BicHuk TepHONiIbCHKOr0 HAIOHAIBLHOI0 TEXHIYHOT0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk_tntu
Scientific Journal of the Ternopil National Technical University
2023, Ne 2 (110) https://doi.org/10.33108/visnyk_tntu2023.02
ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 004.021.8
UAV MOVEMENT PLANNING IN MOUNTAINOUS TERRAIN
Leonid Romaniuk?; Ihor Chykhira?!; Vitalii Kartashov!; lhor Dombrovskyi?

2Termopil lvan Puluj National Technical University, Ternopil, Ukraine
2West Ukrainian NationalUniversity, Ternopil, Ukraine

Summary. The principles of planning of unmanned aerial vehicle movement in mountainous terrain are
described in this paper. It is emphasized that the movement of the aerial vehicle takes place along the trajectory on a
certain trajectory movement model, where unmanned aerial vehicle is represented as material point, the mass of which
is concentrated in the center of mass. A discrete model in the linear state space that approximates the dynamics of an
unmanned aerial vehicle is proposed. The general spatial movement of unmanned aerial vehicle is divided into
longitudinal and lateral movement, and the longitudinal movement is considered independently of the lateral movement,
taking into account the characteristics of the flight of unmanned aerial vehicle in mountainous terrain. The selection of
the polygon from a certain set of irregularities in relation to the speed limit, acceleration limit and change in acceleration
of unmanned aerial vehicle in the conditions of movement in mountainous terrain is graphically presented. It is
emphasized that since the corresponding heights for any point on the curved surface of the relief are unknown, in order
to obtain them, it is necessary to use the interpolation of the vertices of the corresponding triangle. It is noted that while
choosing certain values of the coefficients, it is possible to describe the surface of the terrain using triangles, taking into
account the combinations of coordinates of each known peak, and using the combinations of undefined coefficients as
variable solutions, it is possible to describe the restrictions on the bending of the mountainous terrain. It is emphasized
that during trajectory movement, the unmanned aerial vehicle is presented as material point, and in a real flight over
mountainous terrain, its characteristic dimensions must be taken into account in order to avoid the obstacle successfully.
It is proposed to increase the dimensions by a certain amount in each direction for effective obstacle avoidance of the
unmanned aerial vehicle in mountainous terrain.
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Introduction and statement of the problem. The world community puts a lot of effort
into the development of modernized unmanned aerial vehicles (UAVS) capable to perform the
tasks assigned to them in the presence of obstacles. The development and application of UAV
requires to solve a number of important problems, one of which is the provision of its
autonomous flight, which can take place in various difficult terrain conditions: in urban
environment (among buildings), in mountainous terrain, over desert, forest-park, water
environment, etc. With the rapid development of UAVs capable of moving in complex terrain,
the task of real-time flight route planning is becoming increasingly important.

In order to ensure the autonomous flight of UAV, it is necessary to solve the following
key tasks: the flight route planning (FRP) prior to UAV launch and during its flight; trajectory
control and stabilization of UAV during flight; determining the coordinates of UAV location in
space, that is, navigation.

In the control systems of modern aircrafts, the control method with predictive models is
successfully used [1]. The fundamental basis of this method is that in the UAV flight, its route
is calculated gradually, and each section of the flight route is determined as the result of solving
the optimization problem in the limited time interval, making it possible to reduce the
calculation time [2-5].

Analysis of the available researches and publications. At present, more and more papers
describing the mechanisms and principles of UAV movement planning have been published.
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Thus, in his paper [6], A. O. Berezhnyi presented the method of automated UAV flight
route planning for the search of the dynamic object, which, unlike the existing ones, takes into
account the uncertainty in the actions of the opposite party, forms the options of motion
forecast, evaluates the dynamic characteristics of the object on each possible route of its
movement, enables to reduce the uncertainty of information about these routes and to form
rational route for monitoring observation objects.

K. D. Molchanov, D. I. Boiko, and N. Ye. Khatsko [7] proposed the geometric method
of developing UAYV route for obstacle avoidance. The authors developed the route of movement
based on the given algorithm, which is capable to develop the route of UAV movement
automatically with the possibility of avoiding obstacles.

Intelligent decision support system, which includes the model of dynamic objects
movement, as required component is presented in paper [8]. This model makes it possible to
perform location forecasting and reduce uncertainty in UAV actions.

O. M. Husak [9] revealed the principles of UAV route formation for detecting forest
fires. The author presents information technology, the implementation of which is aimed at the
notification of fire danger by involved non-specialized unmanned aerial vehicles in the event
of the detection of forest fire center, which is based on the expansion of their information and
technological capabilities, that make it possible to inform rescue services additionally
improving the effectiveness of forest fire safety.

