,
either a geometric or an analytical method for solving the problem is used. In the second case, the
algorithm assumes measuring the distances from the vehicle to the target. The tasks are solved in vector
and vector-matrix form. The results of simulation are presented, confirming the effectiveness of the
proposed algorithms. The obtained results can be useful for both civilian and special areas of

application.

Index Terms—Algorithm; analytical and geometrical solutions; line-of-sight; positioning target;

unmanned aerial vehicles.

I. INTRODUCTION

The scope of modern unmanned aerial vehicles
(UAVs) affects both the civilian and special spheres:
a reconnaissance of the terrain, environmental
monitoring, security of protected objects, patrolling
borders, traffic control, emergency assistance, etc
[1]. Almost all of the listed UAV application areas
require the use of onboard location systems [2], [3].
Such equipment allows determining the direction to
a target, providing the necessary visual information
about the observed objects. Therefore algorithms of
target positioning are of great importance in
topicality of unmanned aviation. Possibilities of
modern UAVs allow solving some important
problems. Determining the location of a target
belongs to the above-mentioned ones. It should be
noted that this problem has become especially
important in the light of advances in the
development of direction finders [4].

II. PROBLEM STATEMENT

Two ways of solving the problem are considered.
In the first case, the algorithms assume finding
several lines of sight of the target. Further, either a
geometric or an analytical method for solving the
problem is used.

The method of determination of the moving
object’s location depends on the type of position line
to be used. Such an approach belongs to direction-
finding techniques. The solution can be obtained in
both graphical and analytical ways. The most
widespread methods of determination of the moving
object location are the direction-finding, the ranging
navigation, the difference-ranging navigation, and
the direction-ranging navigation [5].

The article deals with the problem of determining
the coordinates of the target location based on using
some lines-of-sight by means of antennas mounted
on UAVs. The lines-of-sight are obtained by means
of a camera mounted at the UAV. To solve this
problem, it is necessary to know the coordinates of
some UAV locations.

In the second case, the algorithm assumes
measuring the distances from the aircraft to the target.

Theoretical ~ fundamentals  of  calculating
procedures for optimal synthesis of robust aircraft
control systems based on the mixed H,/H,

approach are given in [3], [4]. This approach takes
into consideration requirement to both robust
performance and robustness of the synthesized
system at the same time.

The algorithm of the synthesis of the systems
assigned for stabilization of measuring-observation
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equipment operated on ground vehicles [5]. The full
mathematical description of the stabilization system
of ground vehicle equipment is represented in [6].
Analysis of the basic linearities of this mathematical
description and approaches to linearization of the
model are given in [7].

Features and results of simulating stabilization
systems of ground vehicle measuring-observation
equipment with continuous control unit are
represented in [8]. Software for simulation of
stabilization systems of ground measuring-
observation equipment were researched in [9].

Ways of discretization of continuous control
systems are described in many publications, for
example, [10]. The possibilities of modern computer
technique for discretization of continuous systems of
the wide class are researched in [11]. Development
of the stabilization system with a discrete control
unit requires researching new approaches and
specific research.

The goal of this article is determination of
approaches to simulation of the stabilization system
of ground vehicle equipment with a digital control
unit and representation of simulation results based
on these approaches.

III. PROBLEM SOLUTION

The problem of parametric optimization of
systems of motion control of the wide class in
general and stabilization system in particular
requires using quality criteria in three aspects.
Firstly, solving this problem requires forming the
objective function. Secondly, optimization problems
of the studied type require using a penalty function.
Thirdly, a feature of these problems is the necessity
of analysis of the obtained results with using various
quality criteria.

1) Using Two Lines-of-Sight

In classical techniques, the position surface for a
constant bearing of the moving point and for a
constant bearing of the fixed point is the vertical
plane passing through points M and A. The position
line, that is the line, which passes through these
points, is formed as a result of the intersection of this
plane by the Earth’s surface (the Earth’s surface can
be considered as a plane for small distances) [4].

Consider a problem of determining target
coordinates (point M in Fig. 1) using two lines-of-
sight obtained in two known locations of a UAV
(points 4 and B in Fig. 1). Unit vectors of lines-of-
sight are denoted u, and u, respectively. In

practical situations, these vectors, as a rule, are given
by two Euler angles [6].

The location of points 4 and B with known
coordinates can be given by radius vectors 7, and

75 .The location of the point M with unknown
coordinates can be given by the radius vector p.

