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Abstract

Purpose: the aim of this study is to research applied models of air traffic controllers’ errors prevention in terminal
control areas (TMA) under uncertainty conditions. In this work the theoretical framework descripting safety events
and errors of air traffic controllers connected with the operations in TMA is proposed. Methods: optimisation of
terminal control area formal description based on the Threat and Error management model and the TMA network
model of air traffic flows. Results: the human factors variables associated with safety events in work of air traffic
controllers under uncertainty conditions were obtained. The Threat and Error management model application
principles to air traffic controller operations and the TMA network model of air traffic flows were proposed.
Discussion: Information processing context for preventing air traffic controller errors, examples of threats in work
of air traffic controllers, which are relevant for TMA operations under uncertainty conditions.

Keywords: air traffic controller; air traffic services; error management; proficiency skills; safety of flights;
terminal control area; uncertainty factors.

1. Introduction The research is focused exclusively on air traffic
controller errors and investigates primary impacting
variables such as information processing, situation
awareness, memory, attention, etc. Identifying the
underlying causes of commonly occurring
incidents/accidents will help future studies in
designing preventive measures that may help
eliminate these errors.

A number of factors are explored, with the aim to
establish links between the core variables and the
safety occurrences in terminal control areas as well
as to establish links between the core variables and
the uncertainty factors in operation of air traffic
controllers [3-5].

Air traffic control (ATC) service in terminal control
areas (TMA) is a highly complex human activity
that requires controllers to utilise specific
skills/abilities in response to a number of varying
unfavourable operational situations/conditions in
order to ensure the safe flight of aircraft. Controlled
TMA airspaces in most of industrial countries are
becoming increasingly crowded with the growth in
the number of incidents/accidents caused by the
wrong actions/inactions of involved human
operators (pilots, air traffic controllers, flight data
operators, etc.).

It has been estimated that 60-90 percent of major
incidents in complex systems such as aviation are 2. Analysis of the latest research and publications
caused by human errors/violations [1]. Human errors
are generically defined as “all those occasions in
which a planned sequence of mental or physical
activities fail to achieve its intended outcome, and
when these failures cannot be attributed to the
intervention of some chance agency” [2].

Rapid advancements in technology have resulted in
complex work systems in which operators must
adapt their performance to suit dynamic
environments, concurrent task demands, time
pressure and tactical constraints. In research [1] the
‘mental workload’, which describes the capacity of

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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the operator to meet task demands and physical co-
ordination (task demands) is considered.

A number of vulnerabilities inherent in human
information processing have been found in ATC [1].
Information processing assumes that human beings
receive information from the environment, act
cognitively on that information in a number of ways
and emit some response back to the environment, as
it discussed in [6].

Mental models are the “mechanisms whereby
humans are able to generate descriptions of system
purpose and form, explanations of system
functioning and observed system states and
predictions about future system states”. The mental
picture represents the mental picture of the traffic
situation and the necessary actions a controller has
taken and should take. Mental imagery plays a
significant role in air traffic control and has been
equated to concepts of situational awareness and
mental models, represented in [7].

Memory is a critical factor in establishing
effective mental pictures and situation awareness in
controllers [8]. Memory is a cognitive function that
is fundamental to most of a controller’s tasks and is
a common thread in most variables. Shorrock [8]
found that 38% of memory errors in ATC involved a
failure to complete an intended action and states that
controllers rely primarily on working memory and
long-term memory. Working memory is a
“temporary store for recently activated items of
information  that are currently  occupying
consciousness and can be manipulated and moved in
and out of short-term memory” [9].

Decision making can be defined as a task in
which (a) an individual must select one choice from
a number of choices, (b) there is information
available with respect to the decisions, (c) the time
frame is longer than a second and (d) the choice is
associated with uncertainty, proposed in [10].

Attention is broadly defined as “sustained
concentration on a specific stimulus, sensation, idea,
thought or activity enabling one to use information
processing systems with limited capacity to handle
vast amounts of information available from the sense
organs and memory stores” [11]. Attention can be
subdivided into four primary groups; selective,
focused, sustained and divided. Sustained attention
refers to the ability to sustain attention over long
periods of time [12].

Situation awareness (SA) is an understanding of
the state of the environment (including relevant
parameters of the system). SA constitutes the
primary basis for subsequent decision making and

by extension, performance in the operation of
complex, dynamic systems [13]. Situation awareness
was stated as the primary cognitive task reported by
controllers and included maintaining understanding
current and projected positions of aircraft in the
controller’s sector in order to determine events that
require or may require controller activity [14].

Air Traffic Management (ATM) is a complex
system that requires computer systems designed
purely for the tasks of aircraft management. This
study investigated the sociotechnical systems
specific to ATM, noting any delays or errors in
systems as well as errors in the use of the system,
capturing the reciprocal nature of human-machine
interface (HMI). The various models (such as the
decision making and SA models) stress the
importance of perception and analysis of the
environment. The conceptual environmental
approach builds on this by recognising the crucial
role that environment scanning and perception have
on the reciprocal nature of the HMI [15].

3. Safety events and errors of air traffic
controllers connected with the operations in
TMA

There are two principal safety events that can
occur through erroneous Air Traffic Controlling,
namely, which are connected with activities in
TMA:

— loss of separation (LoS);

— runway incursions (RI).

A runway incursion is defined as “any
occurrence at an aerodrome involving the incorrect
presences of an aircraft, vehicle or person on the
protected area of a surface designated for the aircraft
landing and take-off”. Aerodrome controllers are
required to maintain a constant visual watch over the
area the aerodrome is responsible for in order to
ensure that it remains free of obstructions, vehicles
and other obstructions when needed for aircraft
movements.

A loss of separations (LoS) involves an
infringement of both horizontal and vertical
separation minima in controlled airspace. There are
a number of procedures that are considered
compulsory for controllers. These procedures
include the practice of read-back, issuing traffic
information and using radio telephony (R/T)
phraseology.

Read-back is defined as a procedure whereby the
receiving station repeats a received message or an
appropriate part thereof back to the transmitting
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station so as to obtain confirmation of correct
reception.

Traffic information is issued in a strict format
that must be followed and forwarded to aircraft in
the airspace and R/T phraseology sets out the
phrasing of communications to be used when
controlling.

There are three distinct types of errors (Fig. 1):
slips, lapses and mistakes. Slips and lapses are
“errors which result from some failure in the

execution and or storage of an action sequence,
regardless of whether or not the plan which guided
them was adequate to achieve its objective”.

Mistakes are “failures in judgemental and/or
inferential processes involved in the selection of an
objective or in the specification of the means to
achieve it, irrespective of whether or not the actions
directed by this decision scheme run according to
plan”.

Mistakes

Slips

KnowliV Ne‘:
A 4

Interpretation >
Stimulus ‘ '
evidence Situation
Assessment

Plan
Action
execution

Intention of
action

Lapses & Mode errors

A 4

Memory

Fig. 1. Information Processing Context for preventing air traffic controller errors

Following the working definitions, human
operating errors can occur in two ways; through an
action that goes according to plan when the plan was
inadequate or when the action is deficient despite a
satisfactory plan [6]. In summary, Reason [6] argues
for three primary classification types of errors; skill-
based slips, rule-based mistakes and knowledge-
based mistakes. Execution failures correspond to
skill based levels of performance and planning
failures with rule and knowledge-based levels [6].
Planning failures are classified as mistakes and
execution failures as slips or lapses.

The human factors variables, which are
associated with safety events in work of air traffic
controllers under uncertainty conditions, are divided
in such clusters as follows:

1. Information Processing:

— Monitoring failure;

— Information Overload;

— Ambiguous instructions issued;

— Similar call signs;

— Misjudged Aircraft projection.

2. Situation Awareness:

— Erroneous hear-back;

— Misjudged aircraft projection;

— Erroneous Perception;

— Failure to recognize risk;

— Instruction issued to wrong aircraft.
3. Memory:

— Forgot planned action;

— Inaccurate recall of temporary memory;
— Working memory failure;

— Rarely used information.

4. Attention:

— Divided;

— Selective;

— Focused.

5. Human Machine Interface:

— System delay;

— Poor label management;

— Insufficient use of tools.

6. Workload:

— High/Low complexity;

— High/Low volume;

— Underload/Overload;

— Subjective traffic complexity rating;
— Subjective workload rating.
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It was found that time since start of shift is a
significant predictor of safety events. Furthermore,
time frames 0-30 minutes and 91 — 151 minutes
were the most frequently occurring time of the
safety events. In terms of safety events, it was found
that information processing (human factors),
workplace design (external factors), poor adherence
to communication standards and lack of memory
cues (risk factors) are significant predictors of safety
events.

With respect to human error, lapses were found
to predict two components of information
processing; detection and auditory errors. Poor
workplace design was found to be a significant
predictor of lapses.

4. The Threat and Error management model
application to air traffic controller operations

The Threat and Error Management (TEM) model is
a conceptual framework that assists in
understanding, from an operational perspective, the
inter-relationship between safety and human
performance in dynamic and challenging operational
contexts.

The TEM model focuses simultaneously on the
operational context and the people discharging
operational duties in such context. The model is
descriptive and diagnostic of both human and system
performance.

It is descriptive because it captures human and
system performance in the normal operational
context, resulting in realistic descriptions. It is

diagnostic  because it allows  quantifying
complexities of the operational context in relation to
the description of human performance in that
context, and vice-versa.

There are three basic components in the TEM
model, from the perspective of flight crews: threats,
errors and undesired aircraft states. The model
proposes that threats and errors are part of everyday
aviation operations that must be managed by flight
crews, since both threats and errors carry the
potential to generate undesired aircraft states.

Flight crews must also manage undesired aircraft
states, since they carry the potential for unsafe

outcomes. Undesired state management is an
essential component of the TEM model, as
important as threat and error management.
Undesired aircraft state management largely

represents the last opportunity to avoid an unsafe
outcome and thus maintain safety margins in flight
operations.

Table 1 presents examples of threats, grouped
under two basic categories derived from the TEM
model. Environmental threats occur due to the
environment in which flight operations take place.
Some environmental threats can be planned for and
some will arise spontaneously, but they all have to
be managed by flight crews in real time.

Organizational threats, on the other hand, can be
controlled or, at least, minimised, at source by
aviation organizations.

Table 1

Examples of threats

Environmental Threats

Organizational Threats

Weather: thunderstorms, turbulence, icing, wind
shear, cross/tailwind, very low/high temperatures.
ATC: traffic congestion, TCAS RA/TA, ATC
command, ATC error, ATC language difficulty,
ATC non-standard phraseology, ATC runway
change, ATIS communication, units of
measurement (QFE/meters).

Airport: contaminated/short runway;
contaminated taxiway, lack of/confusing/faded
signage/markings, birds, aids U/S, complex
surface navigation procedures, airport
constructions.

Terrain: High ground, slope, lack of references,
“black hole”.

Other: similar call-signs.

Operational pressure: delays, late arrivals,
equipment changes.

Aircraft: aircraft malfunction, automation
event/anomaly, MEL/CDL.

Cabin: flight attendant error, cabin event distraction,
interruption, cabin door security.

Maintenance: maintenance event/error.

Ground: ground handling event, de-icing, ground
Crew error.

Dispatch: dispatch paperwork event/error.
Documentation: manual error, chart error.
Other: crew scheduling event
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5. The TMA network model of air traffic flows

We divide the airspace into line elements on which
we model the density of aircraft. These line elements
are called paths and in practice often coincide with
jetways. We represent a link on a path as a segment
[0,L] and we denote by u(x,t) the number of
aircraft between distances 0 and x at time ¢. In
particular, #(0,)=0 and wu(L,t) is the total
number of aircraft in the path modelled by [O,L] at
time 7. We make the additional assumption of a
steady velocity profile v(x)> 0 which depicts the
mean velocity of aircraft flow at position x and
time f. Applying the conservation of mass to a
control volume comprised between positions x and
X+ h, and letting & tend to 0, one easily finds the
following relation between the spatial and temporal
derivatives of u(x,t) [16]:

ou(x,t) N v(x)au(x,t) —q(0)

ot ox
u(x,0) =, (x) (1)
u(0,¢)=0

where q(t) represents the inflow at the entrance
of the link (x = O) or in terms of the density
q(l) = p(O,t)v(O) .

We can define the density of aircraft as the weak

derivative of u(x,t) with respect to x:
du(x,t
p(x,t)= é )
x

The aircraft density is a solution of the partial
differential equation:

%}C’t)+v(x) apg;c,l) +v'(x)p(x,1)=0
p(x.0)=py (x) 2

This is a linear advection equation with positive
velocity v(x) and a source term: V'(x)p(x,t).
Clearly, these two partial differential equations are

equivalent and model the same
phenomenon.

We now consider a junction with m incoming
links numbered from 1 to m and n outgoing links

numbered from m+1 to m+n; each link &k is

physical

represented by an interval [O,Lk]. One can see that

any network is composed of a number of such
junctions. We define an allocation matrix

M =(m,(t)) 1<i<mm+1<j<m+n

where 0<m,(t)<1 denotes the proportion of

for

aircrafts from incoming link i going to the outgoing

m+n

link j; we should also have Zj:mﬂmu(t)zl for

y
1<i<m. The system of partial differential
equations on the network can be written as [16]:

apk (x’t) +v, (x) apk (x’[) +v'k (x)pk (x,t) =0

ot ox
P (x,0)= Po.k (x)
pi(o,t): qi(t) (3)

p;(0.)=

We will now show that on such a network, the
preceding system of partial differential equations
admits a unique solution hence that the problem is
well-posed.

6. Conclusions

In this research we considered the human factors
variables, which are associated with safety events in
work of air traffic controllers under uncertainty
conditions. The threat and error management model
was analysed and proposed its application in air
traffic controller operations. Also we provided
examples of threats in work of air traffic controllers,
which are relevant for TMA operations under
uncertainty conditions.

Utilisation of the TMA network model of air
traffic flow in link with above mentioned models
will decrease number incidents/accidents caused by
air traffic controllers (and associated personnel) and
improve safety of flights.
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Abstract

Objective: The problem of unmanned aerial vehicle control systems is a complicated issue which requires
consideration of the tasks and applications of unmanned aerial vehicles. The typology of control systems
combination for civil unmanned aerial vehicle is suggested and justified. Methods: The methodology of the
research was based on application of the varieties of the experts method for rationale of the variants of
control system combinations for a specific type of unmanned aerial vehicle and the morphological analysis
was used to generate the variants of control system combinations. Results: The causes that lead to
discrepancies in types of control systems for civil unmanned aerial vehicle are revealed. Compliance
between remote radio control application and type of feedback signal are considered. Based on
morphological analysis method, 25 variants of combined unmanned aerial vehicle control systems are
suggested. Discussion: Regulatory, substantive and technical components of basic unmanned aerial vehicle
control systems are considered. The practical experience of the development by Scientific Production Center
of Unmanned Aviation “Virazh” is used to demonstrate the applicability of findings.

Keywords: automatic control system; civil unmanned aerial vehicle; morphological analysis; remote radio

control.

1. Introduction

It is well known that the basis of flight route compliance
by the Civil Unmanned Aerial Vehicle (CUAV) is the
flight carried out according to the flight plan developed
in advance. The flight plan on uses the straight line
segments connected through the points, which are called
Route Turning Points (RTP). This ensures congruence
of task performance for patrolling, surveillance or other
aerial works (are entitled to route type) with the objects
and the actual position of the UAV in the airspace over
the object. [1].

Modern technical means of radio control, radio
programming, automation, satellite air navigation
support of flight revealed a whole layer of various
Control Systems (CS) that allow the UAV perform
very complicated tasks in the air.

In general, CS can be categorized into two basic
groups of systems. The first group is called Remote
Radio Control System (RRCS). The second large
group includes Automatic Control Systems (ACS).
There are formed the relationships between the
group elements which eventually generate a
particular type of UAV CS. For example «lkarus»

CS for small UAVs is a combination of RRCS with
telemetry and video support [2].

Today there is no unity in the definition of UAV CS
type, taking into account the known basic systems. The
reason for this, in our opinion, is the contradiction which
emerged as a result of rapid development of
microelectronics and programming and the natural need
for appropriate, new synthesis of UAV CS.

2. Analysis of the latest research and publications

The Air Code of Ukraine identifies CUAV as "the
aircraft intended for the flight without a pilot on
board, where the flight management and control is
performed by a special control station located
outside the aircraft" [3].

Circular Ne 328 ICAO expressly states that "in
order to ensure the integration of the UAV
application in the general airspace on common
airfields, the pilot that is responsible for the flight of
UAV is required. Pilot can use the appropriate
equipment, such as autopilot, which helps to perform
the pilot’s duties, but under no circumstances, in the
foreseeable future the responsibility of the pilot will
be transferred to the technology" [4].

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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In fact, these regulatory documents emphasize
that the UAV CS must provide its remote control in
the first place. ACS is rather a desirable option, but
not the main one. However, the practice of modern
UAV flight proves that its manual piloting for a long
time (5-10 hours) is associated with a significant
overload for the external pilot (herein the authors
introduce the name “operator” instead of the
conventional name “pilor”) and, similar to the
piloted aviation there exists the need of automation
of the piloting process.

3. Aim of the research

The main aim is justification of Civil Unmanned
Aerial Vehicle CS types.

The specified task can be completed through the
availability of UAV control system devices that can
provide remote, automatic and combined UAV
control.

It is known that modern Remote Radio Control
(RRC) is industrially implemented in the form of the
merged and dispersed systems. The merged RRC is
the most common system which looks like a
handheld transmitter (a remote control with two
short handles — manipulators) produced by “Hi-
Tec”, “Futaba”, etc. [5]. Accordingly, its receiving
part is on board of the UAV. The dispersed system is

less widespread. This system combines the output
spools of the standard transmitter connected to the
remote amplifier and a remote antenna to increase
the range of communication. Sometimes the
manipulators and the transmitter itself are
structurally separated. Often, instead of handles-
manipulators used a standard three-axis joystick.

4. Research results

Analysis of modern UAV RRC revealed the
significant difference in their functions. For
example, in UAV "Tango" uses the "pure" radio
control link "Futaba", whereas the control system of
UAV "Orbiter" provides feedback in the form of
telemetry link from on-board sensors [6]. Obviously,
such a difference in the functions of RRC is
motivated by the tasks/applications that are set for
the RRC. Eventually, the only restriction for this
issue is the question of flight within the optical sight
or beyond it.

Flight beyond the optical sight via radio control
system is possible only if there is a certain type of
feedback. Today among the technically implemented
systems telemetry, terrain video image and virtual
model of the area are able to provide feedback.

Given this, remote control of UAV could be
typed as follows (Table 1).

Table 1
Compliance between RRC application and type of feedback signal
RRC
type Application Type of feedback signal
D1 within the optical sight none
D2 beyond the optical sight telemetry

D3 beyond the optical sight

telemetry + real video image

D4 beyond the optical sight

telemetry + virtual video image

D5 beyond the optical sight

telemetry + real video image + virtual video image

The result of the analysis also revealed a great
variety in the functions of automatic control [7]. The
simplest variant of automation is the automation of
the flight at the level of such basic function as auto
maintenance of speed, flight altitude and position in
space between the RTP’s, which are assigned
"manually" ("simple" autopilot). However, today
there are UAV control systems, which allow
perform the flight task from the start to finish with
the certain freedom of choice for the whole
trajectory or its segment [8]. It is obvious that there
are some intermediate types of AC in between of the
first simplest and the last most difficult examples of
automation.

If the first system of AC is taken as basic variant
of ACS, then while adding some options to the basic

variant in order to expand the range of its functions,
the above mentioned types of UAV ACS can be
represented in the following form of Table 2.

As shown in Tables 1 and 2, the generalized
variants of remote radio control and automatic
control systems of UAV can be formalized
according to the identified types of CS. Each these
variants can be considered as an independent type of
CS. But usually when real UAV CS is analyzed, it
can be noted that in the "pure" form, CS are used
only in UAVs limited by the specific requirements.
Thus, the systems of D1 type are used for sports and
for scientific purposes. Systems of D2-D5 type are
limited by time of continuous piloting by an external
pilot [8]. The more widely spread variants in
military application are A2 and A3 types of AC,
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only in the class of short range UAV (5-15 km
range) and small UAV (5 - 20 kg takeoff weight [9].

For CUAVs within the class of above 20 kg, the
more suitable variant are the combined CS with
prioritization of RC and automation, while support

of the accuracy compliance of planned the route is
carried out through the usage of automation. Such a
practical variation implies the idea of certain amount
of correspondence between the RRC and CS types
suggested in Tables 1 and 2.

Table 2
Compliance of type and functions of different ACSs
Type of AC Functions of ACS

Al Automatic control of speed, altitude and position in space between RTPs defined "manually"
(«simpley autopilot)

A2 Route automatic control («simple» autopilot + flight program)

A3 Route automatic control, automatic take-off and landing («complex» autopilot + flight program)

Ad Route automatic control («complex» autopilot + flight program + subprograms archive of
«behaviory on the route)
Route automatic control with independent choice of movement “scenarios” on its segments

AS («complex» autopilot + flight program + subprograms archive of «behavior» on the route +
elements of artificial «intelligence»)

To obtain variants of CS combinations, presented
in Tables 1 and 2, morphological analysis method
was used [10].

The morphological matrix, in this case, is a
symbolic entry of remote and automatic control
systems variants represented as:

Dl
Al

D2
A2

D3
A3

D4
A4

D5
AS

In order to generate a certain number of variants
of combined CS it is necessary to multiply the
amount of RC systems variants by the amount of AC
systems variants, i.e.:

Yk:DnsAns

b _Jlifn=1...,5;s=L....5;s€ Z

10 otherwise
> Y=25

We respectively obtain 25 variants of combined
UAV CSs. Every combination should contain the
element "D" and the element "A", for example,
D2A3, D5A4, etc. Through detailed analysis of
every variant, which is carried out using one of the
experts method, for example, the method of
synectics or '"brainstorming", the accuracy of
selecting a CS combination for a particular UAV
type can be confirmed or denied. Let us consider the
variant D2A3, used in “Bird Eye 4007, while
«Predator RQ -1» uses a D5A4 combination of
systems.

It should be added that the basic variants of CS
taken from Tables 1 and 2 are self-sufficient and
appropriate to control UAVs in the specified part, so
these variants can be used independently.

Table 3 shows the complete list of variants for
the combination of systems «D» and «A».

Table 3

Variants for the combination of systems «D» and «A»
and their designation

No var Designation No var Designation
I D A, 13 DsA;
2 DA, 14 DsAy
3 D, As 1s Ds3As
4 D; Ay 16 DJA;
s D, As 17 DJA,
6 Dy A, 18 D4A;
7 D, Ay 19 DAy
8 DyA; 20 D4As
9 DyA, 21 DsA;
10 DyAs » DsA,
1 DsA,; » DsAs
12 DsA, 2 DsA4

25 DsAs
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Based on the obtained variants for the
combination of systems «D» and «A» some variants
for individual UAVs and Unmanned Aviation
Systems (UASs) can be defined. These variants were
developed and are in operation at Scientific
Production Center of Unmanned Aviation (SPCUA)
«Virazh» (Reference needed). The following UAVs
and UASs are considered:

1. M-7V5 “Sky Patrol” (Fig. 1) [11]. This UAV
uses D5SA3 system combination, since the flights
performed it performs are not limited by optical
sight. Telemetry, real time video images transmitted
from onboard cameras is utilized. The software
ensures formation of the virtual video image in
accord to the UAV position on the route.
Application of the ACS on the route, automatic
launch and landing are planned.

Fig. 1 UAV M-7V5 «Sky Patrol»

2. M-6-3 «Zhayviry (Fig. 2) [12] and M-10 «Oko 2»
(Fig. 3) [13]. Unmanned Aviation Complexes

Fig. 2 UAC M-6-3 «Zhayvir»
Telemetry, real time video images transmitted
from onboard cameras is utilized.

Fig. 3 UAC M-10 «Oko 2»

Application of the ACS on the route, automatic
launch and landing are planned.

5. Conclusions

1. The main reason that leads to ambiguity in
typology of CUAV CSs is the contradiction between
the need to ensure operation of CUAVs of different
weight classes in common airspace and the absence
of structures and composition of CSs, respective to
these weight classes.

2. Due to significant overload of the external
pilot of CUAV when "manually" piloting the UAV
for a long period of time (5-10 hours) there is a need
to automate the process.

3. ICAO regulations and the Air Code of Ukraine
states that CUAYV is, in the first place, a “remotely
piloted aircraft”, so the automatic control is rather a
desirable option, but not the main one.

4. Basic UAV CSs are entitled to two groups; the
first group is remote radio control systems and the
second group is the automatic control systems. Some
relationships are formed between the elements of the
groups that eventually produce a particular type of
UAV CS.

5. To obtain specific combinations of the basic
UAV CS variants the method of morphological
analysis was used.

6. In the future, for a detailed analysis of the
specific variant of UAV CS the experts methods, for
example, synectics or "brainstorming" can be
employed.

7. Selected analysis of the RRC and AC for some
UAV and UAC was conducted. The UAVs and
UACs were developed and are in operation by
SPCUA «Virazh». UAV M-7V5 «Sky Patrol» uses
the variant of system combination D5A3. D3A3
variant of system combination is applicable for UAC
M-6-3 «Zhayvir» and UAC M-10 «Oko 2».
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upravlenie modelyami [Models electronic remote
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OOrpyHTyBaHHS THIIB CHCTEM KepyBaHHs 0e3MiJIOTHUMM NOBITPAHUMHU CyTHAMM HUBIJILHOI aBianii
HarmionansHwmii aBianiiiHuil yHiBepcuteT, mpoct. KocmonaBta Komapoga, 1, Kuis, Ykpaina, 03058
E-mails: 'kharch@nau.edu.ua; *dennis_j@mail.ru;

Merta: [Ipobnema cucteM KepyBaHHS OC3MUIOTHUX MOBITPSHUX CYJICH € CKIaJHUM MTUTAaHHSIM, sSKE MOTpedye
pO3TIANY 3aBIaHb 1 3aCTOCYBaHHA OC3MUIOTHHX TOBITPSHUX CYICH. 3alpONOHOBAaHO 1 OOIPYHTOBAHO
THTIOJIOTiI0 KOMOiHAIlii cHUCTeM KepyBaHHS OC3IIJIOTHUMH TIOBITPSHUMH CYJHAMH ITUBIIBHOI aBiarfii.
Metoau: MeTo010Tisl JOCHTIIKCHHS IPYHTY€ETHCS HA 3aCTOCYBaHHI Pi3HOBUIIB METOYy CKCIIEPTHHUX OIIIHOK
Ui OOTpyHTYBaHHSI BapiaHTiB KOMOIHAIlii CHCTEeMH KepyBaHHsS JAJsl KOHKPETHOTO THITy O€3IiJIOTHOTO
MIOBITPSIHOTO CYyJIHA, 3aCTOCOBAaHUI MOP(MOJIOTIYHMIA aHAali3 A TeHepyBaHHS BapiaHTiB KOMOIHAIINA CHCTEM
yrpaBiiHasa. Pe3yabraTH: PO3KpHUTO NPHYWHU IO NPUBOAATH A0 PI3HOYHTAHHS Yy THITI3AIll CHCTEM
KepyBaHHS OC3MUIOTHUMHU TOBITPSHUMHU CYJAHAMU I[HMBUIbHOI aBiarii. Po3risHyTO BiAMOBIAHICTH MiX
3aCTOCYBaHHIM AMCTAaHLIHHOIO PaXiOKOMaHOHOTO KEpPyBaHHS Ta THUIIOM 3BOpPOTHOro 3B’s3Ky. Ha 6asi
MeToay MOP(]OIOTiYHOrO aHaji3y 3amporOHOBAHO 25 BapiaHTiB KOMOIHOBaHMX CHCTEM KepyBaHHS
0E3MIJIOTHUMHU TOBITpSHUMHU cyaHamu. O0ropopeHnsi: Po3risHyTo HOpMAaTHBHY, 3MICTOBHY Ta TEXHIUHY
CKJaZoBi 0a30BHX CHCTEM KepyBaHHs OE3MIJOTHHUX MOBITPSHUX CyleH. JIs JeMOoHCTpalii 3acTOCOBHOCTI
pe3yNbTaTiB BUKOPHCTAHO TPAKTUYHHUN JOCBiI po3poOkm HaykoBo-BHpOOHMYOTO IEHTPY Oe3miIoTHOI
asiarii «Bipax».

KarouoBi ciioBa: Ge3miIoTHE MOBITPSIHE CYAHO IIMBLUIBHOI aBiallii; AUCTaHIlIITHE paJioKOMaHIHE KePYBaHHS;
MOPQOJIOTIYHUH aHaITi3; CHCTEMa aBTOMATHYHOTO KEPYBaHHS.

B.II. Xapuenxkol', JI.M. Maruitunk’

O0ocHOBaHMe THMIIOB CHCTEM YIpaBjeHHs OeCHWIOTHbIMM BO3AYUIHBIMU CYAaMH TIPaKIAHCKOMI
aBHalHU

HanuonanbHbIl aBUaIMOHHBIN YHUBEPCUTET, Ipocit. KocMonasTa Komaposa, 1, Kues, Ykpauna, 03058
E-mails: 'kharch@nau.edu.ua; *dennis_j@mail.ru;

Hean: [Ipobiema cucTeM ympaBieHHS OCCIHMIOTHBIX BO3MYIIHBIX CYIIOB SIBIIICTCS CIIOKHBIM BOIIPOCOM,
KOTOPBIN TpeOyeT paccCMOTpEeHMs 3ajJa4d U NpUMEHEHHs OSCHIIIOTHBIX BO3AYIIHBIX cyAoB. [Ipemiaraercs u
000OCHOBaHa THUIIOJNOTUS KOMOWHAIIMA CHCTEM YIpaBIEHUS s OECHHIOTHBIX BO3AYIIHBIX CYIIOB
rpakjaaHckod aBuanuu. Meroabl: MeTo100THsI UCCIEA0BaHN OCHOBaHA Ha MPUMEHEHUH Pa3HOBUIHOCTEN
MeToaa 3KCHepTHBIX OLCHOK IJIs1 06OCHOBaHI/I$I BapI/IaHTOB KOM6I/IHaHI/II>'I CUCTCMBI ynpaBneHHﬂ JJISA
KOHKPETHOTO THIA OCCIMJIOTHOTO BO3JIYIIHOTO CyJHA W TPUMEHEH MOpP(OIOrHYECKUN aHamu3 s
TCHEPUPOBAHUS BApPUAHTOB KOMOWHAIIMA CHCTEMBI yIpaBicHHS. Pe3yjbTaTbl: PacKphITHl NPUYHHBL,
HpI/IBOILSIHII/Ie K paSHOqTeHI/I}O B THUIIN3aIlUM CHUCTEM ynpaBneHI/m 6CCHI/IHOTHBIMI/I BOSI[}IH_IHLIMI/I CYZ[aMI/I
FPOKIAHCKOM  aBuanud. PaccMOTpPEeHO  COOTBETCTBHE  MEXKAY  NPUMEHEHHEM  JUCTAHIIMOHHOTO
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PaAMOKOMAHIHOTO YIPAaBJICHUS W TUIY oOpaTHOW cBsi3u. Ha 0a3e Meronma MOPQOIOrHUECKOro aHaiu3a
MIPEIJIOKEHO 25 BapUaHTOB KOMOWHUPOBAHHBIX CHCTEM YIIPaBIIEHUS OSCIMIOTHBIMUA BO3IYIIHBIMH CYIaMH.
Oocy:xaeHue: PaccMOTpeHB HOpMaTHBHAs, COAEp)KaTelNbHAas W TEXHUYECKas COCTaBISIONINE O0a30BBIX
CHUCTEM YIPABJICHUS OCCIIIOTHBIX BO3IYIIHBIX CYIOB. JIs AEMOHCTpalyiyi MPUMEHHUMOCTH PE3yJIhTaTOB
WCTIONIb30BaH MPAKTUYECKUH OMBIT pa3paboTku HaydHO-TpOM3BOACTBEHHOTO IIEHTpa OECTIMIOTHOW aBHALUN
«Bupax».

KiawueBble cj10Ba: OeCIHIOTHOE BO3AYHIHOC CYIHO I‘pa)KI[aHCKOfI aBypanyy, AJUCTAaHIIMOHHOC
PaaANOKOMAaHAHOC YIIPABJICHUC, MOp(i)OJ'IOFI/I‘ICCKI/Iﬁ aHAJIN3; CUCTEMa aBTOMATUYCCKOTO YIIPABJICHH.
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Abstract

Purpose: lack of recommendation action algorithm of UAV operator in emergency situations, decomposition of the
process of decision making (DM) by UAV’s Operator in emergency situations, development of the structure of
distributed decision support system (DDSS) for remotely piloted aircraft; development of a database of local decision
support system (DSS) operators Remotely Piloted Aircraft Systems (RPAS); working-out of models DM by UAV’s
Operator. Methods: Algoritm of actions of UAV operator by Wald criterion, Laplace criterion, Hurwitz criterion.
Results: The program "UAV AS" that gives to UAV operator recommendations on how to act in case of emergency.
Discussion: The article deals with the problem of Unmanned Aerial Vehicles (UAV) flights for decision of different
tasks in emergency situation. Based on statistical data it was analyzing the types of emergencies for unmanned

aircraft. Defined sequence of actions UAV operator and in case of emergencies.

Keywords: algorithm, decision making process, emergency situation, unmanned aircraft system.

1. Introduction

Unmanned aircraft has several advantages, namely
low operating cost, good concealment and
flexibility, simplicity and availability of technology
compared to manned aircraft and Unmanned Aerial
Vehicles (UAV) can be used in cases where the
usage of manned aircraft is impractical, expensive or
risky [1; 2]. The main advantage of using UAVs is
tasks that involve risk to humans and efficiency in
solving economic problems.

Obviously, UAVs are effective in monitoring
forest fires, search and rescue operations in the
processing of  agricultural crops, relay
communications and the movement of goods. In this
sense, the usage of UAVs is more appropriate: to
relay communications in those places - where the
antenna coverage cannot be set because of difficult
terrain, agriculture, with aerial photography, moving
cargo. In addition, UAVs were used for military
purposes since 1961 [1].

The disadvantages of unmanned aircraft include
the limited capacity due to the small size of UAV
that can be satisfied for the group flight usage [2].

Emergency situations may occur when flying
both in manual, and in the autonomous management.
For operations carried out "manually”, plays an
important role the human factor and a significant
part of emergency arises due to wrong actions of the
operator. Using a constant two-way radio comes to
continuous Manual control device parameters, which
leads to certain restrictions and inconveniences - the
operator can’t be distracted from the management
and takes full responsibility for the state-controlled
UAVs, for his safety and for the safety of the
environment and people.

Let we have some UAV that performed different
tasks purposes. Air traffic controller using
technological procedures “ASSIST” (Acknowledge,
Separate, Silence, Inform, Support, Time) decides in
emergency situations of flight. At a certain stage of
flight is probable extraordinary or emergency
situations (for example: loss of control, engine
failure, etc.), where it is some risk to lost UAVs.
Taking into account the high cost of UAVs it is
proposed to build an algorithm of UAV’s operator

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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actions using module «ASSSIST» (Acknowledge,
Separate, Synergetic ((Coordinated, Cooperation,
Consolidation)) Silence, Inform, Support, Time) for
each type of UAV. Module «ASSSIST» includes in
Distributed Decision support system (DDSS) and
has models of the Decision Making (DM) by H-O
under Certainty, Risk and Uncertainty [3].

The purposes of the article are: lack of
recommendation action algorithm of UAV operator
in emergency situations; decomposition of the
process of DM by UAV’s Operator in Emergency
Situations; development of the structure of DDSS
for remotely piloted aircraft; development of a
database of local DSS operators Remotely Piloted
Aircraft Systems (RPAS); working-out of models
DM by UAV’s Operator (DM under Certainty, DM
under Risk and DM under Uncertainty).

2. Distributed control system for remotely piloted
aircraft

Advantages of UAV’s are to perform the tasks
associated with the risk for man and effectiveness in
solving economic problems. In this sense, the use of
UAVs is more appropriate: to relay communications
in those places - where the antenna coverage cannot
be set because of difficult terrain, agriculture (group
of spraying fields), with photo/video monitoring
(group survey of large areas, monitoring of forest
fires, patrol areas, etc.), moving cargo [2].
Obviously is the usage of UAVs for military
purposes.

Noted additional wuseful properties: faster
coverage of area fragment and consequently more
effective at photo/video  monitoring, relay
communications, agricultural operations - owned
group compared UAV using one UAV [4 - 8]. But
despite a number of advantages there are some
drawbacks, namely the main problem associated
with the use of airspace allocation of the frequency
range for UAVs management and transmission of
information from the board to the ground; lack of
recommendation action algorithm of UAV operator
in case of emergency situations [5; 6].

In [2; 7; 8] investigated an emergency engine
stop, electrical problems, in excess of the maximum
and minimum the display height of the flight of the
parachute release is done automatically, with
transferring the coordinates of the forced landing site

to the operator's monitor. The use of a parachute
landing system will not only provide reliable
survival craft in an emergency situation, but also to
simplify its operation.

When a loss of communication with the UAV
made an immediate report to the ATM unit. The
report states the time and place of loss of
communication, the height of the UAV flight, the
estimated remaining time of flight and follow the
course of landing area (falling) UAV [2]. When
hovering UAV in the crown of the trees must be up
to the crown, fix the UAV tether and if necessary, to
cut the branches and holding, drop to the ground [2].

Remotely piloted aircraft controlled with remote
piloting station (RPS) with the management and
control line (C2). Together with other components
such as the starter equipment and equipment for the
return, if it is used, remotely piloted aircraft (RPA),
remote piloting station RPS and the line C2
constitute RPAS [9].

3. Aims of the work

1. Lack of recommendation action algorithm of
UAYV operator in emergency situations.

2. Decomposition of the process of DM by
UAV’s Operator in Emergency Situations;.

3. Development of the structure of DDSS for
remotely piloted aircraft; development of a database
of local DSS operators Remotely Piloted Aircraft
Systems (RPAS).

4. Working-out of models DM by UAV’s
Operator (DM under Certainty, DM under Risk and
DM under Uncertainty).

4. Estimation of situation’s complexity in case of
PCS with the help of fuzzy sets method

There are following classification of UAV’s that is
shown on Table 1 [6]. The type of UAV designs are
divided into sets, which are made of airplane (fixed -
wing) and helicopter (rotary - wing) schemes and
devices with flapping wings.

The type of take-off UAVs are divided into sets of
take-off from the runway and a vertical take-off
(usually used depending of the purpose).

Unmanned aerial vehicles are classified by way of
take-off and landing, airfield and non-airfield, also
taking off from the runway or with a catapult; landing
to the runway or by parachute or by using snares [8].
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Table 1
UAYV types
NeClassClassification Subclass Code
name
1| A UAV Surveillance UAVs A,
classification Agricultural UAVs A,
by purposes | Relays communications UAVs| Aj
A,
2| B UAV UAV of a short flight (1 hour)| B,
classification| Medium-flight UAV’s(from 1| B,
by duration to 6 hours),
of the flight | Early flight UAV’s (6 hours).| B;
B,
3| C UAV Micro UAVs (to 1kg). C
classification Small 1 - 100 kg. G,
by weight. Lightweight 100 - 500 kg. | C;
Medium 500 - 5000kg. Cy
Heavy 5000 - 15000 kg. Cs
Superheavy 15,000 kg or more | Cg
Gy
4] D UAV UAVs airplane (fixed-wing) | D,

classification [UAVs helicopters (rotary-wing)| D,

by the type off UAVs with flapping wings. | Ds

aircraft D,

Airfield take off UAV E,

5| E UAV
classification| Non-airfield UAV taking off | E,
by way of from a catapult;
take-off | Non-airfield UAV taking off | E;
from hands
. E,
70 F UAV Airfield landing UAV F,
classification| Non-airfield UAV landing | F,
by landing | with the help of parachute;
way Non-airfield UAV landing | F3
with the help of snares;
™ F,
8| G |UAVs by the UAYV of single usage G,
number of UAV of repeated usage G,
applications . G,

By the purpose, the UAV classified as agricultural,
surveillance, search and rescue, cargo and relays
communications. As the number of applications
classified as single and multiple applications.
Typically, these UAVs are used in monitoring forest
fires and search and rescue operations where there is a
high probability of loss of the aircraft. For the duration
of the flight of the UAV are classified on the aircraft a
short flight (1 hour), medium-flight (from 1 to 6
hours), and early flight (6 hours). Given the rather large
variety of UAVs also classified by weight. Micro to
lkg., Small 1 - 100 kg., Lightweight 100 - 500 kg.,
Medium 500 - 5000kg., Heavy 5000 - 15000 kg., Extra
heavy 15,000 kg or more. All the above types of UAVs

by weight are classified depending on flight distance
and maximum take-off weight [7]. So, according to
ASSIST there are such types of emergency situations
which can be on a board of UAV: bird strike, brake
problems, communication failure, electrical problems,
emergency descent, engine failure, fire on a board, fuel
problems, gear problems, problems with the hydraulic
system, icing, fuel dumping, emergency landing, take
off abort, low oil pressure. And actions of UAV’s
operator almost the same like actions of a pilot of a
civil aircraft [3; 6; 9].

For example, let us consider the pre-flight
preparing of UAV Birdeye 500 (Fig. 1). There are 7
main steps of preparing (Table 2, 3):

1. Make sure that the system is deployed, all
cables are connected and the power is turned on
remote controll and UAVs.

2. As data channel, set
maintenance.

3. Ensure you have a strong signal reception of
UAV.

4. Put terrestrial channel to mode «Hucto».

5. Check for a strong signal transmission.

6. Set the working channel.

7. Set the operating mode
necessary), and set the number sequence.

The middle index of ¢, is shown in Table 3, for
example time of st step

the channel

Secure  (if

t={ti, tiay ooy tin} =5

T Ts T Ts Ty T

CiMy)

Fig 1. Determination grapf of preparing process

So, according to ASSIST there are such types of
emergency situations which can be on a board of
UAV: birdstrike, bomb warning, brake problems,
communication failure, electrical problems, emergency
descent, engine failure, fire on a board, fuel problems,
gear problems, problems with the hydraulic system,

T, sec.
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icing, fuel dumping, emergency landing, takeoff abort,
low oil pressure. And actions of UAV’s operator
almost the same like actions of a pilot of a civil
aircraft (Fig.2).