Among the foreign authors, the following papers are worth noting: Beishenalieva Aliia,
Yoo Sang-jo [10], Airlangga Gregorius, Liu Alan [11], Kim M.,Pevzner L.,Temkin I. [12],
Xing Peizhen, Zhang Hui, Ghoneim Mohamed, Shutaywi Meshal [13], Wang Na, Dai Fei, Liu
Fangxin, ZhangGuomin [14], Izhboldina Valeriia, Igor Lebedev [15], Li Menglei, Chunhui
Zhao, Hu Jinwen, Xu Zhao, Guo Chubing, Dou Zengfa [16], Gao Yang, Li Yuankai, Guo Ziqi,
Tan Xiaosu [17], Peng Yingsheng, Liu Yong, Dong Li, Zhang Han [18] etc.

However, taking into account the described scientific achievements, the issue of
revealing the principles of UAV movement planning in mountainous terrain remains open and
requires detailed investigation.

The objective of the paper. It is necessary to reveal the principles of UAV movement
planning in mountainous terrain in this paper.

Statement of the task.

— to provide the discrete model in linear state space that approximates the dynamics of
unmanned aerial vehicle;

— to present graphically the selection of polygon from a certain set of irregularities in
relation to the speed limit, acceleration limit and change in acceleration of unmanned aerial
vehicle under the conditions of movement in mountainous terrain;

— to propose solution for the implementation of effective obstacle avoidance for
unmanned aerial vehicle in mountainous terrain.

Presentation of the main investigation material. The movement of UAV follows the
trajectory on a certain trajectory movement model, where UAV is represented as the material
point, the mass of which is concentrated in the center of mass.

The dynamics of unmanned aerial vehicle is approximated by discrete model in linear
state space and has the following form:

O ey [ P 4
where p; = (x;,v;,z;)Tis UAV location vector;

v; = (%;,v;, ;) Tis UAV velocity vector;
I3 1S unit matrix 3x3;
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05 1S zero matrix 3x3;
At is sampling period;
a; = (%;,v;,Z)T is UAV acceleration vector;
Aa; = a; — a;_4 is acceleration change vector.
In order to simplify the expression, let us introduce the following notation:
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Such parameters as: flight speed v, acceleration a, change in acceleration Aa, have
certain limitations. Putting them on the planes, we get the system of equations:

”[jék'j}k],llz < amax:k = O;N - 1:

{ Vmin < ”[xk:).Ik],"Z < Vmax, kK = 0,N,
”[jc‘k;yk]’ - [kk—l;yk—l]lllz < Aamax'k =1LN-1,

where N is the number of total route planning step;
Il is Euclidean norm.

Taking into account the peculiarities of unmanned aerial vehicle flight, it is convenient
to divide the general spatial movement into longitudinal and lateral movement, moreover
longitudinal movement can be considered independently of lateral movement.

Let us replace the given restrictions with the set of linear inequalities that define the area
of the inscribed polygon, in turn, limited by a certain circle. Accordingly, the polygon is defined
by a set Q of linear inequalities (Figure 1-3).

Then linear inequalities have the following form:

( oo (2T 2nq

Vmin < X Sin <T) + ycos <T) <Vpae9=10,k=0,N
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Figure 1. UAV speed limit
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Figure 2. UAV acceleration limitations

Considering the fact that the set of all admissible solutions of the system of minimum
speed limits vy, < [I[X%k, 71’2 is not convex, the minimum speed limit is reduced to the
following form

Figure 3. Limitation of UAV acceleration change

Speed limit v, acceleration a, and acceleration change in Aa in projections on the
direction of z axis are written as follows:

Zomin < Zk < Zmax k = O, N

Zmin < Zx < Zmae k =0,N -1
AZpin < N7y € AZpor k=T, N — 1
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The relief of the mountainous terrain z = h(x,y) consists of T non-intersecting and
non-overlapping triangles with m vertices. Function h(x, y) is piecewise affine function.

If we assume that point py (xx, Vi, z) is UAV location in the normal Earth coordinate
system at time k, then coordinates (xy, Vi, z;) correspond to the point located on the terrain
surface directly under UAV at the given time.

Limitation associated with the terrain relief bending is as follows

Zi > hy + dy, Pk

where d, is linear UAV dimension.

Since the corresponding heights for any point on the curved relief surface are unknown,
then in order to obtain them, it is necessary to use the interpolation of the vertices of the
corresponding triangle, i.e. hy = h(xy, yi)-

At the k-th discrete moment of time variables xy, yi, h;, are respectively expressed for
convex surface in the form of the combination of coordinates of each known vertex as follows:

lxk = Zl kX Yie = lekyuhk = Z Aiuchi, Vi

/‘llk 2 0 Vl k
m
z,lik —1, vk
i=1

Taking into account the combination of coordinates of each known vertex, while
choosing certain values of coefficients A;, it is possible to describe the surface of the terrain
by means of triangles. Applying combinations of undetermined coefficients A;,i = 1, my
as solution variables, it is possible to describe the limitations on bending of the terrain
topography.

If the set of all points of the t-th triangle, including vertices, sides, and interior, is
denoted on the convex surface by R,, t = 1, T and considered that the set D; is the set of ordinal
numbers of triangles with vertices in points P; , i.e. D; = {t: P; € R;}. Applying limitation type:

it is possible to confirm that at any discrete time k there is only one triangular subregion that is
«active». Moreover, at this time, the corresponding logical variable b, = 1, other logical
variables are equal to 0.

