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Abstract

Introduction. For the effective use of unmanned aerial vehicles (UAV), it is required to take into account the impact of
atmospheric environmental factors. Based on the existing level of development of the research and methodological
apparatus, it is impossible to determine the probability of damage to the UAV under the conditions of complex exposure
to atmospheric environmental factors and to assess the feasibility of further performance of the flight task. Violation of
the UAV operation process is caused by the influence of atmospheric precipitation, wind and temperature conditions of
the environment. The work aims at the development of a methodology for determining the probability of damage to
UAYV as a result of exposure to atmospheric environmental factors, as well as to evaluate the performance of the
software package implementing the developed algorithm using triangular, trapezoidal, pentagonal, and Gaussian
membership functions.

Materials and Methods. A technique is proposed that makes it possible, using the theory of fuzzy logic, to determine
the probability of damage to the UAV with inaccuracies and uncertainties in the description of atmospheric effects of
the environment. It takes into account possible atmospheric forcing and enables to determine the probability of damage
to the UAV under various atmospheric influences. The computational complexity of the algorithm implementing the
technique depends significantly on the number of qualitative assessments of atmospheric impacts on UAV.

Results. A method for determining the probability of damage to UAV as a result of exposure to atmospheric
environmental factors based on fuzzy sets (triangular, trapezoidal, pentagonal, Gaussian) was proposed and tested. The
use of fuzzy sets for estimating the conditions of the UAV application environment was described. An algorithm was
developed to determine the probability of damage to the UAV as a result of exposure to atmospheric environmental
factors. A computational experiment was carried out to determine the complexity of calculating the probability of UAV
damage as a result of atmospheric forcing under various environmental conditions: “moderate conditions” at a wind
speed of 3 m/s, precipitation intensity of 0.8 mm/h, and air temperature of 5 °C; “very heavy conditions” of the external
environment at a wind speed of 12 m/s, precipitation intensity 3.5 mm/h, and air temperature of —6 °C. It was
established that the use of triangular membership functions to calculate the probability of damage to the UAV as a result
of atmospheric forcing provided higher performance compared to the rest ones (trapezoidal, pentagonal, Gaussian).
Discussion and Conclusions. The values of the UAV damage probabilities obtained during the implementation of the
methodology under atmospheric environmental influences can be used at the pre-flight preparation stage and during the
flight to assess the feasibility of further performance of the flight task. Based on the analysis of the application of the
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considered forms of membership functions, recommendations for their application are given. The use of algorithms with
triangular membership functions will provide high performance of UAV control systems (UAV CS).

Keywords: unmanned aerial vehicle, membership function, fuzzy sets, mathematical model, control, atmospheric
forcing.
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Introduction. The analysis of the experience in using UAV has shown that it is critical to increase the effectiveness
of UAV under the conditions of environmental influences [1-4]. The equipment of modern unmanned aerial vehicles
makes it possible to measure and assess the condition of technical systems, flight parameters, and the external
environment [2].

With the rapid updating of current flight information and its large volume, the implementation of management faces
the problem of providing the stable functioning of the UAV under the influence of the external environment. It is worth
noting that human abilities are limited, and in a rapidly changing environment, a number of parameters of the UAV and
the external environment, such as temperature and engine speed, wind speed and precipitation intensity, due to limited
human capabilities, may not be taken into account or overlooked. Such control inaccuracies can cause the failure of the
UAYV equipment or its damage [3]. The influence of environmental factors on the UAV can significantly reduce the
quality of the task, and for certain values of the parameters of external influences, completely exclude the possibility of
using the UAV [4].

In this regard, solving problems related to maintaining the effective functioning of UAV under various atmospheric
conditions is an important step in drawing up requirements for on-board UAV equipment that ensures flight safety in
emergency situations arising under the influence of various weather phenomena [4].

Materials and Methods. The authors see a solution to the problem in automating the process of assessing the
parameters of the external environment to determine the probability of damage to the UAV and in developing control
corresponding to the current situation. In papers [1-5], meteorological conditions, specifically, precipitation, wind
loads, temperature, air pressure and humidity, are considered as destabilizing effects of the external environment. To
describe the atmospheric effects of the external environment®, a probabilistic model is used in combination with the
theory of random processes. A method is also known for estimating the intensity of precipitation and the water content
of clouds based on remote measurement data’. The authors also note that the natural variability and stochastic nature of
atmospheric conditions do not enable to establish strict mathematical dependences for describing atmospheric
conditions of the environment.