The location of the point M relative to points 4
and B can be given by the radius vectors d , and d B
respectively [8]. For problem statement, it is
necessary to take into consideration the vector
§S=7F,—7,.

Consider two ways of solving the stated problem.

Fig. 1. Geometrical representation of a problem of

determining target coordinates

2) Geometrical Solution

Based on the scheme represented in Fig. 1, we
can write

5=?A+3A=?A+dﬂm (D

The problem reduces to determining the line
segment d . In other words, it is necessary to obtain

the side AM of the triangle AMB. It is necessary also
to find angles o, B, and y of this triangle. Based on
the scheme shown in Fig. 1, it is possible to write
. 5
cosaL=u, —. 2
T 2

In accordance with (2), an angle o can be
determined as

_ S
0L = arccos (uA Ej 3)
In a similar to (2), (3),
B= arccos[ﬁg _—§j . 4)
AB
Then
y=180°—a —P. 5)

In accordance with the law of sines, we will
obtain (see Fig. 1)

4B _ d, ©

sinf’

siny
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Based on (6) and taking into consideration (5),
we can write
sinf

d,=AB—"2F (7)

sin(a. +P)

3) Analytical Solution: Case 1

Based on the scheme given in Fig. 1, we can
represent the radius vector pin two ways

p=rF,+d i, and p=7, +dii,. (8)

As follows from (8),

Fo+d i, =r,+dyig. ©)

The expression (9) includes unknown variables
d, and dj. For the determination of these

variables, it is necessary to multiply (9) on u

U ry+d =u,p+dgig.

(10)

Respectively, after multiplication (9) on i, we
will obtain

Upr, +d g, =iyl +d,. (11)

Based on (10), (11) and introducing the notation
k=u,-uy,, the following set of equations can be
derived

A4 =hdy =i, (12)
kd ,—d, =su,.
Solving the set of equations (12), we will obtain
| . _
dAzl_sz'(“A_k“B)- (13)

After substitution (13) in (1), the radius vector
can be determined in the following way

p=r+dai, =7, +S‘(MA — M)

4) Analytical Solution: Case 2

The disadvantage of the considered case 1 is the
necessity to determine both the line segment &, and
the line segment d,, although for solving a
problem, it is sufficient to determine only one of
them. So, the first solution leads to additional
calculating errors.

Consider the technique, which requires
determining the line segment d, only. To avoid the
necessity of obtaining the line segment 4,, we will
obtain a cross-product of (1) on . This product
can be represented in the following form

Foxily +d il xil, =T, Xty +d, i, xii, =F, xii,.  (15)

After some transformations in (15), it is possible
to write

d iy Xty =Ty —F) XUy, (16)
Based on (16), we will obtain
dA:|(FB_FA)XﬁB|‘ (17)

2, <11,

5) Using Arbitrary Lines-of-Sight

We will consider a technique of determining
target coordinates based on an arbitrary quantity of
lines-of-sight. The location of points 4, can be
given by vectors 7. (Fig. 2).

The location of the point M can be given by the
vector p. The location of the point M relative to the
point 4, can be determined by the vector d,. The
unit vector of the line-of-sight is denoted ;.

4;

o

Fig. 2. Geometrical representation of determining target
coordinates using arbitrary lines-of-sight

It should be noted that the line-of-sight does not
pass through the point M due to some error [8]. The
sighting error can be characterized by a distance MK;
from the point M to the line-of-sight (see Fig. 2)

MK, =i, xd. (18)

Using the least-squares technique, we will search
a point M from the point of view of minimizing the
following loss function

n - 112
g=> zz,.xd,.u . (19)
i=1
Finally we will obtain
i xd,=Ud,, (20)
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where
0 _u'f u}’f dxz
U=lu, 0 —u,|, d=|d,
_uyi uxl 0 d i

Therefore the loss function (19) taking into
account (20) becomes

¢=Sfixd| Sl -3 wd)ywd)
i=1 i=1 i=1

N dUUd) =Y Hd,,
i=1 i=1

21

where H, =U!U,. As d, =7 —p , we can write

d Hd, =(r,~p) H,(r;—p)=r, Hr,—p"Hr, )
—1 Hyp, +p"Hp,.