For planning and flight control UAV developed a
distributed Adoption Support System Solutions
(ASSS), which represents a complex system with
complex interactions geographically distributed local
ASSS operators of UAS.

Table 2
Generalized structural-hourly table of the technology of the air traffic controller work in FE
Designat Set of the Time of the
Ne Contents of the work ion of . Support on the work performing the
operations
the work] work
Setting of primary connection
Make sure that the system is deployed, all
1. |cables are connected and the power is turned | A {ain, ap, ...y Ain) | — {ti, tia, ..oy tin)
on remote controll and UAVs.
2.|As data channel, set the channel maintenance.| A, {az, ay, ..., ;| Ag {ta1, t2, -.., ton}
Ensure you have a strong signal reception of
3.uav Az {as, a3, .o am) | AN Ay {t31, t32, ..., tan}
4. |Put terrestrial channel mode Qucmo. A4 {841, A4y oeey a4n} A1 U A2 U A3 {t41, tao, oo t4n}
5.|Check for a strong signal transmission. As {asi, asy, o asy | ALNA NA; NA {851, ts2s --o5 tsn}
6.|Set the working channel. Ag {ag1, Q625 - Agn} | ATN Ay N A3 N AL N As [{tsr, tez, -+ ten}
Set the operating mode Secure (if necessary), AN AN AN AN
7. and set the number sequence. Ag 1361, 36, -+ A7n} AsN Ag {ti, tia, oo tinj
Table 3
Main steps of preparing
Setting of primary | Make sure that the system is deployed, all cables are connected 5 minutes
connection and the power is turned on remote controll and UAVs.
As data channel, set the channel maintenance. 15 seconds
Ensure you have a strong signal reception of UAV 5 seconds
Put terrestrial channel modeYucro. 5 seconds
Check for a strong signal transmission. 5 seconds
Set the working channel. 30 seconds
Set the operating mode Secure (if necessary), and set the 30 seconds
number sequence.

During the flight UAVs may be controled by
remote piloting station (RPS). At any given time t; k-
UAYV must piloted by only one j-th RPS, if necessary,
at time t;; to be transmitted to the control (j + 1) th
RPS (Fig. 3). This transfer flight control of the j-th
RPS to (j + 1) -th RPS to be safe and effective, which
is provided through the local DSS operators UAV.

At any given time #; k-RPA can be controlled from
only one j-th RPS, if necessary, at time #.; to be
transmitted to the control (j + I)th RPS for using
DDSS (Figure 1). This transfer flight control of the j-th
RPS to (7 + 1) -th RPS to be safe and effective, which
is provided through the local DSS operators RPAS
(Figure 2). According to the recommendations of the

ICAO guidelines [9] task system can perform one or
more nodes (local DSS operators RPAS). With the
formation of the database addresses issues related to
the inclusion of RPA the existing regulatory
framework of civil air navigation system; description
and classification of UAVs and related components;
rules of flight, such as instrument flight rules (IFR) and
Visual Flight Rules (VFR) flights in the visual line of
sight (VLOS) and beyond line of sight (BVLOS) [9].
To coordinate interaction and exchange of
information between remoted pilots developed
database of local RPS NoSQL [10]. During developing
a database of local RPS, UAV users, it was made UAS
components analysis, UAV, RPS, C2, and so on.
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| Dietermining the type of emergency |

| Determining the type of UAV from Table 1 |

Strategzy of
actions

Aszessment eritical time of flight and
definition AV field range

Continue flight

Is it able to
land UAVT

Transfer to the Trving to land
ATC wnt place TAV on any
of UAV = suitabla locally
crashing place or via
parachute

[ ]

Fig. 2. Algoritm of actions of UAV operator

Fig 3. The structure of distributed
RPS Mission Control UAVs

For optimization the solution of problems are
developed models of determination the optimal landing
site in case of an extraordinary situation, search for
optimal flight routes UAS with the module
«ASSSIST». The investigation into the processes of
modelling the DM by UAV’s operator in the normal

and unusual situations enabled to build the following
models: DM under Certainty, DM under Risk and DM
under Uncertainty [3-6]. For example, for determine of
the optimal landing aerodrome in flight emergencies
(FE) we using model of DM under Uncertainty
[3;11;12].

Pre-flight planning should include consideration
to alternate aerodromes / recovery sites, as
appropriate, in the event of the emergency or
meteorological-related contingency. Before selecting
an alternate recovery / landing, location the remote
pilot should consider the adequacy fuel / energy,
reserves, reliability of C2 links with the RPA, ATC
communication capability as necessary and
meteorological conditions at the alternate. For using
known criteria of decision making under uncertainty
are finding optimal landing aerodrome in FE [9].

To coordinate interaction and exchange of
information between remoted pilots developed
database of local RPS NoSQL [8]. During developing
a database of local RPS, UAV users, it was made
UAS components analysis, UAV, RPS, C2, and so
on. Taking into account the UAVs operating
procedure that includes the purpose of the flight,
flight rules, flight areas, functional level C2 lines and
other standards (Fig. 4).

Relational mode!

Orderitem Product
order_id | product_id | quaniity id name
Order 100 55 2 55 | Iphone s
i date 100 56 1 56 Ipad 3
100 | 01052012
Payment
oderig | ™
. / 100 | 1000 \
N 100 200 3
Aggregate model 1 Agoregate model 2
11 Grder document 1 Onder document
W 100, “id 100,
“customer_id" 1000, “customer_id": 1000
“date™ 01.05.2012, “date™ 01.052012
“ondar_items™ | “order_tems™ |
{ {
“product_ld™ 55 “product_id": 55,
“product_name”. iphones, “product_name”. Iphones,
“quantity”- 2 “quantity™- 2
!
“product_id™ 56 “product_id™: 56
“product_name™ Ipad3 “product_name’ lpad
“quantity” 1 “quaniity™. 1
] }
! 1
“payments™{ ]
1 i Paymant documant
“sum”: 1000,
“daie™; 03.05.2012 "order_id": 100,
{ “sum”: 1000,
1 "date™: 03.05.2012
1 1
/I Product document hare i Product documant here:
1] 4}

Fig. 4. Fragment of NoSQL database of local RPS UAVs
users

Algorithm of determination of the optimal
landing aerodrome in flight emergencies:
1. Formation of the set of alternative decisions {A}:
{A} = {Adest U Adgep U {Aar} } = {A1, Ay, .. A,
ooy An},
where
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Age — 18 an alternative decision to land at the
destination aerodrome; Ag, — is an alternative decision
to return to the aerodrome of departure; A, — is a set of
the alternative decision to alternate aerodromes /
recovery sites.

2. Formation of the set of factors {A}, influencing
the choice of alternate aerodromes / recovery sites:

A=A Ay Ny ey A,
where

A, Ao, ..., Aj — is set of factors (fuel level,
remoteness of the aerodromes, technical
characteristics of runways of  destination
aerodromes, meteorological conditions, reliability of
C2 links with the RPA, etc.).

3. Formation of the set of possible results of
decision making under the influence of specified
factors in FE, that were determined by the method of
expert estimates by rating scales according to the
regulations:

{U} = U]l, Ulz, ceey Uij, ceey Unm-

4. Formation of the decision matrix M:HMiH

(Table 1). It was created computer program [11] for
optimal solutions using criteria decision making
under uncertainty (Fig. 5).

The program "UAV_AS" gives to UAV operator
recommendations on how to act in case of
emergency. To start you must select the file
UAV_AS.exe and run it. After starting the main file
software opens the main window (Fig. 6).

Choosing of the optimal aerodrome, in case of
forced landing is carried out by the methods of
decision making under uncertainty [10]. Selection of
criterion of DM under uncertainty (Wald, Laplace,
Hurwitz, Savage) is conducted according to the type
of flight.

Flight route |Kiev (Borispol) | = Jwiv =]
Alternate airdrome  [Kiev (Zhuljanu) x| v =
|Khme|ny‘tskyi j Alternate aerodrome 4 ~|
Vinnitsa =
Weather Remo-  Fuel Gostomel
Airdroms conditions teness availability gg:_'lgg?{etmvsk .
Zhytomyr
Zaporizhzhia
IKv_anD-Frarakivsk
. . irovogra ~|
Kiev (Borispol) 1 10 s [ lw |g T N - S

Fig. 5. The program ,,UAV_AS”: choosing of alternate
airdrome

B Do _as — [m] *

Ambulance Drone -
|-sanitarian UAVs  ~| [Fuav stucking in the ~|
¢~ Enable to continue the flight

| Get recommendations |

Clear

Fig. 6. The program ,,UAV_AS”: the main window

Wald criterion (min/max) is based on the
principle of "conservative attitude", and is applied if
it is necessary to find a guaranteed solution in case
of primary flight:

A :mAa’lx{n}Jnug (4,4, )}
Laplace criterion is based on the principle of

"insufficient reason" and applied is in case of regular
flight:

1<
A =mfx{m;uU(A,,/1j)}
Hurwitz criterion uses coefficient of a
pessimism-optimism a (0 < o < 1) and is applied in
case of flight once in 2 weeks:

v o max u; (4,,4,)+
A" = max ' .
4, +(1—a)rr}11n u; (4,,4;)

Table 4

Matrix of possible results of decisions in the task of choosing of the optimal landing aerodrome / recovery site

Factors influencing the decision making
i remoteness of | technical characteristics | meteorological |reliability of]
Alternative adequacy 1 1 rologt 1apiLy ATC
decisions the of runways of conditions at | C2 links oL
fuel /energy ) communication
aerodromes / | aerodromes / recovery | aerodromes/ | with the o
on RPA X . X capability
recovery sites sites recovery sites RPA
Ay Adest Uy up Uy Uiy
A, Adep Uz Uz2 Wy; Uzn
A A Uy U Uyj Uin
A, A Umi Ump Upj o Umn
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The optimal solution for the Savage criterion can
be found using matrix of “regret”. In case of win the
elements of the “regret” matrix r;i(A;, Aj) are defined
as the difference between the maximum value uj;; in
the row and other values in the row. Then, with the
help of the “regret” matrix according to the min/max
principle the minimum deviations are determined:

1 (4, 4;) = A =maxu, (4, ;) —u; (4, 4)) -

A =n%inn1gxrij(Ai,7uj)'
i i
Thus the person, who makes a decision, expresses

with the help of matrix H,,UH his “regret” if he can’t

make a best decision in the condition A;. Making this
decision the person, who makes a decision, has a
guarantee that in the worst conditions the obtained
income would be not lower than the found income. If
flight of UAV is a scheduled one, Laplace and
Hurwitz (0 < a < 0.5) criteria are used for decision
making. If the flight of UAV is performed for the first
time, Vald, Savage and Hurwitz (0,5 < a < 1)
criterions are used for decision making.

5. Conclusions

Further research should be directed to the solution of
practical problems of actions UAV’s operator in case
of emergencies, software creation. Models of FE
development and of DM by UAV’s in FE will allow
to predict the H-O’s actions with the aid of the
informational-analytic and diagnostics complex for
research H-O behavior in extreme situation.

References

[1] Reg Austinn Unmanned aircraft systems:
UAVS design, development and deployment, John
Wiley & Sons Ltd, 2010.

[2] Gulevich S.P. Analysis of factors affecting the
safety of the flight of unmanned aerial vehicles. Causes
of accidents drones and methods of preventing them
«Science and education», 2012, N 12.

[3] Shmelova T.F. Distributed control system for
remotely piloted aircraft. 7th  World Congress
,,Aviation in the XXIst century. Safety in Aviation And
Space Technologies” NAU, 2016, p.2.46-2.51.

[4] Bondarev D.I. The effectiveness of unmanned
aerial vehicles group flights. Information processing
systems - scientific periodical, Kharkiv, 2014, P. 9.

[5] Bondarev D.I. Models of group flights of
unmanned aerial vehicles using graph theory. Science
and Technology of the Air Force of Ukraine, 2014,
Vol. 3 (20), P. 68-75.

[6] ChynchenkoY. Remotely piloted aircraft
systems operations under uncertainty conditions.
Proceedings of the National Aviation University, 2016,
N1, P. 18-22.

[7] Brooks R.A. A robust layered control system
for airmobile robot. IEEE Journal Robotics and
Automation, 1986, N 2(1), P. 14-23.

[8] Manual of Remoted Piloted Aircraft Systems
(RPAS) / Doc. 10019/AN 507. Ist Edition — Canada,
Montreal: ICAO, 2015, 190 p.

[9] A.r. The computer program "Aggregation of
disparate information flows" certificate of registration
of copyright Ne59466 from 29.04.2015 / T.F.
Shmelova, A.V. Stratiy.

[10] A.r. The computer program "Decision making
under uncertainty" certificate of registration of
copyright Ne56819 from 12.08.2014 / T.F. Shmelova,
Y.A. Znakovskaya, A.M. Ivleva.

[11] Kharchenko V.P. Modeling of behavioral
activity of air navigation system's human-operator in
flight emergencies. Proceedings of the National
Aviation University, 2012, N 2, P. 5-17.

[12] Kharchenko V.P. A methodology for analysis
of flight situation development using GERT's and
Markov’s networks. 5 World Congress ,,Aviation in
the XXlst century. Safety in Aviation And Space
Technologies”, 2012.

Received 15 December 2016

Xapuenko B.IL', llImeanosa T.®.%, 3nakoscrka €.A.° , Bonaapes JI.I*, Crpariii A.B.
Monae/loBaHHSI PUITHATTS pillleHb 0MEPATOPOM IMCTAHIIHHO MiJI0TOBAHOTO JIiTAJLHOTO amaparty B

aBapililHUX cUTyamisix
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Mera: BincytHicTe anroputMy peKkoMmeHpaliii mii omepatopa BIIJIA B Haa3BWYallHWX CHTYaIlisX,
pO3KIIamaHHs TPOIECYy MPHUHHATTS pimeHs omepaTopoM bBIIJIA B Haa3BHUallHUX CHTyaIlisfX, pPo3poOKa
CTPYKTYpH CHCTEMH HiATPUMKH NPUHHATTS piieHs 1 oneparopa BIUJIA, po3pobka Moneneil mpuiHATTS
pitens omneparopom BITJIA. Metoamn: CTBOpeHHS alropuTMy HPUHHSTTS PillleHb 3a JOTIOMOTOI0 KPUTEpIiB
Banpna, I'ypsima, Jla Ilnaca. PesyabTaTn: mporpama "UAV_AS", mo mae pekomenpariii oneparopy bIIJIA
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mpo Te, SK MiATH B pa3li BUHUKHEHHA HaA3BHYaiiHOI cuTyalii. ABTOpaMH pO3pOOJNIEHO aJITOpUTM il
pexomennanii onepatopa BIIJIA B Han3BuyaitHux cutyanisx. [lpeacraBnenuii mpomec MPUAHSITTS PillleHb
oneparopoM BIIJIA B Ham3BHYAWHMX CHTYyaIliIX y BHIJISAI JACTEPMIHOBAHOI MOJCIHI 13 3aCTOCYBaHHSIM
METO/IIB MEPEKEBOT0 MOzeTIoBaHHs. [100ynoBaHO MepekeBHid rpad), 3a SIKUM BH3HAYEHO KPUTHYHHN Yac Ha
NapupyBaHHA Ha/J3BUYalHOI cuTyallii y pasi monboty BIIJIA. Po3pobneno crpykrypy posmoninenoi CIIIIP
JUTSI KOJICKTUBHOTO YIPABIIIHHS IJIOTOBAaHUX Ta OE3MMUIOTHUX JITATRHUX ammapaTiB omepaTopoM. ABTopaMu
po3pobiieHo 6a3u manux it nokanbHuX CIIIIP omepatopiB ympasninas BITJIA, Pospobneno mopnemi
OpURHATTA pimeHs onepatopoM BITJIA B yMoBax pH3HMKy Ta B yMOBaxX HEBH3HAYEHOCTI y pasi aBapiiHOI
mocagku BITJIA. O6roBopenHsi: Y cTaTTi po3rismalOThbCs MPoOJIEMH TOJBOTIB OE3MMUIOTHUX JITaTbHUX
amapaTiB JUIsl BUPILICHHs PI3HUX 3aBJaHb B HAJA3BUYANHIN CUTYyallii, 3aCHOBaHE Ha CTATUCTUYHUX JaHUX BiJ
aHaJi3y TUMIB HAJA3BUYAWHUX CHUTYaIlii JUIsl OC3MUTOTHUX JIITAIBHUX arnapaTiB. BU3Ha4aeThCs MOCTiI0OBHICTh
niit oneparopa BITJIA B pa3i BUHHKHEHHS HAA3BUYAWHUX CUTYAIlil.

KurouoBi cioBa: anroput™m; OE3IMUTOTHI aBialiifHI CHCTEMU; HAI3BHUYAWHA CHUTYAIlis; MPOIEC MPUHHATTS
pillleHb.

XapueHko B.H.', IImeneBa T.(I).z, 3HakoBCbKA E.A.S, Bongapes I[.I/I.", Crparuii A.B?

MogenupoBaHue NPUHSITHSI PEUICHUIl ONEPATOPOM JMCTAHIMOHHO MUJIOTHPYEMbIX JIeTATEIbHBIX ANMNAPATOB B
ABAPUIHBIX CUTYAIUSIX

IIpocn. Kocmonaeta Komaposa 1, 03680, Kues, Ykpauna

E-mails: 'kharch@nau.edu.ua; ’shmelova@ukr.net; 3zea@nau.edu.ua; *dmytriy.bondarev@gmail.com;
>stratij@gmail.com

Hean: OtcyTcTBUE anropuTMa pekoMeHaanuil neictBuid onepatopa BIIJIA B ype3BblUaMHBIX CUTYaLMSIX,
pasiokeHne Tpollecca MPUHATHA pemeHuii ormepatopoM BIIJIA B 4pe3BBRIYAHBIX CHTyaIusAX, pa3zpaboTka
CTPYKTYphl CHCTEMBI MOIACPKKH NPUHATUS pemeHnid s omepatopa BIIJIA, paspaborka mopeneit
npuHsaTusl peweHud omepatopoM BIIJIA. Mertoabl ucciaenoBanus: Co3laHue alropuTMa MOPUHATHUS
perieHuit ¢ moMormipio KputeprueB Bambna, ['ypeura, Jla [lmaca. PesyabTaTtsl: mporpamma "UAV_AS", 4to
nmaet pexomenmanuu onepatopy BIIJIA o ToM, kak neHCTBOBaTh B CIydac BO3SHHKHOBEHHS UPE3BBLIYAMHOMN
cUTyauuu. ABTOpaMH pa3paboTaH allfOpPUTM JCHCTBHH pekoMeHAauuu oneparopa BIIJIA B upe3BbIualiHBIX
cutyanusx. [Ipeacrapien npouecc NpuHATUS pemieHuit onepatopoM BIIJIA B upe3BbIYaliHBIX CUTyaIUsAX B
BUJIE JCTEPMHHHPOBAHHOM MOJENHM C MPUMEHEHHEM METOJO0B CEeTEeBOr0 MonenupoBaHud. llocTpoeno
ceTeBoii Tpad, Mo KOTOPOMY ONpeAeIeHO KPUTHIECKOE BpeMsl Ha MapupoBaHKUE YPE3BbIUAHON CHUTyalnuu B
ciyvae mosera BITJIA. Pa3zpaborana crpykrypa pacupenenernoii CIIIIP mns KomieKTHBHOTO yIpaBIIEHUS
MWIOTUPYEMbIX M OECHMJIOTHBIX JIETATENbHBIX AaIIapaToB ONEpPaTOpoM. ABTOpaMHU pa3paboTaHbl 0a3bl
nmaHHbIX JUIs nokanbHbIX CIIIIP oneparopoB ynpasnenus BIIJIA, Pa3paboTtansl Mojeny NpUHATHS peIIeHUN
oneparopoM BIIJIA B ycloBHSX pUCKAa U B YCIOBHUSX HEOIPENEICHHOCTH B CIIy4ae aBapUMHON MOCAIKHU
BIIUTA. Ob6cy:xxaenne: B craThe paccMaTpuBarOTCS MPOOJIEMBI TIOJIETOB OCCHFUIOTHBIX JIETATCIBHBIX
anmapaToB IS pElIeHHs Pa3IMYHBIX 337ad B Ype3BbIUAHOW CHUTyaIlH, OCHOBAaHHOE Ha CTATHCTHYECKHUX
JaHHBIX OT aHajW3a THUIIOB YpPE3BbIUAMHBIX CHUTyauud A OECHHJIOTHBIX JIeTaTeNbHBIX allapaToB.
OrnpenensieTcss NOCAEAOBATENbHOCTD NeicTBUl onepaTopa BIIJIA B ciiyyae BOSBHUKHOBEHHS Upe3BbIYANMHBIX
CUTyAaLM.

KiroueBbie cjioBa: anropuTM; OCCIMIOTHBIE aBHUAIMOHHBIE CHCTEMBI, aBapHHHBIC CUTYallUH; IPOILECC
IIPUHATHUS pEIICHUI.
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Abstract

Purpose: The present work is devoted to improving of flight safety in civil aviation by creating and
implementing a new system of resolution of dynamic conflict of aircrafis. The developed system is aimed at
ensuring a guaranteed level of safety when resolution of rarefied conflict situations of aircraft in real-time.

Methods: The proposed system is based on a new method of conflict resolution of aircraft on the basis of the
theory of invariance. Results: The development of the system of conflict resolution of aircraft in real time
and the implementation of the respective algorithms such control will ensure effective prevention of
dangerous approaches. Discussion: The systemis implemented as single unified equipment using
satellite and radar navigation systems that will ensure the positioning of aircraft in real time. Provided that
the system should be installed on all aircraft and integrated on board to properly ensure its functionality and

interact with navigation systems.

Keyword: aircraft; air traffic; civil aviation; conflict situation; threat of collision.

1. Introduction

Flight safetyis largely connected with the task of
collisions avoidance ofaircrafts in the air. At
present this task is entrusted to the air traffic controls
of air traffic control systems, aircraft crew and airborne
collision avoidance systems. However, with the growth
of air traffic the air traffic controls (ATC) and aircraft
crews face increasing difficulties of preventing
dangerous approaches of aircraft in the air.

Technical means and collision avoidance
systems installed on board the aircraft no longer
meet the modern requirementsand do not
provide the required level of safety [1].

2. Relevance

Visual methods used in the piloting, do not provide
the necessary safety, as even in very good visibility
the pilots in some cases find a counter aircraft when
the time for the execution of the avoidance
maneuver is still not enough. In addition, visual
methods are associated with subjective errors in
determining the distance to the aircraft, its speed and
in assessing the degree of risk of collision [2].

The existing ATC system, due to overloads of air
traffic controllers in the control process and some

limitations of technical means also does not fully
ensure the control of maintaining the prescribed
navigation parameters with each aircraft flying on
instruments. In addition, the ATC system does not allow
for the control of flights in all airspace, especially at low
altitudes and in difficult to monitor areas (the mountains,
tundra, the poles, the oceans etc.).

A very effective means of improving the
reliability and operability of ground-based ATC is
the automation of supervision and mission control,
the introduction of more advanced system of radar,
computer systems, and information display systems.

We can say that the ATC automation is the
Foundation of dispatching control supervisory
control over flying aircraft and the introduction of
automated systems now greatly improves the
efficiency and safety of air traffic, reduces strain on
dispatchers and pilots.

We can say that the ATC automation is the basis
for the development of means of ground control of
flight control of the aircraft and that the introduction
of automated systems has already significantly
improves the efficiency and safety of air traffic,
reduces the workload of controllers and pilots.
However, the automation of processes to ensure
safety and improve radar equipment cannot

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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adequately provide the avoidance of dangerous
approaches on the routes with heavy traffic in hard-
to-reach areas and when intercontinental flights [3].

3. Analysis of recent research

There are two concepts when considering the
problems of avoidance collisions of aircrafts in the
air: dangerous approach of aircraft and aircraft
collision. The dangerous approach of aircrafts is the
situation in which the aircrafts closer to the
minimum distance, even when it is possible to
prevent a collision by executing evasive maneuvers.
The collision is the situation in which the aircraft
approached at a distance equal or less than the safe
distance parting.

There are several modern aircraft collision
avoidance systems [4].

The system of prevention of dangerous
approaches of aircraft in the air (TCAS — Traffic
Collision Avoidance System) is used today to reduce
the risk of collisions of aircrafts. There are various
options of this system. ICAO (International Civil
Aviation Organization) recommends the use of
TCAS II system, as it is now fully complies with the
ACAS (Airborne Collision Avoidance System) and
installed on most commercial aircraft. TCAS I
system can detect aircrafts at distances up to 40
miles, provides information about air situation and
direct advice on how to resolve the conflict. The
system can simultaneously track up to 30 aircraft
and to issue commands to resolve conflict
simultaneously for three aircraft.

While the advantage of using the TCAS is
undeniable, this system has a number of significant
restrictions:

- ATC does not receive instructions issued by the
TCAS aircraft, so air traffic controllers may not have
enough information, and also give conflicting
guidance that is the reason for the uncertainty in the
actions of the crews;

- it is necessary for the efficient operation of the
TCAS, all aircraft were equipped with this system,
as the aircraft detect each other at the transponders;

- the system fails to detect aircraft not equipped
with transponders. If for some reason the sensor of
the conflicting aircraft does not give data on its
altitude, the system may not identify it on the
display;

- to correct a conflict, the system generates
commands for maneuvering only in the vertical
plane, maneuvers in the horizontal plane remain for
it impossible.

Within the framework of the project "iFly" [5]
Eurocontrol has attempted to develop a new system
for safe separation ASAS (Airborne Separation
Assurance (Assistance) System). ASAS is an on-
board system that allows the crew to maintain safe
separation of aircraft and provides the necessary
information on air traffic. One of the basic functions
of ASAS is to improve crew situational awareness,
which is to provide him with all necessary
information about the air traffic around its own
aircraft to make the right and timely decisions to
ensure separation with other aircraft.

The project provides that the distance between
aircrafts is reduced, and this, in turn, requires the
development of a system to prevent aircraft "Wake."
Algorithms of ASAS in general are not yet
standardized. This is due to the complexity of the
transition to the new principles for the allocation of
responsibility between an air traffic controller and a
pilot to support safe aircraft separation. The above
can be attributed to the main shortcomings of the

system.
Consider also new technology automatic
dependent  surveillance @~ ADS-B  (Automatic

Dependent Surveillance-Broadcast), which is an
advanced method of ADS (Automatic Dependent
Surveillance). ADS-B technology, now being
implemented on the territory of the United States
and in other countries, allows pilots in the cockpit
and air traffic controllers on the ground to "see"
traffic of aircraft with more precision than was
available previously, and to obtain aeronautical
information [6-7].

ADS-B also transmits real-time weather
information to pilots. This information greatly
enhances the pilot's awareness of the situation and
increases safety. In addition, access to ADS-B
information is free. Any user that is in the air or on
the ground within range of the broadcast
transmission may process and use this information
for their own purposes. This information may be
used by ATC and ACAS.

Disadvantages of ADS-B [8-10]:

- the absence of any means of protection
during data transfer;

- ability to send broadcast fake data or replace
information in these data packets;

- party accepting these packages cannot be
confident of the validity of the package and identify
the sender.
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4. Highlighting the wunresolved part of the
problem

Based on the above described can be concluded.

Developed and implemented modern systems and
technologies of conflict resolution of aircrafts have
significant drawbacks that do not provide a
guaranteed level of safety. The system of conflict
resolution  of  aircrafts  must  synthesize
recommendations in the presence of a detected
conflict, which should provide in general the spatial
avoidance maneuver to prevent a possible dangerous
approach of aircrafts, and after the conflict
resolution to ensure the aircraft return to the planned
trajectory and it’s further maintaining. In the process
of issuing recommendations for execution of
maneuver the optimality criteria (fuel consumption,
time and space cost of performing the maneuver, the
comfort of passengers, etc.) should be taken into
account.

5. Statement of research problems

In this regard, at present, to solve the problem of
collision avoidance is considered technically and
economically feasible to supplement the ATC
system special onboard collision avoidance system
of aircraft capable of autonomous, independent from
the ATC system, in real time, to provide a safe
separate of aircraft when there is a threat of
collision.

The purpose of this work is the creation of a new
system and technology resolution of dynamic
conflict situations of aircraft with maintenance of the
guaranteed level of flight safety.

To avoidance collisions with aircraft through
ATC technical means must be made:

- measurement location coordinates
parameters of aircraft motions;

- prediction by simulation with the specified
steps possible positions of aircraft after a certain
time to detect the threat of collision;

- information exchange with aircrafts for
warning and coordinate their maneuvers to avoid
collisions;

- ensure the implementation of an automated
process resolution of conflict situation.

It is precisely such functional tasks are put for the
creation of the new system of dynamic conflicts
resolution of aircraft for the organization of
decentralized control of air traffic in the modern
conditions of safety.

and

6. System of guaranteed resolution of dynamic
conflicts of aircrafts in real time

We propose a solution system of dynamic conflicts
aircraft (with necessary and sufficient time) in real
time to enhance the security of aviation and
aeronautical engineering efficiency.

The paper proposes a system of guaranteed
resolution of dynamic rarefied (with necessary and
sufficient lead time) conflicts of aircraft in real time
to improve safety in aviation and aeronautical
engineering efficiency.

The system is implemented as single unified
equipment that works using satellite and radar
navigation systems that will ensure the positioning
of aircraft in real time. Provided that the system
should be installed on all aircraft and is integrated
into onboard systems to adequately ensure its
functionality and interact with navigation systems.

The block diagram of the system is presented in
Fig.1. As shown, the system of resolution of
dynamic conflict of aircrafts (1) operating in real
time consists of two modules that contain blocks,
and some individual blocks that perform additional
functional tasks.

The system contains the following modules:

- the module for determining the threat of
collision (4);

- the module of calculation of maneuvering
parameters (9).

In turn, the module for determining the threat of
collisions include: the block determining the aircraft
coordinates (5), the block of calculation of projected
motion paths (6), the block of data analysis and
definition of the threat of collision (7) and the
accounting block "zones of uncertainty" (8).

The module of calculation of maneuvering
parameters includes: the block computation and
comparison of “controllability areas” (10), the block
prioritizing and selecting the type of maneuver (11),
the block determining the trajectory maneuver (12),
the block determine the trajectory of the return to the
initial trajectory (13), the global optimum (14)
(temporal and spatial assessment of losses in
performing the maneuver to resolve conflict
situations).

In addition, the system contains several separate
blocks, namely:

- the data reception block (2);

- the data processing block (3);

- the issuing control commands, alarms and
indication (15).
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Consider the principle of operation of the system.
The system to ensure its work obtains information
from: on-board computer (A), radar systems (B), air
data system (C) and flight navigation systems (D),
inertial systems (E) and control system of engine
and control surfaces (F). Information from these
subsystems comes first on the data reception block
and contains information about all aircraft within a
specified limited part of space, their motion
parameters, altitude, speed, acceleration, heading,
information about the priority and additional
parameters of their mathematical model. In addition,
information about the aircraft, its flight parameters
and characteristics is also supplied to the system.

The data processing block provides digital data
processing, check and, if necessary, a certain

This module, using the block determining the
aircraft coordinates, the block of calculation of
projected motion paths, the block of data analysis
and definition of the threat of collision and the
accounting block "zones of uncertainty" provides the
coordinates of all aircraft to the space-time grid.
Possible "zones of uncertainty" of the locations of
the aircrafts is added to the obtained coordinate
values of the aircrafts in the airspace. Further,
aggregate information from all the received data on
the aircraft is used to calculate and simulate the
predicted trajectory of each of them. The data
obtained is analyzed and the determination of risk of
collision of the aircraft is modeled. In the absence of
such a threat the system cyclically resumes. In case
there is a threat of collision information is passed to

accumulation of information. Then the information the module of calculation of maneuvering
goes to the input of the module for determining the parameters.
threat of collisions.
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Fig.1. Block diagram of the system

Module calculation of maneuvering parameters
uses the information to determine the necessary
changes of the aircraft motion and ensure relevant
economic indicators, namely route optimization
maneuver by distance and time, fuel economy,
facilities for the carriage of passengers and luggage.
These indicators and criteria in the future are taken
into account when calculating and determining
trajectories maneuver. These indicators and criteria
in the future are included in the calculation and
determination of trajectories of avoidance. In
addition, the block computation and comparison of
“controllability areas” calculates controllability
areas ("controllability areas" based on the models of
kinematics and dynamics of motion of the aircraft
describe the capabilities of the aircraft to modify the
motion at any point in time and allow to consider the

nonlinearity behavior of the aircraft) for each of the
aircraft involved in a conflict at any time. Based on
these results the analytical selection of the aircraft or
set of aircraft, which will perform the avoidance
maneuver is performed (is determined on the basis
of an analysis of ("controllability areas" of the
aircraft involved in the conflict to prioritize and the
type of maneuver is determined (the height, speed,
heading or a combination of these). Further
information is given on the block determining the
trajectory maneuver, where the calculation and
determination of the trajectory of the avoidance
maneuver of a particular aircraft occurs. This
module also provides the calculation and
determination of the trajectory of the return to the
initial trajectory.
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To generate control commands the information is
supplied to the onboard computer, the display
system and alarm systems in the crew cabin (G), the
control stations on earth (H), radar systems (I),
autopilot (J), flight control and navigation
complexes (K) and systems of communication and
data transmission of the aircraft (L). In addition, the
control commands in the form of supplementary
information through feedback transmitted to the data
processing block to ensure the cyclic operation of
the system.

7. Conclusions

Creating the system of guaranteed resolution of
dynamic conflicts of aircrafts in real time and
implement such control relevant algorithms will
ensure effective avoidance of dangerous approaches.

The developed system of dangerous approaches
to authorization will provide difference aircraft
relative to each other at a distance corresponding to
the norms of separation, in the context of complex
multiple conflicts, including a large number of
aircraft (up to 50) and with extremely complex
geometry (intersection of two dense traffic,
intersection at one point and at the same time, a
conflict with a combination of intersections and
overtaking several aircraft at one point, etc.). The
developed system of detection and resolution of
dangerous approaches will provide a separation of
the aircrafts relative to each other at a distance
corresponding rules of aircraft separation, in a
complex of multiple conflicts involving large (up to
50) number of aircraft and extremely complex
geometry of the conflict (the intersection of two
dense streams of aircraft converge at the same point
and at the same time aircraft flying in different
directions, a conflict with a combination of
intersections and overtaking several aircraft at one
point, etc.).

Control commands are generated automatically,
simultaneously with other participants in air traffic.

There is the principal possibility to implement
effective control as in the present structure and
intensity of traffic flows, and when switching to
perspective the principles of "FreeFlight".

Developed and implemented communication,
navigation and surveillance systems in the coming
years will provide the technical possibility to
organize decentralized control of air traffic.
Determined flight parameters on board each aircraft
by volume, frequency of updates and precision are

sufficient for effective use for system of conflict
resolution of aircrafts.
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Abstract

Purpose: The risk of critical proximities of several aircraft and appearance of multi-aircraft conflicts
increases under current conditions of high dynamics and density of air traffic. The actual problem is a
development of methods for optimal multi-aircraft conflicts resolution that should provide the synthesis of
conflict-free trajectories in three-dimensional space. Methods: The method for optimal resolution of multi-
aircraft conflicts using heading, speed and altitude change maneuvers has been developed. Optimality
criteria are flight regularity, flight economy and the complexity of maneuvering. Method provides the
sequential synthesis of the Pareto-optimal set of combinations of conflict-free flight trajectories using multi-
objective dynamic programming and selection of optimal combination using the convolution of optimality
criteria. Within described method the following are defined: the procedure for determination of
combinations of aircraft conflict-free states that define the combinations of Pareto-optimal trajectories; the
limitations on discretization of conflict resolution process for ensuring the absence of unobservable
separation violations. Results: The analysis of the proposed method is performed using computer simulation
which results show that synthesized combination of conflict-free trajectories ensures the multi-aircraft
conflict avoidance and complies with defined optimality criteria. Discussion: Proposed method can be used
for development of new automated air traffic control systems, airborne collision avoidance systems,
intelligent air traffic control simulators and for research activities.

Keywords: aircraft; air traffic control; conflict resolution; dynamic programming; flight safety; multi-
aircraft conflict; multi-objective optimization.

1. Introduction conflict resolution is a complex cyclical process
which consists of the sequence of interrelated
actions: monitoring, estimation and prediction of
aircraft trajectories; detection of potential conflicts;
determination the potential conflict characteristics;
finding of possible solutions for conflict resolution;
decision-making and control of the selected solution
realization. Therefore, the problem of conflict
resolution should be considered as the multi-
objective optimization problem with limitations and
uncertainties in relative importance of optimality
criteria and priorities.

The evolution of air traffic management (ATM)
system is primarily aimed at increasing of its
capacity in conditions of a constant growth of the
flights intensity. For this a new air traffic control
(ATC) procedures are introduced, separation minima
are reduced and special airspace areas within aircraft
are allowed to choose their own routes (Free Route
Airspace) are allocated. However, high dynamics
and density of current air traffic cause the increasing
of separation minima infringements between several
aircraft at the same time, i.e. multi-aircraft conflict
situations in which prescribed separation minima 2. Analysis of researches and publications
were not maintained simultaneously between three
or more aircraft.

The main requirements for ATM system are
ensuring of flight safety and efficiency (regularity,
economy). Potential conflict avoidance or actual

The results of analysis show that most of known
methods for multi-aircraft conflicts resolution have a
number of significant limitations.

The class of force fields methods contains
various methods that use different properties of

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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electric fields, vortex force fields and artificial
gravitational fields [1-6]. Common disadvantages of
these methods are that they use only heading change
maneuvers for conflict resolution and the
synthesized conflict-free trajectories are complex for
civil aircraft. Application of force fields methods is
more promising for avoidance of conflicts between
unmanned aerial vehicles, which generally have a
lower inertia of motion.

Another class consists of optimization methods
that use optimality criteria to find the solution.

The method of multi-aircraft conflict resolution
under Free Flight [7-9] is based on the cascade
procedure of conflict-free trajectory planning. This
method provides the resolution of horizontal plane
conflicts using heading change maneuvers.

A well-known is the method of optimal
cooperative conflict resolution between multiple
aircraft that perform horizontal flight [10]. For
conflict-free trajectories determination this method
uses a single optimality criterion which defined as
total time of aircraft maneuverings.

The method proposed in [11] provides the
resolution of multi-aircraft conflicts in horizontal
plane using heading changes with minimization of
deviations from the planned trajectories. The main
disadvantage is that the defined maneuvers are used
only for conflict avoidance without returning to the
planned flight trajectories.

In articles [12, 13] the method for two- and
multi-aircraft  conflicts resolution in three-
dimensional space is proposed. This method
provides a synthesis of heading or altitude change
maneuvers considering the instantaneous kinetic
energy of aircraft as optimality criterion.

The method described in [14] uses only speed
change maneuvers for conflict avoidance.

The summarized disadvantages of discussed
optimization methods are disusing of simultaneous
combinations of heading, speed and altitude change
maneuvers to avoid a conflict and using of single
optimality criterion that do not allow to find the
most effective solution.

Therefore it is necessary to develop new optimal
methods for multi-aircraft conflict resolution in
three-dimensional space that should provide the
synthesis of conflict-free trajectories using heading,
speed and altitude change maneuvers simultaneously
according to different flight efficiency criteria.

The method developed in this article is the
evolution of method proposed in articles [15, 16]
taking into account an approach described in [17].

3. Problem statement

The conflict situation between n >3 aircraft is
considered. Conflict resolution is a controlled
process and aircraft are the dynamic system S. All
aircraft change heading, airspeed and vertical speed
to avoid the conflict.

The process of maneuvers synthesis is observed
in the time interval [7,,¢,] where ¢, is the moment
of a potential conflict detection, ¢, is the planned
time when all aircraft exit from an ATC area.

Controlled motion of each aircraft is described
using the vector differential equation:

X(e)=f(X()U()e). X(e,) =X,

where Xz[x y h Vv ]T — state vector;
x,y — horizontal coordinates; 4 — altitude; V' — true
airspeed; V, — vertical speed; ¢
u=ly, v, 7l

assigned bank angle; V, — assigned true airspeed;

— heading;

— vector of controls; ¥, -

V., —assigned vertical speed.
An absolute constraint is the flight safety ensured
by separation minima maintenance. The state X" (¢)

of aircraft m = I,_n belongs to the set of conflict-free
states DZ(z) if the separation minima with other
aircraft are not violated:

X" (t)e D’,’;(t)‘X’” (1)e Q" (1),

where the space of a conflict Q"(¢) is a space of

states where the separation minima with other
aircraft are violated:

Q"(r)=
= X Ol (0 X7 (1)) < ) A (AR (0, X7 (1)) < )}

ref=1,_n, m#ref,

where d ( "(t), X" (t)) — horizontal distance
between aircraft; X'/(t) — state of aircraft ref ;
Ah( "(t), X (t)) — vertical distance between
aircraft; d; lateral (horizontal) separation

minimum; A, — vertical separation minimum. The
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initial states of all aircraft are conflict-free

X"(t,)e Q"(t,).

Controls are limited according to the aircraft
performances. Let Dﬁ( '”(t),t) be a set of possible
controls U"(¢) in a state X" ().

Optimality criteria characterizing the efficiency
of conflict resolution are flight regularity c,, flight
economy ¢, and the complexity of maneuvering c;,.

The numerical estimations of trajectories for each
aircraft according to defined optimality criteria are:

J" — deviation from planned flight time; J) —
altitude; J;' fuel
— number of flight profile

deviation from planned

consumption; J'

changes.
Estimations constitute the vector
J={rli=14.