With the uncertainty of parameters and incomplete information about the state of the external environment, it is not
always possible to present its unintended impact in the form of clear values. This problem can be solved using fuzzy set
theory. In the case of its application, there is no need to know the exact mathematical model of atmospheric effects of
the external environment to assess its impact on the UAV?. Assessment of the operating conditions of complex systems
is one of the areas where fuzzy sets are widely used to eliminate the inaccurate nature of environmental influences [6].

! Kuznetcov IE, KuznetcovAA, Baklanov 10, et al. The Stochastic Model of Search and Detection of Ground Objects Using Unmanned Aerial
Vehicles under Conditions of Irregular Influence of the Environment. In: Proc. VI Int. Conf. and Youth School “Information Technologies and
Nanotechnologies (ITNT-2020)”. In 4 vol. VA Sobolev, ed. Samara: Samara National Research University; 2020. P. 152—-156.

2 Kuznetsov DV, Bulgin DV. Metodika otsenki intensivnosti osadkov i vodnosti oblakov na osnove dannykh distantsionnykh izmerenii. In: Proc. XXI
Int. Research-Methods.Conf. “Informatics: Problems, Methods, Technologies”, 11-12 Feb., 2021. Voronezh: Obshchestvo s ogranichennoi
otvetstvennost'yu “Vehlborn; 2021. P. 420-426. (In Russ.).

% Cherepanov IE, Kuznetsov DV. Model' prognozirovaniya stepeni slozhnosti meteouslovii s uchetom teorii nechetkoi logiki. In: Proc. XXI Int.
Research-Methods.Conf. “Informatics: Problems, Methods, Technologies”, 11-12 Feb., 2021. Voronezh: Obshchestvo s ogranichennoi
otvetstvennost'yu “Vehlborn; 2021. P. 659-663. (In Russ.)



Belonozhko D. G., et al. Methodology for Determining the Probability of Damage to Unmanned Aerial Vehicles

Thus, the analysis of well-known research in this area®. shows that in automated forecasting and decision support
systems under conditions of lack and uncertainty of the initial information for its processing, fuzzy logic methods have
proven themselves well.

Research Results

Development of methodology for determining the probability of damage to UAV as a result of exposure to
atmospheric environmental factors

In [6], a feature is noted that distinguishes the intelligent automatic control system from the one built according to
the “customary” scheme. It is associated with the use of knowledge processing mechanisms to perform the required
functions under uncertain (or incompletely specified) conditions with the random nature of external disturbances.
Intellectualization of the UAV operation process to account for uncertainty factors can be achieved through the use of a
knowledge base and an inference engine [6].

To determine the value of the probability of damage to UAV as a result of environmental factors, it is required:

1. To formulate fuzzy estimates of atmospheric effects:

— wind speed;

— precipitation intensity;

— temperature conditions of the environment;

2. To develop a fuzzy model for calculating the probability of UAV damage as a result of atmospheric
environmental impacts.

3. To create a base of rules for fuzzy inference of the influence of atmospheric effects on UAV;

4. To implement fuzzy inference.

5. To defuzzify the fuzzy value of the probability of damage to UAV as a result of atmospheric influences of the
environment Pyg.

The functional diagram of the technique is shown in Figure 1.

1. Input of initial data
(values of wind speed, precipitation intensity and air temperature)

<= <= <8

2. Assessment of UAV application environment conditions:

2.1. Formation of fuzzy estimates of wind impacts: E,, (t)

2.2. Formation of fuzzy estimates of atmospheric precipitation: G, (t)

2.3. Formation of fuzzy estimates of the temperature conditions of the environment: §,(t)

< - 4= < -

3. Determination of probability of damage to UAV as a result of atmospheric influences:

3.1. Development of a model for calculating the probability of UAV damage: I,(t)

3.2. Development of an algorithm for determining the probability of UAV damage

~ =

4. Output of results to the operator

Fig. 1. Functional diagram of the methodology for determining the probability of damage to UAV as a result of
exposure to atmospheric environmental factors

®Ibid.