In the model of trajectory movement, UAV is represented as material point, and in the
real flight over mountainous terrain, its characteristic dimensions should be taken into account
in order to avoid the obstacle successfully Therefore, for the above-described limitations on
UAV obstacle avoidance in mountainous terrain, the dimensions should be increased by d,, in
each direction.

Conclusions. The principles of UAV movement planning in mountainous terrain are
revealed in this paper. The mathematical model of UAV movement planning in
mountainous terrain, which takes into account limitations on its dynamic properties and
flying over obstacles in the environment with obstacles is presented. The proposed
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technique for planning the spatial flight route of UAV in mountainous terrain takes into
account additional limitations on the acceleration change, resulting in the stabilization of
changes in he UAV dynamics of the and, and as the result, increases the accuracy of tracking
the planned flight route.
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YK 004.021.8
IUVIAHYBAHHS PYXY BILIA Y TIPCBKIN MICIHEBOCTI
Jleonin Pomaniok’; Irop Unxipal; Birauiii Kapramos®; Irop JlomOpoBchKuii’

Y Tepnoninvcokuii nayionanvnuii mexuiunuil ynieepcumem imeni leana Ilynios,
Tepnonins, Yrkpaina
23axionoykpaincokuil nayionanouuil ynisepcumem, Tepronine, Yipaina

Peztome. Poskpumo npunyunu niaHy8auus pyxy 0Oe3niiomno2o JNimanbHo20 anapama y 2ipcoKill
micyesocmi. Hazonoweno, wo pyx Oe3ninomnozo nimanvHo2o anapama 8iobye8acmucs 3a mpackmopiero Ha NesHitl
MoOeni mpaekmopHo20 pyxy, Oe De3niIomHul AIMAalbHULl anapam HagooUmsCs y u2iidi MamepiantbHoi mouKu,
maca saKoi 30cepeddicena 8 yeHmpi mac. 3anponoHO8aAHO OUCKPEmHy MoOens y HIHIUHOMY NPOCMOPI CMAHI8, KA
anpoxcumye Ounamixy 6esninomuozo anapama. 3a2anbHuli NPOCMOPOBUU pyxX 0e3nitomHO20 AIMAaAnbHO2O0
anapamy po30ileHO HA NO3008JCHIl | OIYHUL PYX, NPUYOMY HO3008XCHILL PYX PO32IA0AEMbCA HE3ANEHCHO 8i0
6IYHO20 pPYXY, 6pPaAX08YIOUU 0CODIUBOCHI NOILOMY OE3NIOMHO20 JIMANLHO20 ANapama 6 2IPCbKill MiCYegocmi.
I'pagiuno npedcmasneno 6ubip 06acamoKymuuka 3 nesHozo HAOOpY HepigHocmell GIOHOCHO OOMedHCceHHs
WBUOKOCII PYXY, 0OMedHceHHS NPUCKOPEHHS MA 3MIHU NPUCKOPEHHS 0e3NiN0MH020 JIMATbHO20 ANapamd 6 yMoeax
PYXy 6 2ipcokiti micyesocmi. ITiokpecieno, wo OCKIbKU 6iON0GiOHI eucomu 01 6y0b-aK0i MOUKU HA KPUGill
nogepxui penvedhy € negidomumu, mo woo ix ompumamu, HeoOXiOHO BUKOPUCMOBYBAMU THMEPNONAYIIO 8ePUIUH
8ION0BIOHO20 MPUKYMHUKA. 3A3HAUAEMbCS, WO NpU 6UOOPI NeBHUX 3HAYEHb KOe@IYiEHMI8 MOJNCHA ONnucamu
NOBEPXHIO penvey micyesocmi 3a 0ONOMO2010 MPUKYIHUKIE, 8PAX08VIOUU KOMOIHAYIT KOOPOUHAM KOJHCHOI
8I00MOI 8epUIUHU, A 3ACMOCO8YIOUU KOMOIHAYIT HEBUSHAYEHUX KOeDIYiEHmMI8 y AKOCMI 3MIHHUX DillleHb, MOJNCHA
onucysamu obmedxicents Ha 002uHanHA penvey 2ipcokoi micyesocmi. Haeonowerno, wo nio uac mpaekmopHrozo
PYXy be3ninomuuil 1imansHull anapam npeocmasisicmsCs 8 AKOCMI MAmepianibHOi MOYKY, d Y PeaibHOMY HOTbOMIE
no 2IpcobKill Micyegocmi HeoOXIiOHO 8paAX08y8amMU U020 XAPAKMEPHI po3MIPU, WoO YCNIUHO YHUKHY MU NePeuKoOuU.
3anpononosano 30inbwumu posmipu Ha NeGHy GeIUUUHY 8 KOMCHOMY HANPAMKY OnA eheKmusnozo 06xody
nepewxoo 6e3ninomnozo IimaibHo20 anapama 8 2ipCoKill Micyegocmi.

Kniouogi cnosa: be3ninomnuii niimanvhuti anapam, 2ipcoKa Micyesicmo, aieopumm, nAaHy8anHs, noaim,
mapwpym.
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