The numerical estimations of trajectories at time
interval [¢,,¢,] are defined as follows [15]:

Ji' = A} (Xm (tk )’ A ) >
=Ny (X7 (e ),

7 = [ (X0 O+ A (X)),

lo

I
Iy = [ (X (0, Un () e+ N5 (X7 (1)t ),
lo
where A — estimation of deviation from planned
flight time; A’,— estimation of deviation from
altitude; Ay - fuel

consumption; A; — speed of flight profile changes;

planned instantaneous

A} — estimation of fuel consumption for real exit
from an ATC area relatively to actual position at the
time moment ¢, ; A, — estimation of flight profile
changes for real exit from an ATC area relatively to
actual position at the time moment ¢, .

As a result the problem of optimal multi-aircraft
conflict resolution is determined as follows:

min  J'(X'(£),U'(t).¢) X' (t)e D' (),
u‘(zknt&lm,r)

mi )J)Jz( (), U3 (¢).1) X2 (r)e D2 (),

U2 (1D (X2 (¢

(1

min  J"(X"(e) U (1)), X" ()€ Dy (o),
U” (t)eDy X”(r),r)

telt,t,]

The aim of this article is to develop the method
for optimal resolution of multi-aircraft conflicts in
three-dimensional space based on multi-objective
dynamic programming.

4. Synthesis of conflict-free trajectories using
multi-objective dynamic programming

The problem (1) is solved by synthesizing the set of
Pareto-optimal combinations of the conflict-free
trajectories of all aircraft and choosing of the
optimal combination.

Let E(X'”(t),t) be a set of Pareto-optimal

estimations of conflict-free trajectories for a state
X" ()e D2(0):

E(X" (1)1)= {17 (X" () U2 (0)) -3 () D (X e} )
(X7 (1) U" (1)t <X (U2 (02} U7 (1) % U7 (1)

I (X" (1), 0" (1),1)= {A’f, AL tfﬂ;"dzm';, Tﬁg”dr+A’Z }

Based on Bellman's principle of optimality [18]
the system of multi-objective dynamic programming
equations for determination of the set E,(f) of

Pareto-optimal estimations of combinations of
conflict-free trajectories is written as follows:

EX (1)) =effS', X (1)e D (¢), X' (t+7)e D (t+7),
EX(1).1)=eff S, X2 (1) e D (¢), X (t+7)e DR, (t+7),

L{X”(t),t) =eff3", X'(t)e DL(t), X' (t+7)e Di(t+7),

g L% ({0, 0, T}g’dz, Tﬂg’dz}@E(X"’(Hr),H )},
Ul (X" (1)) : ,
m= 15_n5

with boundary condition
E(X" (1, L1, )= {A7, A%, A%, A,

where eff — the operator of determination of Pareto-
optimal estimations; 7 — a small value; @ — direct
sum.

The set P, of Pareto-optimal combinations of
conflict-free flight trajectories is determined by the
set of estimations E,(z,) at the moment of conflict

detection ¢, .

Finding all possible solutions of the equations
system is difficult computational problem. It is
proposed to limit the number of combinations of
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conflict-free trajectories and apply the following
method of their synthesis using discrete multi-
objective dynamic programming.

The dynamic system S is discretized in time (the
conflict resolution process is decomposed into &
stages) and in state space. It is assumed that all
aircraft maneuver for conflict avoidance during

stages j=1,k—1 and return to the planned flight

trajectories during last stage k. Time interval
[¢,,,t,],¢;,=t,, + At corresponds to each stage j,

except for the last one. The time interval of the last
stage j = k is different because of the different time

that each aircraft needs to reach the fixed final state
when transiting from the states at the previous stage.
The flight of each aircraft is considered
separately, taking into account the overall limitation
on maintaining the separation minima.
In general, it is considered that each aircraft m

can transit into the state X" (/) from several states

X"(j—1) at the previous stage:

X" (j)= F(X(j-10"(j-1),
States X"(j) form the set D"(j) of possible

states .The final state X! = X" (k) is specified only

by the horizontal coordinates of the point at which
an aircraft exits an ATC area at planned time. It is
expected that aircraft may transit into the final state
from all the states of the previous stage.

To increase the computational efficiency of the
method, it is proposed to monitor the separation
minima violations in defined states at each stage.

The set of conditionally conflict-free states
D5 (/)

X"(j)e D"(;) in which the violations of separation

of aircraft m includes the states

minima with other aircraft may be present for some
of their states X"/ (), or the violations of separation
minima are absent:

X"(j)e D5():3X7 (). (@ 2 d, ) n(An2 R )V
vildzd )n(an<h))v((d<d)n(ahzh))
X7 (j)e D (j) ref =Ln, m# ref,
where d, Ah — horizontal distance and vertical
interval between aircraft in states X"(;) and

X" () respectively.

It is necessary to check the maintaining of
separation minima in limited time periods in which
unobservable violations of separation cannot occur.

The procedures for each stage j =1,k are:

— determination of sets of possible controls
D (x"(j-1));

— simulation of aircraft flight trajectories and
determination of sets of conditionally conflict-free
states ]322 ()

— determination of efficiency estimations
A.],.’"(X"’(j -1),U"(j —1)) when transiting from
states X"(j—1) under the action of controls
u”(j-1).

The trajectories simulation is performed using the
kinematics-energy model of the controlled aircraft
motion proposed in article [19], which takes into
account the dynamic properties of motion, aircraft
performance  characteristics stored in  the
EUROCONTROL Base of Aircraft Data (BADA),
and allows to calculate the fuel consumption.

The efficiency estimations AJ;" for aircraft m

are defied using expressions [15]:

AP (X (=10 (j-1))= {‘(Zjik @
AT (X7 (-1 {Oﬁk )
AT (X" (-1 U (j-1)=0 ( LU”(j—1)).4)

Af:"(X"(f—l)U’"(j—l))= (Xx7(j —1))+

)2 mo >um<f ) ©

+ 2 (X (- Ur (-1
0" (j)-9"(j-1}>Ag,

1,
ljtnl :{
0,
o _JLVG=D=rm(i-1),
142 = 0

Lvr(i-1)=v,
ﬂ’:‘r;:{o h( ) ho

where l’}’

m, m
X\ h',

— actual time of reaching the final state
hi — planned and actual altitude of the

control point overflight; Q" — fuel consumption;



40 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2017. N1(70): 36—47

A@ — parameter that takes into account the small
heading changes; V,; — planned vertical speed.

To determine a set E( "( j)) of Pareto-optimal

estimations of conflict-free trajectories when

transiting into the state X"(j)e D”(;) from states
X"(j-1)e D2(j—1) the following equation of

multi-objective dynamic programming is used [15,
16]:

B(x"(/))= U(Xmm)(E( (j—l))@AJ'”}

X" (j-1EIl
A" ={arr (X (=10 (i -1)} 6)
X"(j)e Dy(j), X"(j-1)e Dy(j-1),

where H( "(j )) — a set of states of aircraft m at the
stage ( j- 1) due to which the transition into the state
X" ( j) is possible; U™ ( j —l) — are controls which
allow an aircraft m to transit from the state
X"(j-1)e H( "’(j)) into the state X" ().

At each stage, except the last one, sets of Pareto-
optimal estimations of conflict-free trajectories
E(X"’ ( ])) are determined using equation (6),
corresponding sets DY, (X”’ ( ])) of Pareto-optimal
controls and sets HE( " j))e H(X“ ( ])) of Pareto-
optimal states are determined.

Then the conflict-free combinations I(j) of

states are determined. All conflict-free combinations
at the stage j create the set D,( j). Let denote a

conflict-free combination as follows:
1(7)= X' ()X () X () =X ()}
X"(j)e Dy(j)
Each combination contains the states which meet
following conditions [17].
Condition 1. The violations of separation minima

between all aircraft are absent in the states of
combination 1(;):

Va,b:(A4=d )A(B=h))v(4=d;)A(B<hg))v
v((A<dy)A(B=hy)),

A=d(x(j).X"())),
B =X (), X" ()). X(j)e 1)),

a=lnb=1n,a#b.

Condition 2. All aircraft have transited into states
X" ( j)e I(j) under the action of Pareto-optimal
controls U"(j—1)e D}, (X’" (])) from the states
X"(j-1)e HE(X”’( J )), which combinations where
conflict-free at the previous stage:

x(j-Dep,(j-1)
X" (j - 1)e I, (X" (7)) X(j)e 1()).

Condition 3. Depending on the actual separation
between two aircraft in states X ( j) and X’(;) the
one of following conditions must be met:

— if (4>d,)A(B>=h,) aircraft have transited
into the states X“(/), X"() from any states, which
meet the condition 2;

— if (AZdS)/\(B<hS) aircraft have transited
into the states X“(j), X’(j) from states, which

meet the condition 2 and in which the horizontal and
vertical separation or only horizontal separation
between this aircraft is ensured;

— if (4>d,)A(B<hy) aircraft have transited

into the states X“(j), X’(j) from states, which
meet the condition 2 and in which the horizontal and

vertical separation or only vertical separation
between this aircraft is ensured.
Each combination I(j) determines the

combinations of Pareto-optimal trajectories, which
transfer the aircraft to the states of this combination.
In general, each combination I(;) corresponds to
several combinations of Pareto-optimal trajectories.
At the last stage & for each aircraft m the set z”
of full trajectories T” :{Xg’,X’"(l),...XZ’}, which

transfer the aircraft to the final state X]' from the

states X" (k—1)e D% (k—1), is determined. For this
the special backward procedure is applied [15].

The combinations Z of full conflict-free
trajectories of all aircraft are determined.
Combination Z is a combination of trajectories,
which transfer the all aircraft from states of
combination I(k —1) to the final states X}

z={r, 1, T={r}
T ez":X"(k-1)e T",X"(k-1)e I(k —1).
Each possible combination Z of trajectories T"

is characterized by extended vector optimality
criterion J,(Z):
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~{ (e 3 (1)e B(X? ) m=1n.

Then the set P, of Pareto-optimal combinations
of conflict-free trajectories is determined:

P,={Z,[32:3,(2)<3,(2,)2, »Z}.

Selection of optimal Z~ combination of conflict-
free trajectories from the set of Pareto-optimal P, is

performed with use of linear convolutions of
optimality criteria by solving the optimization
problem [20]:

Z" = arg min maxch Z), ZeP,, @)

ZeP, WeD, 45
where ¢, ¢,, ¢, — normalized estimations of
combinations Z efficiency by flight regularity ¢,
flight the

maneuvering ¢, criteria respectively with the

economy ¢, and complexity of
domain of allowable values D, = {E |ce [0,1]}; w, —

the weighting coefficients reflecting the relative
importance of criteria and forming a vector

W:{w,},izl,_3 with the domain of allowable

values D, and minimal value w,:

3 P
={ ZW—I W, ZW,,i=1, ;w32w0>0}.
i=1

The estimation ¢, is the normalized linear

convolution of the normalized total deviation from
the planned flight time and the normalized total
deviation from planned altitude of all aircraft:

Cs (Z) - IZI;I})IZ’ICE(Z)

(2)-

maxc, (Z)-minc,(Z)’

S (re)- mmZJ’”(T”’)
¢;(2)=05—"— = +,
r;lea?;J”’( '”) rZrEu?;J”’( '”)
Sz (re)- manJ”’(T’")
+0’5 m=1 m=1

max D2 (") min 3" 72 (1)

ZePy m=1 m=1

,T" e Z.

The normalized estimations ¢, and c, are

defined as follows:

ZJ,'ZI( ")- rgg},r;ZJ’"( ")

¢(z)= :
r%l%xZ]Jm (T’”) rzrel})nzljm (T’”)
T"eZ,i= 2,3.

5. Discretization aspects

The conflict resolution process is decomposed into
k stages. Discretization step A¢ is defined taking
into account values of possible controls. The first
requirement is the stabilization of assigned airspeed
during time interval Af.

To ensure separation minima between aircraft
while they transiting between states it is necessary to
check the violations at fixed time moments in
limited time periods during which an unobservable
violations of separation cannot occur.

When the changes of heading, airspeed speed and
vertical speed are used to avoid a conflict with
crossing angle of initial tracks <90° the
discretization step A¢ is determined according to
inequalities system:

{At<d Vs

At <AV,

max 2

where V,
v

hmax
The number of stages is defined using following
expression:

— maximum ground speed of all aircraft;

— maximum vertical speed of all aircraft.

n 9
>, -1,) 2, —1)

k: m=1 + p=l
2At-q

2At-n

where ¢, — planned time of exit from ATC area for

aircraft m; t” . — center of the time interval when

conf
the conflict between a pair of aircraft p=1,q is
existed; ¢ — number of aircraft pairs; [] — rounding
operator.

The discretization of states and controls is
performed using following procedure based on
approach that was described in [14].

Generally, it is assumed that each aircraft can
make a left/right turn with bank angle ¥ or to do not
change the heading; to increase/decrease the
airspeed on AV or to do not change it; to
increase/decrease the vertical speed on AV, or to do
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not change it. Let D, (X(j —1)) be the basic set that
contains all possible 27 combinations of controls.
When applying controls U(j—1)e | ) N (X(j-1)), an
aircraft transits into different states X'(j) with
efficiency estimations AJ/(X(j —1),U(j —1)) that are
defined using expressions (2)-(5). The rule for
formation of new states X(j) which combine states

X'(j) is defined.
At the stage j=1 all states X’(1) are new
X(1)=X’(1) and efficiency estimations of transition

to new states X(1) are equal to AJ/(X,,U(0)).
At the stages j=2,k—1 the new states X( j) are

formed as a combination of states X'(j) in which

aircraft altitudes are equal, horizontal coordinates
and headings have proximate values (proximity
criteria are adjustable). It means that an aircraft can
transit into the state X(;) under the action of several

controls U'( j—1). As a result the set (X(j)) of
states at the stage (j—1) from which an aircraft can
transit into the state X() is defined.

Coordinates and heading of an aircraft in new
state X(j) are determined as arithmetic mean of

these parameters for the states X’(j) which are
combined in this new state X(;).

AT (X(j-1),U7(j -1))
transiting into new states X(;) from the states of the

Estimations when
set TI(X(/)) is determined using nearest-neighbor
interpolation of values AJ/(X(j—1),U(j-1)) for

states X(j) which are combined:

AT, (X(j-1),U'(j-1))= A7/(X(j - 1), u(j -1)),
X(j—-1)e I(X(;)), U'(j-1)=u(j-1).

6. Computer simulation

The conflict situation between three aircraft
Boeing 737-800 was simulated. The lateral
separation minimum is equal to d =185 km (10

nautical miles) and the vertical separation minimum
is equal to Ak, =300 m (1000 feet). The initial

parameters of aircraft flight are represented in Table
1. The characteristics of predicted multi-aircraft
conflict are represented in Table 2.

It was assumed that to avoid the conflict all
aircraft should make manoeuvres. The process was

discretized in time on k=5 stages. The
discretization step for the first 4 stages is equal to
At=59 s.

It was assumed that aircraft Nel and Ne2 can
change heading and airspeed; aircraft Ne3 can
change heading and vertical speed. The bank angle
during turns is equal to 20°, turning time is limited
to 15 s. During transition between stages the
absolute value of airspeed change is equal to 5 m/s
and the absolute value of vertical speed change is
equal to 4 m/s.

The minimal value of weighting coefficients in
the optimization problem (7) is equal to w, =0,1.

The optimal combination of conflict-free
trajectories is shown in Fig. 1. The dependences of
horizontal and vertical distance between aircraft
from time are shown in Fig. 2 and Fig. 3. The
assigned airspeeds and vertical speed for conflict
resolution are represented in Table 3. The efficiency
parameters of optimal combination of trajectories
are represented in Table 4.

Table 1
The initial parameters of aircraft flight
Parameter Aircraft
Nel No2 Ne3
Heading, degrees 0 80 220
Airspeed, m/s 225 200 220
Vertical speed, m/s 0 0 -6
Initial coordinates ) ) (55,7;
(x05¥,) » km (40,0) | (0;30) 60,6)
Initial altitude, m 10050 10050 | 11350
Assigned altitude, m 10050 | 10050 9150
Dlgtance to the control 30 75 30
point, km
Plgnned tlmfa of control 356 375 364
point overflight, s
Table 2
The characteristics of predicted
multi-aircraft conflict
Parameter Pair of aircraft
Nol, No2 | Nel, No3 | No2, Ne3
Time interval
of separation [118,245]|[167, 191]|[167, 207]
violation, s
Predicted minimum
horizontal distance 6215 9395 3397
between aircraft, m
Predicted minimum
vertical distance 0 154 58
between aircraft, m
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Table 3

The assigned airspeeds and vertical speed
for conflict resolution

Table 4

The efficiency parameters of optimal combination of
conflict-free flight trajectories

Stage 1 2131415 Parameter Aircraft
Airspeed of aircraft Nel, m/s |225|225 2251230230 — Nel | Ne2 | Ned
Deviation from the planned 45 9 19.4
Airspeed of aircraft Ne2, m/s | 200200205210 210 flight time, s ’ ’
Airspeed of aircraft Ne3, m/s | 220|220 | 220|220 | 220 Deviation from the assigned B B 20
Vertical speed of aircraft altitude at control point, m
No3. m/s 21 21-10]-10]-10 Additional fuel consumption, % | -2,15 | 5,6 | 10,3
’ Number of flight profile changes 4 7 5
1S
=
x 10*

Fig. 1. The aircraft trajectories in three-dimensional space:
1 — planed trajectories; 2 — control points on the routes; 3 — optimal conflict-free
trajectories; 4 — states at the stages.
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Fig. 2. The dependence of horizontal distances between aircraft from time:
1,2, 3 — between aircraft Nol and No2, Nol and Ne3, Ne2 and No3 respectively during flight
by planed trajectories; 4, 5, 6 — between aircraft Nel and Ne2, Nel and Ne3, Ne2 and Ne3 respectively
during conflict resolution; 7 — separation minimum.
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Fig. 3. The dependence of vertical distances between aircraft Nel
and Ne2, No2 and Ne3 from time: 1 — during flight by planed trajectories;
2 — during conflict resolution; 3 — separation minimum.

7. Conclusions

The method for optimal resolution of multi-aircraft
conflicts in three-dimensional space has been
developed. Method provides the synthesis of optimal
combination of conflict-free flight trajectories of
aircraft that use heading, airspeed and vertical speed
change maneuvers according to flight regularity,
economy and the complexity of maneuvering
criteria. = The  synthesis of  Pareto-optimal
combinations of conflict-free trajectories is carried
out using the multi-objective dynamic programming
and special procedure for determination of
combinations of aircraft conflict-free states. The
selection of optimal combination of conflict-free
trajectories from the set of Pareto-optimal is carried
out using the convolution of optimality criteria.

The correctness, adequacy and efficiency of
proposed method were proved by computer
simulation.

Developed method can be used for development
of new automated ATC systems, airborne collision
avoidance systems (ACAS), intelligent ATC
simulators and for research activities.
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Meta: B cydJacHMX yMOBaxX BHCOKOI AWHAMIYHOCTI 1 IIIIFHOCTI TOBITPSHOTO PyXy 3HAYHO 3pOCTAE
HeOe3neka KPUTUYHOTO 30JIMKEHHS Bifpa3dy JEKIIbKOX TMOBITPSHHUX CyleH 1 BHUHUKHEHHS TPYNOBUX
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KOH(JIIKTHUX CHUTyaliil. AKTyalbHOIO TpoONeMOI0 € po3po0Ka METOAIB ONTUMAalIbHOTO PO3B’s3aHHS
IpyNOBHX KOHQIIKTHHX CHUTYyallild, sSKi NMOBHHHI 3a0e3ledyBaTd CHUHTE3 Oe3KOH(IIKTHHX TPAEKTOPIH Y
TPUBHUMIpHOMY TIpocTopi. MeToau: Po3pobiieHo MeTOT ONTHMAIEHOTO PO3B’I3aHHSI TPYTIOBUX KOH(MIIIKTHHX
CUTyalill i3 3aCTOCYBaHHSIM MaHEBPYBaHHS 3MIHOIO KypcCy, IIBHAKOCTI Ta BHCOTH MOJbOTY. Kputepismu
ONTUMANBHOCTI BH3HA4Y€HI PEryJspHICTh, €KOHOMIYHICTh IIOJIEOTIB 1 CKIAAHICTh MaHEeBpyBaHHI. MeToj
TI0JISITa€e y TMOCiTOBHOMY CHHTE31 MHOKHHHU [lapeTo-onTuManbHIX KOMOIHAITNH 0e3KOH(ITIKTHIX TPaeKTOpii
CYKYIHOCTI TIOBITPSHUX CYJIeH 3 BHKOPHUCTAHHSM JIMCKPETHOTO OaraTOKpUTEpialbHOTO TUHAMIYHOTO
MporpaMyBaHHSl Ta BHU3HAUYEHHI ONTHUMAalbHOI KOMOiHawii i3 3aCTOCYBaHHSIM i3 3aCTOCYBAaHHSIM 3TOPTKH
KpUTepiiB omTuManbHOCTI. B paMkax wmeromy BH3HaueHO: mpoueaypy QopmyBaHHS Oe3KOH(MIIKTHUX
KOMOIHAaIil CTaHIB CYKYIHOCTI TOBITPSHUX CyJeH, SKi BH3Ha4aloTh KomOiHamii [lapero-ontumanbHHX
TPa€eKTOPii; OOMEXKEHHs, sIKi HaKIaJaloThCA NPH AWCKPETH3alii mpolecy po3B’s3aHHSA KOHQIIKTY A
3a0e3MeueHHs] BIICYTHOCTI HECIIOCTEpPEe)KYBAaHUX MOpPYIIEHb enieaoHyBaHHS. PedyabtaTm: [locmimkeHHs
3aIPOIIOHOBAHOTO METOAY BHKOHAHO IUITXOM KOMIT FOTEPHOTO MOJIENIOBAHHS, Pe3yJIbTaTh SKOTO MOKA3alH,
IO CHMHTE30BaHA KOMOiHAIisl 0e3KOH(IIKTHUX TPAEKTOpis 3a0e3reuye YCYHEHHS IPYMOBOi KOH(IIKTHOT
cUTyauii Ta BiANOBiAa€e BCTAHOBICHUM KPUTEPisAM ONTUMAaIbHOCTi. OOroBopeHHs: 3anporoHOBaHUN METOX
MOXe OyTH BUKOPUCTAHHUM MPH PO3POOITi HOBUX aBTOMATHU30BAHUX CHCTEM YIIPABIIHHS MOBITPSHAM PYyXOM,
OOPTOBHX CHCTEM TOIEPEIKSHHS 31TKHEHb, IHTENEKTYIbHUX TPEHAKEPIB KEPYBaHHS MOBITPSIHUM PyXOM Ta
JUISl IPOBEJICHHST HAYKOBUX JOCIHIPKEHb.

KarouoBi cioBa: GaraTokputepiaibHa ONTHMI3aIlis; Oe3MeKa MoNbOTiB; TPyNnoBa KOH(IIIKTHA CUTYaIlis MiX
TIOBITPSTHUMH CyTHAMU; THHAMIYHE IPOTpaMyBaHHS; TOBITPSHE CYIHO; PO3B’sI3aHHSI KOH(IIIKTHOI CUTYaIlil;
yIpaBIliHHS MOBITPSIHAM PyXOM
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Henb: B COBpeMEHHBIX YCIOBUSX BBICOKOH IUHAMHYHOCTH W IUIOTHOCTH BO3AYIIHOTO JBH)KEHUS
3HAYUTEIFHO BO3PACTaeT OMACHOCTh KPUTHUECKOTO CONMIKEHHUS cpa3y HECKOJIBKHMX BO3AYIIHBIX CyJOB U
BO3HMKHOBEHHUSI TPYIMIOBBIX KOH(IUKTHBIX CUTyallMid. AKTyaJbHOW NpOOJEeMOH sBIsieTCs pa3paboTKa
METOJIOB  ONTUMAIIGHOTO  pa3pellieHus] TPYMIOBBIX KOH(IUKTHBIX CHUTyallud, KOTOpPbIE JIOJKHBI
obecrieunBaTh CHHTE3 OCCKOH(IMKTHBIX TPACKTOPUH B TpeXMEpPHOM mpocTpaHcTBe. Metoabl: Pa3zpaboran
METOJ ONITUMAJIbHOTO Pa3pEIICHHs] TPYIIOBBIX KOHQIUKTHBIX CHTYallUil ¢ IPUMEHEHUEM MaHEBPHPOBAaHUS
[0 H3MEHEHHUIO0 Kypca, CKOPOCTM U BBICOTHI IMoyieTa. KpHUTepusMH ONTHUMAaJIbHOCTH ONpeeTIeHBI
PETYISIPHOCTh, 3KOHOMHYHOCTH TIOJETOB U CIIOKHOCTh MAaHEBPUPOBaHWSA. MeTox 3akiodyaercs B
MIOCIIeIOBATEIbHOM CHHTE3€ MHOXKecTBa [lapeTo-onTuMansHBIX KOMOMHAIMN O0€CKOH(INKTHRIX TPAEKTOPUN
COBOKYITHOCTH BO3JYLIHBIX CYJOB C MCIOJIb30BaHUEM JAUCKPETHOIO MHOTOKPUTEPUAIBHOIO IHMHAMUYECKOTO
MIPOTPaMMHUPOBAHUSI M OIPENEICHUH ONTHMAaIbHOH KOMOWHAIMU C WCTIOJIh30BAHHEM CBEPTKH KPUTEPUEB
ONTUMAaNBbHOCTH. B pamMkax wMeTofga ompeneieHsl: mporenypa (opMmupoBaHus OeCKOH(DIUKTHBIX
KOMOWHAIIUI COCTOSHUI COBOKYIIHOCTH BO3AYLIHBIX CYZOB, ONpeaeNsionmx koMOuHanmu Ilapero-
ONTHUMANBHBIX TPAEKTOPUI; OrpaHUUYEHMs, KOTOpbIE HAKJIAABIBAIOTCA MpPHU TUCKPETU3ALMHU Ipolecca
paspemieHnsi KOHMIUKTa I 0OecredeHusi OTCYTCTBUS HEHAONIOIaeMBIX HapYIICHHH SIIEIOHHUPOBAHMS.
PesynbTatel: VccrnenoBanue npeyio)keHHOTO METO/1a BBIIMTOTHEHO ITyTEM KOMITBIOTEPHOT'O MOJIETUPOBAHUS,
pe3yabTaThl KOTOPOTO IOKa3ald, YTO CHHTE3WPOBAaHHAs KOMOWHAIMA OECKOH(IMKTHAs TPaeKTOpus
o0ecrieunBaeT yCTpaHEHHE TPYIIOBOH KOH(MIMKTHOH CHUTyalldd W COOTBETCTBYET YCTaHOBJICHHBIM
KpuTepusiM onTHUMaidbHOCTH. OOcyxkaenue: IlpemrokeHHBII METOX MOXXET OBITh HCIONB30BaH TNpHU
pa3paboTKe HOBBIX aBTOMAaTH3MPOBAHHBIX CHCTEM YIPABJICHUS BO3AYIIHBIM ABHKEHHUEM, OOPTOBBIX CHCTEM
MIpeIyTIpeXIeHUS CTOIIKHOBEHUH, WHTEIUIEKTYAIBHBIX TPEHAXXEPOB YIPABICHHUS BO3IYIIHBIM JBIKEHHEM U
JUTS TIPOBEJICHHUS HAYYHBIX MCCIIeIOBAHIA.
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Abstract

Purpose: The present paper is aimed at estimating of accuracy and justification the application effectiveness of the
multi-step differential transform method for solving non-linear boundary value problems. Methods: This article reviews
the multi-step differential transform method for solving non-linear boundary value problem. Results: The upper bound
of estimate of accuracy of approximate solutions of non-linear boundary value problems by the multi-step differential
transform method for the case of accounting of restricted quantity of discretes of differential spectra is offered. We
present results of numerical solution of a non-linear boundary value problem and shown the efficiency of application of
the multi-step differential transform method compared with traditional differential transform method. Discussion: It is
shown, that upper bound of error estimate of the multi-step differential transform method compared with traditional

differential transform method is decreased in p° time, where s is the quantity of accounted discretes, p is the

quantity of intervals, over which the given time interval is divided. The multi-step differential transform method gives
the principal possibility to get more exact value of random analytic function x(t) on the end of interval at restricted

quantity of discretes of differential spectrum compared with the differential transform method application.

Keywords: approximate solution; differential transform method; estimate of accuracy; multi-step differential
transform method; simulation; upper and lower bounds of error estimate.

theorems are given in [1-5]. It can be applied

1. Introduction directly to solve non-linear differential equations

Non-linear boundary value problems occur
frequently in modeling of different problems in
various areas of science and engineering, including
optimal control, flight dynamics, nuclear physics,
quantum mechanics and others. In general, boundary
value problems are described by non-linear
differential equations, don’t have analytical
solutions and are solved by various numerical and
numerical-analytical methods. However, application
of majority of these methods is associated with
overcoming of the variety of mathematical and
computational difficulties.

One way to overcome given shortcoming is the
application of operation method of differential-taylor
transformations (differential transform method,
DTM), whose basic definition and the fundamental

without preliminary linearization, eliminates
dependence of variables from time argument, admits
the possibility to obtain solution in analytic form and
considerably reduces the computing volume [6,7].
But along with the evident advantages, the DTM has
some drawbacks. Restoring the differential equation
solution as a formal Taylor series, generally can be
impossible through the small radius of convergence,
which could be essentially less than transient time.
For extending the search region solution of non-
linear boundary value problems, different
modifications of DTM methods have been proposed
including the multi-step differential transform
method (MsDTM) [8-13]. The sense of last method
consists in dividing of entire interval into sub-
intervals, searching over each subinterval the

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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solution by the DTM based method and obtaining
the general solution of equation as sum of solutions
over sub-intervals. In [14] was proposed the
modification of the MsDTM by using of
approximation of non-linear terms of differential
equations by Adomian polynomials permitting to
obtain the solution of non-linear differential
equations in more wide range with acceptable
accuracy.

The solution accuracy of non-linear boundary
value problems, obtained using different methods of
DTM, essentially dependent from the quantity of
accounted discretes used for restoring Taylor series
solution. The bigger quantity of discretes would be
accounted, the more exact the approximate solution
would be obtained. In practice at dynamic process
simulation the maximum quantity of accounted
discretes always are restricted through the great
volume of needed calculation that complicates the
obtaining of task solution in the real and speeding up
time. This results to increase the simulation error of
dynamical processes in the field of originals and
necessity of estimate of accuracy of solution
obtained.

2. Research tasks

The present paper is aimed at estimating of accuracy
and justification the application effectiveness of the
MsDTM for solving non-linear boundary value
problems.

3. Estimate of error of approximate solution

Consider the following non-linear boundary value
problem

i—i:f(t,x,x',...,x(m))=0, (1

subject to the initial conditions
Xt =c¢,, r=01,..,m—1,
The problem solution (1) will consider over the
interval ¢, <t<T, where the length of interval

L=T-t, inside the radius R of

convergence of  Taylor series, i.e. 0<L<R.
Assume that analytic function x(t) is continuously

1s selected

differentiated in any point re [1,,7], has derivatives

of m™ - order, which are limited in total for any
wholem =1 so that,

‘x('")(t)‘ <C < oo, te[ty,T]. ()

Let us apply the basic features of DTM to the
function x(t)

X(k):ik{dkx(t)} @X(t):i(ﬁj X(k)

K| odi*
3)

where x(¢) is the original function, which represents
the continuous and bounded together with all its
derivatives the function of real argument ¢; X (k) is
the discrete function of integer argument & =0,1,2,...,
which is termed as the differential image of original
x(t) (the differential spectrum); H is the scale
stationary value having dimensionality of argument
¢+ and often equals the time interval L, over which
we want to find the function x(¢); < is the
correspondence symbol between the original x()
and its differential image X (k).

The expression to the left of symbol < in (3)
defines the differential direct transform, permitting
by the original x(¢) to find the image X (k), and on
the right - the differential inverse transform, which
recovers the original x(¢) by the images X (k).

Following the ideology of the MsDTM, the entire
time interval [t,,7] is divided into p given sub-

intervals, T, =t,—1,, qzrp, iTq =T-ty=L, of
g=1

equal step-size h=L/p. Restrict the quantity of

discretes of differential spectrum X (k) some given

number s >0 so, that integer argument k =0,1,2,... is

changed within bounds k=0,1,2,...,s. Applying the

DTM over the first sub-interval [to,tl], we will

obtain the approximate solution of equation (1) with
taking into account the finite quantity of discretes s
in the form:

x(ty) = ZXl(k)(f'to)ks te [tg.1].

k=0

the initial condition
xl(r)(to) =¢, and the expression (3) we will find for
the first sub-interval all values of differential
spectrum X, (k), k=0,1,2,...,s . For ¢ >2 and at each

following sub-interval [tq_l,th we will use the initial

. . ( _ (
condition xqr) ()= xqr_)l

(1) for the ¢™ sub-interval will be following:

Taking into account

(t4-1) . Then the expression
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k k
X, =21 L2

a py ,k=0.

t=t,
By applying given approach to each sub-interval

will obtain the sequence of approximate solutions
x,(®), q=0,,...,p for the solutions x(r) of equation

(1):
3, (0= Y X, =1, =y, 0, telit,) @
k=0

Finally, the MsDTM assumes the following
solution of equation (1):

x(t) =y (), te 1]
(1) =y, (0), te .6,

x, () =y, @ntel, ]

x(t) = )

It is easily observed that if p=1, then the
MsDTM reduces to the classical DTM.

The quantity of accounted discretes s for
restoring of the solution (5) as Taylor series is one of
the most essential factors that effect on the solution
accuracy obtained. Restriction of given quantity of
discretes leads to error of result obtained. The upper
bound of error estimate |£0| =|X(t)- y(t)| of the DTM

(3) is given by the expression [15,16]:

.

(6)

€0 = sup
| | (5+1)!0<t1<L

Taking into account the constraint (2), the
expression (6) can be written as:

le] <

In [17] as a criterion of preliminary estimation of
upper error bound of obtained solution G(n,m) at the

s+1

TR

(7

restriction of quantity of discretes used for restoring
solution as a power series is considered the
expression that links solutions, obtained for n and
n+m discretes:

1N

G(n,m)=\/—21—
S

i=0

2
x(tian)

, t,elo,L].
x(t;,n+m)

®)

Use the given criterion is enough awkward,
because besides the dual solution calculation it
demands the additional m discretes

X(m+1),X(n+2),.,X(n+m) calculation too. For
non-linear differential equations with complex
nonlinearities, the expression (8) in some particular
cases can give the wrong solution, when discretes

X() and X(n+m) have the same sign. In these
cases, are necessary to choose m>0, so that x(n)
and X (n+m) have the different signs.

For the MsDTM, the expression (6) for the upper
bound of error estimate |sq|:|xq(t)-yq(t)| over ¢
sub-interval with taking into account s discretes can
be written as:

L s+l o
e < @) a=hep . O
s Eelty ity

On the ground of the constraint (2) can make the
conclusion, that over ¢ sub-interval

C,= sup [0 (a)‘ <C < oo (10)

&e [

Really, if the (s +1) ™ derivative of function x, (1)

achieves the maximum value over the interval
[to,ththen C, =C, otherwise C, <C.

The error estimate (9) with taking into account
the constraint (10) can be written as

|<C(L/p)s+l
a7 s+

e (1
From the expression (11) follows that obtained
error at dividing the entire interval into equal p sub-

intervals, is the same over sub-intervals and depends
only from the quantity of accounted discretes s.
Convert the given estimate to the relative error
estimate. Let us select as a comparison base the error
(7) for the DTM. Then for the relative error on ¢ ™

sub-interval obtain:

o

Eq
s Ls+l ’

€|

yes D - (12)

Consider the full relative error of the MsDTM

e, =€ +¢&,+..+€, over the entire interval in
relation to the error €, of the DTM:
€ € € €
h_s:h_l+h_2+“.+h_}7. (13)
€| [&| € €

From expression (12) follows, that components
of relative errors are changed in the bounds:
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(14)

Bigger deviation of approximate solution from
exact solution, usually, falls on the end of time
interval. At that, it will be maximum in the case of
the same signs &, . Then, taking into account (12),

the expression (13) will be following:

3

e

1
|+ s+1| » |

s+l |

(15)

o T
This means that the upper bound of error estimate
of the MsDTM in p* time less than the upper bound

of error estimate of the DTM at dividing of given
interval into p sub-intervals of equal step-size, i.e.:

(16)

le< P

where s is the quantity of accounted discretes of
differential spectrum  X(k) above the zeroth
discrete X(0), i.e. the quantity s is equal the number
of the last accounted discretes of differential
spectrum X(k) . The analysis of obtained expression
shown, that with increasing of quantity of accounted
discretes s, the upper bound of summary error is
reduced on the exponential rule and at s— e
reduced to the zeroth lower bound. Therefore, the
range of changing of summary error at dynamical
processes simulation using MsDTM is defined by
constraints:

0<le,|< p™ -[&o] (17)

where |§o| is defined by expression (7).

From the expression (17) can make the
conclusion, that the MsDTM at the restricted
quantity of discretes s of differential spectrum
X(k) gives the possibility to get more exact solution
of boundary value problem (1) in the point t =7 at
condition execution (2), than the DTM.

The DTM (3) gives the exact value of analytical
function x(t) in the point ¢=T7 only in particular
x(t) 18
polynomial of n <s order. In other cases, the error
of the DTM (3) is equal |£0| >0 for restricted

quantity of discretes s <+ of differential spectrum
X(k) . The error |£0| >0 couldn’t be reduced to zero

case, when solution approximated by

by dividing the interval [¢,,7] over any finite sub-

interval quantity p < +oo, as the zeroth error value of

the DTM (3) gives in the general case over the
random non-null time interval only at taking into
account infinite amount of Taylor series terms or
discretes of differential spectrum X(k) [16].

The constraint (17) shows, that with increasing of
the quantity of accounted discretes s of differential
spectrum, the application effectiveness of the
MsDTM compared with the DTM is increasing on
the law of exponential function. Therefore, for the
high-accuracy calculation is appropriate to apply the
MsDTM instead of the DTM.

Enhance the solution accuracy of non-linear
boundary value problems and also to expand the
admissible solution interval, the restriction on which
is defined by the radius of convergence of Taylor
series is possible on the basis of application of
shifted differential transformations. In contrast to
traditional, shifted transformations are obtained by
transferring of the center of expansion of original to
a Taylor series from the initial point =0 to the
shifted point #=¢,. The best from the standpoint of

reducing the solution error is the arrangement of the
center of expansion of the original in a Taylor series
in the middle of the given interval [16]. In fact, it
means that given interval is divided into two sub-
intervals of same length and obtaining the solution
over each sub-interval using two models in the area
of shifted transformations: the direct model (from
shifted point to the end of interval) and the inverse
model (from shifted point to the start of interval). At
that has been obtained that compared with traditional
DTM the upper bound of error estimate of shifted
differential transformations is decreasing in 2° time,
where s is the quantity of accounted discretes of
differential spectrum. This is agreed with above
result obtained for the MsDTM, the use of which

allows to decrease the error in p° time, where p is

the quantity of sub-intervals into which given
interval is divided.

4. The effectiveness of multi-step differential
transform method

The effectiveness of the MsDTM can be illustrated
by following example.

Let us consider the following boundary value
problem, which is described by non-linear ordinary
differential equation with the quadratic source term
[14]:

dx(t)

. =2x(t)—-x2(1)+1, x(0)=0, ref0;1.2] (18)
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The exact solution is given by:

x(t)=1+ ﬁtanh[ﬁt +%10g(\6—1]} (19)

V2 +1

Let us divide the given interval [0;1,2] into 10
sub-intervals of the equal step-size A=12/10.
By applying the DTM, we write the equation (18)
in the spectral form for each sub-interval:
(k+DX, (k+1)=2X,(k)— 4, +0(k),
X1(0)=x(0)=x(0)=0,7,=0,9 =1,
X, (tq_l) =X, (tq_l), q=2,..,10,
Lk=0,
0,k #0.

(20)
o(k) = {

Accordingly, with procedure [14], for non-linear
part of equation (18) f (x)=x> we calculate over
each sub-interval the components 4, of Adomian

polynomials and thereon the corresponding
components 4, for replacement by them of

components of differential images of non-linear part
of equation:

Jog = X2(0), A, =2X,(0X,(1),
Ay =X (1) +2X,(0)X,(2),

4, =2X,(00X,(3)+2X,()X,(2),
Ay =2X (00X, (H)+2X, (DX, )+ X2(2),

A5, =2X,(0)X,(5)+2(X, (21X, (3)+ X, (DX, (4))

Substituting values qu in (19) and taking into

account (7), we find the approximate solution of
equation (18) over each subinterval. Summating
given solutions obtain the general solution of
equation (18) on the given interval.

Let us find the value of function x(¢) in the end
point #=2,0. Result obtained shown the following.
The exact solution (19) of function x(¢) of equation
(18) in the point (=20 1is equal 2,35777.
Application of the DTM doesn’t allow to obtain the
solution over given interval due to exceeding the
value of given interval the radius of convergence of
Taylor series by whom the approximate solution is
approximated.

The found solution by MsDTM with taking into
account first 6 discretes of the differential spectrum
and dividing given interval into two sub-intervals
(analogue of application of shifted differential
transformations) is 2,08641 (e=115-10""), while at
dividing interval into 10 sub-intervals, the

approximate solution has the value 2,3577717
(£=3,19-10""). The given example is illustrated the

effectiveness of the MsDTM application for solving
non-linear boundary value problems.