Mechanics

195



http://vestnik-donstu.ru

196

Advanced Engineering Research 2022. V. 22, no. 3. P. 193—-203. ISSN 2687—1653

It is required to determine the probability of damage to UAV based on the analysis of the input fuzzy situation. Let
us consider in detail the stages of the proposed methodology.

Assessment of UAV application environment conditions

Atmospheric environmental factors (wind, precipitation, and air temperature) may change during the flight. The

dynamic change of the environment parameters has a significant impact on the stability of the UAV operation [7]. A
short-range UAV made according to the aerodynamic scheme of an airplane type with flight speeds in the range from
20 to 60 m/s is considered as a typical one. Icing of the surfaces of such UAV can cause a change in its mass, as well as
aerodynamic characteristics. The wind speed can vary depending on altitude and flight time. It has a significant impact
on the UAV of the class under consideration [8]. For this reason, it is reasonable to assess atmospheric impacts on the
basis of dynamic fuzzy approaches. The initial data for the functional model are the environmental conditions: wind
speed e, precipitation intensity g, and air temperature ¢t.
To estimate the effect of the wind acting on the UAV at time t, we introduce a set of triangular fuzzy numbers:

E(t) = {E,(6), By (0), ., By (0), ., By (O}, L)
where E(t) — a set of triangular fuzzy numbers describing the correspondence of the current wind speed e to fuzzy
estimates of wind effects on UAV at time t; E,,(t) — a triangular fuzzy number describing the correspondence of the
current wind speed e to a fuzzy estimate of wind impacts on UAV attime t; w = TE(Q

In accordance with the concept of a fuzzy set, triangular fuzzy number £, (t) can be understood as [9, 10]:

B, ={(enz, @)} ()
where ;. .,(e) — membership function of the wind speed e to the assessment of the wind influence E,(t) on the
UAV.

Within the framework of the developed model, the qualitative assessment of the wind effect on the UAV depends
only on its speed, i.e., possible inhomogeneities of the wind flow and its direction are not taken into account.

The membership function of triangular fuzzy number He, ) (e) can be represented by a tuple of three elements:

Mg, (@) = (g, (£); cg,, (0,7, (D)), )
where cg, (t) — clear value of wind speed that most accurately corresponds to the qualitative assessment E, (t) of the
wind influence on the UAV at time t; [ (t) and 75, (t) — clear values of wind speed in the least nonzero degree
corresponding to the qualitative assessment E, (t) of the wind influence on the UAV at time t. Values
lg, (t) and rg (t) determine the fuzziness of estimate E,@®.If lg, (t) = 7, (t) = cg, (t), then the estimate becomes
clear.

Specifically, £, (t) may mean an insignificant assessment of the wind impact on the UAV. If experts decide that the
maximum wind speed at which its impact on the UAV under the current flight conditions at time t can be interpreted as
insignificant 0.8 m/s, then the fuzzy number membership function will take the form ugl(t)(e) = (0; 0; 0.8). Since the
first and second elements of the tuple are equal to zero, the region of nonzero membership is located on a closed

interval [0, 0.8]. To determine the degree of membership uﬁl(t)(e) of the wind effect at a speed of e to the fuzzy

assessment of the impact £, (t), it is required to substitute e into the equation of a straight line passing through the
points (0;1) and (0.8;0).

During the flight, UAV can determine the actual wind speed offline. Based on the values of tuples of three elements
set by experts, by analogy with the above example, we formulate possible estimates of the influence of wind on the
UAV. For this, the values of the triangular membership functions of the fuzzy sets E,, (t) from the values of the wind

speed e are represented by graphs (Fig. 2):
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— E, (t) — “insignificant influence”, pgl(t)(e) = (0; 0; 0.8);
— E,(t) — “very weak influence”, Mg, (@) = (0;1;3);

— E5(t) — “weak influence”, Hg, (@) = (0.2;2.5;4.8);

— E,(t) — “strong influence”, Mg, (e) = (1.5;4.2;6.9);

— E(t) — “very strong influence”, HE (o) (e) = (1.5;7;12.5);
— E(t) — “dangerous influence”, i o (e) = (5;11;18);

— E,(t) — “very dangerous influence”, M () (e) = (10; 15; ).
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Fig. 2. Graphs of dependences of triangular membership functions of fuzzy
sets £, (t) on the values of wind speed e

By analogy with the assessment of the influence of wind, we consider estimates of the influence of precipitation and
temperature affecting the UAV at time t.