Taking into consideration the condition

0g / 0p =0, we can obtain the equality
n, 0 O

. 0
0 n

n

y

u, =[nqux nu,, nZuAZ]T =10
0 :

Every coefficient in (25) has been calculated as
5-10 rand([-10,10]). Errors of calculating target

coordinates for 10 realizations are represented in
Fig. 3. They were calculated using the formula (14).
The same calculations carried out by the formula
(24) are shown in Fig. 4. Figures 3, 4 show that
accuracy of calculations by formula (14) and (24)
are equivalent. So, it is convenient to use the
algorithm based on the least-squares technique [10].
Figure 5 shows the results of calculation by
formula (24) with target coordinates averaging.

0.2

o
—

errors, m
o

0 2 4 6 8 10

Fig. 3. Errors of calculating coordinates of the target
using formula (14)

[ihﬂjw " 23)
i=1 i=l
As follows from (23),
-1
p:[ZHIJ ZHzrz (24)
i=1 i=1

To assess the accuracy of the proposed
algorithms, let us perform modeling.

We will believe that coordinates of a point M are
determined. Coordinates of this point are given by

the  radius  vector  r, =[12 26 128]' m.
Respectively, points of sighting are given by radius
vectors 7, =[1 2 3]T m; r,=[4 -15 IO]T m;

and 7. =[4 10 10]' m,
An error of sighting vector,
u, =[u, u, u 1", can be given by introducing

for example,

coefficients n_, n , n_ closeto 1

Vo

Uy, n, 0 0
T
U, |= 0 n, 0 [qu Uy, uAy] . (25)
Uy, 0 0 n
0.3 : : : :
0.2 o g
L B,
E 01 S i
0 / \ VA g
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® / b \
0.1 ; M
-0.2 : -
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Fig. 4. Errors of calculating coordinates of the target
using formula (24)

For target positioning can be used the algorithm
based on distances measurements [9]. Suppose we
know distances between target M and some points

A4; (i=4) with known coordinates (Fig. 6). The

position of points 4, is given by the vectors 7, . The
position of target M with unknown coordinates is
given by the vectors p. The position of the point 4,

relative to the point M is given by the vector d .
The solution of problem is given by the formula

p=K'h, (26)
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where

2 2, 2 2
di —d; +r, —n

Koo (5=r) | | —di

s =

2 2 2 2
di —d, +r —r

n

For simulation to three point with radius vectors
Ty, g, 1o, the 4th point 4, was added. This point

has the radius vector 7;, =[1 40 —7]T.

For measurement errors, a normal distribution
law has been adopted, namely, taken

d,=|F -p|(1+1-10" randn) .

0.05
.\\
"\ X| /
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I ~._7 \N|=—-z
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) /. T~ ==
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I
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Fig. 5. Calculating errors with averaging

errors, m

—===Z

-0.2

Fig. 7. Errors of calculating coordinates of the target
using formula (26)

IV. CONCLUSIONS

Some algorithms of target coordinates
determining are proposed. Simulation resuls prove
the sufficiently high accuracy of calculating
coordinates of a target. For solving the problem, it is
convenient to use the least-squares technique. The
accuracy improves with the increase of a distance
between sighting points. The same effect is observed
in the case of measurement averaging. Proposed
algorithms can also be used for solving the inverse
problem when it is necessary to determine UAV
coordinates based on lines-of-sight or distances to
the known points.

The main differences in the sampling of models
of the stabilization system at the stages of synthesis
and analysis of the obtained results are represented.

The effectiveness of the proposed approaches is
confirmed by the simulation results.
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JI. M. PrkkoB, O. A. Cymenko. IIpo aesiki anropuTtMu no3unionyBaHHs wisti