5. Conclusions

The upper bound of error estimate for approximate
solution of non-linear boundary value problem by
the MsDTM has been offered. It is shown, that upper
bound of error estimate of the MsDTM compared

with traditional DTM is decreased in p° time,
where s is the quantity of accounted discretes, p is

the quantity of intervals, over which the given time
interval is divided. The MsDTM gives the principal
possibility to get more exact value of random
analytic function x(¢) on the end of interval at

restricted quantity of discretes of differential
spectrum compared with the DTM application.
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Abstract

Purpose: Operation of attitude and heading reference systems in conditions of autonomy and high accuracy
requires usage of gimballed platforms. The goal of the paper is detailed research of such systems kinematics
and control moments. As result the full mathematical model of the precision attitude and heading reference
system with the biaxial horizontal platform was derived. Methods: Obtaining of the mathematical model is
based on the theory of gyros in general and corrected gyro compasses and theory of dynamically tuned gyros
in particular. The basic laws of theoretical mechanics including concepts of Euler angles and directional
cosines were taken into consideration. Results: The full mathematical model of the attitude and heading
reference system is developed. The mathematical models of the vertical gyro and directional gyro as
components of the researched system are given. The simulation results based on the developed models are
presented. Conclusions: The mathematical model of the gimballed attitude and heading reference system
including the vertical gyro and directional gyro is derived. The detailed expressions for control (correction)
moments are obtained. The full analysis of the researched system kinematics was carried out. The obtained
results can also be useful for design of inertial navigation systems of the wide class.

Keywords: attitude and heading reference system; directional cosines; directional gyro; gimballed platforms;

precision navigation systems; vertical gyro.
1. Introduction and Problem Statement

Nowadays the gimballed navigation systems are
used when it is necessary to satisfy high accuracy in
conditions of autonomous operation. The
requirements to the high functional reliability and
the ability to function in conditions of external
disturbances are given to such systems too [1]. The
gimballed systems can be components of guidance,
navigation and control systems [2].

The researched attitude and heading reference
system (AHRS) includes biaxial horizontal platform,
which is stabilized by the vertical gyro signals. The
principal axis of the gyro device is aligned by the
direction of the local vertical based on accelerometer
signals. The system uses the integral correction. In
fact the biaxial horizontal platform with gyro
devices represents the inertial vertical gyro.

The gimballed AHRS with biaxial horizontal
platform has reduced dimensions [3]. Its possibility
to rotate around the third axis (in the azimuth plane)

is provided by means of a rotator, on which the
directional gyro is mounted.

The rotator is stabilized relative to the given
plane and can turn on the given angles providing
alignment of the gyro. The directional gyro uses as
an indicator of direction similar to the azimuth gyro.
It can be used also as the gyro compass if
stabilization is implemented relative to the meridian
plane. The vertical gyro is mounted on the rotator
too. Such construction provides calibration of the
gyro device and determination of its corrections.

The researched AHRS uses dynamically tuned
gyros (DTG) and accelerometers [4]. This system
has some features. The first feature is division of
control functions. In this case control by the position
of the DTG principal axis is implemented by
accelerometer’s signals. Stabilizing motors provide
coincidence of the axis normal to the stabilized
platform with the direction of DTG rotor. Division
of functions provides relatively small moments of
DTG torque sensors. The second feature of the
researched system is usage of the biaxial platform.

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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In contrast to the traditional triaxial platform such
construction provides azimuth motion of the
platform together with the vehicle and constant
orientation of the outer gimbal to the North.
Therefore the system becomes sensitive to
disturbances caused by changes of the heading and
elliptic shape of the Earth. To compensate such
disturbances it is necessary to use information about
the linear speed, heading and its changes.

Advantages of the researched system are high
accuracy and reduced dimensions in comparison
with the triaxial platform.

Development of the model of such system
requires usage of the trajectory reference frame. This
significantly complicates control of the system.

2. Review of Last Publications

Features of the researched system are presented in
[5]. Analysis of the kinematical schemes of
gimballed corrected gyro compass and gimballed
navigation systems with biaxial and triaxial
gyrostabilized platforms is given in [4]. This paper
keeps the basic idea proposed in [5] and used in [6].
The idea is to neglect the servo-systems errors and
divide the system into the vertical and directional
gyros. The goal of the paper is to consider the
system kinematics and to derive expressions for
control moments.

3. System kinematics

To describe the system kinematics it is necessary to
introduce the following systems of coordinates:

1) the trajectory system of coordinates O'(ng
(O'm is directed along the vehicle speed, O'C is
perpendicular to the horizon plane, O’¢ lies in the
horizon plane);

2) the body-axis system of coordinates Oxqyozo
(the axis Qyj is directed along the longitudinal axis
of the vehicle; the axis Oz, is perpendicular to the
horizon plane; the axis Ox, lies in the horizon
plane);

3) the platform-axis system of coordinates
0x,y,.z, (the axis Oy, is directed along the external
gimbal; the axis Oy, is perpendicular to the horizon
plane, the axis Ox, is perpendicular to the axis Oy
and lies in the horizon plane);

4) the system of coordinates Ox,y,z. , which is
connected with Resal axes of DTG carrying out
functions of the vertical gyro.

Mutual angular position of introduced systems of

coordinates is given in Figures 1-5.
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Fig. 1. Mutual position of introduced systems of
coordinates: r, is the radius-vector defining position of
coordinate systems origins
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Fig. 2. Mutual location of the trajectory and body-axis
systems of coordinates: 0, y are angles of pitch and roll
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Fig. 3. Mutual location of the body-axis and platform-axis
systems of coordinates (a,, B, are angles, which determine
turn of a platform relative to the body-axis system)
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Ag

¢ §
o X,

Fig. 4. Resal axes location relative to the trajectory
system of coordinates (a,  determine the location of
Resal axes relative to the horizon plane)

(04 3 Z,

B,

Fig. 5. Resal axes location relative to the platform (o, B,
determine the location of Resal axes relative to the
platform)

In accordance with Figures 1-5 relations between
introduced systems of coordinates can be described
in the following way [5, 7]

) —‘i_ X, Xy

Yo [=A M} Yo |=A2 Yo |

1 Zo | _C_ | Zn | 1 Zo |

- - o (1
XV C Xr X"l

Y, |=AsN Y, |=AL Y,

_Zr_ _&_ _Zr_ _Zn_

cosy sin@-siny —cos0-siny
A= 0 cosb sin 0 ; (2)
siny -sin®-cosy cosf-cosy
cosa, 0 —sina,
A, =|sina, -sinf, cosP, cosa, -sinf, |;(3)
sina, -cosP, -sinfB, cosa, -cosP,
cosa 0 —sina
A;=|sina-sinp cosp cosa-sinf |; 4)
sina-cosP -sinf cosa - cosP
cosa, 0 —sina,
A, =|sina, -sin, cosP, cosa, -sinf, |.(5)
sina, -cosf, -sinf, cosa, -cospB,

It should be noted that there is dependence

A,=A, A, A, (6)
The expression (6) allows obtaining relations for
determination of angles a,, B,

4. Vertical Gyro Model

For small turn angles it is possible to believe that the
gyrostabilized platform motion coincides with
motion of the vertical gyro’s Resal axes. Accuracy
of such supposition is defined by stabilization errors
o, B, Angular motion of DTG, which carries out
functions of the vertical gyro, can be described by
the differential equations [8]

Jo., +do, — HB, —?B, +co, =Jo, + H o, +

+ My, + My, + My, + M, + M

dist y
.. . i H o
JB, +dB, + Ha., +?oc, +cf, =Jo, -H o, +

+M, +M, +M;, +M, +M

dist x
(7)
where H is the kinetic moment; c¢ is the residual
rigidity of gimbals; d is the damping coefficient; T
is the gyro time constant; H, = H(1-S5); S=107; J
is a sum of the equatorial moments of the rotor and
gyro gimbals; ©,,®, are projections of the
platform angular rates; @, ,@®, are projections of
M, =1,..4,
are control and

Y, X

accelerations;
M

acting along axes

platform
M. =1,.,4 and M

disturbance moments

angular

dist y > dist x

respectively.
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To determine projections of platform angular
rates it is necessary to project angular rates of the
trajectory reference frame onto platform-axis
reference frame. For estimation of the vertical gyro
errors it is convenient to represent projections
®,0, as functions of the angles a, f.

The angles a,, B, represent errors of platform
stabilization and define position of the vertical gyro
axes relative to the horizon plane. In fact they
represent errors of vertical line determination.
Respectively transformation for small angles a,, B,
and a, B using matrices (4) (5) becomes

x §
YI|=Ay Az (®)
z G
1 0 —-a+a,
here 4,4, =| 0O 1 B-B,
oa, B+p, 1

Using the expression (8) it is possible to write the
platform angular rates in the following form

w, :B_Bl +('0€j, —(D%(a—(x,,);

®,=0-a, +o, +o, B-B,), o)
a—o, .

o, =(0L—0,)tgd + “0+w,.
cos’ 0 ¢

Angular rates in the equations (9) are determined
with accuracy to the second order of smallness. If
the expression (9) is substituted in the equations (7),
it is possible to obtain

-Hp+H o a=-10, +HB, —co, —da, +7[3r +
+H, (B, +o +o0,)+1d, +

4
+YM, +M

dist y 5
i=1

Hyo+H o p=-IB, —Hd, —cB, —dB, T
-H/ (-0, to, —op,)+Io, +

4
+YM, +M

i=1

dist x*

(10)

If stabilization errors are believed to be constant,
the relations (10) represent the vertical gyro model.
Stabilization errors can be determined based on
information about the gyro devices drifts, which can
be obtained during operation.

Variables o, w,, ®. in the equations (10) are
projections of the angular rates of the trajectory

reference frame. In accordance with [9, 10] they can
be represented in the following form

Vn sin K + Vgé cos K

0 =— sin K —
Rl
V,cosK =V, sinkK )
- cos K —Qcos@sin K;
RM
V,sinK +V; cosK
o, = cosK —
" R, (11)
V,ycosK—V;sinK |
- sin K +
RM
+Qcos@cosK;
V,sinK +V; cosK . )
O, = R, tgp — K + Qsin o,

where Vi, V,, Ve are lateral, longitudinal and vertical
projections of the vehicle speed; K is the heading; R,
is the main radius of curvature of the earth ellipsoid
in the plane perpendicular to the meridian; R,, is

the main radius of the earth curvature in the
meridian plane; Q is the angular rate of the diurnal

rotation; K is rate of heading change.

To determine apparent accelerations projections
onto accelerometer sensitive axes it is convenient to
neglect the instrumental errors of accelerometer
alignment. And accelerometer sensitivity axes are
believed to coincide with platform axes. In
accordance with [9] the expression for apparent
acceleration looks like

W, =V, +0,xV, +QxV, —-g, (12)
where o, is the vector of the absolute angular rate of
trajectory reference frame; g is the gravity
acceleration; V., 1s the vector of the mass centre
rate relative to the Erath; Q is the vector of the
diurnal rotation; ¢ is the geographical Ilatitude.
Projections of the vector equation (12) can be
represented in the following form

cw

Wé Ifi VCwn _VnmC
W, V., Vo.-V.0
g g ng g% (13)
Ve Qcos@cos K —V, Qsin ¢ 0

-0
V. Qcos @sin K — V. cos gcos K g

+ V.Qsing -V, Qcos@sin K

The acceleration of the point, at which the platform
is mounted at the vehicle, can be written as [5, 9]
WO = ch + (’oabs er + (’oabs X ((’oabs er )’ (14)
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where @, is a vector of the absolute angular rate of the
vehicle; r, is the radius-vector of the point of platform
setting relative to the centre of the vehicle mass.
Projections of the vector equation (14) onto the
body-axis reference frame Oxyoz, look like

W We | | @2, =0,
W, =AW, [+ &, x, -0, z, |+
w., W, O coyoxp 15)
(x)yo((DXpr— Y0 p) @, ((DZO p ~ O p)
o (0,2, -0, y,) -0, (0, y, =0, x )}
0, (0, x, -0, z,) -0, (0, z, -0, y,)

where on , Wy0 , WZ0

acceleration onto the body-axis reference frame;

o, .o, 0, are projections of the vehicle absolute
0 Yo

angular rate, Xp, Vp» Zp are coordinates of point, at
which the platform is set at the vehicle; A; is the
matrix of directional cosines between the trajectory
and body-axis reference frames. This matrix is
determined by the expression (2).

Projections of the absolute angular rate of the
vehicle can be represented in the following form

o, =(o; + 6) cos Y+ o, sin ysin 6 — @, sinycos 8;

are projections of the apparent

=Y+, cosO+ o sin6;
o, =(0; + 0) sin Y — @, cosysin 6+ @, cosycos6.

(16)
Based on the equations (15) it is possible to
obtain the vector equation

w w

X X0
W, =AW, | (17)
WZ WZO

where W,, Wy, W, are projections of the apparent
acceleration onto the body-axis reference frame
Oxyz; A, is the matrix of the directional cosines
between the body-axis and platform-axis reference
frames. This matrix can be determined by the
expression (3).

It should be noted that projections of the
trajectory reference frame taking into consideration
(1) are determined by relations

W, = Vé +V o, =V, 0, +V Qcospcos K —V, Qsing;

w,= Vn Vo =V o0 +V:Qsin@+V LQcos@sinK; (18)
W, =V, +V,0;
—V:LQcospcosK —g.

V.o, =V, QcospsinK —

The equations (10) supplemented by the
expressions (11), (15), (17), (18) represent the model
of the inertial wvertical. Such model allows
researching of the AHRS wusing the biaxial
gyrostabilized platform and the trajectory reference
frame.

5. Control of Vertical Gyro

The important component of the vertical gyro model
is description of control moments. These moments
are formed in computing device and are applied to
torque sensors of the vertical gyro. Such approach
provides high accuracy of attitude and heading
determination.

The researched system is created by the scheme
of the nondisturbed inertial vertical with the integral
correction. The respective control moments can be
described by the expressions

~

t
Mlyzkij.wy’ Mlx:kiIW (19)
0 0
H, . . .
where k; =—— is the coefficient of the integral
M
correction; w,,w, are projections of apparent

accelerations of the point, at which the platform is
set. To organize the mode of the inertial vertical it is
necessary to give signals to the integrators taking
into consideration the corrections on translational
and Coriolis accelerations caused by the Earth
rotation and vehicle motion; noncoincidence of
centre of mass of the vehicle and the point, at which
the platform is set; and also vertical acceleration of
the vehicle. To simplify these expressions it is
necessary to believe that the system is set at the
centre of the vehicle. Then expressions for the
integral correction become

t
L=k W, — AW, M =k W, —AW
0

X

(20)

O —_

here W _,W,6 are readings of accelerometers;

AW,, AW, are corrections.

Moments for compensation of trajectory
reference frame angular motion can be determined in

the following way [9, 10]

Vn sinK + Vé cosK
| cosK —
Rl

M, =

X
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V,cosK -V, sinK

sin K + Qcos@cos K;
RM
VysinK +V; cosK
M, =H, + z sinK +
— 1)
V,cosK =V, sinK )
+ R cos K + Qcos@sin K

M

Control moments, which provide damping of the
platform based on the external information vg,, v, ,

can be determined by the expressions

My, =l [ (v, =v,)/ Ryt
0

t
M;, =k3y[(vEx -v.)/Rdt, (22)

where k; ,k;, are transfer constants, v, ,v, are

3x> ™3y

linear speeds determined by the external aids; v, v,

are the vehicle linear speeds calculated based on
accelerometers readings.

Control moments, which take into consideration
gyro drifts, can be determined in the following way

.. : . H
M,, =-I6, + HB, —ca, —da, +?B, +
M4x :_IBr _Har _cBr _dBr _?a‘r -

~H,(~&, —oB,).
The expressions (19)—(23) represent control
moments of the vertical gyro. The gyro drifts can be
determined by results of tests. As a rule, the
moments due to cross influence of the angular
accelerations can not be taken into consideration in
the researched systems. But they can be determined
in the computing unit.

6. Directional Gyro Model

To create the mathematical description of the
directional gyro it is necessary to use the following
reference frames: platform-axis reference frame
Oxyz; reference frame Ox,y,z; connected with the
rotor of the directional gyro; reference frame
Ox,y«z connected with Resal axes of DTG, which
carries out functions of the directional gyro.

The mutual location of the platform axes and the
rotator of the directional gyro is shown in Fig. 6.

2,7z, 4
TAK
Y
0O 7’ K-K +AK
X Xl
K—K1+AK

Fig. 6. Mutual location of the platform and
the directional gyro

The following notations are used in Fig. 6: K is
the heading; K), is the given orientation of the
directional gyro principal axis; AK is error of
heading determination. It should be noted that K;
defines the angular orientation of the directional
gyro relative to the meridian plane. Mutual location
of the rotator axes and the Resal axes of the
directional gyro is given in Fig. 7.

Angles ag, Bx shown in Fig. 7 characterize an
error of directional gyro rotor stabilization and an
angle of deviation of the directional gyro principal
axis from the simulated horizon plane.

Zy 5y A7,
A
aK yK B
K
(@] Y/
B
Xl <
K
O‘K

Fig. 7. Mutual location of the rotator axes and Resal
axes of the directional gyro

Location of the directional gyro Resal axes can
be also defined relative to the reference frame
Ofmi& turned relative to the trajectory reference
frame on an angle (K—K;) as it is shown in Fig. 8.
Here an angle  represents the horizontal component
of angle defining deviation of the directionalkgyro
principal axis from the given direction K.
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Fig. 8. Mutual location of the directional gyro
directional axis relative to the reference frame

OClnI&_,l

By comparing Figures 6-8 and taking into
consideration the matrix A, it is possible to write [5]

AK =y — (00—, )tgh — oLy .

Equations of the directional
represented in the following form [8]

gyro can be

Jo, +HB,, +ca, +do, +7[3k =—Ho, +M, +

M, +M+M, +Mdi;tlz; 24
By + Hoy, — Py —dB, +7a1< =Ho, +M, +
+Mx2 +Mx3 +Mv4 +Mdistx‘

Expressions for determination of angular rate
projections of the directional gyro rotor look like

(25)

o, =0, +K+AK

Z

{wxl =0, cos(K, + AK) + o, sin(K, + AK);

where @, ,0,,0, are defined by relations (9), where

index r is changed by index £k .
After substitution of (25) in (24) equations of the
directional gyro become

Jo, +HB, +ca, +da, +?Bk =-H/{[B-B, +
+0; — o (00— oy )]cos(K; +AK) +

Ha—ay, + o, —o (B-B)Isin(K, +AK)} +
M +M_,+ M+ M+ M

dist z >

) ) . H o
JPBy + Hoy — By — Py +70‘k =H{[(&— 0y )tgh+

(x_
+

cos
+M + M+ M+ M+ M,

ist x*

?gé+mg]+l'<+AK}+ (26)

After some transformations the relations (26) can
be represented in the following form

— H\[(f+ @ — w,ax)cos(K, + AK) +
+(ad+ @, + @, f)sin(K, + AK)]=

=Ja, +HB,{ +co, +da, +?Bk —Hl[(—,Bk +
+ @, 0;)cos(K, +AK) —
—(¢, -, +B)sin(K, +AK)|+ M _ +M _, +

+M+M_ +M

dist z>

o

cos’

- H
— B, —dB, +7ak +

H,(0tgh+

0+, +K+AK)=JB, +Ha, —

(27)
Oy
cos’ 0
M+ M, +M,

istx*

+ H, (—0u, tgh— 61+ M +M, +

The equations (27) represent the directional gyro
model.

7. Control of Directional Gyro

The system in the mode of the gyro compass
functions as the corrected gyro with appropriate
control moments. It is typical for the researched
device to use correction by the signal of the angle
transmitter, which it is mounted on the inner gimbal
of the directional gyro. The appropriate control
moments can be described by the expressions

Mxl kaIB; le Zkle’ (28)

where k4, k,, are transfer constants.

Control moments (28) based on accelerometer
signals can be represented in the following form

Ay Ay
Mx2:kx2_; M22=k22?9 (29)

g
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where kiooy k., transfer

A, =W,—-AW,, here W, is the accelerometer

are constants;

output signal; AW, is a correction taking into

consideration influence of translational and Coriolis
accelerations, and the vertical acceleration.

Control moments caused by the angular motion
of the trajectory reference frame and the rotator are

determined by the expressions
M, =H, (0o + K +AK); 30)
M 5 =—H, [0 cos(K; +AK) + w, sin(K; + AK).]

or after substitution of expressions of trajectory
reference frame angular rates [5, 11]

M, =H, (th(p—K+Qsin(p+K+AK},

M_, =—H,(~V, sinK —V, cosK —Qcos@sinK)x
xcosK, +AK) —H,(V, cosK =V, sinK +
+Qcos@cosK)sin(K, +AK),

(€1))

here

Vn sin K + Vé cos K
1= 121 s
Vn cosK — Vg sin K

2 Ieﬁl

The moments taking into consideration gyro
drifts are described by the expressions

Angle, arcmin

1000

1500 2000

Time, s

2500 3000 3500 4001

a

Angle, arcmin

M., =Jo, +Hp, +co, +dd, +%Bk -
— H {[-B, +0g0)]cos(K, +AK) +
+[-¢, —mg[ik]sin(K1 + AK)};

M, ZJBk + Hay, — By _dBk +

(32)

Oy
29

0+).

+£ak + H, (0, tgb —
T cos

Equations (27) supplemented by expressions
(29)—(32) represent the model of the directional gyro
using biaxial gyrostabilized platform.

In the mode of the azimuth gyro it is necessary to
believe

M, =0,M_,=0,M_,=0.

8. Simulation Results and Their Discussion

Simulation results are given in Figures 9-11. They
represent the transient processes of high-precision
attitude determination. It should be noted that
simulation was carried out for the AHRS operated
on marine vehicles in conditions of autonomy [12].

Fig. 9 presents attitude determination by means
of ideal situation, when the external disturbances are
absent. Influence of irregular sea wave is shown in
Fig. 10.

40 : : ' : ‘ : :

-10 |
0 500 1000 1500 2000 3500

Time, s

2500 3000

b

Fig. 9. Transient processes of angles Ol (a) and B (b) during nondisturbed operation
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Time, s

b

Fig. 10. Transient processes of angles O (a) and B (b) during disturbed operation
(amplitude of irregular sea wave is 12 degrees, period of irregular sea wave is 12,57 s)
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Fig. 11. Control with presence (a) and absence (b) of the integral correction

Advantages of the integral correction for AHRS
operated in difficult conditions of external
disturbances are verified by the simulation results
shown in Fig. 11.

Simulation results prove the possibility to
achieve high accuracy of attitude and heading
determination.

9. Conclusions

The full mathematical model of the gimballed
AHRS including the vertical gyro and directional
gyro are derived.

The detailed expressions for control moment both
for the vertical gyro and for the directional gyro are
obtained.

The necessary complex transformations taking
into consideration the trajectory reference frame as
the initial navigation reference frame are carried out.

The full analysis of the system kinematics is
represented. This allows obtaining expressions for
errors of attitude and heading determination.

The simulation of attitude and heading processes
determination for system operated on the marine
vehicles is carried out. Represented results of
simulation include situation with nondisturbed
motion, and influence of irregular sea waves.

The presented results prove efficiency of integral
correction in conditions of the external accelerations
influence.

The obtained results can be also useful for design
of inertial navigation systems of the wide class.

The obtained expressions of control moments can
be useful both for gimballed and for strapdown
inertial navigation systems of the wide class.
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MaremaTH4yHa MO1€Jb CUCTCMHU BU3HAYCHHSA l'[pOCTOpOBO'l' OpiCHTaIIi'l' 3 BUKOPUCTAHHAM I[BOOCHO'I'

TOPHM30HTAJILHOI IIaTGOpMH.

Hamionanpauit aBiamiiiauii yaiBepcurert, mmp. Kocmonasra Komaposa, 1, Kuis, Ykpaina, 03058

E-mail: sushoa@ukr.net

Merta: OyHKIIOHYBaHHS CHCTEMH BHU3HAYCHHS IMPOCTOPOBOTO IOJIOKEHHS B YMOBaX aBTOHOMHOCTI Ta
BHCOKOi TOYHOCTI TTOTpeOy€e BUKOPHUCTAHHS IUTATPOPM y KapIaHOBOMY TiABici. MeTOIO CTaTTi € AeTaiabHe
JOCII/DKEHHsI KiHEMaTHKA Ta MOMEHTIB YTNpPaBIiHHS TaKOi CHCTEMH. Y pe3yJbTaTi AOCHiIKEHb Oyio
OTPUMAHO MOJICNIb BUCOKOTOYHOI CHUCTEMHM BH3HAYCHHS IPOCTOPOBOI Opi€HTAIlli 3 BUKOPHCTAHHSIM
JIBOXOCHOT Topu3oHTanbHOi miaardhopmu. Meroau: CTBOpEHHS MAaTEeMAaTHYHOI MOJENi 3IiHCHIOBAJIOCS Ha
IJICTaBI TeOPil TIPOCKOIIIB Y MUJIOMY Ta T€OPil KOPEKTOBAaHUX TiPOKOMIIACIB Ta MWHAMIYHO HACTPOIOBAHHX
ripocKkomiB 30KkpemMa. byio B3sATO 10 yBaru KOHIENIii0 KyTiB Eiiiepa Ta CHOpsSMOBYHOYHMX KOCHHYCIB.
Pesyabrarn: IlpejcraBieHo MOBHUI OMUC CHCTEMH BHM3HAYEHHS MPOCTOPOBOTO MOJIOKeHHs. HaBemeHo
MaTeMaTHIHI MOJENi TaKUX CKJIAJOBUX JOCTIKYBAHOI CHCTEMH SIK TipOBEPTHKAIh Ta TIPOCKOI HAIIPSMKY.
[IpencrasineHo pe3yabTaTH MOJCIIOBAHHS 3 BUKOPUCTAHHSIM po3poOieHoi moxeni. BucHoBku: Otpumano
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MaTeMaTH4YHy MOJesb MiIaT(GOpMHOI CUCTEMH BH3HAU€HHS NPOCTOPOBOI OpieHTamii, BKIIOYAaIOYM MOZETi
ripoBepTUKaii Ta Tipockomna HampsMKy. HaBeneHo meranbHi BUpa3u JJs OTPUMaHHS MOMEHTIB YIIPaBIIiHHS
(xopexkrrii). BukoHaHo moBHUI aHaii3 KIHEMATHKH JOCTIKYyBaHOI cructeMr. OTpUMaHi pe3ysbTaTH MOXYTh
OyTH KOPUCHHMH IIiJ] Yac MPOCKTYBaHHS iHEPIiaIbHUX HABITalliiHUX CUCTEM IIUPOKOTO KIIacy.

Karo4oBi cjioBa: BICOKOTOYHI HaBiraliifHi CUCTEMH; TipOBEPTHKalb;, TIPOCKON HAMPSMKY; IUIaTHOpMHU Y
KapJIaHOBOMY ITiIBICI; CHCTeMa BU3HAYCHHSI IIPOCTOPOBOI Opi€HTAITI]; CIIPSIMOBYIOUI KOCHHYCH.

0.A. Cymenko

MartemaTu4eckasi MOJieJIb CUCTEMBbI ONpeaesIeHHs] MPOCTPAHCTBEHHOH OPHEHTALIMHU € HCTIOJIb30BAHNEM
JIBYXOCHOM rOPU30HTAJILHON MJIAT(OPMBI.

HaunonanbHubili aBUallMOHHBIN YHUBEPCUTET, Ip. KocmonaBta Komaposa, 1, Kues, Ykpauna, 03058
E-mail: sushoa@ukr.net

Henb: @OyHKIUOHUPOBAHUE CHUCTEMBI OINPEAEICHHA NPOCTPAHCTBEHHOIO TIOJNOXKEHHS B  YCIOBHSX
ABTOHOMHOCTH M BBICOKOH TOYHOCTH TpeOyeT MCIONB30BaHMs Mar(opM B KapAaHOBOM mojBece. Llenbto
CTaThH SIBISIETCS NOAPOOHOE MCCIeOBaHHE KUHEMATHKH W MOMEHTOB YIPaBJICHUS TakoM cHCTeMbl. B
pe3yibTaTe MHCCIEAOBaHMN  Obula  IOJy4eHa  MOJETIb  BBICOKOTOYHOM  CHUCTEMBI  ONpEAEIEHUs
NPOCTPAHCTBEHHOW OPHEHTAIIMH C HCIIONB30BAHUEM JIByXOCHOW TOPU30OHTANBHOW TuiaThopmbl. MeToasbl:
PazpaboTka MaTeMaTHUeCKOW MOJENM OCHOBBIBATACh HA TEOPHMH THUPOCKONOB B LEJIOM M TEOPUHU
KOPPEKTUPYEMBIX THPOKOMIIACOB M [WHAMHYECKH HACTPAaWBAEMBIX TMPOCKONOB B YacTHOCTU. bbuin
IPUHATEL BO BHHMMAaHHME KOHILENIMM YIJOB Oiijiepa M HAIPaBSIOMUX KOCHHYCOB. Pe3yJbTarThl:
IIpencraBieHO NOJIHOE ONMCAHUE CUCTEMBI OINPEACIICHUs IMPOCTPAHCTBEHHOIO moyoxkeHus. IIpuBogsrcs
MaTEeMaTHYECKUE MOJEIN TAKMX COCTABJAIOIIMX HCCIEAYEMON CHUCTEMBI KaK T'MPOBEPTHKAIb W THMPOCKOI
HanpasieHus. llpenctaBineHsl pe3yibTaThl MOAEIMPOBAHMS C MCIOJIb30BAHMEM pa3pabOTaHHON MoJenu.
BuiBoasi: [lonyueHna maremarndeckasi MOJIENb MIaTGOPMEHHOW CHCTEMBI OIIPeeNICHHs POCTPAHCTBEHHOMN
OpPHEHTAllMM BKIIOYash MOJENM THUPOBEPTHKAIM W TUpPOCKoNa HampasieHus. [lpuBeneHsl moapoOHbIE
BBID@KEHHUS JUII MOMEHTOB yIpaBieHHs (KOppeKuuu). DBpImonHeH NONHBIH aHamu3 KUHEMAaTHKU
uccrnenyemoir cuctembl. llodydeHHble pe3ynbTaThl MOTYT OBITH TIOJIE3HBIMH MPH IMPOEKTHPOBAHUHU
MHEPLUUAIBHBIX HABUTALIMOHHBIX CUCTEM IIIMPOKOTO Kiacca.

KaroueBbie c/i0Ba: BHICOKOTOYHBIE HABHUTAI[MOHHBIC CHCTEMBI; THPOBEPTHUKANb; TUPOCKOIN HAINPaBJICHUS;
HaIpPaBISIONINEe KOCHHYCHI; IIATGOPMBI B KapIaHOBOM IIOZBECE; CHCTEMa OMpPEIEeIIEHUS TPOCTPAHCTBEHHON
OpHUEHTALINH.
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Abstract

Purpose: The purpose of this article is the theoretical justification of the existing methods and development of new
methods of training the crews of modern aircraft for inflight abnormal circumstances. Methods: The article
describes the research methods of engineering psychology, mathematical statistics and analysis of the correlation
functions. Results: The example of the two accidents of aircraft with modern avionics is shown in the problem
statement. The pilot made a sharp movement of the steering wheel while go-around, which has led to a sharp diving
and impossibility of coming out of it. It was shown that the developed anti-stress training methods allow crews to
train a human operator to prevent such events. The theoretical solution of the problem of optimization of the flight on
the final approach, considering the human factor, is suggested to solve using the method of analysis of the
autocorrelation function. Conclusions: It is necessary to additionally implement methods of teaching the
counteracting of factorial overlaps into the training course using the complex modern aircraft simulators. It is
enough to analyze a single pitch angle curve of the autocorrelation function to determine the phenomena of

amplification of integral-differential motor dynamic stereotype of the pilot.

Keywords: correlation function; dynamic stereotype; glide path; negative factors.

1. Introduction

Ensuring the flight safety is very important
component of the civil aircraft operation. For
modern aircraft high level of modern airplane safety
depends primarily on the features of the airplane and
the training and experience of the flight crew.
The functional efficiency of aircraft is determined by
its structural and operational excellence, stability,
handling and maneuverability, as well as high
operational workability of the airframe, engine and
equipment. The functional efficiency of the flight
crew depends on the theoretical training, knowledge
of aircraft and the rules of its operation under regular
and extreme conditions, as well as the discipline and
diligence of captain and his crew. Statistical analysis
of aircraft accidents shows that most of them are
caused by the fault of human factor.

2. Problem statement

Let us consider two accidents of the Boeing 737
aircraft during night operations under adverse
weather conditions.

Aircraft accident of «Tatarstan» airlines Boeing
737-500 during landing, had place on November 17,
2013 in Kazan International Airport. There was
heavy rain with snow and wind gusts of 7 m /s to 16
m / s depending on the altitude, with visibility of 10
km.

Aircraft accident of FlyDubai airlines Boeing
737-800, flying from Dubai (United Arab Emirates),
which has crashed at the airport of Rostov-on-Don
during the second approach in difficult weather
conditions, with a strong side wind and rain.

In both cases the captains made a sharp and
disproportionate movements using the steering
wheel while go-around, which caused the airplane to
dive sharply. In both cases we deal with the problem
of controlled flight into terrain (CFIT).

This brings up the question of working out the
situation using the complex flight simulator (CFS) to
secure the persistent flight crew skill. Of course, it
should be done. As much as possible situations
are required to be worked out using CFS. But the
programs of simulator training are based on the

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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condition of ordinariness, when only one failure is
put in from the instructor control panel. In practice it
sometimes happens in a different way i.e. we can
have 2Noptions, which deal with the right or wrong
action, and N — the number of negative factors,
which influence the flight crew. So considering all
the situation is almost impossible.

The problem of improving the quality of flight is
currently the subject of many scientific publications
[1-6].

The purpose of this work is the theoretical
Justification of application of existing methods of
modern aircraft crew training for special conditions

of flight and the development of new such methods.

3. Solution for the problem wusing complex
airplane simulator by methods of engineering
psychology and mathematical statistics

Now let's investigate the reason of disproportionate
integral-differentiated motive actions of human
operator. The experiment was carried out using CFS
of Tu-154 B2 by staff of Kyiv Institute of Civil
Aviation Engineers (National Aviation University
nowadays) at the training detachment in 1980-1990.
We used the CFS not to work out concrete action
(the necessity of this procedure, we do not deny in
any case) but to improve the skill of countering the
factor overlays (FO), which were simulated by
simultaneously acting failures. It was determined
that initially 80% of the pilots had no opposition to
factor overlays. Recommendations for pilots were
based on the theory of the process analysis and
factor transitions phenomenon, introduced by
Khokhlov E. M., phenomenon of "factor resonance",
introduced by Korneyev S. V. (further research was
continued by Polozhevets A. A.), where the area
with the greatest amplitude of the flight parameter
and phenomenon of amplification of integral-
differentiated motive dynamic stereotype
(PAIDMDS) was examined by Hryshchenko Y. V. It
should be noted that these techniques allowed to
successfully train pilots to counter FO, but their
further implementation has been stopped due to lack

of funding.
It should be noted that the above mentioned
aircraft pilots would not have made a

disproportionate and sharp actions using steering
wheel of the aircraft with a high probability in the
case of passing the training techniques which were
mentioned above [7,8].

Also it was noticed that the burst of accidents
has periodic nature each 10 years. This peak takes
place this year [8].

The general nature of the industrial cycles is the
development of large scale machine industry, such
as aviation, is studied in detail by economists. And
although economists do not have a single point of
view, there are about 500 different points of view
about mechanisms and the nature of the industrial
cycles, but the fact of existence of these cycles is not
already under discussion.

Delta is taken as flight safety level in the
conception proposed in work [8], as level for various
modal (volumetric) air transportation market
indicators (number of flights, takeoffs and landings,
the volume of passenger traffic, cargo handling,
mail, etc.)

Delta level of flight safety (FS, surplus safety) is
a differentially difference level that fixes the positive
effect of flightsand shows the difference
(increment) between the total effect of the flights
and the negative effects from them in absolute and
relative forms. Of course, the maximum negative
effect of flights is an accident and the positive one is
flights without remarks.

In other words, unlike established flight safety
assessment approaches, this concept offers
accounting not only security as a systemic property
of the air transport system by the level of danger, but
assessment of the increment of flight operation,
which provides the result of transportation (delta -
safety).

Central strategic goal of scientific research,
which controls decisions, can only be decrease of the
danger of flights (DF). Such decrease of DF level
may be carried out in two phases:

- system method by increasing the decrement of
oscillations damping of DF level in cycles of 10
years till "sustainable" level,

- process methods by a factor transition from
"sustainable" level of danger to drift near "zero level
of accident rate" over human factor.

Process analysis which is based on the general
theory of processes, the general theory of statistics is
based on the theory of limits, qualitative theory of
uncertainties and other theories of process concepts.
Knowledge and understanding of the dialectical law
of transition from disordered to ordered science is
important for understanding the general nature and
general points of transition from system to process
research, as a general new scientific strategy for the
areas of human factors.
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Civil aviation companies are complex automated
manufacturers. The scale of air transportation, the
number of people and equipment that are involved in
this type of transport are increasing every year. One
of the major problems of civil aviation is ensuring
the high level of flight safety. This problem has
many aspects as flight safety depends on complex
factors, including the Ilevel of technical
dependability of the aircraft and its systems, level of
professional staff training, organization of work of
flight, technical and medical services, discipline of
flight and technical staff, human interaction with
technology and among themselves, intensity and
conditions of flights and many other things.

The problem of improving the flights safety is
complex and can be solved by consistent efforts of
flight, engineering, medical staff, as well as
scientists, designers and specialists from other
professions. However psychophysiology knowledge
is essential for improving the flights safety.

Depending on the level of automation of process
management there are two main processes:
automatic and ergatic. In ergatic process human
operator is a center that receives information,
processes it, makes decisions and carries out specific
actions on management. But the full automation of
the production process in aviation cannot always be
done, or is not always needed. This significantly
causes that ergatic production processes are very
extensive class of processes and ergatic systems are
essentially the main processes in aviation.

Let us consider glide path with taking into
account PAIDMDS.

4. The theoretical solution for the problem of
optimization of the flight on the final approach
with taking into account the human factor

Let us define integral difference between the set and
realized flight paths.

Flight path deviation from the intended course is
characterized by the correlation function between
the set and realized flight paths [9, 10]. The physical
sense of the correlation function is analyzed in this
work. Relationship of correlation function with the
difference between scheduled and actual flight paths
is determined.

The square of the integral difference between flight
paths (scheduled and real) in the specific area equals

A=["1Z.()-Z @] dx, (1)

where Z(x) is scheduled flight path,
Z,(x) is real flight path.

Flight path takes place in a plane y = const.
Coordinate Z depends on x, Z(x), i.e. it is the height
of flight path in the Cartesian coordinate system.

X1, X, are starting and ending points of reference
of flight path in the horizontal plane.

Let's compute the expression (1)

A= f Z2(x)dx - 2JZZS (x)Z, (x)dx+
+ j ® 72 (x)dx, ()

Let us of the

equation (2):

designate the components

A=[Z}(x)dx=Lp,,

X

2,02, (v)ax=Lp,,.

1

[Z}(x)ydx=Lp, .
where L=x, — x;, functions ps, p. p, are respectively
autocorrelation function of the scheduled flight (p;),
function of correlation between the scheduled path
and the real path (p,) and p, are autocorrelation
function of actual flight path. In this case expression
(1) takes the form

A=Lp,—2Lp, +Lp,, (3)

Autocorrelation  functions p, and p, are

approximately equal to each other. Let’s consider
the case, where

Py=P, =Py 4)
and p, is autocorrelation function of scheduled and
implemented process. That is, when the correlation
function of the scheduled and realized the flight path
differ insignificantly.

Let’s rewrite formula (3) with considering (4)

A=2L(pA_psr)’ (5)

A

psr:pA_Z'

From (5) it is clear that if the paths are same A=0,
then Psi— Pa-
Integral error value per unit of length A
L
to the difference of the function of autocorrelation p,
and correlation p,. Let us calculate these three
functions for different types of paths.

equals
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5. Flight paths on the glide path

Let us consider Flight paths on the glide path (fig.
1), which is defined by the equation

ZS(x):h—%x, (6)

where / is initial altitude of flight on the glide path,
L is the length of flight on the glide path.

Z A

7
Zy

0
Fig. 1. Glide path trajectory.

L is the glide path length (1~12000,00002m), 4 is
the initial altitude at the moment of landing.

Let us consider the special case of delay of
landing trajectory.

Z,=h-7G=2) ™

Where y is value of the delay.
Then correlation and autocorrelation functions
are equal to

Ve, Y R
ps:zjo [l’l—sz dx=§ )

o B[ e

(8.1)

ek
=L, (8.2)
3 ZLZ
1 o h :

Pk=z_|‘ih—z(x—){)} dx =

oo h? )
LT (8.3)
3+LI+LZZ

Further we denote p(—y).
Substitute values of (8.1, 8.2, 8.3) into formula
(3) and we find the integral difference between the

two paths
2 2

2 2
A=L?—2L?—h2;(+h—[‘—h—;(2+h2;(2 =

3 L

»o,

= L Z ’
€]
while =0, A=0, y=L, A=h"L. 9.1)

Let us write (9) in such a way
2
A:;,?L(Zj ) (10)
L

The formula (8) shows that with increasing of y
from O to L the value of A increases.
Outrunning flight path on the glide path equals

(11)

Let us split the range (0, L) into two parts (0, L-y)
and (0, L+y). Outrunning function at part (L-y, L)
equals zero: Z(xt+y)=0. Consequently, the
outrunning correlation function is determined by
integrating only in the interval of (0, L-y)

_ R M N _
p=pCt0=7] (h Lx) [h L(x+z)}dx

hn
BENETAS
By comparing the expressions (8.2) and (12)

2

PR PR ="

Z(x+;()=h—%(x+,{)-

(12)

It can be concluded that
P> p()*

Autocorrelation function of outrunning path is
equal to

Pk(+Z):%LL[h—%(x+,{)de:

2 2 2 2 2
=r[l_x+l} =" e 13)
L L 3 L L

p(=x) —p(+x)=0 as long as y =2L, that is unreal
condition when the aircraft has not landed.

If Ly»y, the delay value is much less than the
length of the glide path, which is quite real, the
autocorrelation function is equal to the outrunning
path

pulez)=3 0 (14)

Let us substitute values ps, pi(ty) and pg(+y) into
the equation (3) and get (fig. 2):
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Fig. 2. Graph of relation betweenz and y (y is within the

range from -3000 m to 3000 m).