To assess the influence of precipitation, we introduce a set of triangular fuzzy numbers:
G(t) ={G1(6), Go(t), ., Gu(), o, G (), (@)
where G(t) — a set of triangular fuzzy numbers describing the correspondence of the current precipitation intensity g
to fuzzy estimates of the effects of precipitation on UAVs at time t; G, (t) — triangular fuzzy number describing the

correspondence of the current precipitation intensity g to a fuzzy estimate of the effects of precipitation on UAV at time

t, h= 1, NG(C)'

To assess the effect of temperature, we introduce a set of triangular fuzzy numbers:

Q) = {G:(6), Go(0), ., Qs (0), ., g, (O}, ®)
where Q(t) — a set of triangular fuzzy numbers describing the correspondence of the current temperature q to fuzzy

estimates of the effects of temperature on the UAV at time t; Q,(t) — triangular fuzzy number describing the
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correspondence of the current temperature q to a fuzzy estimate of the temperature effects on the UAV at time t;
s= 1, Ny

In the developed model, the influence of weather conditions is estimated based on three sets (t), G(t), and Q(t).
The elements of these sets correspond to triangular membership functions, which simplifies the adaptation of the model.
To adjust the membership function, it is only required to change the values of atmospheric exposure that correspond to
the greatest and/or least extent to the adaptable fuzzy estimate.

Algorithm for determining the probability of UAV damage as a result of exposure to atmospheric
environmental factors

To implement the methodology, an algorithm has been developed to determine the probability of damage to UAV as
a result of exposure to atmospheric environmental factors. The algorithm enables, under conditions of uncertainty, to
take into account the influence of atmospheric environmental factors to calculate the probability of damage to UAV

according to the current situation. The initial data for the algorithm are fuzzy sets E,, (t), G, (t) and Q,(t).

O

Activating
sub-conclusions

Figure 3 shows its block diagram.

START

Input of
initial data

rS5

r6

Accumulation of
conclusions

Defuzzification

R (determination of
Fuzz'f'ca,t'on of the probability of
input variables damage to UAV)

Entering the
rule base

\\\/

r7

r3

| 8

ra
Aggregation of the Output of results
sub-conditions of

each individual rule

Fig. 3. Block diagram of the algorithm for determining the probability of damage
to UAV as a result of exposure to atmospheric environmental factors

Determination of the probability of UAV damage as a result of atmospheric environmental influences
Papers [4, 5] note the natural variability and stochastic nature of atmospheric conditions. Due to the fact that the

atmospheric effects of the external environment are dynamic, it is reasonable to take this circumstance into account
when constructing a model for determining the probability of damage (equipment failure) of UAV. We introduce a set
of triangular fuzzy numbers:

I(t) = {il(t)’ iZ(t)l ey iz(t)’ ey iNI(t) (t)}l (6)
where I(t) — a set of triangular fuzzy numbers describing the correspondence of the current value of the probability of

damage to UAV P,g at time t; I,(t) — triangular fuzzy number describing the correspondence of the current value of
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the probability of damage to the UAV P, to a fuzzy assessment of the level of exposure to atmospheric environmental
factors on UAV attime t; z = 1, Ny ).

With regard to the UAV performance levels [11] (operable, limited operable, and inoperable condition), consider the
following UAV damage probabilities: I; (t) — “low” (approximately 0.2), I,(t) — “medium” (approximately 0.5) and
I3(t) — “high” (approximately 0.8). Triangular fuzzy number I,(t) is represented as [9, 10]:

L(®) = {(Pan 1y (Pa)) } 2 = T3, (7)
where “iz(r)(PAB) — the membership function of the probability of damage to UAV P,g to the assessment of impact

I, (t) of the wind on the UAV.