VY craTTi po3risnacThes MpodieMa BU3HAYSHHsI KOOPAWHAT MOJIOKEHHS LTI HA OCHOBI BUKOPHCTAHHS JIEKIIBKOX JIiHIH
Bi3yBaHHS, OTPUMaHMX 32 JIOTIOMOTOI0 aHTEH, LI0 BCTAHOBIIOIOTHCS Ha OE3MUIOTHUX JITAaJbHUX armaparax.
3anporoHOBaHO AJITOPUTMHU MO3UI[IOHYBAHHS IIJIi 3a JOIOMOIOK OE3MUIOTHUX JIITAJBHUX amapaTiB. 3alporoHOBaHI
aITOPUTMU BUMAraroTh 3HaHHS KOOPIMHAT KUIBKOX MOJOXEHb OE3MJIOTHOrO JiTanbHOro amapaty. st BHpilIeHHS
3a/aul BUKOPUCTOBYETHCS TEXHiKa HaWMEHIIMX KBaJpaTiB. Po3risgaroThCs NesiKi IUISIXM BUpILIEHHS mpolnemu. Y
MEPIIIOMY BHITQJKY AJITOPUTMHU IIepen0advaroTh 3HAXOMKCHHS MCKUIBKOX MPSAMHX JIiHINA BisyBaHHsA Iim. [Jam s
BUpILIEHHS MPOOJIEMH BHUKOPUCTOBYETHCS T€OMETPUYHHI a00 aHaTITUYHUKA MeToh. Y NPYroMy BHIIAJKY alrOPHTM
nependavyae BUMIpIOBaHHs BiJCTaHel Bij pyxoMmMoro o0’ekra J0 L. 3aBJaHHS BHPIIIYIOTBCS Y BEKTOpHIH Ta
BEeKTOpHO-MaTpuuHiii Qopmi. I[IpercraBieHi pe3yabTaTH MOJCIIOBAHHSA, IO MIiATBEPUKYIOTh €()EKTUBHICTH
3alpOIOHOBAaHKUX adropuTMiB. OTpHMaHi pe3yabTaTH MOXYTh OYTH KOPHCHHMHU SK [UIS LWBUIBHHX, TaK 1 IS
creliaibHUX 00JIacTeil 3aCTOCYBaHHSI.

Karo4osi ci1oBa: anroput™; aHaTiTUYHE Ta TEOMETPUYHE PillIeHHS; JIiHIs Bi3yBaHHS; O3UIIIOHYBaHHS 11iJ1i; O€3MIOTHI
JIITAJIbHI anapaty.
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JI. M. PuxkoB, O. A. Cymenko. Q6 ajiropurMax no3uOHUPOBAHUSA LeJTH

B cratbe paccmarpuBaercs mpoOiieMa OIpenelieHHss KOOPAWHAT MOJOKEHHs I[eNd Ha OCHOBE HCIOJIb30BaHUS
HECKOJIBKUX JIMHUI BU3UPOBAHMUS, TOJYUCHHBIX C TIOMOIIbIO aHTCHH, YCTAaHABJINBAEMBIX HA OCCIMIOTHBIX JICTATEIbHBIX
ammapatax. [IpeaoKeHbl aJrOpPUTMBI TIO3UITHOHUPOBAHUS 1IENIH C TIOMOIIBI0 OCCITMIIOTHBIX JICTATEIBHBIX aIllapaToB.
[IpemtokeHHbIE aNTOPUTMBI TPEOYIOT 3HAHUSA KOOPAMHAT HECKONBKHX ITOJOKEHHIH OECIHMIOTHOrO JICTaTEIhHOTO
ammapata. J[jst perreHust 3aa9n UCIONb3yeTCs TEXHUKA HAMMEHBINNX KBaJpaToB. PaccMaTpUBarOTCS HEKOTOPBIC ITYTH
peleHus IpoOIeMbl. B mepBoM citydae aqropuTMbI MPEAyCMaTPUBAIOT HAXOXKACHHE HECKONBKUX JTMHHUN BH3UPOBAHUSA
uenu. Jlanee s pemenust npodIeMbl UCTIOIb3YeTCsl TEOMETPUYECKUN WITM aHAJIMTHYeCKUid MeTos1. Bo BTopoM ciryuae
aJITOPUTM TPEIyCMATPUBACT H3MEPEHUE PACCTOSHHUM OT MOABMKHOI'O OOBEKTA K ICTH. 3a7au PEIIatoTCs B BEKTOPHOM
U BEKTOpHO-MaTpuuHOM (opme. [IpencraBieHbl pe3yabTaThl MOICIHUPOBAHUSA, MOATBepkIaronme 3(G(GHEeKTUBHOCTH
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MPEAJIOKCHHBIX aJITOPUTMOB. HOJ'Iy‘IeHHBIe PE3YIbTATBl MOT'YT OBLITL ITOJIE3HBEIMHU KaK JJId TpaXXKJIaHCKUX, TaK WU JIA
CIIeIUaJIbHBIX obiacreit MIPUMCHCHMUS.

KuarwueBble ci10Ba: AJITOPUTM; AaHAJTUTHICCKOC U T'COMETPUICCKOC PCIICHUEC, JIMHUA BU3UPOBAHUSA,; IMTO3UITUOHUPOBAHNE
Ja(s0s OECIMIOTHEIE JIETATEIbHBIE arraparhl.
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