This figure shows that in the case of the glide
path entrance delay, the probability of hitting the
threshold level of runway increases.

The probability of the preconditions for
occurrence of aircraft accident increases. Therefore
measurement error will be less than this one.

6. Conclusions

l. Tt is necessary to further implement a
training course using CFS training methodology of
countering FO.

2. To determine PAIDMDS enough for the
pilot to have analysis of one curve of the
autocorrelation function on the glide path during
"flight" using CFS.

3. To implement the proposed method it is
necessary to develop and create the equipment for
comparing the predetermined and realized glide
paths. Most likely polarimetric devices will be used,
allowing to register the above mentioned the glide
paths and analyze quickly and accurately.
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Abstract

The article is devoted to analysis of avionics components samples with a view to creating an integrated
avionics synthesis methodology remotely piloted and unmanned Aerospace Dynamic Objects (ADO), which
provides a comprehensive solution of problems of navigation and synergistic control ADO air navigation in
space. Methods: The analysis and setting objectives are the basis for the development of modern techniques
for combining and processing primary data, methods to solve navigation problems, methods of solving
problems in the management of complex integrated avionics ADO. In particular, this invariant compensation
method for combining primary sources of information, complete correlation-extreme methods of navigation,
control method synergistic ADO. Results: Using these techniques will increase the effectiveness of solving
problems of navigation and control both civilian and military ADO, in terms of accidental and intentional
interference, the failures of avionics. Discussion: Based on the provisions set a prototype integrated avionics

for ADO navigation and control synergistic with current approaches has been developing.

Keywords: navigation and control; integrated avionics system; unmanned aerial vehicles.

1. Introduction

The rapid development of aviation and space
technology, which is observed in recent decades
contributes fundamentally review the operation
concepts of aerospace systems in the same space of
Air Navigation [1, 2]. Formation of new fundamental
concepts such as the concept CNS/ATM, Free Flight,
A3 etc., leading to the nomination of the new
requirements on the structure and principles of
modern avionics ADO. Despite the fact that Ukraine
is a state aircraft, aircraft industry domestic
enterprises do not have sufficient experience
developing and manufacturing advanced avionics
systems. Usually avionics for unmanned aircraft
Ukraine shipped from abroad, which were purchased
in the leading European manufacturers of avionics.
Research and development of such systems in
Ukraine is spontaneous and decentralized. Along with
that there are no domestic theoretical work on the
synthesis of integrated avionics. Thus, in Ukraine
there was a problem situation, which is the need to
equip local ADO avionics systems of its own design

and production system and lack of a unified
methodology of hardware and software systems
integrated avionics ADO [3].

2. Analysis of the latest research and publications

The staff of the National Aviation University have
made a significant contribution to the development of
the theory of synthesis of integrated avionics systems,
particularly invariant developed the concept of
integration of navigation aids - so-called invariant
compensation scheme for integration of navigational
aids based on nonlinear discrete filter; the method of
complex correlation-extreme navigation compatible
with processing information and navigation data
evaluation; Energy-developed potential method for
solving the poly-conflicts of aircraft in free flight
conditions [4].

In this direction is planned to further develop and
improve invariant compensation scheme through the
use of special operation entry "acceleration”" scheme
based on regression algorithm using the device
sensitivity theory; expansion methods correlation-
extreme navigation. Requires further development

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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and improvement of methods avionics system
integration ADO for solving navigation and
synergistic management on common methodological

basis, in conditions of uncertainty, lack of
information, intentional interference and random
failures.

From the standpoint of the theory of complex
dynamic systems in the work expected to address the
problem at two levels of theoretical research: level
navigation tasks solution to improve the accuracy and
reliability of the definition phase coordinates ADO
and synergistic management level synthesis
formations ADO.

The basic idea of the first level investigation is to
improve existing and develop new methods of
primary processing, methods to solve navigation
problems, methods of information integration and
their system use in an integrated avionics [5].

The basic idea of the second level investigation is
to create a virtual environment, giving it synergistic
properties of objects real physical systems,
determining parameters of traffic of objects in the
virtual environment and use of derived parameters for
the synthesis of synergetic self management group or
traffic manned, remotely piloted and unmanned ADO
in the CNS/ATM environment.

The relevance of confirmed new requirements for
avionics systems ADO, due to the current global
trends:

- increasing intensity of aircraft flight and increase
the number of conflicts between them;

-nomination  global  aviation = community
requirements the transition from regulated flight
trajectories to their free flight autonomy and board;

- simultaneous use of a single aeronautical space
heterogeneous dynamic objects (manned, remotely
controlled, unmanned);

- increasing use of remotely piloted and unmanned
aerial vehicles to solve problems and civilians in
areas of armed conflict.

The above trends impose strict requirements for
methods of navigation and control their
implementation in modern integrated complex
avionics ADQO. Complex solution of this problem is
not only crucial, but in theoretical terms is classified
as high complexity tasks.

3. Research tasks

The problem of designing prospective avionics today
refers to the priority areas of the aviation industry.
Basic scientific research in this area are carried out by
experts of Aviation in the search for new concepts of
designing hardware and software within the

framework of the implementation of new
technologies, materials and element base in the
aviation product samples. The search for new
concepts of designing hardware and software aimed
at improving the structural organization of the on-
board systems to meet the continuously increasing
demand [6].

4. Integrated Modular Avionic concept

The introduction of new technologies, materials and
element base in the aviation product samples aimed at
changing technical and economic parameters of
avionics in order to make on-board systems of the
new qualities or to improve the quantitative
performance of the existing equipment. At the present
stage avionics developers some progress in
addressing the particular problems of designing
individual components due to the introduction in the
development of promising functional technology,
hardware and software integration equipment, but the
problem of building integrated avionics computer
systems remains unresolved fully up to date. The
purpose of this article is to present a wide range of
issues of design professionals integrated computer
systems that make up the core of advanced computing
systems avionics. The reader will find a brief
overview of the results now achieved by developers
and proposed for more detailed acquaintance modern
approach to the design of the avionics perspective - an
approach based on the introduction of on board UAV
structures integrated modular avionics [6].

The main result of the international experts in the
development of architecture and components of the
avionics is now approved by ARINC (Aeronautical
Radio Inc., USA) and developing the concept of
integration of national experts on-board equipment -
the IMA concept (Integrated Modular Avionic), the
foundations of which are set out in the standard
ARINC 651 «Design Guidance for Integrated
Modular Avionic». The standard has defined a new
direction in the improvement of aviation instrument
and outlined the prospects for the development of the
aviation industry for decades to come. ARINC 651 is
a coherent and legally approved in the United States
view the representatives of airlines, operators of
aircraft, aircraft manufacturing companies and the US
aviation equipment and a number of other countries
on the approach to the systematization of avionics
design.

IMA concept covers the following groups of
design problems aircraft instrument:

— the establishment and implementation of IMA in
the development of the avionics;
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—used in the development of avionics technology;

— implementation of fault tolerance of onboard
equipment;

—principles of the on-board network of
information exchange (on-board data network);

— architecture of avionics;

—software architecture of avionics
components;

— development certification (avionics hardware
and software);

— testability and maintainability of avionics and
object a whole;

—range of sources and data
(subscribers on-board local data network).

IMA concept involves the separation of the
functional components of avionics into three
hierarchical levels:

—the lower level of the hierarchy form a unified
structural and functional modules for different
purposes, with their own computing devices in a
compact standardized design;

— the average level of the hierarchy form a multi-
processor computer systems, modules created from
the lower level and constructively performed in a
standardized package;

— the highest level of the hierarchy is an onboard
local area network based on the network interface of
the central high bandwidth computing means
integrating racks midrange.

For the organization of the central on-board
network interface high bandwidth enterprises today
aircraft instrument experts worked out a constructive
and technological solutions for the implementation on
the aviation and space ADO for new or existing:

—intersystem interface Fiber Channel (ANSI
X3T11); Scalable Coherent Interface (ANSI / IEEE
Std 1596-1992); Myrinet; Gigabit Ethernet; ARINC
664; Asynchronous Transfer Mode; FireWire (IEEE
1394) etc.;

—intrasystem interfaces Scalable = Coherent
Interface — SCI (ANSI / IEEE Std 1596-1992); Fiber
Channel — ANSI X3T11; VME; PCI Compact; SKY
Channel Packet Bus; LVDS (TIA / EIA 644) etc. [6]

Among foreign avionics projects carried out in
accordance with the basic provisions of the IMA
concept, deserve the attention of the following
systems, a review is given below.

and its

consumers

5. MicroPilot components

MicroPilot serves UAV  manufacturers who
maintain high standards for both the hardware they

integrate into their systems and the software that
drives them. Our customers require products that are
reliable, scalable and customizable. MicroPilot has a
solid reputation that supplies consistent products,
services, and support [7]. Incorporated in 1994,
MicroPilot has served over 850 clients in over 70
countries during its 20+ years in business. With such
a stronghold and longevity in the industry,
MicroPilot has maintained itself as the world leader
in professional autopilots for UAVs and MAVs.
MicroPilot serves small UAV manufacturers, large-
scale defense and research enterprises, and all that
exists between. Some of the organizations we serve
include NASA, Raytheon, and Northrop Grumman.

Customizable Products.

MicroPilot offers a family of lightweight UAV
autopilots that fly fixed-wing, transitional,
helicopter, and multi-rotor UAVs. Some of our
autopilots’ popular features include:

¢ Airspeed and altitude hold;

e Turn coordination;

e GPS navigation;

e Vertical takeoff and landing (VTOL);

e Autonomous operation from launch to
recovery.

Circuit Board Autopilots.

MP2x28 Series Autopilots

Since the company began in 1994, MicroPilot
autopilots have been compact, lightweight, and
powerful. They have flown everything from one-
pound MAVs/backpacks to high-speed, turbine-
powered drones. MicroPilot offers more flexibility
and selection in autopilots than ever before to meet
clients' needs, ranging from sophisticated data and
imaging UAV systems to entry-level or single-use
applications. From our single-use autopilot
(MP2x28) all the way up to our powerful VTOL
autopilot (MP2128"%) " MicroPilot provides a
seamless upgrade path. No other autopilot
manufacturer offers such adaptable technology or
such a range of autopilot options at quantity pricing.
This makes MicroPilot the single-vendor solution
for all autopilot hardware, software, and accessory
needs. This also positions to grow and adapt at a
fraction of the cost so that newly developed UAVs
can get in the air faster with better autopilot control.

MP2128"¥2 " Incorporates all the functionality
need to fly both VTOL and fixed-wing UAVs in an
ultra-small autopilot. Based on proven MicroPilot
autopilot technology, it flies fixed-wing and heli
UAVs. Upward-compatible with the
MP2x28% series of autopilots. Includes Ublox 4 Hz



76 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2017. N1(70): 73-89

GPS module and compass module. Supports fully
autonomous flight from takeoff to landing.

MP2128%, Comparable in size to the
MP2028% but with 50 times the processing power.
Offering upward compatibility with the popular
MP2x28%, MicroPilot's MP2128% provides a 50-
fold increase in processor power, double the
memory, and twice the input/output channels. The
MP2128% is MicroPilot's premium autopilot and the
autopilot of choice for high-performance miniature
UAV.

MP2028%*. The autopilot that will take miniature
UAV  from vision to  reality. The
MP2028% established a new benchmark for
lightweight UAV autopilots. Weighing only 28
grams, including all sensors and a GPS receiver, this
UAYV autopilot is the smallest in the world. With a
proven track record, the MP2028% packs everything
need into one powerful UAV autopilot.

MP1028%. Bringing MP2028%* performance to
the entry-level UAV operator. The MP1028% is the
lowest-cost member of the MicroPilot family of
UAV autopilots. With the same small size and
weight as the MP2028%, the MP1028% offers all of
the reliability and the most important features of the
MP2028%%. The MP1028% autopilot is suitable for
entry-level UAV applications where cost is the
overriding consideration.

trueHWIL™. The highest fidelity available in
UAV autopilot simulators. MicroPilot's new True
Hardware-in-the-Loop ~ (trueHWIL™)  simulator
offers UAV integrators and researchers the highest-
fidelity UAV autopilot simulation available on the
market today.

Existing quasi-hardware-in-the-loop simulators
approximate a UAV's flight by exchanging sensor
and control surface position information with the
autopilot over a serial port or CAN bus. This form of
simulation introduces inaccuracies as an autopilot in
flight reads this information directly from its sensors
instead of a serial port or CAN bus. MicroPilot’s
trueHWIL™ offers a dramatic improvement in
simulator fidelity by electrically simulating all
sensor outputs using an analog-to-digital converter,
signal conditioning, and PWM interface boards.
MicroPilot’s trueHWIL™ allows our customers to
replicate the conditions their UAVs experience in
flight, offering superior on-the-ground validation of
autopilot setup and integration.

MP2128** Triple Redundant. Three complete
autopilots, advanced voting logic, carrier phase GPS,
helicopter and fixed-wing. Triple redundancy (3X)
gives autopilot technology the reliability necessary

to safely carry out sensitive flight missions and
transport valuable payloads. A triple redundant
arrangement is comprised of three similar software
and hardware systems. If any one of the three
systems fails, the remaining two take over, offering
a double redundancy arrangement. If one of the
other two systems should fail, the third takes over.
An additional mechanism is also included to oversee
these three systems. Triple redundant systems are
highly tolerant of autopilot hardware failures.

Triple redundant autopilots are not new. Military
aircrafts such as the RAF’s Trident fleet, used a
triple redundant autoland system in the early 1960’s.
Ten years later, the Aérospatiale-BAC Concorde
took advantage of 3X technology in its flight control
system. Presently, triple redundancy is used in
several manned military and commercial aircrafts.

Although triple redundant technology is
established within the aviation industry, triple
redundant autopilots are a relatively new addition to
unmanned aerial vehicles (UAVs). MicroPilot, the
leading UAV autopilot manufacturer, is setting the
benchmark for triple redundant UAV autopilots.
MicroPilot, based in Canada, has been designing
autopilots for fixed-wing, transitional and helicopter
UAVs since 1994. In 2006 MicroPilot started
designing a triple redundancy autopilot for
helicopter and fixed-wing UAVs.

The MP2128°* is comprised of three MicroPilot
MP2128"F2 autopilots, mounted on an adapter
board, or redundancy board. The three MP2128"5'%g
are prioritized. At the start, the autopilot in position
one flies the airframe. If this autopilot should fail,
the MP2128"5 in position two takes over, and so
on. The redundancy board provides several
input/output (I/0) ports. The board also includes two
RS232 serial ports designed to communicate with a
ground control system via radio modems. As a result
of this design, users never need to work directly with
bare circuit boards. Additionally, the autopilots do
not have an individual casing, keeping overall
weight to a bare minimum; however, the entire
redundancy board is enclosed to protect the system.

Features:

e Fly both fixed-wing and helicopter UAVs.

e Multiple communication links for onboard
devices such as cameras and aircraft transponders.

¢ Redundant datalinks to ground control station.

¢ Configuration, state and waypoint
synchronization among all three autopilots.

e 11 serial ports including RS232 and RS485.

¢ 16 independently-generated servo signals.



D. Prusov, M. Matiychyk, O. Mykhatskyi. Comparative Analysis of Avionics Samples and Components due to Developing 77

¢ 8 high current drivers controlled independently
by each autopilot.

e Pass or fail voting logic reliably selects the
appropriate autopilot.

e HORIZON™ ground control station software
with built-in software in the loop simulator.

¢ Feedback loop synchronization ensures smooth
transition when switching autopilots.

HORIZON™

Ground control software that consistently takes
UAV from the ground to the air. The choice of over
850 clients in 70 countries, HORIZON™ ground
control software offers a user-friendly, point-and-
click interface. Developed by MicroPilot for the
MP2x28 series of autopilots, HORIZON™ runs on a
Windows computer or laptop.

HORIZON™ allows the operator to monitor the
autopilot, change waypoints, upload new flight
plans, initiate holding patterns, and adjust feedback
loop gains all while the UAYV is flying.

INFORMATIVE

HORIZON™ allows both the UAV developer
and the end user to access critical information in real
time. Up to eight user-defined sensors can be
configured and displayed in three formats:

e Current sensor values are displayed in an easy-
to-read gauge format; warning and danger levels can
be set for each gauge

eThe Strip Chart graphs
variations over time

¢ The Trace Route displays sensor data variations
along the UAV's flight path

Data from the autopilot is also recorded for post-
flight analysis.

MP2128 LRC2 MP2128 HELI-LRC2

Providing the best MicroPilot 2128 series
products in one convenient autopilot package. As
world leaders in miniature UAV autopilots,
MicroPilot continually develops dynamic new
systems to serve RPAS, MAV, UAS, UAV, drone,
and certain unmanned vehicles. The MP2x28 and
MP2128 are the autopilots of choice for UAV
operators who need a reliable, integrated system that
performs in a variety of scenarios. Equipped with
full airside and groundside UAV system
components, the MP2128"*“?is  MicroPilot's
premium UAV autopilot package. This long-range
communication (LRC) autopilot provides an
integrated, redundant, long-range data
communication link. With this feature, operators
benefit from greater distance and flexibility.

sensor-specific

The LRC ground unit uses standard, off-the-shelf
radio modems with three popular frequency band
choices (see below), as well as versions for either
fixed-wing or helicopter. This product adds RC
control information to the existing GCS datalink and
a second redundant datalink, which reduces possible
failure modes. In addition, LRC units provide
automatic emergency override. The LRC is
lightweight, yet enclosed in a rugged aluminum
housing that protects its sensitive electronics. What’s
more, these electronics are convenient to install on a
variety of airframes.

XTENDER™

Take UAV to the next level with this power
solution XTENDER™ taps into the power of a
world-recognized autopilot and expands it to fill the
gap between standard autopilot functionality and
specific requirements.

MP plug-ins are code modules that execute at the
same time as the autopilot code and allow customers
to add functionality to the autopilot to differentiate
their products and close the gap between the
standard autopilot functionality and their custom
requirements

e MP plug-ins can access 64k RAM for data and
64k Flash for code

e MP plug-ins run under the autopilot simulator
to simplify testing and speed development

e MP plug-ins can access all autopilot state fields

e MP plug-ins can provide customer-specific
servo mixing

¢ Customer-defined control laws can replace any
or all existing MP2x28 control laws

¢ MicroPilot plug-ins can access unused autopilot
hardware for custom payload control and data
collection

eUp to 9 I/O channels are available for
MicroPilot plug-in. Each /O channel can be
configured as one of: serial input, serial output,
PWM in, PWM out, single-bit input, or single-bit
output

SIMULATOR

XTENDER™ includes a “software in the loop” 6-
DOF simulator linked to autopilot code.

e Simulator update rate: 150 Hz

e Accepts autopilot commands via PC serial port;
speeds development of embedded payload/mission
controllers

e Simulates communication, engine failure, loss
of GPS lock, loss of RC signal, loss of
communications, and low-battery failures
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e Availability of simulator gives end-product
training mode

XTENDERvalidate

Build quality systems that meet high-level
expectations. Develop high-level requirements and
easily decompose them into appropriate lower level
requirements with XTENDER"'*, the world’s first
available design life-cycle tool for UAVs.
Systematically link flight, user, and simulator testing
validation data to requirements. Likewise, link
requirements to autopilot options and GCS settings.
Additionally, XTENDER "' incorporates a failure
analysis tool that helps identify subsystem failure
modes and links them to requirements. With
XTENDER"™“*  clearly satisfy requirements via
autopilot options, ground control station options,
UAV design, and more. Auto-generate electronic
test cards, complete with descriptions for each test,
indicators for severity, and schedule dates. Automate
documentation for each requirement and its
implementation, with this design life-cycle tool.
XTENDER " “*offers a flexible means of satisfying
requirements and provides progress and fulfillment
reporting.

Features:

e Freeze and roll back
implementation capability;

e Requirement linking to autopilot options and
GCS settings;

e System and subsystem decomposition tool;

e Share requirement subsets among multiple
UAVs capability;

o Integrated failure modes analysis and mitigation
tool;

requirements and

e Auto-generated electronic test cards from
requirements;

e Validation data linking to requirements;

e Requirements and implementation change

history;
e Progress tracking for satisfying and validating
requirements [7].

6. RVOSD components

RVOSDG6 Autopilot & Telemetry + LRS

RangeVideo RVOSD6 with RVLINK receiver
module and airspeed sensor [8], includes:

¢ RVOSD6

¢ RVLINK Rx module + antenna

e GPS

e Current sensor

¢ IR remote

e Servo cables.

Requires: RVLINK Transmitter

Capabilities:

OSD: F16 style graphical OSD; Battery voltage
& current; Airspeed; Ground Speed; Altitude;

Variometer, Heading; AHI; 3 different OSD
displays: F16, simple, or radar screen.

Autopilot:

— Variable throttle control based on airspeed and
power.

—16 waypoints (coordinates and altitude).

Autopilot will fly the programmed path.

It can be override the mission at any time, with
the following auxiliary modes:

— Position hold (circle flight path above any
point— loiter diameter can be set);

— Fly-By-Wire (semi-automatic
manual flight);

— Heading hold (maintain constant heading
course);

— Return to home( return to take-off location and
circle flight path at pre-set altitude).

Other Features:

Supports up to 6S battery; 100A current sensor
with XT60 plugs; Filtered power supply for video
camera and transmitter; 1A 5V PSU to power
camera or vtx.

RVLINK UHF Control Relay (receiver is
included in the RVOSD) 430MHz 800mW; 20-
40km range; Spectrum analyzer mode.

RVGS(Optional)

Antenna tracker;
Video splitter.

The RVOSD autopilot relies on a combination of
gyros and accelerometers to sense the airplane’s
pitch and roll. The most important function of the
autopilot is to return the airplane back home when
R/C signal is lost. The RVOSDS5 can also
stabilize(fly-bywire mode) and autonomously(by
waypoints) fly the aircraft.

Aircraft Compatibility. The RVOSD autopilot
can control these types of aircraft:

— Stable trainer aircraft. Throttle, elevator, and
rudder.

— Low wing Aerobatic aircraft. Throttle, elevator,
and ailerons.

Autopilot Flight Modes RTH (return to home)
This autopilot mode will engage automatically when
R/C link lost is detected, and will fly the model back
to the takeoff spot. Level flight The autopilot will
keep the attitude of the model leveled on the pitch
and roll axes. Heading hold The autopilot will keep
the heading of the plane at the moment this of
activation; it will also try to keep the actual altitude.

stabilized

Video diversity controller;
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Position hold The autopilot will fly figure eight
patterns around the GPS coordinates at the moment
of activation; it will also try to keep the actual
altitude. Fly-by-wire The control of the plane is
given up to the OSD computer. It will check for user
stick traffics and will translate to model desired
attitudes. Control sticks are interpreted from 0 to full
as 0-60° on each axis. Waypoint navigation (this
mode is disabled outside of North America)

Hardware Overview.

RVOSDS. The RVOSD performs all of the text
and graphic overlay, navigation, autopilot control,
and power management. A custom graphics engine
draws a flicker free overlay. Two microprocessors
handle all of the tasks. The RVOSDS5 contains an
onboard Barometric Pressure Sensor for measuring
aircraft altitude.

GPS Receiver. The included 10Hz GPS with
SAW filter is immune to jamming from video
transmitters. It is WAAS enabled, and has an
accuracy of < 2m. It has a lithium backup battery to
retain GPS settings for quicker satellite acquisition
times. GPS data provides ground speed, ground
track, and latitude and longitude.

Current Sensor. The current sensor measures the
current consumption of electric motor system from
6-25VDC, 70A maximum.

External Temperature Sensor. If the external
temperature sensor is left disconnected, then
RVOSD will display the onboard temperature sensor
reading. Temperature sensor operating range:

onboard temp sensor MCP9700 -40 to +150
degrees Celsius.

Remote Control. The IR remote is used to
navigate the RVOSD menus. The IR signal is
powerful enough to penetrate foam and balsa; there
is no need to remove the RVOSD from the model.

Wiring. Cables to connect video in, video out,
GPS, current sensor, R/C receiver, are all included.

Video Camera. A video camera is not included
with the RVOSDS. The RVOSD will not provide a
video output without a valid video input. Use the
included cables to connect camera to the RVOSD.
There are cables for the KX131/KX191, KX171, and
DX201. RVOSD is compatible with both PAL and
NTSC composite video formats

Video Transmitter. A video transmitter is not
included with the RVOSDS5. The RVOSDS5 will send
the combined camera video and OSD to the
connected video transmitter so the video can be sent
down to on the ground for monitoring.

The video out connector is the video signal with
the graphic/text data overlay. It can be connected
directly to a TV monitor, DVR, or wireless video
transmitter. Use the included male to male servo
cable to connect the video out to a RangeVideo
Aerial Video System transmitter.

Video Receiver. A video receiver is not included
with the RVOSD. It will need a video receiver that
operates on the same frequency as video transmitter.
The video receiver will receive the transmitted video
with RVOSDS5 overlays. Connect the video receiver
output to a video monitor to watch the video in real-
time

Video Monitor. It will need a video monitor (not
included with RVOSDS5) to view the video being
received by the video receiver.

Main Battery. The electric aircraft already has a
battery to power the motor and electronics. The
RVOSDS5 and related components can use this
existing battery as a power source. The Main Battery
voltage and current can also be monitored and
displayed on the OSD. A video transmitter and video
camera can also be powered from the main battery
via RVOSDS5 connections.

Auxiliary Battery. The Auxiliary (Aux) Battery
is optional and not included with the RVOSDS. The
input range is 6-35 VDC [8].

7. Pixhawk Autopilot

PIXHAWK is a high-performance autopilot-on-
module suitable for fixed wing, multi rotors,
helicopters, cars, boats and any other robotic
platform that can move. It is targeted towards high-
end research, amateur and industry needs and
combines the functionality of the PX4FMU + PXIO
[9].

PX4 Autopilot. PX4 is platform independent
autopilot software (or a software stack / firmware)
that can fly or drive Unmanned Aerial or Ground
Vehicles ( UAV / UGV ). It is loaded (flashed) on
certain hardware and together with Ground Control
Station it makes a fully autonomous autopilot
system. PX4 ground control station is called
QGroundControl and is integral part from the PX4
Autopilot System.  QGroundControlcan run on
Windows, OS X or Linux. With the help of
QGroundControl it can load (flash) the PX4 on to
the hardware, it can setup the wvehicle, change
different parameters, get real-time flight information
and create and execute fully autonomous missions.

Today the PX4 Project and 3D Robotics
announced Pixhawk[]—I[Jan advanced open-
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hardware autopilot design for multirotors, fixed-wing
aircraft, ground rovers and amphibious vehicles.
Pixhawk is designed for improved ease of use and
reliability while offering unprecedented safety
features compared to existing solutions.

Pixhawk is designed by the PX4 open-hardware
project and manufactured by 3D Robotics. It features
the latest processor and sensor technology from ST
Microelectronics®  which  delivers  incredible
performance and reliability at low price points.

The flexible PX4 middleware running on the
NuttX  real-time  operating system  brings
multithreading and the convenience of a Unix/Linux-
like programming environment to the open-source
autopilot domain. Advanced PX4 firmware layers
ensure tight timing of operations and allow the
addition of completely new functionalities like direct
programmatic scripting of autopilot operations.

The flagship Pixhawk module will be
accompanied by new peripheral options, including
support for a digital airspeed sensor, external multi-
color LED indicator and external magnetometer. All
peripherals are automatically detected and
configured.

PX4 is an open-source, open-hardware project
aimed at providing a high-end autopilot to the
academic, hobby and industrial communities at low
costs with high availability. It is backed by
volunteers of the Pixhawk Project hosted at the
Computer Vision and Geometry Lab of ETH Zurich
(Swiss Federal Institute of Technology) and
supported by the Autonomous Systems Lab and the
Automatic Control Laboratory of ETH as well
several excellent individuals internationally.

3D Robotics is the leading open-source unmanned
aerial vehicle technology company. It was founded in
2009 by Chris Anderson (founder of DIY Drones)
and Jordi Muioz. Today, 3D Robotics is a seasoned,
venture-backed enterprise with more than 80
employees focused on delivering the most advanced,
full-featured autonomous technologies at the most
competitive prices.

3D Robotics and PX4 continue their partnership
to mutually support the further development of the
Pixhawk platform and provide all PX4 source code
and hardware under BSD/Creative Commons
licensing.

- Manufactured by 3D Robotics

- Aautopilot system designed by the PX4 open-
hardware project

- Advanced 32 bit ARM Cortex® M4 Processor
running NuttX RTOS

e 14 PWM/servo outputs (8 with failsafe and
manual override, 6 auxiliary, high-power
compatible)

e Abundant connectivity options for additional
peripherals (UART, I2C, CAN)

e Integrated backup system for in-flight recovery
and manual override with dedicated processor and
stand-alone power supply

e Backup system integrates mixing, providing
consistent autopilot and manual override mixing
modes

e Redundant power supply inputs and automatic
failover

¢ External safety button for easy motor activation

e Multicolor LED indicator

¢ High-power, multi-tone piezo audio indicator

e MicroSD card for long-time high-rate logging

Features

¢ 32 bit ARM Cortex® M4 Processor running
NuttX RTOS;

e 14 PWM/servo outputs (8 with failsafe and
manual override, 6 auxiliary, high-power
compatible);

e Abundant connectivity options for additional
peripherals (UART, 12C, CAN);

e Integrated backup system for in-flight recovery
and manual override with dedicated processor and
stand-alone power supply;

e Redundant power supply inputs and automatic
failover;

¢ External safety switch;

e Multicolor LED visual indicator;

¢ High-power, multi-tone piezo audio indicator;

e microSD card for extended-time high-rate
logging.

Specifications.

Microprocessor:

e 32-bit STM32F427 Cortex M4 core with FPU;

¢ 168 MHz/256 KB RAM/2 MB Flash;

¢ 32 bit STM32F103 failsafe co-processor.

Sensors:

¢ ST Micro L3GD20 3-axis 16-bit gyroscope;

eST  Micro LSM303D  3-axis  14-bit
accelerometer / magnetometer;

¢ Invensense MPU 6000 3-axis accelerometer /
gyroscope;

e MEAS MS5611 barometer.

Interfaces:

e 5x UART (serial ports),
capable, 2x with HW flow control;

e 2x CAN;

one high-power
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e Spektrum DSM / DSM2 / DSM-X® Satellite
compatible input up to DX8 (DX9 and above not
supported);

¢ Futaba S.BUS® compatible input and output;

e PPM sum signal;

¢ RSSI (PWM or voltage) input;

] I2C®;

¢ SPI;

¢ 3.3 and 6.6V ADC inputs;

¢ External microUSB port.

Power System:

e Ideal diode controller with automatic failover;

e Servo rail high-power (7 V) and high-current
ready;

o All peripheral outputs over-current protected,
all inputs ESD protected.

Weight and Dimensions:

e Weight: 38g (1.310z);

e Width: 50mm (1.96");

e Thickness: 15.5mm (.613");

e Length: 81.5mm (3.21").

Radio connections (range to 30km):

e Telemetry: 915 MHz;

e Digital video: 5.1-5.9 GHz [9].

8. Autopilots MNAYV and Kestrel

Autopilot MNAV + Stargate has average size and
not light enough for use on small ADO. Autopilot
advantage of this is that the original software into
the Linux open-friendly. In addition, Stargate is a
powerful CPU and IO-ports MNAV Stargate and

provide users with a great opportunity to install
individual extensions.

Autopilot Procerus Kestrel has a much smaller
size and weight that is acceptable for small ADO.
Autopilot contains processor Rabbit 3000 with a
frequency of 29 MHz, and a set of sensors, similar to
the autopilot MNAV. All sensors are integrated with
the processor, except for receiver GPS. In autopilot
built to perform autonomous takeoff, landing and
flight route, and provides pre-flight inspection of
sensors. Autopilot algorithm is based on the
traditional PID controller. Autopilot contains some
controllers handlebar height, engine throttle and
ailerons.

Autopilot provides automatic flight route as
control points with three dimensions (latitude,
length, height). Autopilot can use to ADO with
bands such air speeds (km / h), the bottom 25 ... 150;
normal 35 ... 250 the top 45 ... 450.

Apart from the autopilots, there are many
commercial standard autopilots, such as the AP50
autopilot of UAV Flight Systems, 3400 the company
UNAYV autopilot, autopilot Microbot of Microbotics
Inc. and others.

Mini ADO put strict requirements for autopilots
for their physical size, weight and minimal power
consumption. Comparison of these characteristics
are given in Table 1. Information on the availability
of sensors as parts of autopilots MNAV, Kestrel and
MicroPilot are shown in Table 2.

Table 1
Specifications of autopilots
Parameter MNAV Kestrel MicroPilot
Temperature, °C -5...+45 -40 ... +85 —
The angular velocity, deg/s +200 +300 +150
Acceleration, m/s2 +2 +10 +2
Magnetic induction, nT +0,75 +1 —
Height, m 0 ...5000 -13,7..3414 0...12000
Air speed, mil/h 0...180 0..130 0..311
Table 2
Comparing weight and dimensions performance and cost autopilots
Autopilot Size, cm Weight, g Energy consumption Cost, thous.doll.
MNAV 5.7x4.5x1.1 33 <0.8 W (5V) 1.5
Stargate 9.53x6.33x2.81 80.47 <500 mA 0.9
Kestrel 2.2 5.08x3.5x1.2 16.7 500 mA (3.3...5V) 5
MicroPilot 10x4x1.5 28 — 1.7...6
Piccolo LT 11.94x5.72x1.78 45 - —
UNAYV 3400 10.16x5.08x4.06 84 180 mA (5.5...7.5V) 5
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Most commercial autopilots wusing PID
regulators. Autopilot based PID controllers have a
simple design and can easily be implemented to
control the ADO. However, the autopilot is not
optimal and have low reliability. In addition, some
airplane mode settings PID controller can cause
serious difficulties. Therefore, the current research is
the application of modern methods of control theory
for the synthesis of control laws ADO.

9. Development and production of integrated
navigation system of unmanned aerial vehicles

Currently, the main and most common option is a
navigation system UAV is the Inertial-Satellite
Navigation System (ISNS), which is based Inertial
System Platformless Type (ISPT). In ISPT sensors
as the primary information used accelerometers and
angular rate sensors. ISPT navigation systems are
high, issuing evaluations of almost all parameters
necessary for traffic control aircraft (components of
linear and angular speeds, coordinates and
orientation parameters) with high refresh rate
information [10]. ISPT usually seen as the main
source of navigation data and information coming
from the receiver SNA, is used for correcting INS.

In evaluating parameters of spatial traffic of the
aircraft should be aware that vertical channel INS
unlike horizontal channels are structurally unstable,
because it is no integrated contour correction. So
usually expected to have an additional source of
information — barometric altimeter that provides,
first, linking the measurements to a reference level
(to the average sea level), and secondly, a correction
of this channel to restore the stability of the system.

Also note that in the SNA are no angular
orientation, and ISPT error of course, as opposed to
errors of calculation roll and pitch rapidly
increasing. In this case, usually of the INS include
magnetometer, which azimuthally adjusting channel
ISPT, reduces error determination of the UAV.

So in addition to classic board sensors are more
ISPT: magnetometer sensor and receiver static
pressure, which provides the measuring barometric
altitude. It is proposed to use these sensors to build
an additional information system to improve
reliability UAV flight navigation support.

Due to the different nature and different physical
principles forming the navigation algorithm software
ISPT and SNA well complement each other. Their
sharing allows, on the one hand, to limit the increase
in errors INS, and, on the other hand, to reduce the
noise component errors SNA, increase the rate of
delivery of information to consumers onboard,

significantly raise the level of hurt-protection. But
the real conditions of use Navigating consumers
indicate that many gauges and, above all, the
satellite radio navigation system, not always in
working condition. In reality there is often failure
tracking satellite signals, particularly because multi-
beam action and other interference, and error signals
capture etc.

In the article additional hardware devices without
involving is proposed to create on the basis of
existing equipment onboard the UAV navigation
system that will support the work of SINS radio
silence during the SNA, that is in turn ISSN
integrated navigation system (INS). For truncated
algorithms system of air signals, using information
about the static and dynamic pressure, in addition to
barometric altitude can be calculated true air speed.

Basically mode navigation system in calculators
about the estimated components of the ground speed
using the calculated value of the true air speed and
the current rate is calculated and stored wind speed
and direction. For short-range UAV flight
parameters of the wind can be administered

according to weather stations. Availability of
information on the options wind allows
aeromagnetic-metric  calculation algorithm  of

navigation parameters.

To improve the reliability of measurements of
angular orientations proposed use information not
only on inertial system, but also from alternative
sources not gyroscopic this information. Upon receipt
of this information can be used magnetic-metric,
aerodynamic, accelerate-metric measurement
methods and pitch angles. The presence of additional
flight and navigation information can significantly
improve the reliability of the navigation software and
the disappearance or noise signals SNS and continue
further implementation of the flight mission, realizing
inertial course-air method of infinite coordinates.

Thus, the main navigation tasks that will solve a
navigation system is the problem of inertial and
satellite navigation. The main mode of the complex
is the mode of inertial-satellite navigation. The
period of radio silence SNA complex moves to
autonomous mode of inertial and aeromagnetic-
metric systems [10, 11].

10. Automatic landing system of UAV

Tasks flight control automation is currently valid in
connection with the global development of
unmanned aircraft. The most responsible of all the
list of tasks automation is the process of landing
unmanned aircraft. Although you can find general
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information about individual achievements in this
field in the world practice, however, this information
does not include data on specific ways to solve this
problem. The analysis of existing methods of
planting the parameters guidance during the
approach and landing. With the help of analytic
geometry developed algorithms for calculating
parameters guidance and control integrity. Based on
algorithms developed software for mathematical
modeling. To test the hypothesis to improve the
accuracy of navigation based on an equipment
navigation  receivers leading  manufacturers
developed subsystem models and differential
treatment for technology GBAS EGNOS [12, 13].

Requirements for the UAV landing systems.

According to the general concept of UAV flights
should operate in accordance with the standards of
ICAO, which are designed to fly with a pilot on
board. Thus, UAVs, carrying out direct flights
visibility must meet the requirements that apply to of
systems communication, navigation and surveillance
in the airspace.

According to the navigation strategy states of the
European Conference on Civil Aviation for the
European region has further development:

- gradual extension of area navigation (RNAV);

- heavy use of GNSS navigation;

- gradual decommissioning of navigational aids
NDB and VOR.

The most promising landing UAV systems
should be considered landing system using area
navigation and satellite navigation systems, as
evidenced navigation strategy states of the European
Conference on Civil Aviation, which involves
increasing the accuracy of satellite landing the third
category (GBAS Cat I/II/III).

It should be noted that the use of GNSS and
RNAV involve the use of algorithms receiver
autonomous integrity monitoring (RAIM or FDE).
In order to meet a specified level of continuity of
operation should apply a system of functional
additions: GBAS and / or SBAS with ABAS. When
landing using GNSS must perform separate RAIM -
forecast. Application of GNSS systems, along with
functional supplement allows you to perform
operations on the basis of appropriate type RNP.

The base receiver GNSS must comply to the
requirements of Volume 1 Annex 10 ICAO and
specifications RTCA DO-208 (Minimum
Operational Performance Standards for Airborne
Supplemental Navigation Equipment Using Global
Positioning System) and EUROCAE ED-72A

(MOPS for Airborne GPS Receiving Equipment
used for Supplemental Means of Navigation) with
amendments TSO-C129A (Airborne Supplemental
Navigation Equipment Using the Global Positioning
System). These documents define the minimum
requirements to be met by the receiver GNSS
(integrity control, prevent reversals, the use of
electronic navigation data bases).

The board equipment SBAS must comply to
the requirements of Volume 1 Annex 10 ICAO and

specifications RTCA  DO-229C  (Minimum
Operational Performance Standards for Global
Positioning System/Wide Area Augmentation

System Airborne Equipment).

Standards for SBAS avionics features include
three levels of approach:

- LPV (the approach beacon on the course with a
vertical input);

- LNAV/VNAV (side / vertical navigation);

- LNAYV (side navigation).

There are four separate classes onboard
equipment SBAS. Different classes of equipment
provide different functionality. Minimum
functionality is Class 1. This equipment provides
flights on routes near the airfield and landing
LNAV. Class II SBAS equipment in a position to
Class I and provides Approaches LNAV / VNAV.
Class III and IV has the capabilities of the hardware
and Class II SBAS provides Approaches LPV.

Basic requirements for SBAS equipment onboard
during landing formulated as follows. Board
equipment SBAS calculates the exact location and
provide information about the integrity of the
calculated provision for this type of approach. The
required level of integrity for each of the types of
approaches specific set alarm thresholds in the
horizontal and vertical planes, called HAL and VAL.
These thresholds similar control limits for ILS.
These alarm thresholds form a region of maximum
error that meets the requirements of integrity for this
type of approach.

SBAS-board equipment ensures the integrity of
information intended location for this type of
approach via continuous calculation of levels of
protection in the horizontal and vertical planes (HPL
and VPL) and comparing the calculated values
according to HAL and VAL. If HPL or VPL exceeds
the limits alarm (HAL or VAL) for a specific type of
approach, the pilot warned of the need to interrupt at
this point performed the operation. The pilot takes
only warning and does not perform the function of
monitoring VPL or HPL.



84 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2017. N1(70): 73-89

The board equipment GBAS must comply to
the requirements of Volume 1 Annex 10 ICAO and
specifications RTCA  DO-253A  (Minimum
Operational Performance Standards for GPS Local
Area Augmentation System Airborne Equipment)
and DO-246B (GNSS Based Precision Approach
Local Area Augmentation System Signal-in-Space
Interface Control Document).

At minimum requirements for onboard
equipment GBAS no provisions relating to RNAV.
GBAS can produce vector position, velocity and
time (PVT). In cases where the GBAS ground
station provided this service, it is called GBAS
service to determine the location. PVT vector is
intended for introduction into an existing board
navigation equipment. However, the requirements
for RNAV equipment computer equipment
available. No demand and to provide onboard
equipment GBAS pointing out at the second round.
Minimum display functionality similar to ILS
deviations and provide an indication of the rate
indication deviation in the vertical plane, about the
distance to the runway threshold and flags signaling
failures. With no navigation equipment on board the
pilot not provided information on the spatial position
of the PC. Its provided only information that
provides guidance for the course and glideslope on
final approach phase.