Given that the model under consideration has a dynamic character, the compilation of the fuzzy inference rule base
should be preceded by a study of the influence of atmospheric conditions on the probability of damage to UAV. To that
end, a series of experiments were conducted under various environmental conditions. Based on expert assessments of
statistical data, a database of fuzzy inference rules was formed [10]. The rules for determining qualitative estimates of
the probability of damage to UAV as a result of atmospheric influences of the external environment were formalized
using fuzzy sets as follows:

If gis Qs (t) and eis E,, (t) and gis G, (t) then is [,(t). (8)

That is, under simultaneous conditions of minimally sufficient membership:

— of temperature q to the fuzzy assessment of the impact of temperature Q,(t);

— of wind speed e to the fuzzy assessment of the wind impact £, (t);

— of precipitation intensity g to the fuzzy assessment of the impact of precipitation G, (t), the fuzzy assessment of
probability [, (t) becomes relevant.

To obtain clear value P,;(t) of the probability of damage to UAV as a result of atmospheric influences of the
external environment at time t, it is required to defuzzify the corresponding fuzzy result according to formula [10]:

fol Prg - H?:(St) (Pp)dPg

PXB(t) = 1
pes 5 =
0 “iz(t) (PAB)dPAB

9)
where ul;e(st)(ﬁAB) — the resulting membership function of fuzzy set J,, representing the general conclusion (conclusion)
from all the rules (8); p,; — the output variable of the fuzzy inference, characterizing the fuzzy value of the probability
of damage to the UAV as a result of atmospheric environmental influences.

Thus, the intellectualization of the functioning process is achieved through the use of a knowledge base and an
inference engine, and provides that uncertainties are taken into account [6].

Scheme of the UAV operation process under environmental conditions

To calculate the probability of damage to UAV as a result of atmospheric environmental influences, it is required to
implement fuzzy inference. It consists in the sequential execution of aggregation, activation and accumulation

operations [10]. The scheme of the UAV operation process under environmental conditions is shown in Figure 4.
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Algorithm for determining the probability of UAV damage as a result of exposure to atmospheric environmental factors

Fuzzy values of
environment
Information parameters “Clipping” levels for
from the conditions of each rule .
control poinE Truncated membership Resulting
Perform fuzzification of functions membership
input values of external v function of the
environment parameters . output of all rules
Sensor data Al Perform aggregation Calculate the P
for each state of the activation y
Y external environment membership
A2 L functions of each Calculate the resulting \
condition of the membership function of Perform Value of
A r”'eAt;b'e p| the output of all rules || | gofyzsification of the pr‘?bab""y
A4 output value of z UAV
probability of UAV amage

damage A5 —

| I

On-board computer of an unmanned aerial vehicle (UAV))

Fig. 4. Scheme of the UAV operation process under the influence of atmospheric environmental factors

Computational experiment

In [12], an analysis of foreign periodical literature in recent years has been carried out to identify formal approaches
to dealing with uncertainties. The conclusion was made about the expediency of using n-angle numbers to determine the
accuracy of the uncertainty formalization. Thus, when using the triangular representation of fuzzy numbers [10], each
initial fuzzy number is described by three scalar values, which greatly simplifies the computational process.

In many cases, triangular and trapezoidal representations of fuzzy numbers are insufficient. If it is required to
consider more complex influence of uncertainties, specifically, due to the greater exposure of the equipment installed on
UAV to precipitation, it is reasonable to use more complex forms of membership functions [12, 13]. Therefore, in [13],
pentagonal fuzzy numbers, which reflect uncertainties much more accurately, were studied as an alternative.

Let us consider the basic, most used membership functions for the representation of fuzzy linguistic terms:
Gaussian, triangular, trapezoidal [10], and pentagonal fuzzy numbers [13, 14].

Based on the analysis of papers [13, 14], we present the pentagonal membership function of elements to fuzzy sets
of wind load effects £, (t) in the form of a tuple:

e (@) = (g, () kg, (£); cg, (£ P, (0); 75, (0, 01), (10)
where cg, (t) — clear value of the wind speed most accurately corresponding to the qualitative assessment E, (t) of the
wind impact on UAV at time t; lg (t) and 7, (t) — clear values of wind speed in the smallest (nonzero) degree
corresponding to qualitative assessment £, (t) of the wind impact on UAV at time t; kg, (t) and pg, (t) — clear wind
speed values with o degree (nonzero), corresponding to qualitative assessment £, (t) of the wind impact on UAV at
time t. Values kg, (t) and pg, (t) determine the fuzziness of assessment E, (). In case, if lg, () = 15, () =
kg, (t) = pg, (t), we get a triangular fuzzy number. By changing the values of a. level, we obtain a different form of

the pentagonal membership function (Fig. 5).
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Fig. 5. Pentagonal membership function in MATLAB software environment

To study the pentagonal membership function in a software environment, it is required to describe it in the form of a
program code. When implementing the algorithms*®, a custom pentagonal membership function was developed in the
Fuzzy Logic Toolbox application package of the MATLAB software environment. This tool provides exploring
mathematical models and algorithms based on the application of fuzzy logic theory.