Monitoring  the integrity of navigation
information performs receiver GNSS, using RAIM
function.

UAV, equipped with facilities multisensory
RNAV, can and using sensors monitoring the
integrity of GNSS, with built-in algorithm RAIM.
The implementation RAIM integrity monitoring
functions based only on satellite signals.
Interruptions RAIM may occur due to insufficient
number of satellites or their unfavorable location,
which leads to a very large error determining spatial
position. The loss of the satellite signal and a
warning given by the RAIM, may also occur due to
traffic. Installation antennas for UAV, satellite
positions relative to the horizon and spatial position
UAV can affect reception of signals of one or more
satellites. Since the relative position of the satellites
are constantly changing, resulting in this airport's
previous experience does not guarantee the
sustainability of signal reception, and in this regard
should always check the readiness RAIM. In the
absence of minimal conditions for RAIM must use a
different type of navigation and approach, choose
another destination or delay the flight until as
predicted will be provided willingness to RAIM the

arrival. In carrying out long flights should provide
pilots during flight of revalidation RAIM prediction
of destination. It can advance to obtain information
that after takeoff, there was an unexpected break in
satellite signal. Interruptions in readiness mode
RAIM approach will have a greater frequency
compared with the flight route as a result of more
stringent threshold alarm. Since factors such as
spatial position and UAV antenna location may
affect reception of signals from one or more
satellites, and also due to unplanned outages
satellites willingness to RAIM predictions can not be
100% accurate.

GNSS receiver has three modes: the flight route,
flight in the terminal area and approach mode.
Limits RAIM alarm automatically brought into line
with the modes of the receiver and are + 3,7 km (2,0
m. Mile) route mode, = 1,9 km (1,0 m. Miles) area
of the airfield mode and + 0.6 km (0.3 m. miles)
mode precision approach.

Sensitivity ~ indicator ~ deviation = Exchange
automatically consistent with the mode of operation
of the receiver. Sensitivity is: £ 9,3 km (0,5 m. Mile)
route mode, £ 1,9 km (1,0 m. Miles) area of the
airfield mode and £+ 0,6 km (0,3 m. Miles ) mode
approach.

Approach on GNSS traditional event like the
landing and is a flight with guidance on appropriate
terms and is independent from any terrestrial
navigation aids, except accurate approach in which
the use GBAS.

The following are excerpts from the Doc. 8186,
describing the features of the implementation
approach for satellite navigation systems.

Approach can be performed if the database
onboard equipment:

- includes all points the way indicated in the
diagram future approach;

- presents them in the same order in which they
are marked on the map scheme;

- contains updated information for the current
AIRAC cycle.

To ensure the accuracy of mapping databases
GNSS pilots should check the admissibility of data
displayed for an approach based on GNSS after
loading scheme in the current flight plan and flight
performance under this scheme.

The main modes and functions of the system's
hardware landing UAV, turn on and initialization,
the creation of-flight (FPL), navigation (NAV), the
choice of types of navigation points procedures
(WPT), calculation (CALC), enter additional
information (AUX), the approach (APP) [12, 13].



D. Prusov, M. Matiychyk, O. Mykhatskyi. Comparative Analysis of Avionics Samples and Components due to Developing 85

11. Automated system for optimal control of
remotely controlled aircraft system

The main requirement 1is that the current
development of aviation technology refers to traffic
control facilities for different purposes, is the
greatest attainable accuracy of the object it
designated traffics in each normal mode of
operation. That object precision traffics necessary
quality control is the equivalent of the specified
object and determines its level of competitiveness of
the developed or the modernizes my moving object.
How to view moving objects of aircrafts (airplanes,
missiles, unmanned aerial vehicles, etc.), various
ground transport tools and moving simulators and
training devices, which are equipped with the above
items [14].

The successful use of unmanned aerial aircraft is
extremely important so-called stabilization modes.
In the process of stabilizing one of the basic and
complex types of motion control, object held in the
space in a state close to the set for a sufficiently long
time. When given of the facility means a series of
software components values of the state vector
object. These components can be not only constant,
but also deterministic or random functions of time
with known statistical characteristics. Automated
tools that keep the object in a state close to the set
(software) called Stability and they're the regulators
that are normally in the feedback to stabilize the
object. When the program is a function of time, the
system of "object-regulator" called tracking system.
Typically, the formation of law stabilization using
only information about the current and / or past state
of the object. This mode is called stabilization
system for deviation. When in the formation of law
stabilization using, in addition, information on
external disturbing factors act to stabilize the
facility, then it is for the stabilization and
disturbance rejection.

Stability intended, first, to ensure the stability of
the system "object-regulator" with unstable or no-
minimum-phase facility, and, secondly, to parry the
impact of disturbing factors and obstacles that are in
the loop stabilization . Disturbing factors and
disturbances in the circuit are stabilizing as
deterministic and random. In many cases, the impact
of deterministic factors may fully compensate, for
example, from the standpoint of the theory of
invariance.

Linear stochastic optimal control stand-simulator
known traffics can be solved as the problem of
multidimensional dynamic stabilization facility

taking into account only random measurements in
famous productions using the so-called theorem
section and without. The task of designing analytical
and objectives of sustainable stabilization facility at
the disturbance of the "white noise" and perfect
measurement vector of the facility are identical.
However, the task of stabilization allows you to get
the best solutions for arbitrary dynamic properties of
the object, but also take into account interference
and perturbation measurements.

In practical formulation of the problem of
synthesis of stabilizing traffics UAV must also take
into account the fact that the waste traffic UAV
created not only the initial conditions of work, but
also deterministic and random disturbances
constantly acting on the UAV in flight, deterministic
and random obstacle of measurement conditions
UAV. Such measurements are often incomplete and
facilities management systems or meters can be
volatile. Often management system moving objects
that are being developed, and to include the so-
called adaptation contours [14].

Thus, the problem of ensuring efficiency, safety,
regularity and quality of UAV flight accompanied
by major scientific and technical challenge. One of
the main ways to solve this problem, obviously, is
full automation of mission control. The accuracy
depends on the quality control tasks on flights
performed. In many cases of practical importance
the concept of "accuracy" can be the equivalent of
the concept of "quality" and the accuracy rate system
could be a criterion of quality. For example, the
average square error criterion adopted to determine
the quality mode navigation and stabilization of
different types of UAV flight.

Thus, the problem of maximizing precision
motion control is one of the basic side problems of
efficiency, safety, regularity and quality of flights
and can be solved in a complex where motion
control is optimal for accuracy, the impact of
disturbing factors and quality control will be
constantly assessed a special board system and using
a special system update (adaptation) quality is
maintained at extreme values.

Performance  Based  Navigation  Area
navigation (RNAV) is a method of Instrument
Flight Rules (IFR) navigation that allows an aircraft
to choose any course within a network of navigation
beacons, rather than navigating directly to and from
the beacons. This can conserve flight distance,
reduce congestion, and allow flights into airports
without beacons. RNAV began as a means of
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navigation on a flight path from any point, or fix, to
another. These fixes could be defined by a latitude
and longitude, and an airplane’s position relative to
them could be established using a variety of navaids.
RNAYV facilitated a type of flight operation and
navigation in which the flight path no longer had to
be tied directly to overflight of ground navigation
stations. Performance Based Navigation concept
specifies that aircraft RNAV system performance
requirements be defined in terms of accuracy,
integrity, availability, continuity and functionality
required for the proposed operations in the context
of a particular airspace concept, when supported by
the appropriate navigation infrastructure.
Performance Based Navigation concept identifies
three components: — the NAVAID Infrastructure; —

the Navigation Specification, — the Navigation
Application [15].
European aviation community is currently

looking for the right steps in order to increase
airspace capacity and airspace flexibility along with
enhancement of operator’s efficiency.

12. Conclusions

Based on the provisions set a prototype integrated
avionics for ADO navigation and control synergistic
with current approaches has been developing [16, 17].

The further implementation of scientific research
and development work activities include such tasks:

1. Improve existing and develop new concepts
and methods of system integration of avionics ADO
for solving navigation and synergistic management,
namely:

-to develop a new compensation invariant
concept and method for combining primary sources
of information in an integrated ADO avionics;

-to develop new methods for complex
correlation-extreme ADO navigation;

- to develop a new concept of synergistic motion
control ADO formations;

- to improve energy-potential method guaranteed
solution of poly-conflict dynamic objects for solving
synergistic control ADO formations;

- to improve methods of ensuring reliability ADO
avionics;

-to improve methods of communication and
information transfer between elements ADO
avionics.

2. To develop algorithmic software integrated
ADO avionics, namely:

- algorithms implementing basic operations
invariant ~ compensation scheme  combining
treatments based on nonlinear filtering theory and
sensitivity;

- allocation algorithms characteristics of real-time
and their comparison with the standards;

- algorithms  for  tracking target
characteristics of the video sequence;

- processing algorithms compatible data inertial
navigation system and the correlation extreme
navigation system using nonlinear models and
Gaussian filter point.

3. To create a prototype integrated avionics ADO
and evaluate the effectiveness of the its operation in
a high probability of operational and intentional
failures, the suppression of radio subsystems.

In the course of further work must be obtained
new results:

- invariant compensation concept and method for
combining primary sources of information in an
ADO integrated avionics;

- complex methods of correlation-extreme ADO

image

navigation;

- concept synergistic traffic control ADO
formations;

- advanced ENERGY -potential method

guaranteed solution of poly-conflict dynamic objects
for solving synergistic control ADO formations;

- improved methods of ensuring reliability ADO
avionics;

- improved methods of communication and

information transfer between elements ADO
avionics;

- algorithms implementing basic operations
invariant  compensation scheme  combining
treatments based on nonlinear filtering theory and
sensitivity;

- mapping algorithms base reference surface and
image processing methodology for the selection of
the characteristics, the characteristics allocation
algorithms in real time and their comparison with
standard algorithms for tracking target image
characteristics of the video sequence;

- methodology compatible data processing
inertial navigation system and the correlation
extreme navigation system using nonlinear models
and Gaussian filter point;

- assessment methodology required amount of
computation depending on hardware configuration
ADO avionics;
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-method of improving
integrated ADO avionics;

- algorithms of systems connection between
ADO elements avionics;

- axioms and laws synergistic motion control in a
single ADO limited navigation environment;

- stand for ADO avionics testing;

- testing methods elements integrated avionics

reliability models

ADO, methods of testing complex integrated
avionics ADO, methods of evaluating the
effectiveness of the proposed compensation

invariant concept of integration of navigational aids
ADO, methods of assessing the effectiveness of laws
synergistic management of extreme correlation
navigation system of channels that are resistant to
intentional interference.
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Mera: Meroro miei pobOTH € aHami3 3pa3KiB aBiOHIKM Ta IXHIX KOMIIOHEHTIB 3 OINIAMy Ha CTBOPEHHS
METOOJIOTIi CHHTE3y IHTETPOBAHOI aBIOHIKM AMCTAHIIIMHO-IIJIOTOBAHUX Ta OE3MUIOTHUX aepOKOCMITHHX
muHamidHuX  00’ektiB  (AJIO), ska 3a0esmedye KOMIUIEKCHE pO3B’S3aHHS 3aBIaHb HaBiramii Ta
cuHepreTnyHoro ympasiiHHs AJIO B aepoHaBiraumiiiHomy mnpoctopi. Meroau aociif:keHHsi: AHami3 Ta
MIOCTaHOBKA 3aBJIaHb € OCHOBOIO JUIS PO3POOKU CYYaCHHX METOMIB KOMILIEKCYBaHHS Ta OOPOOKH IePBUHHOL
iHpopMallii, METOAIB pO3B’s3aHHS HAaBIramiiHUX 3a1a4, METOMIB pO3B’sS3aHHS 3aJad KepyBaHHS B
KOMIUIeKcax iHTerpoBaHoi aBioHikn AJIO. 3okpema 1ie HeiHBapiaHTHMH KOMIICHCAIIMHUNA MeETOJ
KOMIUICKCYBaHHSI TEPBHHHHUX JDKeped iHQopmarii, KOMIUIEKCHI METOOH KOpPEIALiHHO-eKCTpeMaIbHOT
HaBirarii, MeTos cuHepreTuaHoro ynpasiaiHaa AJIO. Pe3yabTaTn: BUKopuCTaHHS IUX METOIIB JTO3BOJUTH
IiIBUIIATH e(peKTUBHICTH BUPILICHHS 3a7a4 HaBiramii i ynpaBiHHs sIK [IMBUIBHUX Tak i BilickkoBux AJ1O, B
yMOBax Jii BUMIaJKOBUX 1 HABMHCHHUX 3aBaJ, TIPH BiIMOBaxX eJ1eMeHTiB aBioHiku. O0roBopenHsi: Buxozasuu 3
HaBEIICHOTO aHaJi3y, MO’KHa BCTAHOBHTH BUMOTH JI0 TIPOTOTHITIB iIHTETPOBAHOI aBIOHIKH, IO PO3POOIIIETHCS
Juist Hagiramii i ynpasiiaas AJ1O.

KarouoBi ciioBa: 0e3miIOTHI JiTalbHI anapaTy; iIHTETpPOBaHA CUCTEMa aBIOHIKH; HABIraIlis 1 yrmpaBIiHHS.
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CpaBHHMTE/ILHBII aHAJH3 00pPa3l0B ABHOHHKM M WX KOMIOHEHTOB NPHMEHUTEJIBHO K CO3IAHHIO
METO0JIOTUM CHHTe3a HHTerpupoBaHHoii aBuoHuxku BILJIA.
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Hean: Paborta mocesmieHa aHamu3y O0Opa3OB aBHOHUKA W HMX KOMIIOHEHTOB C YyYE€TOM CO3IaHUS
METOJIOJIOTUM CHHTE3a WHTCTPUPOBAHHOW aBHOHWKH JUCTAHIIMOHHO-TIMJIOTUPYEMBIX M OCCIHMIOTHBIX
A’POKOCMUYECKNX TUHaMHU4YecKnX 00bekToB (A/]O), koTopas oOecrieyuBaeT KOMIJIEKCHOE pellieHHe 3a1a4
HaBUTAlMM ¥ CcUHepretndeckoro ympaBmuHusA AJIO B a’poHaBUTAIMOHHBIX NPOCTpaHCTBE. MeToabl
HCCJIeI0BaHUsI: AHAIN3 W TIOCTAHOBKA 3a/1ay SIBJISICTCS OCHOBOW JJISi pa3pabOTKH COBPEMEHHBIX METOIOB
KOMIUIEKCHPOBAaHUS W OOpaOOTKH IEePBHYHON HH(OPMAIMHM, METOJIOB PEIICHHsS HaBUTAIMOHHBIX 3ajad,
METOOB pEIICHH 3a7ad YIPABJICHUS B KOMIUIEKCaxX MHTerpupoBaHHOW aBHOHMKH AJIO. B wactHOCTH 3TO
HCHMHBAapHUaHTHDBI KOMHGHC&HI/IOHHBIﬁ METOJ KOMIUICKCUPOBAHUA TICPBUYHBIX HWCTOYHHKOB I/IH(i)OpMaHI/II/I,
KOMIUICKCHBIE METOJIbI KOPPENISIIMOHHO-3KCTPEMAIILHOM HABUTALMU, METOJI CHHEPIeTUYECKOTO YIPaBJICHUS
AJ1O. PesyabTaTsi: Vcnons3oBaHHe 3TUX METOIOB TO3BOJHT MOBBICHTH 3()()EKTHBHOCTH pemieHHs 3aiad
HaBUTAllUM W YIIPABJICHHA KaK TI'paXXIaHCKHUX TaK U BOCHHBLIX AI[O, B YCJIOBHAX I[eﬁCTBHSI CJIy‘-IElfIHBIX u
MpeAHAMEPEHHBIX MOMEX, MPU OTKa3zax dJaeMeHTOB aBuOHUKH. QOcyxaeHue: Vcxonas U3 MpUBEICHHOTO
aHalM3a MOXKHO yCTaHOBHUTH TPeOOBaHMSA K MPOTOTHUIIAM HHTETPUPOBAHHOW aBHOHUWKH, pa3padaThiBaeMoOit
JUTsI HaBuTanuu u ynpasienus AJ]O.

KiawueBble cj10Ba: OECHHIOTHBIE JETAaTEILHEIC anmnaparbl; HWHTETPUPOBAHHAA CHUCTEMa ABUOHUKU,
HaBUTAlUA U YIIPABJICHUC.
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Abstract

Purpose: The aim of this article is to research of acoustic emission at composite material machining with not
controlled cutting depth and cutting tool from composite material wear. Methods: In the basis of researches lies the
simulation acoustic radiation, which appears at destruction of treated composite material surface layer and treating
tool wear. The case of prevailing treated composite material mechanical destruction surface layer was esteemed,
and tool wear descends without change of cutting depth. The statistical processing of acoustic emission amplitude
parameters for want and originating treating composite material wear was conducted. The analysis of acoustic
emission amplitude parameters legitimacies change, and as their sensitivity to treating composite material wear at
not controlled machining depth was conducted. Results: Is determined, that the ascending of treating composite
material wear is accompanied by decreasing of acoustic emission statistical amplitude parameters - amplitude
average level, its standard deviation and dispersion. Are obtained of acoustic emission amplitude parameters
regularity decreasing at increasing of treating composite material wears. The acoustic emission amplitude
parameters percentage decreasing at ascending of treating composite material wear, in relation to their values
without tool wear is determined. It is shown, that the decreasing of acoustic emission amplitude average level
dispersion advances decreasing of amplitude average level and its standard deviation. Discussion: The simulation
of acoustic radiation at prevailing mechanical destruction treated composite material surface layer with a not
controlled cutting depth and treating composite material wear is conducted. It is shown, that the ascending of tool
wear results in decreasing acoustic radiation statistical amplitude parameters. Is determined, that decreasing of
acoustic emission signals amplitude average level dispersion advances decreasing of amplitude average level and its
standard deviation. The decreasing of acoustic radiation amplitude average level and its spread values is
conditioned by the different contribution of acoustic emission signals components, which appears at treated material
destruction and treating composite material wear. Apparently, that at decreasing of treated composite material area
destruction the arising signals amplitude parameters decreasing advances ascending of signals amplitude
parameters, which appear at increase of treating composite material wear. The outcomes of the conducted
researches can be used at mining of cutting tool condition verification methods and control of technological process
machining parameters. These methods are of interest in the robotic technological processes, the monitoring and
control by which one is possible for conducting through neuronal networks.

Keywords: Acoustic emission; amplitude; composite material; machining; statistical characteristics; wear.

1. Introduction optimization the technological processes and mining
the methods of their control and monitoring. One of
the relevant directions is the cutting tool state
estimation.

The conventional methods have a low sensitivity
to internal processes descending in treated and
treating materials at different levels. It reduces

The conventional methods of testing’s composite
materials (CM) machining processes allow to
conduct measurements and analysis of cutting
forces, temperature, chattering parameters and other
characteristics. The researches are directed on

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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veracity the control and monitoring of technological
processes for obtaining the items given quality.

The method of acoustic emission (AE) falls into
not to conventional methods. The outcomes of
researches demonstrate a sharp response the method
to change interplay conditions of treated and treating
materials. However advantage of AE method result
to the problem registered information interpretation.
The problem is aggravated by influencing on AE the
machining CM technological parameters, and as
treated and treating materials properties. It
complicates looking up the legitimacies of AE

parameters change for mining the methods
verification and monitoring of technological
processes.

The solution this problem is possible on the
basis of acoustic radiation analytical investigations
at CM machining. The models and simulation of AE
radiation processes, with allowance of different
factors operating, are the basis in definition of
acoustic radiation parameters legitimacies change,
and, as a consequent, basis in mining the methods
verification and monitoring of CM machining
technological processes. One of the influential
factors is the treating tool wear. Analysis of its
influencing on acoustic radiation parameter,
unconditionally, introduces scientific and practical

concern.

2. Analysis of the latest research and
publications

The AE method will widely be used for research of
CM machining processes and mining the methods of
their control and monitoring. The special value such
researches have at automation CM machining
processes and monitoring of cutting tool status with
neural networks usage.

At researches of AE, that registered during CM
machining, is carried out processing mean or root
mean square (RMS) AE signals amplitudes, stored
RMS AE amplitudes, low frequency and high
frequency components in spectra AE signals,
statistical amplitude characteristics AE signals,
amplitude and power AE signal distributions and
other parameters [1-4]. The parameters of AE
signals analyze in interconnection with parameters
of CM machining technological processes, and as
with cutting tool wear.

The outcomes of the conducted researches
demonstrate composite nature of acoustic radiation
at CM machining. However influencing of treating
tool wear or damage on AE is discordant. In articles

[5, 6] is shown, that at originating wear or damage
of the treating tool there is ascending amplitude or
RMS amplitude of AE signals. In article [7] is
marked, that at originating tool wear there is
ascending average value of AE signal amplitude,
and at further tool wear increase AE signal
amplitude average value decreases. The decreasing
of AE signals amplitude average level, its standard
deviation and amplitudes distribution coefficient at
increase of treating tool wear is shown in article [3].
However connection of AE amplitude parameters
with the treating tool wear has composite and not
steady nature. Thus is marked, that to ascending of
wear there is decreasing the main carrier frequency
amplitude in a spectrum of AE registered signals. In
articles [8, 9] is shown, that wear or damage of the
treating tool result in decreasing of AE signals RMS
amplitudes and value of their deviation. Thus
ascending speed of amplitudes low frequency and
high frequency components change in spectra of AE
signals is watched. In article [4] is marked, that at
ascending of treating tool wear there is decreasing b-
parameter, describing [ -distribution of AE signals

amplitudes. At the same time, in article [1] is shown,
that ascending of tool wear results in sharp
ascending of AE signals stored amplitude.

The analytical investigations of AE amplitude
parameters at cutting tool wear and controlled
cutting depth are conducted in article [10]. The
model of AE resultant signal is reviewed, in the
basis by which one lays the formation of AE signals

U, and U, at destruction, accordingly, elementary

areas treated CM and treating CM wear

D,
_70(6’”0& -1)
U, (1) = ugtowe” e 7 , (1)
t
4 IeRo-dt
Ui(t)=Uo Vo geRPe 10 .2

where uo - the maximum elastic displacement at
instantaneous destruction of the given treated CM
area consisting from Ny single elements; « — the
loading speed; wvo, r -

constant, determining

properties of treated CM; Up — maximum elastic
displacement at instantaneous destruction of the
given treating CM area consisting from N; single
elements; Vo, R — constants, dependent on the
treating CM characteristics;

o =at(l-an(l-gat)-at(-at)l-g|at);
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t, to — running time and time the beginning of CM

elements destruction; g — coefficient, dependent on
the geometrical sizes of CM elements.

Is conducted the simulation of AE signals,
reshaped at CM machining with controlled cutting
depth, for want of wear and with wear of the treating
tool. It is shown, that the increase of treating tool
wear and controlled cutting depth results in
increasing of all AE resultant signal amplitude
parameters (amplitude average level, amplitude
average level standard deviation and amplitude
average level dispersion). Thus with increasing of
treating CM wear the increase of AE signal
amplitude average level advances increase of
amplitude average level standard deviation and
amplitude average level dispersion.

In the actual CM machining technological
processes the cutting depth is constant (not
controlled). For a case of not controlled cutting
depth, with allowance researches, reviewed in article
[10], it is possible to conduct the analysis of
influencing treating CM tool wear on the AE signals
parameters. Such research introduces scientific and
practical concern.

3. Research tasks

The purpose of article is the research of AE at CM
machining with a not controlled cutting depth and a
cutting tool wear from CM.

For achievement the purpose of article the
following problems were put: - to conduct
simulation of acoustic radiation at cutting tool from
CM wear, arising during CM machining with a not
controlled cutting depth; - to conduct statistical
processing of AE amplitude parameters for want and
wear of treating tool from CM, arising at CM
machining with a not controlled cutting depth; - to
determine regularity of AE amplitude parameters
change at increasing the treating tool from CM wear,
arising at CM machining with a not controlled
cutting depth.

4. Researches results

For realization researches we shall accept CM
machining conditions and conditions of acoustic
radiation formation, as well as in article [10]. The
acoustic radiation without cutting tool wear is
reshaped at sequentially destruction of treated CM
elementary areas. The acoustic radiation with cutting
tool wear is reshaped at sequentially destruction of
treated CM elementary areas and sequentially wears
of treating CM elementary areas. In other words, the

acoustic radiation is reshaped at the expense of AE
signals pulse appearance at weep of two processes -
at sequentially destruction of treated CM elementary
arcas and sequentially wears of treating CM
elementary areas.

The resultant AE signal, agrees [10], it is
represented by the way

U,)=3XU,(t~1)+XU,(t~1,), 3)

where t; = jAt; £01 - instants of AE signals U ;

appearance at destruction of elementary CM treated
area; t; =iAt; £, - instants AE signals U;
appearance at wear (destruction) of elementary CM
treating area; j - number of CM treated destruction
areas or numbers of reshaped AE pulse signals U ; (j

=0,...... , n); i - number of CM treating destruction
areas or numbers of reshaped AE pulse signals U; (i

= 0,...... , m); At; - time interval between the

beginning of the subsequent AE pulse signal U,

formation in relation to the previous signal; Af; -
time interval between the beginning of the
subsequent AE pulse signal U; formation in relation

to the previous signal; 01 - random component in an

instant of each subsequent AE pulse signal U,

appearance; 02 - random component in an instant of

each subsequent AE pulse signal U; appearance.
The simulation of AE signals, agrees (3), we
shall conduct under condition of absence and
availability of treating tool wear in relative units. At
simulation we shall consider, that treating tool
wearing appear in some time #o. As we shall
consider, that the cutting depth is not controlled, i.e.
increase of wear (CM treating destruction area)
results in proportional decreasing of CM treated

destruction area. The parameters uo and Up are

proportional to the treated and treating CM
elementary destruction areas (are proportional to

quantity of No and Nj destruction elements). For
want of treating tool wear the values of parameters
uo and Up we shall accept equal: #p =1, Uo=0. At
appearance of treating CM wear in the moment of
time fo values of parameters uo and Uo we shall

accept equal: o =0,9, 170=0,1; 110 =08, (7():0,2;
710=0,7, U9=0,3; 1i0=0,6, U¢=0,4.

For realization of simulation all parameters,
which one enter in expressions (1), (2) and (3), we
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shall put to non-dimensional values, and their values
we shall accept same as well as in article [10]: Dy =

1000000; 7 = 10000; Vo=1000000; R =14000;
a=10; %0 =0,0001; g=0,1;

00=0,0009958408846174917, th =0,0000015;
At =0,0000015. Initial values of parameters 51 and

52 we shall change in range of sizes, accordingly,
from 0 up to 0,0000049 and from 0 up to 0,0000049
arbitrarily.

At simulation the calculations 5000 values of AE
signal amplitudes for each pair values of parameters u¢

and Uy were conducted. According to the conducted
calculations for adopted conditions of simulation, in a
fig. 1 the relations of AE signals amplitude change in
time in normalized units are shown.

The conducted simulation has shown (fig. 1) that
the CM treating wearing appearance and increase for
a case of not controlled cutting depth not influences
of acoustic radiation nature. The increase of treating
tool wear results to decreasing of AE signals

amplitude average level and value its deviation.

u
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Fig. 1 - Relations of AE signals amplitudes change in
relative units in time at CM machining with treating tool
from CM wear. Time periods: 0 ... .0,0001 - absence of
tool wear; 0,0001 ..... 0,0004 - availability of tool wear.

The values of parameters #( and U : on a time period
0....0,0001 - 7io=1, U =0; on a time period
0,0001.....0,0004 - a - 7i9=0,9, U¢=0,1; b - ii9=0,8,
U0=0,2; c - 1i0=0,7, Up=0,3; d - 7i0=0,6, Ug=0,4

As have shown outcomes data processing for
want of treating tool wear AE signal amplitude

average level (U ), its standard deviation (sg) and

. . 2 . . .
dispersion (Sﬁ) in relative units make:

~

U =504126; s =2,49876; s% =6,2438. At
appearance of treating tool wearing, the value makes
which one 0,1, there is decreasing of AE signal
amplitude average level (U ), its standard deviation

(sg ) and dispersion (sl%) in relation to their values
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without tool wear, accordingly: in 1,17825 times, in
1,09083 times and in 1,18991 times. The increase of
treating tool wearing up to 0,2 (in 2 times) results in
decreasing of AE signal amplitude average level

(U), its standard deviation (si) and dispersion
(s%) in relation to their values without tool wear,

accordingly: in 1,25704 times, in 1,13627 times and
in 1,29111 times. As have shown outcomes data
processing at increasing tool wear up to 0,3 (in 3
times) the values of AE signal amplitude parameters

U,sg

times; in 1,36966 times and in 1,87598 times. At
increasing of tool wear up to 0,4 (in 4 times) the

and s% decrease, accordingly: in 1,32833

values of AE signals amplitude parameters U , s5

and s% decrease, accordingly: in 1,3633 times, in

1,8275 times and in 3,33977 times.

The outcomes statistical data processing by the
way of relations of AE signals amplitude parameters
change at treating tool wear increasing and their
percentage decreasing, in relation to AE signals
parameters without tool wear, are shown in fig. 2.

From fig. 2, a it is visible, that increasing of CM
treating tool wear results to not a scaling down
statistical AE signals amplitude parameters. With
increasing of tool wear decreasing of AE signals
amplitude average level speed change is watched. At
the some time, AE signals amplitude average level
standard deviation speed change and AE signals
amplitude average level dispersions speed change
are augmented. Thus the percentage decreasing of
AE signals amplitude average level standard
deviation advances percentage decreasing of AE
signals amplitude average level (fig. 2, b).

At the same time, the percentage decreasing of
AE signals amplitude average level dispersion
advances percentage decreasing of AE signals
amplitude average level and its standard deviation
(fig. 2, b).

The outcomes of the conducted researches
demonstrate, that at CM machining with a not
controlled cutting depth the originating of treating
tool wear from CM does not influence on acoustic
radiation nature. However is watched decreasing of
AE signal amplitude average level and value of its
deviation. The obtained outcomes will be agreed
experimental data by the obtained different writers
[8, 9]. The processing of outcomes simulation has
shown that at increasing tool wear all statistical AE
amplitude parameters decrease. Thus the decreasing

of AE signals amplitude average level dispersion
advances decreasing of AE signals amplitude
average level its standard deviation. So, at increase
of treating tool wear in 2 times percentage
decreasing of AE signals amplitude average level, its

~! ﬁ‘gz

0,0 0,1 0,2 03 04 U,
a
A, %
0
-15 4
-30 4
_45
-60 4
-75 : i :
: . : . : . : . -
00 0,1 0.2 03 [ A
b

Fig. 2 - The graphs of AE signals amplitude parameters
change (@) and their percentage decreasing (b) at CM
machining with a not controlled cutting depth depending

on treating tool from CM wear Uy : B - AE signals

amplitude average level (17 ); ® - standard deviation
(sﬁ ) of AE signals amplitude average level; A -

dispersion (s% ) of AE signals amplitude average level

standard deviation and dispersions, accordingly,
make: 20,448 %, 15,995 % and 29,431 %. At
increase of treating tool wear in 4 times percentage
decreasing of AE signals amplitude average level, its
standard deviation and the dispersions, accordingly,
already make: 26,649 %, 45,281 % and 70,059 %.
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The decreasing of AE signal amplitude average
level and value of its deviation is conditioned by the
different contribution of AE signals components
from CM treated destruction and treating wear in
resultant acoustic radiation. Apparently, that dip of
AE signals amplitude parameters at decreasing the
CM treated destruction area advances increasing of
AE signals amplitude parameters at increase of CM
treating wear.

6. Conclusions

One of the tasks in a problem maintenance the given
quality items from CM at their machining is the
control and monitoring a cutting tool condition. For
the solution a problem the control and monitoring of
cutting tool condition usage AE method is possible.

The simulation of acoustic radiation at cutting tool
wear from a CM, which one arises during CM
machining with a not controlled cutting depth is
conducted. The statistical processing of outcomes
simulation with definition the AE signal amplitude
average level, its standard deviation and dispersion
values for want and availability treating tool wear from
CM and not controlled cutting depth is made. AE
signals amplitude parameters regularity change at
increase of treating tool wear, for a case of not
controlled cutting depth, are obtained. The relations of
AE signals amplitude parameters percentage decreasing
at increase of treating tool wear in relation to their values
for want of wear are determined. It is shown, that at
increase of tool wear decreasing of AE signals
amplitude average level dispersion advances decreasing
AE signals amplitude average level and value of its
standard deviation.

The outcomes of conducted researches can be
used at mining the methods verification cutting tool
condition and control the CM machining parameters.
These methods are of interest in the robotic
technological processes, the monitoring and control
by which one is possible for conducting through
neuronal networks. It is necessary to conduct further
AE researches, under a not controlled cutting depth
condition, with the analysis of influencing cutting
tool wearing on AE signals energy parameters.
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C.D. Dinonenko

AKYyCTHYHA eMicisi Ipu 3HOCi 00POOHOr0 IHCTPYMEHTY 3 He KEPOBAHOI0 INIMONHOK0 Pi3aHHS
HarionanspHuii aBianifinuil yaisepceutet, npoci. Kocmonasra Komaposa, 1, Kuis, Ykpaina, 03680
E-mail: fils0101@gmail.com

Mera: MeTtowo poOOTH € NOCTIKSHHS aKyCTHYHOI eMicii Mpu MexaHiuHid oOpoOIli KOMITO3HUIIHHOIO
MaTepialy 3 HE KEpOBaHOK TIMOWHOK pi3aHHS 1 3HOCI PIXKY4YOro IHCTPYMEHTY 3 KOMITO3UIIIIHOTO
Matepiamy. Meroau JociaimkeHHss: B 0CHOBI IOCHIIUKEHb JIEKHTH MOJCIIOBAHHS —aKyCTHYHOTO
BUIIPOMIHIOBAaHHS, $Ky BHHUKa€E TIpH pyHHYBaHHI IOBEPXHEBOTO MpPOIIApKy 0OpoOIIOBaHOTO
KOMITO3UIIHHOTO Martepiainy 1 3Hoci 0OpoOHOro iHCTpyMeHTy. PosrmsgaBcs BHMAZOK TEpeBa)KHOTO
MEXaHIYHOI'O pYHHYBaHHS MOBEPXHEBOTO MPOLIAPKY OOPOOIIOBAHOTO KOMITO3MLIHHOTO MaTepiany, a 3HOC
IHCTpYMEHTY BimOyBaeThcs 03 3MIHM TJIMOWHHM pi3aHHA. bynma mpoBemeHa cratucTHdHa 00poOKa
aMIUTITYIHUX TapaMeTpiB aKyCTHYHOI emicii mpuM BiCYTHOCTI 1 BHHHKHEHHI 3HOCY OOpOOHOTrO
KOMIIO3HIIIHHOTO MaTepiany. byB mpoBeieHWH aHalli3 3aKOHOMIPHOCTEH 3MiHM aMILTITyJHUX IapaMeTpiB
aKyCTUYHOI eMicii, a TakoX iX YyTIWBOCTI 0 3HOCY OOpPOOHOTO KOMITO3HIIIMHOTO Martepiaay IpH He
KepoBaHill rmOuHI MexaHi4HOi 00poOku. Pe3yabTatm: BusHaueHo, MO 3pOCTaHHS 3HOCY OOpPOOHOTO
KOMITO3UIIIHHOTO Marepiany CyNpOBOJUKYETHCS 3MEHIIEHHSM CTAaTHCTUYHUX AaMIUTITyJHHX IapaMeTpiB
aKyCTHYHOI eMiCii — CepeTHhOTO PiBHS aMILTITYIH, HOTO CTAHJAPTHOTO BiAXMIEHHS Ta quctepcii. OTpuMaHo
3aKOHOMIPHOCTI 3MCHIIIEHHS aMILTITYJHUX MapaMeTpiB aKyCTHYHOI eMicil pH 3pOcTaHHi 3HOCY 00poOHOTO
KOMITO3UIIHHOTO MaTepiany. Bu3Ha4eHO NPOLEHTHE 3MEHIICHHS aMIUIITYAHUX MapaMeTpiB aKyCTHYHOI
eMicii mpu 3pocTaHHI 3HOCY OOpPOOHOTO KOMITO3UIIIHOTO MaTrepialy, MO BiJHOIIEHHIO IO iX 3Ha4eHb 0e3
3HOCY iHCTpyMeHTy. IlokazaHo, 1Mo 3MEeHIIeHHS TUCIIePCii CEPeIHBOTO PIBHSA aMIUTITYAN aKyCTHYHOI eMicil
BUIIEpEIKAa€ 3MEHIICHHSI CEPEHBOT0 PIBHS aMIUIITYM ¥ HOTO CTaHIAPTHOTO BiaxwieHHs. OOGroBopeHHs:
[IpoBeneHO MoOJENOBaHHS aKyCTHYHOTO BUIIPOMIHIOBAHHS TNPH MEPEBAXHOMY MEXaHIUHOMY pyHHYBaHHI
TTOBEPXHEBOTO TPOIIApKy 00pPOOIIOBAHOTO KOMITO3HIIIITHOTO MaTepiary 3 He KepOBAaHOIO TIIMOMHOIO pi3aHHs
i 3HOCI 00pOOHOTO KOMMO3UIiitHOrO Matepiany. [Toka3aHo, M0 3pOCTaHHS 3HOCY IHCTPYMEHTY MPUBOIUTH
10 3MCHLICHHS CTaTHUCTHYHHUX aMIUTITYJHHUX MapaMeTpiB akyCTHYHOTO BHUIPOMIHIOBaHHA. Bu3HaueHo, 1o
3MEHIIICHHS IUCTepCii CepeTHhOro PiBHSA aMIUNITYAW CUTHAJIIB aKyCTHYHOI eMicii BUIepeIKae 3MEHIICHHS
CEPEeIHBOTO PIiBHS aMILTITYIU i HOTO CTAaHAAPTHOTO BiAXHMIICHHS. 3MEHIICHHS CEPEIHBOTO PIBHSI aMILTITYIH
aKyCTUYHOTO BUIPOMIHIOBAaHHA 1 BEIWYMHU HOTO PO3KUAY OOYMOBJIEHO pI3HMM BKJIAaIOM CKJIaJOBUX
CUTHATIB aKyCTHYHOI eMicii, fKi BHHHKAIOTh NPU pyHHYBaHHI 0OpoOIIOBaHOTO 1 3HOCI OOpPOOHOTO
KOMITO3HMINIMHNX MarepiaiiB. OUeBHIHO, IO NPH 3MCEHIICHHI IUIONI pPYWHYBaHHS OOPOOIFOBAHOTO
KOMITO3UIIHHOTO MaTepialy 3MEHIICHHS aMIUTITyJHUX I[apaMeTpiB BUHHUKAIOUUX CUTHAIIIB BHIIEPEIKAE
3pOCTaHHSl AaMIUNITyIHUX IapaMeTpiB CHUTHaJiB, SKi BHHHUKAIOTb NPW 3POCTAaHHI 3HOCY OOpPOOHOTO
KOMIIO3HIIIHHOTO Matepiany. Pe3yiapTaTi mpoBeieHuX JOCTiKEHb MOXKYTh OYTH BUKOPUCTAaHI ITPH PO3poOITi
METOMIB KOHTPOIIIO CTaHy PIXY4Yoro iHCTPYMEHTY i YNpaBIiHHI MapaMeTpaMy TEXHOJOTIYHOIO IMpoIecy
MexaHiuHoi 00poOku. JlaHi MEeTOOM MPEACTaBISAIOTh iHTEpeC B pOOOTH30BAHMX TEXHOJIOTIYHUX MpoLecax,
KOHTPOJIb 1 YIIPABIiHHS SIKUMH MOXJIMBO IPOBOAMTH Yepe3 HEHPOHHI MEPexi.

KarouoBi cjioBa: akycTHYHA €MicCis; aMIUTITya; 3HOC; KOMITO3UIlIMHMI MaTepiair, MexaHiyHa 00poOKa;
CTATUCTUYHI XapAKTCPUCTHUKH.
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Hean: llenpo paboTH SBISIETCS HMCCICAOBAHHME aKyCTHUSCKONH SMHCCHH TP MEXaHWIECKOH 00paboTke
KOMITO3UIIMOHHOI'O MaTepualia ¢ He yNpaBiIsieMOi TIyOMHOU pe3aHus U U3HOCE PEKYINEro HHCTPYMEHTA U3
KOMITO3UIIMOHHOTO MaTepuaiia. MeToasl ucciaenoBanus: B ocHOBe ucclieioBaHUH JIEXKHUT MOJISTHPOBAHUE
aKyCTHYECKOTO M3ITyUYeHHS, KOTOPOE BO3HMUKAET MPH Pa3pyIlICHWH IMOBEPXHOCTHOTO CIIOsi 00padaTeiBaeMOro
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KOMITO3UIIMOHHOTO MaTepualia ¥ H3HOce oOpabaThIBalollero HWHCTpyMEHTa. PaccmarpuBancs ciydai
peo0IIaaroIIero MEXaHU4IECKOTO paspyiieHus MTOBEPXHOCTHOTO cIost o0OpabaTsiBaeMoro
KOMITO3UIIMOHHOT'O MaTepraia, a M3HOC HHCTPYMEHTa MPOUCXOIUT 0e3 M3MeHEeHHs TITyOnHBI pe3anus. beura
MpoBelieHa cTaTHCTHUYeCKast 00paboTKa aMIUIMTYAHBIX apaMEeTPOB aKyCTHUECKOW SMHUCCUH TIPH OTCYTCTBUU
¥ BO3HHKHOBEHHHM W3HOCA 00pabaThIBAIONIETO KOMIIO3WIIMOHHOTO MaTepuana. bplnl TpoBeneH aHamu3
3aKOHOMEpPHOCTEHl W3MEHEHHUS aMIUIMTYAHBIX I1apaMeTpoB aKyCTHYECKOW OMHCCHH, a Tak Je WX
YyBCTBHUTEIBHOCTH K HW3HOCY 00padaThIBalONIEr0 KOMITO3MIIMOHHOIO MaTepualla MpH He YMpaBlsieMOn
rnyOuHe  MexaHudeckod  oOpaborku. Pesyabrartei:  OmpeneneHo, dYTO  BO3pacTaHHE  HM3HOCA
00pabaThIBAIOMIETO KOMIIO3UIIMOHHOTO MaTephalia COIMPOBOXKIACTCS YMEHBIIEHHEM CTaTUCTHYECKUX
aMIUTUTYIHBIX TMApaMeTPOB aKyCTUYECKOW 3MHUCCHH — CPETHEro ypOBHS aMIUIMTYABI, €ro CTaHAapTHOTO
OTKJIOHEHHs U paucnepcud. IlomydeHBl 3aKOHOMEPHOCTHM YMEHBIIEHHS aMIUIMTYIHBIX IapaMeTpoB
AKyCTHYECKOW 3MHCCHU TPH BO3pACTaHWU H3HOCAa 00pabaTHIBAIOMIEr0 KOMITO3UIIHOHHOTO MaTepHuala.
OmnpeneneHo TMPOIEHTHOE YMEHBIIEHHWE aMIDIUTYAHBIX MapaMeTpoOB AaKyCTHYECKOH OMHCCHH TIPH
BO3pacTaHUM M3HOCA 00pabaTHIBAIOIIEr0 KOMIO3MIIMOHHOTO MaTepuaia, M0 OTHOUICHHIO K MX 3HauYeHHUSIM
0e3 m3HOca HHCTpyMeHTa. [loka3zaHo, 4YTO YMEHBLICHHWE AHMCIEPCHH CPEIHEr0 YPOBHS aAMILIUTYIBI
aKyCTHYECKOW SMHUCCHH OTlepekaeT yMEHBIIEHHE CPEeIHEr0 YPOBHS aMIUIUTYABl M €ro CTaHAapTHOTO
otknoHeHus. Odcy:xaenue: [IpoBeeHo MOJEIMPOBAHNE aKyCTHUECKOTO U3IyUEHHS MPH Mpeodiagaromem
MEXaHMUYECKOM Pa3pyLICHUH MOBEPXHOCTHOTO CIOSI 00pabaThIBAeMOTO KOMITO3HLIMOHHOTO MaTepHajia ¢ He
yHOpaBsieMON TIIyOMHOUM pe3aHus U W3HOCe 00pabaThIBaloONIer0 KOMIO3UIIMOHHOTO Marepuana. [lokazaHo,
YTO BO3pacTaHWE W3HOCA WHCTPYMEHTa MPHBOANT K YMEHBIIECHHIO CTATUCTHYECKUX aMIUIATYIHBIX
MapaMeTpoB aKyCTUYECKOro H3iydeHus. OIpeneieHo, YTO YMEHBIIEHUE TUCIEPCHH CPEIHEro YpOBHS
aAMIUTUTY/IBl CUTHAJIOB aKyCTUYECKON AMUICCHHU OTepekaeT YMEHBIICHHE CPEIHEr0 YPOBHS aMILTUTY/IbI U €ro
CTaHJAPTHOTO OTKJIOHEHHS. YMEHBIIEHHE CPEJHEr0 YPOBHS aMIUIUTYABl aKyCTHYECKOTO H3IY4YeHUS U
BEJIMYUHBI €ro pa3dpoca OOYCIOBIEHO pPa3lWYHBIM BKJIAJOM COCTABIAIONIMX CHUTHAJIOB aKyCTHYECKOM
SMHCCHH, KOTOPBIE TOSBISIIOTCS MpU paspylieHHd o0padaTbiBaeMOro M H3HOCE 00pabaTHIBAIOILETO
KOMIIO3UIIMOHHOTO ~ MarepuanoB. (OdYeBHIHO, 4YTO TMPH yMEHBIICHHH IUIOMIAAN  pa3pylIeHUs
00pabaThIBa€MOro KOMIO3MIIMOHHOTO MaTepHaja yMEHbIICHHE aMIUTUTYIHBIX MapaMeTpOB BO3HHUKAIOIINX
CUTHAJIOB OIlepeXaeT BO3pacTaHWE AaMIUIUTYJIHBIX IapaMeTpOB CHUTHAJOB, KOTOpBIE BO3HUKAIOT TPHU
YBEIMYEHUH W3HOCA O00pabaThIBArOIIEr0 KOMIO3WIIMOHHOTO MaTepuana. Pe3ynbTaThl TPOBEACHHBIX
WCCIIEJOBAHNH MOTYT WCIIOJIb30BAaThCS TpPH pa3pabOTKe METOAOB KOHTPOJS COCTOSHHUS PEXYIIEro
WHCTPYMEHTAa W YNpaBICHHSA IapaMeTpaMH TEXHOJIOTHMYECKOTro IIpollecca MEXaHM4YECKOW 00paboTKH.
JlaHHBIE METOMBI MPEACTABISIOT HHTEPEC B POOOTU3UPOBAHHBIX TEXHOJIOTHYECKHX MpoIleccaX, KOHTPOJIb U
yHpaBieHne KOTOPHIMU BO3MOXHO TIPOBOJIUTH Yepe3 HEHPOHHBIE CETH.
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Abstract

This paper contains the results of processing and statistical analysis of accident location data from the period 1973-
2013 involving different types of large and light aircraft. The distribution of accident site locations which occurred
during various phases of flight near-airport is presented. The analysis results of distribution functions are shown to
estimate the probability density of accident locations during departures and arrivals. It is defined that the Weibull
distribution and Gamma distribution are the most plausibly corresponded to describe the probability density of the
accident site locations along the longitudinal and lateral coordinates relative to the runway centerline. The statistical
characteristics of accident locations have obtained which took place in the vicinity of airports during take-off and
landing phases of flight.

Keywords: aircraft accident location; airport; environment; Gamma distribution; probability density function; runways;

Weibull distribution.

1 Introduction

The countries as well as airlines and the
International Society have done so much to prevent
and reduce the damages for different environment
objects due to using of civil aviation. However,
today the existing hazards and risks are still high that
create the adverse conditions in the vicinity of
airports that have resulted the loss of ecological and
material resources including death of people. The
great majority of aircraft accidents occur during final
approach and the initial climb phases of a flight that
take place in or immediately adjacent to the airport.
All this leads to additional technogenic impact and
can be cause disastrous consequences for people in
the vicinity of the airport.

2 Analysis of the research and publications

The current approaches for estimating the
probability density of accident site locations in the
vicinity of airports (the NLR method [1], the DOE
method [2] and the ACRAM method [3]) were
analysed. @~ Each  method includes  certain
disadvantages and has differences because of the
different selection criteria used.

The statistical data of the accident locations
involving different types of large and light aircraft
were collected for improving the accident location
model. The analysis of accident location data was
performed for an 40-period (1973-2013) which
happened within runways and in the vicinity of
airports related to different phases of a flight:

- takeoff phase that includes the takeoff roll and
the initial climb,

- landing phase that includes the
approach and the landing roll.

Finding data with details of aircraft type and by
accident site locations was a more difficult task. The
data was compiled from a large amount of accident
reports published by Federal Aviation Administra-
tion [4], the National Transportation Safety Board
[5], UK Civil Aviation Authority [6], the Bureau
d’Enquétes et d’Analyses [7], UK Air Accidents
Investigation Branch [8]. A vast amount of data on
accident locations including information on aircraft
type and airport has been collected from the ASN
Aviation Safety database [9] and the Transportation
Safety Board of Canada database [10]. The ADREP
(the International Civil Aviation Organization)
database [11] was the preferred source for data
because allows the accurate location data to obtain.
Data was gathered from reviews of national

landing
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organisation (the State Aviation Administration of
Ukraine) [12] and international organisation (the
Interstate Aviation Committee) [13] containing the
complete record of the board’s investigation of each
accident. So, a selection of a certain number of data
includes the review different types of aircraft
accidents (such as take-off overruns, undershoots,
overshoots, lateral veer-offs, landing overruns and
etc.) which associated with the various operational
phases near-airport. A sufficient number of accident
site location data has been found to perform the
calculations and for improving the accident location
model.

3. Task

The task is to establish trends of accident site
locations in the vicinity of airports and determine the
distances of accident locations relative to the runway
ends by using data set from different sources.
Moreover, the estimating the probability density of
take-off and landing accident locations for large and
light aircraft based on accurate location data.

4. The distribution of take-off and landing
accident locations in the vicinity of airports

The function of the accident site location for large
and light aircraft is estimated in the form of
dependency probability densities [14]:
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where f (x) is the function of the longitudinal
location along the runway and its the extended
centerline;

f (v, x) is the function of the lateral distribution
perpendicular to the runway centerline.

The accident location model for function of
accident location has been investigated in form of
two-dimensional probability density for longitudinal
and lateral coordinates of accident sites during take-
off and landing phases of flight. Results of
processing of accident location data which happened
within runways and areas around airports are
represented in Figure 1.

Figure 1 shows the distribution of accident
locations which occurred during various phases of
flight near-airport in two dimensions:

the longitudinal distribution of locations from the
runway end,

the lateral distribution of locations from the
runway centerline.

The database resulting from this research
contains a total of 2030 aircraft accidents which
happened in one of the flight phases: overshoots
(5 %), undershoots (26 %), take-off overruns (9 %),
landing overruns (26 %), lateral veer-offs (14 %)
and other uncategorized (20 %). The processing of
statistical data and necessary calculations was
performed by a computer system STATISTICA 8.0
[15].

500

450 -

400 -

350 -

Number of points
Percent of accidents

Fig. 1. The distribution of accident locations which happened during take-off and landing phases of flight:
a — along runway centerline; b — perpendicular to the runway centerline

The statistical characteristics of the aircraft
accident locations were obtained which occurred on
the runways and in the vicinity of airports:

- landing accidents (the zero point on the axes is

the landing end of the runway): arrival accident sites
are concentrated within 1 km laterally from the
runway centerline and extending outward to
approximately 5-6 km of the runway end; the 65 %

of the points lie within an area 500 m wide and
extending some 1 km from the runway end;

- take-off accidents (the zero point on the axes is the
take-off end of the runway): departure accident sites are
spread within 1.5 km laterally from the runway
centerline and extending outward to approximately 4-5
km of the runway end; the 46 % of the points are
concentrated within an area 500 m wide and extending
some 1 km from the runway end.



100

ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2017. N1(70): 98—-105

The analysis of the statistical data related to the
accident sites has allowed to define that the great
majority of aircraft accidents take place on or
immediately adjacent to the runway. It was found
that landing accidents tend to be concentrated close
to the runway centerline. Furthermore, take-off
accidents tend to be concentrated near the runway
end, but are not as located close to the runway
centerline as are the landing accidents. Since the
landing manoeuvres are performed at "approach
zone", so the arrival accident sites tend to be most
closely bunched around the landing threshold. A
comparison of the two images in Figure 1 indicates
that arrival accidents sites tend to concentrated
farther from the end of the runway than departure
accident sites. The majority of departure accident
sites in which the aircraft impacted with the ground
are widely scattered relatively to the runway end.

The results of the investigation have showed that
the probability of an aircraft accident during take-off
and landing phases of flight in the proximity of the
runway ends is higher than at larger distances from
the runway end.

5 Estimating the probability density of take-off
and landing accident locations for large aircraft

The distribution functions were used: the Weibull
function, the Gamma function, the Log-normal
function, the Normal function, the Poisson function,
the Chi-Square function and Binominal function.

These functions were used for statistical estimation
the probability density of accident site locations. The
range in values of the longitudinal and lateral
coordinates (x, y) of accident site locations was
broken into intervals with interval of 1 km and 0.5
km which corresponded to the number data set. Then
the number of points were calculated which
concentrated at i interval and the statistics Chi-
Square was estimated to compare the probability
density of accident site locations. The smaller value
for the Chi-Square statistic means that more likely
hypothesis is true. The larger Chi-Square value the
greater the difference between observed and
expected data. The Kolmogorov-Smirnov test and
Chi-Square test were used to check the hypothesis.

The following Table I presents the analysis
results of distribution functions to estimate the
probability density for longitudinal coordinate of
take-off and landing accident locations due to large
aircraft.

As seen in Table 1, the Gamma distribution is the
most correspond to describe the probability density of
the accident site locations along the longitudinal
coordinates in phase of take-off due to large aircraft
(Table 1). The value of the Chi-Square statistics is
9.119 which supports this hypothesis. Since a p-value of
0.823 means that the observed data are consistent with
hypothesis of the Gamma distribution (Fig. 2).

Table 1
Probability density assessment of longitudinal coordinate
of accident site locations due to large aircraft
Assessment, Distribution
distance Binominal| Poisson | Chi-Square |Log-normal | Gamma | Weibull | Normal
Take-off
Kolmogorov-Smirnov distance
Interval 0.5 km 0.455 - 0.512 0.067 0.025 0.043 0.086
Interval 1 km 0.303 - 0.343 0.062 0.023 0.026 0.079
Chi-Square test
Interval 0.5 km 254.723 - 296.534 26.128 9.119 | 22.276 | 870.034
Interval 1 km 136.933 - 163.991 20.042 3.645 | 14.045 | 745.688
Landing
Kolmogorov-Smirnov distance
Interval 0.5 km 0.536 0.679 0.536 0.056 0.044 0.039 0.188
Interval 1 km 0.389 0.371 0.325 0.032 0.028 0.021 0.188
Chi-Square test
Interval 0.5 km 231.229 | 546.734 226.242 43.698 23.809 | 28.048 | 441.981
Interval 1 km 357.631 | 321.64 252.17 17.237 13.668 | 12.223 | 271.623

Based on result of researches it was found that
the Gamma distribution is more closely correspond to
describe the probability density of the accident site
locations along the longitudinal coordinates in phase

of landing due to large aircraft (Table 1) and the
Weibull distribution is for lateral coordinates. The

calculated value of )(2 =1.017 (Table 2) and the
significance level of 0.961 support this hypothesis.
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Table 2
Probability density assessment of lateral coordinate of
accident site locations due to large aircraft
Assessment, Distribution
distance Binominal| Poisson | Chi-Square |Log-normal | Gamma | Weibull | Normal
Take-off
Kolmogorov-Smirnov distance
Interval 0.5 km 0.257 0.254 0.213 0.053 0.024 0.039 0.143
Interval 1 km 0.137 0.137 0.137 0.033 0.013 0.021 0.143
Chi-Square test
Interval 0.5 km 994.746 | 600.141 60.935 29.935 8.157 3.719 |620.328
Interval 1 km 6.973 6.973 6.973 16.297 0.638 0.776 282.7
Landing
Kolmogorov-Smirnov distance
Interval 0.5 km 0.148 - - 0.099 0.018 0.101 0.293
Interval 1 km 0.052 - - 0.026 0.009 0.021 0.192
Chi-Square test
Interval 0.5 km 8.461 - - 20.884 11.067 | 1.017 | 324.348
Interval 1 km 1.042 - - 8.862 5.403 0.438 | 189.967
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Fig. 2. The probability density of the Gamma distribution of longitudinal location
for take-off accidents due to large aircraft: @ — interval 1 km, b — interval 0,5 km

6. Estimating the probability density of take-off
and landing accident locations for light aircraft

The analysis results of distribution functions to

estimate the probability density for longitudinal
coordinate of take-off and landing accident locations

due to light aircraft are shown in Table 3.

From the obtained results it was deduced that the
Gamma distribution is more closely correspond to
describe the probability density of the accident site
locations along the longitudinal coordinates due to

Probability density assessment of longitudinal coordinate
of accident site locations due to light aircraft

light aircraft during take-off phase of flight.

Table 3

Assessment, Distribution
distance Binominal| Poisson | Chi-Square |Log-normal | Gamma | Weibull | Normal
1 2 3 4 5 6 7 8
Take-off
Kolmogorov-Smirnov distance
Interval 0.5 km 0.543 0.298 0.247 0.038 0.036 0.034 0.101
Interval 1 km 0.264 0.2 0.2 0.038 0.009 0.027 0.101
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Table 3 (continued)
1 | 2 | 3 ] 4 | 5 | 6 | 7 | 38
Chi-Square test
Interval 0.5 km 248.402 | 832.332 121.98 20.175 6.283 7.351 | 182.768
Interval 1 km 29.336 16.8 16.8 19.12 1.848 0.077 | 104.349
Landing
Kolmogorov-Smirnov distance
Interval 0.5 km 0.575 - 0.575 0.057 0.056 0.052 0.218
Interval 1 km 0.204 - 0.154 0.049 0.027 0.024 0.181
Chi-Square test
Interval 0.5 km 322472 - 302.783 80.849 41.78 | 29.082 | 875.661
Interval 1 km 30.738 - 11.766 52.799 13.814 | 17.619 | 434.371
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Fig. 3. The probability density of the Gamma distribution of longitudinal location
for take-off accidents due to light aircraft: a — interval 1 km, b — interval 0,5 km

The chi-square calculated value is 6.283 which
supports this hypothesis (Table 3). Since a p-value of
0.392 indicates that the observed data have not rejected
the hypothesis of the Gamma distribution (Figure 3).

It was defined that the Gamma distribution and

Weibull distribution are the most plausibly
corresponded to describe the probability density of the
accident site locations along the longitudinal

coordinates due to light aircraft during landing phase of
flight (Table 3).
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The analysis results of distribution functions for
probability density assessment of lateral coordinate
for take-off and landing accident locations due to
light aircraft are approximately the same.

6. Results

The longitudinal and lateral distribution of take-off
and landing accident locations due to large and light
aircraft are modelled using the Weibull function
(Figure 4 and Figure 5).
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Fig. 4. Weibull distribution to describe the longitudinal coordinates of accident locations due to large aircraft:
a — take-off, b — landing
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The longitudinal distribution of accident with increasing distance from the runway. The 60 %

locations due to large and light aircraft along the
runway and its extended centerline are modelled
using the Gamma function.

As a result, it was concluded that the Gamma
distribution (1) and Weibull distribution (2) are the
most plausibly corresponded to describe the
probability density of the accident site locations
along the longitudinal and lateral coordinates of
aircraft accidents due to large and light aircraft during
take-off and landing phases of flight:

_ 1 o-1 X
TP =g exp[ (BH 1

f(x,0,B) = B%x“_lexp{— [%j“} 2

7. Conclusions

The accident location data involving different types
of large and light aircraft has been collected. The
analysis of worldwide aircraft accidents related to
take-off and landing phases of flight has been
performed for the period 1973 to 2013 which
occurred within runways and in the vicinity of
airports. The processing of data points has been
performed by the computer system STATISTICA
8.0 that include the following accident types: the
lateral veer-offs, the overshoots, the undershoots, the
take-off overruns and landing overruns. Based on
result of researches, it is found that a vast amount of
aircraft accident sites tend to be concentrated close
to the runway ends and relatively near the extended
centerline.

From an analysis of the obtained results it was
determine that accident probability density decreases

of the arrival accidents points are plotted within a
narrow strip, approximately 500 m wide and
extending some 1 km from the runway end. Also,
almost 45 % of the departure accident points lie
within an area 500 m wide and extending some 1 km
from the runway end.

The analysis of distribution functions has been
performed to estimate the probability density of
accident locations due to large and light aircraft
during take-off and landing phases of flight. The
results of investigation have allowed to deduce that
the Gamma distribution and Weibull distribution are
the most plausibly corresponded to describe the
probability density of the accident site locations along
the longitudinal and lateral coordinates of aircraft
accidents due to large and light aircraft during take-off
and landing phases of flight.
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Abstract

Purpose: By 2050, world population will exceed 9 billion people. According to some projections to feed the
world's population, the agricultural sector must increase production by 70%. The number of resources
suitable for use in agriculture - land, water, energy - will decline. Here the farmers have to rely primarily on
support of new technologies that not only increase production with limited resources, but also improve its
effectiveness. Increased yields in crop production - a strategic task for Ukraine. Discussion: The object of
research is the comparative analysis of the market of production and export of wheat in leading countries of
the world is carried out. As well as advanced direction of crop capacity increasing in agriculture with help
of Unmanned Aviation System is considered. Results: Practice shows that rural aircraft exceeds the
performance processing ground equipment several times. It allows you to quickly carry out crops and their
processing by pesticides, toxic chemicals, to make fertilizer, to monitor. The use of modern unmanned aerial

vehicles will extend the benefits of small aircraft.

Keywords: agriculture; airplane; crop protection; perspective; technologies; pest control; productivity;
unmanned aerial vehicle; unmanned aircraft systems; wheat.

1. Introduction

Ukraine has been playing significant role on global
agriculture arena for decades being among top 10
exporters of agriculture products with 32.5M
hectares of arable land producing 90-100M tons of
cereal every year. In addition, Ukraine has 30% of
world “chernozem” or black soil, one of the most
fertile soils worldwide. From economical
perspective, every second hryvna in Ukrainian GDP
comes from agriculture sector that employs around
20% of its population.

In 2015 World Bank predicted that the global
population will increases to 9 billion people by 2050
mostly driven by emerging countries like Brazil,
India, China and Africa. According to some
projections, to feed the growing population, the
agricultural sector must increase production by 70%.
The key challenge is that the number of resources
available for use in agriculture will be reduced.

Areas of arable land are relatively stable and global
warming puts significant restriction on use of water
and energy to produce incremental crop.

This challenge puts a lot of responsibilities and
pressure on Ukrainian agriculture sector. Increasing
yields in crop production is a strategic task for
Ukraine. The current methods of cultivation used in
Ukraine and other countries limited to traditional
technologies are inefficient and prevent from
reaching the goal to address the problem. The
current methods used for land cultivation that rely
on land machines and traditional aircrafts have many
shortfalls in productivity, efficiency and flexibility.

2. Previous research and publications

The solution to this problem is possible on the basis
of the creation of new high-yield crop varieties and
new technologies of their cultivation; introduction of
advanced and high-performance equipment, new

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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forms of work organization in the agricultural sector.
At the heart of the solution is precision agriculture
concept that is a set knowledge intensive
technologies, maximizing the use of agricultural
resources, while reducing the cost of production to
maximize performance and increase the profitability
of land use. In mature agriculture countries precision
agriculture is used for planning the workload,
chartering of farmland, accounting field areas,
monitoring of plant health condition and
discriminatory application of fertilizers.

3. Research tasks

Various methods of information gathering, in
particular from the aircraft, provide agronomic
service relevant and reliable information on the field
state: the problem areas, the development of plants,
the effectiveness of fertilizers and herbicides use,
efficiency and quality of agricultural machinery
work, etc. Collected on a regular basis data form the
basis for the solution of one of the most important
tasks of agronomy that is forecasting yields.

4. Research results

Practice shows that agricultural aviation has
advantages over ground equipment on the efficiency
of field processing up to twelve times. It allows you
to carry out aero seeding of some plants quickly,
pesticides and other agriculture chemicals spraying,
applying fertilizers, and carrying out monitoring.
Furthermore, unlike conventional ground equipment,
aircraft do not damage crops, and do not reserve the
wheel track. This ensures additional harvest up to
6% and allows farmers to apply to spray crops when
land machines cannot work in the field. For
example, early spring or immediately after rainfalls,
when soil is wet and wheeled vehicles simply cannot
get in the field or late summer when crops are high
(over 1 m) and tractors can damage the plants.

For timely sowing treatments needed either
availability of technical equipment of farms with a
large number of workers, or modern equipment with
high-performance work. Timely processing of
farmlands substantially limits the adverse weather
conditions. In bad weather because of equipment
downtime the best time for application of plant
protection products is missed. So, it is extremely
difficult to select herbicides which according to their
mechanism of action do not relate to the dominant
inhibitors in sowing of cereal crops for early spring
application in a narrow temperature window.

Thus, in many cases, there is no alternative
method to aviation. Its main advantage is high
performance and efficiency of work, which allows
optimal deadlines to process the field.

Currently the main air vehicle for crop spaying
in Ukraine are airplanes An-2 and helicopters Mi-2.
Most of the planes and helicopters of these models
have long outlived their air worthiness, but even this
equipment is in very short supply in domestic
agriculture. The areas of farmland which need
agricultural aviation spraying, account for about 30
722.2 thousand ha. One plane An-2 replaced the
work of 5 — 10 tractor sprayers, processing 40 — 50
times more crops than a tractor sprayer per day. In
addition, it saved 80 - 90% of labor costs.
Agricultural aircraft operates in extremely difficult
conditions. For better treatment of the plants in
foreign practice may be used flights at a height of
1 — 2 meters from the ground and turns with banking
angle up to 60°. It verges on the aerial acrobatics,
exhausts a pilot and often leads to serious flight
accidents. In the Soviet Union air spraying works
were carried out without much damage to their
quality at a height of 5 — 10 meters and followed by
a climb and turn around maneuvers.

Advantages of the aircraft in the agricultural
work are undeniable, if it flies over the flat field.
Mountain slopes, broken ground, small fields require
more maneuverable unmanned aerial vehicle
(UAV). Its advantages are particularly valuable
where it is impossible to arrange the runway, even
for very light aircraft. Perfect landing characteristics
of UAVs allow move the runway closely to the
treated area. The advantages are obvious [1].

Efficiency of air assistants directly depends on
the design features of the aircraft. One would think,
does it matter what we use to spray fertilizers or
chemicals? However, aircraft and high-performance
chemicals made according to the latest requirements
of farming, themselves do not provide economical
and rapid processing of crops from the air. The
chemical substance can be useful only if it is
distributed evenly with a desired concentration on
the treated surface. Meanwhile, the increase in the
wing bearing capacity, or as they say in
aerodynamics, increase the downwash flow,
improves evenness of the chemical distribution on
the surface to be treated. The lift in helicopter is
created by dropping vertically down a large mass of
air. Reflecting from the ground, such flow evenly
covers both sides of the paper plant by pesticides,
which is especially important in the processing of
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gardens and vineyards: pests of fruit crops usually
nest on the underside of the leaf. At the same time
this effect is limited to the speed of up to 40 km/hour
and when helicopter flies above that speed the
spraying characteristics are similar to those of fixed
wing aircrafts. [2]

UAVs are produced in many countries of the
world: the United States, Israel, Germany, France,
Japan, China are the leaders. The majority of the
UAV are military ones, and a pioneer in use of
UAVs for agricultural purposes is Japan. Purposes
of UAV usage are various — scaring the birds,
spraying of areas, theft protection, creation of fields’
maps, monitoring the evenness of germination and
analysis of all the necessary nutrients to plants
availability over a large area. With the help of the
UAYV you can fix the spread of plant diseases on
time, purposefully apply fertilizers or spray
chemicals against pests.

Back in the 80s of the last century, Japanese
scientists have found that the planes over fields of
farmers are not the best solution. Their use is limited
by difficult terrain, power lines, trees, populated
localities. Researchers concluded that the most
effective are not big vehicles, controlled by people
on board, but small flying robots, in other words —
UAVs. Since then, the Ministry of Agriculture of
Japan has been actively promoting this idea. Several
models of UAVs that are used to monitor crops are
developed in Japan. Then, in 1990 an unmanned
helicopter Yamaha RMAX was introduced as a
modern means for spraying crops. A small, of the
size of a motorcycle, remotely controlled helicopter
equipped with a 2.4-liter two-stroke engine is
capable of carrying a working load of up to 28 kg
and spraying chemicals at a speed of 24 km/h [3-4].

Table 1 provides a comparison of the UAV and
aircraft An-2.

According to constructive features the UAVs are
divided into the following types: airplane,
helicopter.

According to flight time UAVs are divided into:
short-range (1-2 hours), average (6-12 hours), and
long-range (24-48 hours).

According to take-off weights they are divided
into: ultralight (up to 5 kg); light (up to 200 kg);
medium (up to 1000 kg) and heavy (over 1000 kg);

According to altitude they are divided into: low-
altitude — up to 1000 m, medium-altitude — up to
10,000 m, altitude — up to 20 000 m.

Typical UAV system is equipped with modern
onboard and ground equipment:

» autopilot, which allows you to perform
agricultural work in automatic mode with the help of
satellite navigation system GPS both day and night;

» special sprayer with rotary nozzles, with
adjustable optimum dispersion spraying of the
working fluid (from monodisperse mist to atomizing
rain);

* equipment for scanning of the cultivated area
and transmission of information on the phytosanitary
condition of crops to a personal computer or the
Internet, which make it possible to specify and
adjust the flight mode and work in the system of
"precise deceleration."

UAVs do not need specially prepared permanent
or temporary airfields. Takeoff and landing of the
aircraft is possible on flat ground, not larger than
150x15m, which should have open approaches.
Furthermore, they can take off from crops during
germination development, particularly those which
need to be processed. UAV is equipped with a radio-
controlled braking and taxiway systems for its exact
movements on the ground. Flight altitude on the
field (from 5m during daytime to 10 — 20m at night)
is regulated and controlled by 4 systems (barometric,
GPS, ultrasonic and laser-guided), which guarantees
high safety of flight and quality of the spray. The
problem of rapid evaporation of the drops with
ultralow spraying in hot weather conditions (30
degrees Celsius and above) is solved by dilution of
preparations in anti-evaporation agents, for example,
using aqueous solutions of nitrogen fertilizers
(carbomide-ammonium mixture, etc.) or a fertilizer
with a high content of amino acids (Megafol,
Megafol protein, izabion). It should be also taken
into account that density of some agents like
carbomide-ammonium is 1.4 of density of water that
can impact the amount of spray liquid that UAV can
carry and spray[5]

For several years the domestic UAV flight tests
took place and the vehicles are almost ready for the
implementation of the integrated use of modern
pesticides and agrochemicals permitted for aircraft
use in Ukraine.

Almost all kinds of work in agriculture,
previously recommended for aviation method, can
be performed using the UAV but, so far, sieving of
mineral fertilizers and ameliorants with high
application rate.
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Table 1

Advantages of application Airplane An-2 and UAVs in the agricultural sector

An-2

UAV

- Large airborne time;
- High load capacity;

- High resistance to sharp wind
changes;

- The possibility of taking off in almost any terrain without the preparatory
engineering work;

- The ability to stay in the high readiness practically unlimited time;

- Shorter and cheaper training of operators of the UAV ground control
stations as compared with the preparation of the crews of manned aircraft;

- Significantly lower cost (for one or two orders less, depending on the
purpose and parameters of UAV) and opening times of mass production;

- Possibility of providing information to consumers in near real time;

- Ability to work under high radiation, chemical and bacteriological
pollution of air and ground, as well as adverse weather conditions as well
as night operations

- UAVs do not need specially prepared permanent or temporary airfields;

- There is no danger to lose the pilot;

- A more accurate radius spraying;

- Low cost of operation.

With their help it is possible to apply modern
herbicides, insectoacaricides, fungicides, growth
retardants, macro and micronutrient fertilizers for
foliar application, and other growth-regulatory
substances. Also it is possible to apply biological
plant protection products, in particular sieving over
crops of beneficial insects (Trichogramma etc.). As
an example, it is to be recalled that the massive
losses of cereal crops because of Fusarium and
Septoria during long continuous rains in growing
season in 2014, when tractors could not go in the
field for weeks, managed to escape thanks to the
aircraft. All of these types of work require the use of
agrochemicals in reasonably short windows of time,
in the proper physical phase, with high quality
spraying at the minimum allowable expenses of
expensive drugs and with high hygienic and
environmental safety.

Having analyzed the market of unmanned aerial
vehicles which can fertilize a relatively large
planting acreage, we should conclude the average
processing acreage by these devices. Unmanned
ultralight aircraft weighing up to 40 kg with a load
capacity from 20 to 35 kg are designed for low-
volume spraying with the norm of the working fluid

flow rate from 1 to 10 1/ha, instead of 50 — 400 1/ha
in normal conventional spraying of land machines,
with a working speed of 80 — 120 kim/h, with a spray
width of 15 — 25 m, and in some cases — up to 100 m
with onboard fogging machines. UAV performance
under low-volume spraying is high: 60 — 100 ha/h,
600 — 1000 ha/day, which is higher than that of oft-
market An-2.

It should also be said about the economic
benefits of the treatments associated with a sharp fall
in transportation of water (50 — 100 times),
preparation and loading of working fluid in the
sprayer tank, decrease in the number of auxiliary
workers. But it is especially important to the
reduction of energy consumption by using UAVs:
for the treatment of 1 hectare of crops is enough
from 10 to 200 ml of fuel. In such a case the cost of
crops treatment is significantly lower than when
using ground sprayers. They are able to introduce
fertilizers and pollinate pests with small doses of
chemicals that reduce the consumption of chemicals
by about a third. Due to the greater maneuverability,
some UAVs spray the crops almost without leaving
the field. [8]
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Other UAVs equipped with camera and
weighing less than 700 grams can stay in the air for
up to 45 minutes. During this period they are able to
carry out aeroplane mapping (aerial photography,
aerial mapping) of an area of size from 1.5 to 10
square kilometers. Cruising speed ranges from 36 to
57 km/h, radio contact with the operator can be kept
at a distance of 3 km. UAYV is able to withstand wind
gusts of up to 12 m/s.

If we compare relatively low cost of UAV with
enormous economic benefits that we get from the
use of this miracle of technology, it becomes clear
how popular will the UAVs be in the near future.
This "robotics" of agriculture first of all will get
interested the owners of large farms, where is
difficult to keep track of how each leaf looks like,
how is the growth of plants going, how is the color
of the soil changing.[6-7]

Today, to manage a large farm is not easy.
Because of the immensity of the fields, farmers may
not know the condition of the land in each area and
process all fields the same as required. For example,
in June, all the fields are sprayed with the
preparation fungicide against fungi, regardless of
whether they appear in July or not. UAVs can solve
this problem without big expenses, flying over farms
and making high-quality images. [9]The navigation
system of UAV accurately identifies and indicates
the coordinates of the area on the captured images.
Then, using this data, it is possible to collect the
whole picture and get an idea about the state of the
fields. UAVs also notice the farmer of early harvest
loss. First signs of the disease in plants appear in a
change of chlorophyll, the green pigment involved
in photosynthesis. With the help of infrared images
diseased plants can be noticed in time and prevent
crop damage.

5. Conclusion

Precision agriculture is one of the "hottest" topics in
agricultural and IT-specialists circles, as Forbes
writes [10]. Since the fourth quarter of 2013,
investments in clean technology increased
significantly — writes Forbes, citing data from
research company “Cleantech Group” [11].
According to the Ukrainian “IST Agro Service”
Company (Chernihiv region, Varva), the use of
innovative UAV technologies in agriculture can
improve productivity, reduce costs, make better use

of resources, automatize and control manufacturing
processes. As a result we can save up to $150/ha.

AeroDrone startup develops, manufactures and
operates UAV systems for crop protection. In 2016 2
UAYV systems with payload of 20 and 50 kg (Fig. 1)
started operations on the real fields spraying
insecticides, herbicides for winter crops of wheat,
corn and sunflower. The first results are confirming
the key conclusions in this article regarding spray
productivity, costs, infrastructure, and so on. The
team also got a good learnings on the spray process,
UAV refilling between flights, spraying strategy and
ready to apply this knowledge, scale production and
operations in 2017.

End-user is interested in the effectiveness of the
product and price policy. What you need to consider,
intending to buy an unmanned aircraft systems
(UAS)? In any case it is necessary to take into
account all the factors: the cost of the UAS
components, the cost of one minute work of the
complex, its reliability, etc., that affect the final
result of a system operation. Another important
factor should also be taken into account— technical
staff for the system maintenance, which still needs to
be appropriately trained. However, these costs will
be paid back quickly by the results of work of the
system and savings.

Fig. 1. Agricultural UAV “PAM-20”
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Abstract

Aim: of the article is consideration of goals and objectives of Chemmotology science. The paper presents a
modern interpretation of science, its role in the development of technology and society. Methods, which were
used for preparing the work include system analysis, systemology, formalization, hypothetic and abstract-
logical methods. Results: It is shown that with the development of the range of modern fuel and lubricants,
the development and promotion of alternative fuels, consideration of Chemmotology problems is impossible
without systematic approach. In addition to the theoretical part of Chemmotology science, it is an integral
component of the application, and whose task is to ensure energy and environmental security of the country's
economy, rational use of traditional and alternative fuels and lubricants in the operation of a modern and
advanced equipment. Discussion: The article focuses on the fact that in recent years one of the most
important issues is the ecological constituent of Chemmotology, which is aimed on maximally possible
minimization of the negative impact of fuel lubricants and technical liquids on ecosystems. Also processes of
regeneration, restoration of quality, disposal and recycling of fuel and lubricants become highly relevant. In
conclusion, this work shows that the fundamentality of Chemmotology science is the manifestation of
systematic methodological characteristics in solving modern engineering problems in technical development
and the development of energy sources for motor vehicles.

Keywords: chemmotology; exploitation; fuels & lubricants; technics.

quality; system approach;

1. Introduction

Rational use of fuel and lubricants, energy efficiency
and environmental safety are among the most
important problems of our time. Their solution
largely determines the sustainable development of
the world economy and the preservation of human
comfortable conditions.

Science that became responsible for ensuring
integrity in dealing with a variety of tasks connected
to these problems, is Chemmotology [1-3].

2. Analysis of the research and publications
Encyclopedic concept of science defines it as a
sphere of human activity, the function of which is
the development and theoretical systematization of
objective knowledge of reality [4, 5]. The direct
goals of the science are description, explanation and
prediction of the processes and phenomena of
reality, which are the subject of its study on the basis

of public law, i.e. the theoretical reflection of reality.
Chemmotology possesses all these features [5—7].

The modern definition of Chemmotology is
interpreted as following: This is the science about
the technological processes, properties, quality and
methodology for the rational use of fuels, oils,
lubricants and technical liquids in the operation of
machinery [8, 9]. It is necessary to consider both
conventional and alternative fuels and lubricants.

Knowledge of technology involves not only
knowledge of the design, kinematic, dynamic,
temperature characteristics, but also the physical and
chemical properties of construction materials needed
for the analysis and prediction of physico-chemical
processes during the application of a specific fuels
and lubricants [2, 6, 10-12].

For example, the aircraft is a huge amount of
metallic and composite parts, which are flying at a
speed of 900 km/h (0.85 from the speed of sound, it

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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is a typical speed of the Boeing 787 Dreamliner) at
an altitude of 10 km. A couple of million parts are
manufactured and assembled into one product and
aircraft flies, providing comfort for passengers and
profit for owners (Fig. 1).

Providing reliable and economical joint flight of
these details, linking the most different requirements
(load capacity, fuel consumption, flight range, noise
during takeoff and landing, the requirements for the
length of the takeoff and landing, the need for easy
maintenance on the ground, the lack of icing, the
safety of people on board and so on) is possible only
with the help of system engineering approach, taking
into account the requirements of a variety of
specialists, representing a variety of professional and
community groups [13, 14].
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Fig. 1. Number of details and weight of some
engineering constructions

Generalized utility function of fuels and
lubricants as socially useful products (as opposed to
a generalized function of vehicles) can not be
described by the appropriate design documentation
and drawings [8, 16]. Exactly this fundamental
difference between the fuels and lubricants from
mechanical engineering products objectively led to
the emergence Chemmotology [2—5].

3. Main material

As we know from the classical scientific papers on
Chemmotology [6, 12, 14-18], there is a universal
four-tier Chemmotology system in any kind of
machinery and equipment, which use fuel, lubricants
and technical liquids (Fig. 2). This system takes into
account the relationship between the quality of the
fuels and lubricants, the reliability of equipment and
the conditions of its operation [12, 15]. It can also be
seen in Fig. 3 that shows an improved
Chemmotology system.

Initially Chemmotology science is characterized by
systematicity. Chemmotology, as well as system
technology and system engineering, has such
methodological tools in science and technology, which
covers the design, development, testing and operation
of complex systems. A certain extent it is an applied
embodiment of systems theory in which the term
"system" is used in a special way, referring to the
way of thinking to explain coherent links between
elements of the system, synergy and emergence.
Here, the "system" expresses not only the essence,
but also related to the nature of the object,
emphasizes the class properties interesting point of
view from here diversity of definitions and a huge
number of possible ways the system decomposition
and release of subsystems [18, 19].

Quality requirements (QR)

Impact on the effectiveness (IE) Technology

(motors and

Impact on the design (ID) mechanisms)

Design requirements (DR)

Fig. 2. Improved four-tier Chemmotology system

These thoughts can be seen in Fig. 3. It illustrates the
integrated interdisciplinarity of Chemmotology, science
system itself, it hierarchy, Chemmotology coherent
connections, structure, nature, synergy and emergence
[19-21]. It is clearly shown how the interaction of
elements and coherent processes on the example of an
aircraft engine result in synergistic and emergent effects:
ecological compatibility, efficiency, reliability and
durability of the equipment.

Currently, consideration of problems of
Chemmotology beyond a systematic approach to
knowledge is not possible. This is qualitatively higher
than just a substantive way of knowing. (Synergies is
summarizing effect of the interaction of two or more
factors, characterized by the fact that their effect is
much greater than the effect of each individual
component in the form of a simple sum).
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"Emergence is quality, property of the system,
which is not inherent in its elements separately, but
instead rises by combining these elements into a
single, integrated system."

From a philosophical point of view, we can easily
state that Chemmotology science makes the
consolidating function of system, integration of
communication scholars and practitioners of
engineering, chemical, oil-refining and
petrochemical sectors of the economy, together with
operators technique for solving evolution problems
of scientific and technological progress. For
example, refiners produce gasoline, diesel and other
fuel, for further use in engines [22]. Knowing fuels,
lubricants and technical liquids is to have a clear
understanding of the relationship of indicators
characterizing the quality of a physico-chemical and
energy processes that occur during their use in
specific conditions, and the relationship with their
chemical and group composition.