To assess the accuracy of uncertainty when working with the described membership functions, it is required to
conduct a computational experiment. It is reasonable to carry out the comparison on the same set of source data. The
values of the probability of UAV damage as a result of atmospheric influences are calculated under “moderate
conditions” (actual values: wind speed 3 m/s, precipitation intensity 0.8 mm/h, air temperature 5 °C) and “very difficult
conditions” (actual values: wind speed 12 m/s, precipitation intensity 3.5 mm/h, air temperature — 6 °C) of the external
environment.

Using MATLAB tools, the performance of the software package implementing the developed algorithm* was
evaluated depending on the form of the membership function used. An IBM-compatible PC with minimal system
requirements (P4 — 2.500 MHz, 2.048 Mb RAM, Windows operating system) was used to conduct the computational
experiment. Triangular, trapezoidal, pentagonal and Gaussian membership functions were evaluated. The results are
presented in Table 1.

Table 1
Average operating time of the software package
Time, s
Type of membership “Moderate conditions™: “Very difficult conditions”: wind speed
function used wind speed 3 m/s, precipitation intensity 12 m/s, precipitation intensity 3.5 mm/h,
0.8 mm/h, air temperature 5 °C air temperature — 6 °C
Triangular 0.028 0.028
Trapezoidal 0.031 0.03
Pentagonal 0.034 0.035
Gaussian 0.031 0.03

From Table 1, it can be concluded that a computer program based on the use of triangular membership functions has
a higher speed in comparison to the others.

A promising area of research is studying the influence of the form of the membership function on the accuracy of
calculations of the probability of damage to UAV under the uncertainty of the impact of atmospheric factors of the
environment on the functioning of UAV.

4 Belonozhko DG, Korolev ID, Chernyshev Yu.O. Certificate of State Registration of Computer Program No. 2022613419, Russian Federation.
Software Package for Evaluating the Accuracy of Uncertainty and Performance of Fuzzy Algorithms for Controlling an Unmanned Aerial Vehicle,
no. 2022613002; 2022. (In Russ.)

® Belonozhko DG, Korolev ID, Chernyshev Yu.O. Certificate of State Registration of Computer Program No. 2022613691, Russian Federation.
Software Package for Intelligent Control of an Unmanned Aerial Vehicle under Conditions of Destructive Impacts Based on Pentagonal Accessory
Functions, no. 2022613009; 2022. (In Russ.)
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Discussion and Conclusions. A method has been developed for determining the probability of damage to UAV as a
result of exposure to atmospheric environmental factors, based on the mathematical apparatus of fuzzy sets. Fuzzy
qualitative estimates made it possible to significantly expand traditional mathematical modeling techniques that require
accurate information about input quantities. The use of this technique provided assessing the probability of UAV
damage when the outcomes of alternatives were not known accurately and the probabilities of their occurrence were
estimated using membership functions. The obtained values of the probabilities of UAV damage as a result of
atmospheric influences of the external environment can be used at the stage of pre-flight preparation and during the
flight to assess the feasibility of further performance of the flight task.

With the help of a software package implementing this technique, the values of the probability of damage to UAV
under “moderate conditions” and “very difficult conditions” of the external environment were obtained. According to
the results of the analysis of the application of these forms of membership functions and the computational experiment,
the high performance of the software package using the triangular method of formalization of fuzzy sets was validated.
A significant advantage of triangular membership functions is that their definition requires the least amount of
information compared to other functions.

Thus, it is reasonable to apply algorithms using triangular membership functions in the onboard computers of the
UAV CS to assess the atmospheric parameters of the environment. This will provide high performance of the UAV CS
under conditions of using computers with low performance.
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