The lack of such an analysis and forecasting
makes it impossible to achieve the objective,
technical and social effects. This is another clear
evidence of synergy effects in the operation of
Chemmotology system [22-24]. Quality control of
fuels, lubricants and technical liquids plays a special
role in Chimmotology on the way from their
producer to consumer [25]. As we can see from Fig.
3 quality of exploitation materials is included into
the parameter of the system itself. Practice has
proved that the use of fuels, lubricants and technical
liquids with the overestimated indicators of quality
(quality level) leads to excess of costs in their
production, and with reduced to cost escalation in
mechanical engineering and operation of equipment.

As it is known consider any scientific problem is
impossible without a coherent ideological system.
Worldview, which selects a particular civilization,
defines the whole character of the activities of
society and its impact on the environment. On this
basis, the environmental essence of Chemmotology
is as far as possible to minimize the negative impact

of fuels, lubricants and technical liquids on
ecosystems [24-26].
The importance of tasks solved by the

Chemmotology is shown by its role as an applied
science: ensuring energy and environmental safety
of the country's economy, rational use of traditional

and alternative fuels, lubricants and technical liquids
in the operation of a modern and advanced
equipment [27].

Deterioration of fuels, lubricants and technical
liquids quality is also typical for operation of
technique in a result of evaporation, oxidation
products accumulation, precipitation and leaching of
some additives, mixing fuels, lubricants and
technical liquids of different brands et al. (Fig. 3).
Here become actual processes of regeneration,
restoring quality, utilization and recycling [28, 29].

Classics of systematic approach indicates that the
solution of any problem is characterized by the
following elements:

1) Someone (or some group) should be put into
the front of the problem, i.e. requires the existence
of decision-making;

2) The purpose, desire of decision-making aimed
at solving a problem situation that is its purpose and
the basis for formulation of the problem and to
achieve this goal

3) Decision-making should have a choice among
alternative actions that lead to achieving the goal.

These arguments allow us to assert that
Chemmotology system "engine-fuel-lubricants-
technical liquid" is a management task, in which
apply prescriptive and descriptive methods. Here we
can trace Chemmotology coherence with cybernetics
(which depicted connections in the upper part of Fig
3). At each stage of engine creation ( the right side
of Fig. 3), operation and application of SCL it’s also
demonstrates the need for decision-making (the left
side of Fig. 3), which eventually is embodied in the
synergetic result: to ensure efficient, ecological,
reliable and economical operation of equipment.

4. Conclusion

Consequently, the fundamentality of Chemmotology
science is the manifestation of the system of
methodological characteristics for solving modern
engineering problems, improving of technology and
development of energy sources for motor vehicles
simultaneously. Applying Chemmotology and acting
its knowledge is possible to achieve significant
results of scientific and technical progress in the
technique. The concept of Chemmotology is the
systematic integration of knowledge of engineering,
chemical, oil-refining and petrochemical spheres of
scientific and practical activities to achieve
synergistic results in ensuring reliability, safety,
durability and efficiency of equipment.
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®DeHOMEHO0JIOTiYHA KOHIeNIiss XiMMOTOJIOT il

Hanionansuuii aBiauiiinuii yniBepcutet, M. Kuis, npocn. Komaposa 1, 03058, Ykpaina
E-mail: chemmotology@ukr.net

Meta wi€i craTTi mossirae y po3risdi Lied Ta 3aBAaHb HAYKH XIMMOTOJOTIi. Y po0oTi mpencTaBieHO
CydacHe TpaKTyBaHHS HayKd, il poib JUIS PO3BUTKY TEXHIKM 1 CycHmijibcTBa B HijioMy. Mertoam, 1o
BUKOPUCTOBYBAJIMCS MpPU MIATOTOBLI JaHOI pPOOOTH BKIIOYAIOTh CHCTEMHUH aHaji3, CHCTEMOJIOTIIO,
¢dopmamizaniro, TimoTeTHyHi Ta abcTpakTHO-NOTiYHI Mertoau. PesyasraTm: [lokazaHo, 10 3 PO3BHTKOM
ACOPTUMEHTY CYYacHHX MalWBO-MAaCTUJIBHUX MaTepianiB, po3poOKOI0 i MOMyIApH3aLielo albTepPHATHBHUX
MaJUB, PO3TIAA MPOOJIeM XiIMMOTOJIOTII € HeMOXIWBUM Oe3 cucreMHoro miaxomy. Kpim TeoperwdHoi
CKJIQIOBOT HAyKH XIMMOTOJIOTII, HEBII'€MHOIO € 1 TPHKJIaIHA CKJIQJOBa, 3aBIaHHIM SIKOI € 3a0e3MedeHHs
EHEepreTUYHOI Ta EKOJIOTIYHOI Oe3MeKH EeKOHOMIKM KpaiHW, palioHallbHE 3aCTOCYBaHHS TPaAWIidHUX i
AbTEPHATUBHHX ITAJINBO-MACTWIBHUX MaTepialiB MpH eKCIUTyaTalil Cy4acHOi 1 NMEepCIeKTHBHOI TEXHIKH.
ObroBopenHsi: Y cTaTTi aKIEHTYEThCS yBara Ha TOMY, III0 B OCTAaHHI POKH OJHI€I0 3 HAHBAXKIMBILNINX €
€KOJIOTIYHAa CYTHICTh XIMMOTOIIOTIi, sIKa MOJIATaE Y MaKCHUMAalbHO MOXUIMBIA MiHIMIi3aIllii HEraTHBHOTO
BIUIMBY TaJMBHO-MACTHJIBFHUX MaTepialliB 1 TEeXHIYHHX piAMH Ha exocuctemu. KpiM TOrO cCraroTh
aKTyaJlbHUMH TIPOIIECH pereHepallii, BiIHOBJICHHS SKOCTi, YTHJI3allii i PEIUKIIHTY MaIUBO-MAaCTHUIBHUAX
MatepianiB. Ha 3akiHueHHs maHoi poOOTH MOKa3aHo, 0 PYHIAMEHTAIBHICT HAYKH XIMMOTOJIIOTI] MOJISATaE B
TPOSIBI  CHCTEMHUX METOJIOJIOTIYHAX BJIACTUBOCTEH I dYac BUPIMIEHHS CYYaCHHX IHKEHEPHHX 3aaad
BIIOCKOHAQJICHHSI TEXHIKH 1 PO3BUTKY JDKEpEN €HEpril I ABUTYHIB TPAHCIIOPTHUX 3acO0iB.

MMaJTUBHO-MACTHIIGHI ~ MaTepialld; CHCTEeMHHM IMOXid, TEXHiKa;

Kurouosi eKCILTyaTarlis;

XIMMOTOJIOT'1ST; SIKICTb.

cjioBa:
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Boiiuenko C.B.

DeHOMEH0JI0TnYecKasi KOHIENMIUsI XUMMOTOJI0THH,

HanmonanbHbli aBUallMOHHBIA YHUBEPCUTET, I'. Kues, nmpocn. Komaposa 1, 03058, Ykpauna
E-mail: chemmotology@ukr.net

Lenbio naHHOW CTaTbU SBISIETCA PACCMOTPEHHME IeJied M 3a/lad HayKH XHUMMOToJorHH. B pabote
MIPEJCTABIEHO COBPEMEHHOE TPAaKTOBAaHHE HAYKH, €€ pOJib JJIS Pa3BUTHUA TEXHUKH M OOIIECTBA B ILIEJIOM.
MeToabl, KOTOpBIE HCIIONB30BAJIMCH MpPU MOATOTOBKE AAHHOM pabOTHl BKJIIOYAIOT CHCTEMHBIH aHau3,
CUCTEMOJIOTHIO, (OpPMaNTU3aIUI0, THIIOTETHYECKHE W aOCTPaKTHO-JIOTHYECKHE MeTonbl. Pe3yabTaTsi:
[TOKa3aHO, YTO C PA3BUTHEM aCCOPTHMEHTa COBPEMEHHBIX TOIUIMBO-CMa309YHBIX MaTepHajoB, pa3paboTKON 1
MOMyJIsIpU3aliieil anbTepHATUBHUX TOIUTUB, PAcCCMOTPEHHME MpOoOJIeM XHUMMOTOJOTHH HEBO3MOXXHO BHE
cUcTeMHoro mnoxoja. IloMumMo TeopeTHdeckol COCTaBIsAIOIIEH HAayKd XHUMMOTOJOTHH, HEOThEMIMMOMN
ABIISIETCSI W TIPUKJIAIHAS COCTABILAIONIAs, 3aJadyell KOTOpOH sBIseTCS oOecliedeHne JHEpreTHYecKOr u
JKOJIOTHYECKOW ©Oe30MacHOCTH JSKOHOMHKH CTpaHbl, palMoOHAJIbHOE MpPUMEHEHHE TpPaTUuIMOHHBIX U
aNbTEPHATUBHBIX TOIUIMBO-CMA304YHBIX MaTEpHUaioB MpPH SKCIUIyaTallud COBPEMEHHON M TNEpCNEeKTHBHOMN
TexHuKUd. OO0cy:KaeHHMe: B CTaThe AKLUEHTUPYETCS BHUMAaHHE HAa TOM, YTO B IOCIEAHHE TOAbl OJHOU U3
BAKHEUIINX SBISETCS HKOJOTMYECKash CYIIHOCTh XUMMOTOJOTMH, KOTOpas COCTOMT B MaKCHUMAaJIbHO
BO3MO)XKHOM MHHMMH3AallMM HETaTHBHOTO BIHMSIHMS TOIUIMBO-CMA30YHBIX MaTepHaloB M TEXHUYECKHUX
KUAKOCTE Ha 3KocucTeMbl. KpoMe TOro CTaHOBSTCS akTyalbHBIMH HPOLECCHl  pEreHepanuu,
BOCCTAaHOBJICHMSI KAa4eCTBa, YTWIM3aLUUMU U PELUKIMHIa TOILNIMBO-CMAa304HBIX MarepuaioB. B 3akimtoueHue
JaHHOW paboTHl TMOKa3aHO, YTO (YHAAMEHTAILHOCTh HAYKH XUMMOTOJIOTMH COCTOMT B TIPOSIBICHUU
CHUCTEMHBIX  METOJOJIOTHUYECKMX CBOWCTB TPU  pEIIEHHH COBPEMEHHBIX HMHXKEHEPHBIX  3a1ad
COBEPILIECHCTBOBAHUS TEXHUKHU U Pa3BUTUSI UCTOUYHUKOB SHEPTUU I JBUTATENICH TPAHCIOPTHBIX CPEICTB.

KiioueBble cioBa: KadyCCTBO, CHCTEMHBIM noxon; TEXHHUKA, TOIUIMBO-CMA304YHBIC MaTCPUAJIbI;
XUMMOTOJIOT U ; OKCILTyaTalrsl.
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Abstract

Purpose: This article discusses the electrochemical method of directional conversion of carboxylic acids,
which are the most aggressive hydrocarbons oxidation products back into the corresponding hydrocarbons.
Existing methods for the regeneration of waste petroleum oils have significant drawbacks, which include the
formation of new hard-reclaimed waste and loss of a significant part of the oil during regeneration.
Methods: Electrooxidation processes of carboxylic acid on various electrode materials: platinum, graphite
and shungite anodes were studied. Results: Potentiostatic polarization curves with simultaneous
measurement of near-electrode solution pH showed differences in the process on these anode materials:
dimer yield for Kolbe is decreased under the transition from platinum to shungite. At potentials higher than
2.0 v, carboxylic acid has a higher adsorbability compared to water. Therefore Faraday’s side-process of
water oxidation doesn’t almost occur, which contributes to high yield of expected product according to
current. Electrolysis of carboxylic acids solutions under controlled potential (2.0 and 2.4 V) and
chromatographic analysis of the formed products showed that along with the dimeric structures formation
for Kolbe reaction, the occurrence of a hydrocarbons mixture takes place, which may be the result of
disproportionation of hydrocarbon radicals (alkane and alkene ) and hydrocarbons of isomeric structure, by
further oxidation of the hydrocarbon radical to carbocation and its subsequent transformation into the
corresponding saturated and unsaturated isomers. Such statement is not supported by conception of the
process of one- and two-electron carboxylic acid oxidation. Discussion: General carboxylic acid oxidation
scheme according to one-electron mechanism (dimerization and disproportionation of the radical) and two-
electron mechanism (formation and carbocation rearrangement) is proposed. The formation of
hydrocarbons under carboxylic acid electrooxidation of waste oils during their regeneration can promote
the increase of oil yield without formation of dangerous by-products.

Keywords: electro-oxidation; carboxylic acid; regeneration; shungite; waste oils.

1. Introduction. chain mechanism through the stages of hydro- and
dehydroperoxide formation, aldehydes and ketones
are some of the degradation products. The last in
their turn experiences further oxidation with the
formation of carboxylic acids the content of which
can be up to 1% by oil weight. They negatively
affect the quality of oil and significantly increase its
corrosivity. Due to mentioned above transformations
oils no longer satisfy quality characteristics,
especially such as the kinematic viscosity, acid
number, flash point, base number, lubricating ability
and require replacement, leading to formation of
large quantities of hazardous waste — waste oils. [2]
There are several ways of disposing of waste oils
the most promising one is the regeneration. Most of
regeneration methods are based on oils adsorption

The annual world usage of petroleum oils became
widespread. In 2014, annual production reached 38.6
million tones. It is predicted that in 2019 the needs
in oil will increase up to 42.8 million tones, which
corresponds to 2.1% increase. Mineral oils make up
90% of total world production, while the synthetic
oils — only 10%. At the same time the market of
synthetic oils is developing more actively.
Automotive oils make up 56.0% of the total oil
production, industrial oils — 26.2%, processing oils —
9.4%, cutting oils — 5.3%, and grease — 3.1% [1].
Use of oils is accompanied by triggering of
additives, accumulation of wear products, water,
solids, and the progress of hydrocarbons oxidation.
Hydrocarbons oxidation occurs according to radical

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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and oils cleaning processes with sulfuric acid. These
methods are rather effective but cause the formation
of new and high difficultly recyclable waste [3].
Therefore the development of new methods for
waste oils regeneration is a promising and topical
task.

This work is dedicated to the research of
electrochemical methods of carboxylic acid waste
oils regeneration by means of -electrochemical
anodic oxidation up to hydrocarbons and to search
for new effective electrode materials.

2. Analysis of the latest research

Kolbe reaction or anodic condensation process
includes the electrochemical oxidation of carboxylic
acids up to hydrocarbons which contain twice the
number of carbon atoms relative to the initial acid.
Kolbe electro-synthesis example is the formation of
ethane and carbon dioxide by the electrolysis of
acetate aqueous solutions [4].

2CH;COO" - 2¢¢ —» 2CH;CO0® —>»

2CHy* +2C0, — CH;CH,

The reaction mechanism of the anode
decarboxylation of carboxylic acids includes the step
of forming a carboxylate radical which in its turn
can be oxidized further to carbocation that
depending on the conditions of the electrolysis
process and an anode material leads to the following
products [5]:

—e_ _C02

R-CO,” [ R-CO, |

|

Alkene, Alkane

A typical anode, on which many of the researches
are performed, is smooth platinum. But the use of
platinum in industry is extremely expensive and is
accompanied by a gradual removal of metal from an
electrode. Therefore, the search for new electrode
materials for anodic oxidation of the carboxyl
compounds is an important scientific and technical
challenge.

[r] —

R-R

There are directions [4] for the implementation of
Kolbe reaction on graphite anodes and at the same
time yields in these cases are much lower than for
platinum. Use of platinum is caused by having high
overvoltage of water oxidation and corrosion
resistance even at high positive potentials. For
example, under electro-oxidation of sodium acetate
aqueous solution, current output of dimeric product
has made up: for a smooth Pt - 89%,; for platinized
Pt - 3%; for Au, Ni, PbO, - 0%; for retort coal -
21%; for graphite - 4.0%. One of the byproducts of
the anode reaction are alcohols, although in some
cases they are in fact the only product of the
conversion, it is observed in alkaline media where
the probability of encountering a hydrocarbon
radical with hydroxide radical is significantly higher
than with the hydrocarbon radical to form the
dimeric structure of hydrocarbons. [4] In addition, in
[4 - 6] works the optimum conditions for increasing
the yields of products are not determined, namely
the influence of the medium pH on the product
nature and the ratio of their yields under electrolysis,
and the possibility of reaction spreading from the
alkali metal acetates to carboxylic acids of higher
molecular weight.

A disadvantage of graphite anodes is large
porosity and low mechanical resistance, due to that
during electrolysis, electrode material is partially
destroyed [7]. This thing prompted us to search for
alternative electrode materials on which the process
of anodic decarboxylation (Kolbe reaction) would

[~ ]

R-Nu  Alkene C-Cbond cleavage
rearrangement

—-a

Nu: OH, OMe, OAc,

NHC(O)Me, etc.

pass satisfactorily and it would have high
mechanical resistance. Our choice was focused on a
natural mineral - shungite. Shungite is the final stage
of natural graphite formation. It has high electrical
conductivity and mechanical stability (Table. 1),
making it perspective for use as a new electrode
material.

3. Purpose
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The focus of this paper is given to comparative
research of course mechanisms of carboxylic acid
electro-oxidation on various materials — platinum,
graphite, shungite, to determine the possibility of
applying for such processes shungite anodes and
search for conditions of their performance in the
transformation direction of the carboxyl compounds
back into hydrocarbons, i.e. in the direction opposite
to petroleum oil oxidation processes under their
operation.

4. Experimental

Major world deposits of shungite are in the Republic
of Karelia (Russia), and total about 1 billion tons.
Main shungite mining is produced on Shungskom,
Maksovo, Zazhoginskom, Nigozerskom,
Myagrozerskom and Turastamozerskom deposits.
There are known deposits on Kamchatka too.
Mining is also underway on Koksuyskom deposit
(49 million tons) in Kazakhstan. Small deposits of
shungite are known in Austria, India and the
Democratic Republic of Congo [8].

Comparison of the physical properties of natural
graphite and shungite is shown in Table 1. [9-10].

Conductivity, S/m 125-10° [(1-3)-10°
Average temperature 10_
coefficient of thermal 6 12-10°
. o 8,210
expansion, 1/°C

From Table 1it is seen that shungite is an
electrically conductive material but in comparison
with the graphite it has a higher resistivity and lower
electric current conductivity. At the same time, it has
much less porous and substantially higher ultimate
tensile strength, bending and compression. These
shungite properties indicate the possibility of its use
as an anode material instead of mechanically less
stable graphite and especially expensive platinum.

Differences of graphite from shungite are
explained by their nature and origin conditions and
element characteristics and chemical composition
(Tables 2 and 3). Unlike of graphite it has
considerably lower carbon content, but contains
more silicon, which is in the form of polymeric
oxide SiO, and oxides of many metals that provide
high mechanical stability [11].

Table 2

The main element composition of shungite
and natural graphite

Table 1 Content, % (wt.)
Physical ties of natural graphite and shungit Element
ysical properties of natural graphite and shungite graphite shungite
Index Graphite Shungite F* 0,03060 _
: 3
EDEeI;ig}c,’c%:rr:nt resistivity 20 2’312_92’4 cr 0,00200 —
s . -6 7
Ohmem 5-30-10 3.53-10° Na* 0,00300 0,27000
Thermal conductivity, 1.65 38 Mg* 0,01980 0,34000
W/meK ’ ’ Al* 0,02060 1,46000
Thermal conductivity Si* 0,13000 17,01000
. 10,87 5
osfliciont. Vfé“illf " p* 0,00040 0,02000
elting point (at P=0.9 - i o
atm), °C 3845 - 3890 S* 0,07270 0,37000
Boiling point, °C 4200 — K* 0,00170 0,51000
. 32769 - Ca* 0,02130 0,09000
Combustion heat, kJ/kg 32869 31380 i+ 0.00080 0.14000
Magnetic properties diamagneti dlamagnet \ 0,00030 0,01500
Soootol . ¢ 1 Cr 0,00010 0,00720
pecific heat capacity i 0.09000
(298,15 K), kI/(kg+K) 0,79-0,81 0,98 Mn 0,00060 ,
Ultimate tensile strength Fe 0,09360 0,91000
Ni 0,00140 0,00850
Fl 1 strength, MP 6,9 -100 13062,2 2 2
xS : i Cu 0,00350 0,00370
Compressive strength, MPa 20-200 10054,75 Mo 0,00080 0,00310
Hardness according to Mohs 1-2 3_4 Ba 0,00090 0,32000
scale As 0,00001 0,00035
1 0,
E?mts'lt% s dulus (E), MPa | 8 301_531203 30f5 _183 Pb 0.00010 0.02230
asticity modulus (E), MPa | 8- Zn 0,00020 0,00670
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C matrix | 2626000 Zr0, 0,012
Cl 0,2
* for these elements in shungite, content is calculated ¢ . 35
. . . Lanthanides 0,004
on the basis of their oxide contents
Table 5

Table 3

Averaged chemical composition of oxides in shungite

Physical and chemical properties of natural graphite
used for experimental researches

For experimental researches of carboxylic acid
electro-oxidation, we used natural shungite, the
chemical content of which was determined by X-ray
spectroscopy (Table 4). The carbon content in the
graphite anode, which was used for comparative
electrochemical measurement was 91.5% (Table 5).

Table 4

The chemical composition of natural shungite used as
an electrode material for electrochemical
measurements in this paper.

Components Content, % (wt.)
SiO, 51,6
TiO, 0,18
Al,O4 3,04
F6203 1,07
MnO -
MgO 0,6
CaO 0,66
NaZO -
K,O 1,27
P,0;s 0,87
Cr203 -
V,05 0,019
C0304 -
NiO 0,028
CuO -
ZnO 0,012
SO; 5,4
BaO 0,026
Au 0,011

Components Content, % (wt.)

SiO, 18,793 Index Value
T102 0,457 . . . 2
ALO, 4287 Specific electric resistance, Ohm-mm™/m, 150
F6203 3,67 more
FeO 0,34 Flexural strength, MPa 200
MnO 0,006 Compressive strength, MPa 500
MgO 1,193 Rockwell hardness under a load of 60 kg, 50-75
Ca0 0,293 HRB -
Na20 0,14
E{IiOO) 12’70253 As a model substance which contains a carboxyl

2 E) . . .
P,0, 0,07 group we used chemically pure hexanoic acid:
Cr,0; 0,02 CH3CH2CH2CH2CH2COOH, M = 116.16 g/mole,
V505 0,256 tmel = - 3.4°C, tpon = 202°C. Solution neutral pH of
I(\:I?g 88(2)? output media was put with NaOH.
CuO 0.007 Polarization measurements were performed on a
ZnO 0,01 potentiostat P-5827M, where we used three
Saar- - 2,833 electrode thermostated chamber (10 °C) with a
Wastes under decrepitation 684 working electrode made of natural shungite, graphite

and platinum, a platinum wire separated from the
working electrode with a porous glass septum was
an auxiliary electrode, potentials were measured
against a silver chloride electrode, and enumerated
according to a normal hydrogen scale. At the same
time pre-anode layer pH (pH-meter pH-150MI) was
measured during the measuring of anodic
polarization.

Preparative electrolysis of hexanoic acid solution
under concentration of 0.5 mol/L we carried out
under controlled potential (potentiostat) of shungite,
graphite and platinum electrodes (Eyox = 2.0 - 2.4 V
(HBE)), the current of the electrochemical process
was measured by milli-ammeter M2020 with a scale
of 1 micron uA.

To determine the products of electrooxidation
carboxylic acid — the analyte — was subjected to
isooctane extraction followed by chromatographic
analysis (gas chromatograph Crystal 5000.2 with
capillary columns and temperature programming
device). To identify the peaks we used standard
samples of substances.

5. Results discussion

Fig. 1 shows the potentiostatic polarization curves of
shungite, graphite and platinum in the background
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solution and Fig. 2 shows the corresponding curves

of pH dependence on potential during measuring of

potentiostatic polarization curves.

6 -
E
fé
o
Cl
z
ERR
52

g —pe—

H 0.5 1 1.5 2 25

Potential / V7

Fig. 1 Potentiostatic polarization curves of various
anodes in the aqueous neutral background solution: 1—-
platinum; 2 — shungite; 3 — graphite.

According to potentiostatic polarization curves
(Fig 1.) we can see areas of water oxidation, which
exist under potentials higher than 1.23 V in neutral
solutions according to an electrode reaction, which
causes acidification of analyte (Fig. 2):

2H,0 =0, +4H" + 4¢

10 -
1
8 7 2
EN 3
T4
0 T T T ¥ T 1
0 0.5 1 1.5 2 25

Potential / V7

Fig. 2. The pH value dependence on potential during
measuring potentiostatic polarization curves in the
aqueous background solution at various anodes: 1 —
graphite; 2 — platinum; 3 — shungite.

Fig. 3, 4 show potentiostatic polarization curves
of shungite, graphite and platinum correspondingly
in 0.5 mol/l hexanoic acid solution and the analyte
pH change when receiving the curves.

Only one area of the limiting current can be seen
on the polarization curves, which corresponds to the
process of hexanoic acid oxidation:

20+

Current dengity / mA/cm?
— —
(") [ L
1 1 1

~
1

Potential / ¥

Fig. 3 Potentiostatic polarization curves of various
anodes in 0.5 mol/l hexanoic acid solution: 1 — platinum;
2 — shungite; 3 — graphite.

-e”
RCOOT —» R* 1(CO,

I

PH value

6 T T T T T 1
H 0.5 1 1.5 2 25 3

Potential / ¥

Fig. 4 Dependence of pH value of 0.5 mol/l hexanoic
acid aqueous solutions on the potentials of various anodes
while receiving potentiostatic polarization curves: 1 —
platinum; 2 — graphite; 3 — shungite.

Fig. 4 shows that when reaching potentials of
water oxidation the process of its oxidation on the
anode does not proceed and curves pH — E are linear
and there is no acidification of the solution, that
indicates organic acid adsorption and the course of
its only oxidation process.

To evaluate the electrooxidation velocity of
carboxylic acid solutions we carried out preparative
electrolysis of its solution under controlled
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potentials of 2.0 V and 2.4 V (HBE). Fig. 5 shows
the current fall of hexanoic acid electrooxidation
according to time at carrying out electrolysis under
the potential of 2.0 V on various anode materials.
The current decreases regularly in the process of
electrolysis, which indicates a decrease of the
explored organic acid concentration at the expense
of its oxidation process, and this reaction occurs
quickly enough.

20 4

S mAfem?
—
Loy
|

—
[
|

Current density

H 20 410 60 20 100
Electrolyziztime / min

Fig. 5 Dependence of electrooxidation current of
hexanoic acid on different anodes according to time under
the potential of 2.0 V (pH=7): 1 — graphite; 2 — shungite;
3 — platinum.

During the electrolysis of hexanoic acid solution,
adsorption and correspondingly water electrooxidation
process on the anodes does not nearly occur, as
evidenced by the almost constant pH (Fig. 6).

F300

1250 |~

F200

5

150

100 1

Detector signal intensity, mV

Lso 4
7 W9 10

\'?\12 N - S—

8 -

1
h%
P

-1

PH value

6 T T T T 1
H 20 40 60 30 100

Electrolysis time / min
Fig. 6 The dependence of pH on electrolysis carrying out
time of 0.5 mol/l hexanoic acid solution on the anodes: 1
— platinum; 2 — graphite and shungite.

Chromatographic analysis of the reaction mass
after the electrolysis (Fig. 7) showed that the product
of hexanoic acid electrooxidation in aqueous neutral
solution on shungite anode is a mixture of
hydrocarbons. Similar results were obtained with
extracts chromatography after hexanoic acid solution
electrolysis on the graphite and platinum anodes.

Formation of products obtained by acid
electrooxidation conforms to the reaction course
mechanism, proposed for process on a platinum
anode [12-19].

According to the one-electron mechanism
(dimerization and disproportionation of hydrocarbon
radical) these representations are reflected by the
scheme 1.

1415 16 a7 18 19 207

Retention time / min

Fig. 7 Chromatogram of products extract of 0.5 mol/l hexanoic acid electrooxidation
on shungite electrode under 2.4 V: 1 — n-pentane; 2 — pentene; 3 — isopentane; 4 — 2-methyl-
2-butene; 5 — iso-octane (solvent-extractant); 6 — n-decane.
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Scheme 1. One-electron oxidation mechanism hexanoic acid.
This scheme does not fully reflect all and isomeric structure. This point of view

electrochemical processes occurring on the anode in
aqueous solutions of carboxylic acids under pH
close to neutral. The totality of electrolysis products
defined in this paper can be explained on the basis of
representation of two-electronic circuit, which
provides electrochemical oxidation of the initially
generated alkyl radical into carbocation, and its
subsequent transformation into the corresponding
saturated and unsaturated hydrocarbons of normal
0

-e”

H3C_CH2_CH2_CH2_CH2—C

O

—— H;C—CH,—CH,—CH,—CH,—C

corresponds to the general concepts of organic
chemistry in relation to the rearrangement of hyper-
coordinated carbon atom in thermo-catalytic
processes [12].

The general mechanism of carboxylic acids
electro conversion under their anodic oxidation in
close to neutral media can be submitted by the
following scheme 2.
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+
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Scheme 2. Two-electron oxidation mechanism hexanoic acid

The proposed mechanism explains the formation
together with the products of one-electron anode
reaction also the substances emergence which can be
explained by two-electron mechanism of the process
course involving carbocations.

Fig. 8 shows a percentage ratio between the
mentioned above substances in electrolysis products
of 0.5 mol/l hexanoic acid solution under the
potential of 2.4 V on various electrode materials.

Fig. 8 shows that the ratio of product yield under
the same anodic potential (2.4 V) depends on an
electrode material, that is the evidence of their
electro-catalytic effect. The formation of products of
carboxylic acid anodic oxidation (pentane, pentene
and decane) on the selected anodes can be explained
by one-electron acid anion oxidation course, and
isopentane and 2-methyl-2-butene is explained by
two-electron oxidation course.

The main product of the anodic hexanoic acid
oxidation is a dimer (n-decane) — a product of Kolbe
reaction. On platinum which is a typical anode
material for Kolbe process, products formation
through the stage of forming carbocation did not
practically observed.

20%
30%
70%
60%
0%
402
30%»
20%
10%»
0%p

Fig.8 Product yields ratio during electrooxidation
process of 0.5 mol/l hexanoic acid solution (pH = 7) on
platinum (I), graphite (II), shungite (IIT) anodes under the
potential of 2.4 V: 1 — decane (dimer); 2 — 2-methyl-2-
butene; 3 — isopentane; 4 — pentene; 5 — pentane.

6. Conclusions

Based on the comparison of the physicochemical
properties of natural shungite with graphite and
platinum, we show that the application of a shungite
electrode material in technology of electrochemical
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carboxylic acids oxidation into hydrocarbons is
perspective for oxidized hydrocarbons regenerating,
including waste petroleum oils. We show that
shungite allows satisfactorily and with a high yield
to oxidize carboxylic acids up to a mixture of
hydrocarbons, the main of which is a dimer formed
by Kolbe reaction. Anode material reveals electro-
catalytic effect causing a comparative decrease in
dimer yield under the transition from platinum to
shungite.

According to one-clectron mechanism of an
anode reaction decarboxylation of carboxylic acid
occurs, followed by disproportionation of
hydrocarbon radical into saturated and unsaturated
hydrocarbons.

Electrooxidation of carboxylic acids under high
anodic potentials we explain by conceptions of the
intermediate forms formation — hydrocarbon radical
and subsequent carbocation.

To explain this mechanism we propose the
general scheme, which allows the formation and
rearrangement of hyper-coordinate carbon atom,
resulting in the formation from hexanoic acid,
besides the product of Kolbe condensation, also
saturated and unsaturated hydrocarbons of pentane
series.

Due to the high adsorption of carboxylic acid on
the anode under operating potentials of 2.0 V or
even higher, the Faraday by-product water oxidation
process is not almost observed, which contributes to
high yield of expected product according to current.

Comparative evaluation of anode materials
including shungite showed the possibility of
application of different electrode materials to
perform process of carboxylic acids electro-
oxidation.

The formation of hydrocarbons during carboxylic
acid electrooxidation is aimed at improving existing
technologies of waste oils regeneration and
increasing their yield.
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O. M. JIaBuaenko', B. M. JlenoBcbkux’

EnexkTpooKuCHeHHS KAPOOHOBHUX KUCJIOT HA LIYHTITOBOMY €JIeKTPOi

HamionanpHuit aBiamifiauii yaiBepcuret, mpocit. Kocmonasta Komaposa, 1, Kuis, Ykpaina, 03680
E-mails: 'dom237@ukr.net; *uchneftexim@bigmir.net

MeTta: CtaTTs po3MsiIae SIeKTPOXIMIYHHA METOJ CIPSIMOBAHOTO MEPETBOPEHHS KapOOHOBUX KHUCIIOT, SIK
HallarpeCHBHINIMX TPOIYKTIB OKMCHEHHS BYTJICBONHIB, Ha3aJ y BIOMOBIAHI BYTJIEBOAHI. IcHyIOUi MeTomn
pereHeparttii BimmparboBaHUX HA(QTOBHUX OJMB MAlOTh CYTTEBI HEJOJNIKH, O SKHX HAJICKUTH YTBOPEHHS
HOBUX Ba)XKOYTHIII30BAaHMX BIIXOMIIB Ta BTpaTa 3HAYHOI YACTHHW OJIMBH IIiJl 4ac pereHepartii. Meroau:
JocnipkeHHI MPOLecH eJIEKTPOOKHCHEHHS KapOOHOBOI KHCIIOTM Ha PI3HMX EJNEKTPOJHUX Marepiaiax:
IUIATUHOBOMY, TpadiTOBOMY Ta INyHriTOBOMY aHoiax. Pesyabratn: [loTeHIiOCTaTHYHI MOJSIpU3aIliiHI
KpHUBI 3 OJHOYACHMM BHMipIOBaHHSIM pH MpHENEeKTpOIHOTO pO3YMHY IOKa3ald BiIMIHHOCTI mepediry
MpOoIIeCY Ha JaHWX aHOJHMX MaTepiajax: BUXiJ auMepy 3a peakiiero KonanOe 3MEeHIIyeThCest IpU MEepexoi
BiJl TUIATHHM JO IIYyHTITY. 3a MHOTeHIianiB, Bummx 3a 2,0 B, kapOoHOBa KHCIOTa Ma€ OUIBII BHCOKY
aJcopOIliiiHy 3MaTHICTh MOPIBHAHO 3 BOJOK. ToMy mobOiuHOro (apageiBCbKOro MpoIecy OKUCHEHHS BOIU
Maiike He CIIOCTEpIraeThCsl, IO CIIPHUSIE BUCOKOMY BUXO/AY 3a CTPYMOM IITBOBOTO MPOAYKTY. Enekrpomizom
PO3UMHIB KapOOHOBUX KHCIIOT NMPH KOHTpOJboBaHOMY moreHmiami (2,0 ta 2,4 B) Ta xpomarorpadidHum
aHaJI30M YTBOPEHUX IPOJYKTIB MOKAa3aHO, IO Pa3oM 3 YTBOPEHHSM IUMEPHUX CTPYKTYp 3a peakxiliero
Konbbe, cmocrepiraeThcsi BWHHKHEHHS CyMillli BYTJICBOJAHIB, SKI MOXYTh OyTH pe3yapTaToM
JUCIIPOTIOPLIOHYBAaHHS BYTJICBOAHEBOIO paluKally (alKaH Ta aJKeH), Ta ByIJIEeBOAHIB 130MEpHOiI CTPYKTYPH,
32 paxyHOK IOAAJbIIOTO OKWUCHEHHS BYIJICBOAHEBOIO paAMKaly 0 KapOKaTioHy 1 Horo mnomajibiIi
TpaHcopManii y BiANOBITHI HacW4eHi Ta HEHAacHuYeHi i3omepH. Take TBEpIKEHHS HE MiATBEPIKYETHCS
ySBICHHAM TNpPO Mepedir oJHO- Ta ABOX-CIIEKTPOHHOTO OKHUCHEHHsI KapOoHOBOi kucioTH. OOroBopeHHs:
3anmpomnoHOBaHa 3arajbHa CXeMa OKHCHEHHS KapOOHOBOI KHCIOTH 32 OJHO-EICKTPOHHUM MEXaHi3MOM
(mumepu3amis Ta JUCIPONOPLIOHYBaHHS paiHKaly) 1 JBOX-CIEKTPOHHMM MEXaHi3MOM (YTBOpEHHSA Ta
neperpynyBaHHs KapOKaTioHy). YTBOpPEHHS BYIJICBOJAHIB NPH EJIEKTPOOKHCHEHHI KapOOHOBUX KHCIOT
BiANpalbOBaHUX OJMB MpHU iX pereHepauii, MOKe CHpPHUATH 30UIBIICHHIO BUXOIY OJHMBH 0O€3 yTBOpEHHS
no0iYHMX HeOe3NeUyHNX MPOIYKTIB.

KrouoBi ciioBa: Bi,[[HpaLILOBaHa OJIMBa; CJIICKTPOOKUCHCHHS Kap6OHOBa KHUCJIOTa, pereHepauiﬂ; IJ_Iy'Hl"iT.
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A. H. JIaBbmemcol, B. M. JlexoBckux’

DJIeKTPOOKHCJIeHUSI KAPOOHOBBIX KMCJIOT HA LIIYHTUTOBOM JIEKTPO/e

HanmonanbHbIl aBUallMOHHBIA YHUBEPCUTET, npoci. Kocmonasta Komaposa, 1, Kues, Ykpauna, 03680
E-mails: 'dom237@ukr.net; *uchneftexim@bigmir.net

Henwb: [lanaas craThsi paccMaTpUBaeT OJIIEKTPOXMMHYECKHI METOJ HAIMpPaBIEHHOTO IPeoOpa3oBaHuUs
KapOOHOBBIX ~ KHCIIOT, KaK arpecCHBHBIX TIPOJYKTOB OKHCJICHHS yTJIEBOJOPOIOB, OOpaTHO B
COOTBETCTBYIOIIME YIIIeBOOPOABI. CyIIeCTBYIONIME METOBI pereHepauy 0TpaboTaHHBIX HEPTIHBIX Mace
HUMEIOT CYIIECTBEHHBIC HETOCTATKH, K KOTOPBIM OTHOCHTCSI 00pa3oBaHHE HOBBIX TSKENO YTHIU3UPOBAHHBIX
OTXOJIOB W TOTeps 3HAYMTENBHON YacTH Maciia NpHu pereHepanuu. Metoabl: McciaenoBanuu mporiecchl
DJICKTPOOKUCIICHUA Kap6OHOBOI>'I KHCJIOTBI Ha pas3JIMYHBIX OJJICKTPOAHBIX MaT€puajax: IIJIaTUHOBOM,
rpadMTOBOM W IIYHTHTOBOM aHojAax. Pe3ysibTaThl: MOTEHIHOCTATHYECKHUE MOJSPU3ALMOHHBIE KPUBBIE C
OJTHOBpEMEHHBIM HM3MepeHHeM pH mpuenekTpomHoro pacTBopa MOKa3ald pa3idyusl TEUYEeHUs Ipoliecca Ha
MAHHBIX aHOAHBIX MaTepHajax: BBIXOJ AWMepa 3a peaknueil KompOe yMmeHbIaeTcs Nmpu mepexoie OT
IUTATHHBI 0 ImyHrurta. [Ipu moTteHnumanax, npessimatonmx 2,0 B, xapOoHoBas kuciora umeer Oosee
BBICOKYIO aJCOPOLIMOHHYIO CHOCOOHOCTH MO cpaBHEHMIO ¢ BoAoH. [losTomy mobGouHoro QapaaenBcbKoOTo
mporiecca OKMCIICHWS BOIBI IMOYTH HE HAONIOJAETCs, YTO CIIOCOOCTBYET BBICOKOMY BBIXOAY IO TOKY
LEJIEBOTO MPOAYKTA. DIEKTPOIN3OM PACTBOPOB KaPOOHOBBIX KHUCIOT MPU KOHTPOJIHMPYEMOM MOTEHIIHAIE
(2,0 m 2,4 B) u xpoMaTorpauyeckuM aHaJIHM30M OOpPa30BAHHBIX MPOIYKTOB IIOKAa3aHO, YTO BMECTE C
o0pa3oBaHHEeM JUMEpPHUX CTPYKTyp 3a peaknueir Kompbe, HaOmomaeTcs BO3HHUKHOBEHHE CMECH
YTIIEBOJIOPOIOB, KOTOPBIE MOTYT OBITh PE3YIBTATOM AMCIIPOIIOPINOHUPOBAHHUS YTIIEBOJIOPOJIHOTO pagnuKaia
(anxkaH W anmKeH) W YIJICBOAOPOIOB H30MEPHOH CTPYKTYpbl, 3a CYeT JajJbHEHIIEero OKUCICHHS
YTIEBOOPOTHOTO paauKaia B KapOKaTHOH W €ro JajbHeWmme TpaHcpopManud B COOTBETCTBYIOIIWE
HaCBIIIICHHbIE M HEHACHIIIEHHbIE M30Mephbl. Takoe yTBep)kleHHe HE IOATBEP)KIACTCS TPEACTABICHHEM O
XO0JIe OJTHO- M IBYX-3JICKTPOHHOTO OKUCJICHHS KapOOoHOBOH KuCIOTHL. Q6cyxaenue: [Ipennoxxennas oOmias
cXeMa OKHUCICHHsS KapOOHOBOH KHCIOTBI C OIHO- DJJIEKTPOHHBIM MEXaHM3MOM (OUMEpH3alus |
TUCTIPOTIOPIIMOHUPOBAHUS ~ paguKana) ¥ JIBYX-3JEKTPOHHBIM  MexaHu3MoM  (oOpazoBaHue U
NeperpymnmnupoBKH  kKapOkaTroHa). OOpa3oBaHHME YIJIIEBOJOPOJOB MPH DIICKTPOOKUCICHUH KapOOHOBBIX
KHCIIOT OTpabOTaHHBIX Macel MPU UX pPereHepary, MOXKeT CIIOCOOCTBOBATh YBEINUYCHHUIO BBIX0/1a Macia 0e3
00pa30BaHUsI TOOOYHBIX OMACHBIX MTPOAYKTOB.
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