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Abstract. This paper is dedicated to the methods for analysis of the pneumatic parameters of train braking systems
and more specifically to the practical one. In the introduction are presented the main advantages and disadvantages
of the two main methods (theoretical and practical). Based on the test bench for testing the pneumatic parameters of
rail braking system it is developed a measurement system including pressure transmitters and devices for processing
the output signal. The result about the characteristics from pneumatic system which is received from the
measurement system can be used for many future researches and for analysis about some problems which exist in the
field of railway engineering.

INTRODUCTION

The train braking system as the mosportant system for the safety of transportation is characterized by
great complexity in its construction and about the processes taking place in it [1]. Studying and understanding of
its processes allows to solve some of the problems which is related to the effective and safety transportation of
rail vehicles [2].

There are two main approaches for investigating the train behavior during the braking phase on its motion
which are theoretical and practical. The research that has been done about the theoretical studies of the
processes in train braking systems show that there is a unified approach for investigating these processes [2].
The classical approach is based on a mechanical casws#point model which is subject only on
longitudinal forces (vertical and transverse forces are neglected) [3, 4]. The aim of the model is to present as
accurately as possible the behavior of the train composition in braking mode [5]. Based on this model it can be
developed the motion equations for each vehicle in train composition. To receive the train motion equation, it is
necessary to analyze the main mechanical and pneumatical parameters of the train braking system. Solving this
complex train motion equation usually is done in difHf
[6], MATLAB [7], etc.). The main advantages of this method are that the quickest and easiest way for making
different train composition and different strategies of braking control. As a disadvantage can be specified that in
developing the models there are any simplifications in the model relative to the real train which leads to some
differences in train behavior.

Experimental studies can be divided into two subtypes. In the first type there are tests conducted on real
trains which run on real railroads. For implementation of the test, it is necessary to hire railroad, many wagons,
locomotives and specialized equipment for testing the parameters of the train braking system. This is a very
costly and timeconsuming task, which is the biggest disadvantage of this kind of experimental study. An
advantage can be specified that it represents the exact behavior of the train under longitudinal forces.

Another way for analysis of the pneumatic parameters of train braking system is by using specialized test
benches which are built by braking equipment used in real wagon constructions. According to that the
pneumatic processes which are taking place in the test bench would be the same as in real train composition.
Once the test rig is built allows great flexibility in research related to the train braking e.g., varying the number
of wagons, using different strategies in train braking control, braking tédisdifferent distributor mode
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(inhomogeneous trains) and others. For measuring the train braking parameters, it is necessary to develop a
measurement system which register, convert and transmit the measurement data.

This report is dedicated to the second practical method for determining the train braking parameters and its
aim is to present O measur ement system which wuses
parameters. The object of this research is a test bench for investigating the pneumatic part of one train
composition.

DEVELOPMENT OF A MEASUREMENT SYSTEM

Test Rig for Testing the Train Braking Parameters

The research about the analysis of train braking parameters is done on a specialized test bench which is
situated in the laboratory of the Department of Railway Engineering at the Technical University of Sofia. This
test rig allows simulation of the train pneumatic parameters by varying the number of wagons from 1 to 45 and
meets all requirements in [8] for such tests. It is shown in Fig. 1.

5
2
3
4

8
6
1 7

FIGURE 1. Structure of pneumatic train braking system. It consists bfstéel construction, R brake pipe,
31 distributor, 4i brake cylinder,5dr i ver 6 s b auiliary resevdirs, B compBessor installation with main
reservoir, 8 mechanical pressure gauges.

All the components shown in Fig. 1 are the same as the real rail vehicles. The brake pipe (BP) is made from
steel seamless tube with length and diameter corresponding to the dimensions of-thxéeffnaight wagon.
The distributor is type Knorr KE1, which is one of the most used in passenger and freight wagons. Also, the

drivero6s brake valve which the test bench is equippe
drivero6s brake valve is type Knorr D2. The braking c
17 dn, which is equal to the volume of real 160 BC wit

with volume 125 dri The braking system is supplied with compressed air via screw compressor Gardner
Denver KSA11 which is driven electrically with voltage 380 V. Thmaximum power of the compressor is 11

kW. The main advantages of screw compressors relative to piston ones is lower noise levels and lower power
which is necessary for its driven. The intake air is compressed in a reservoir with volume S@bidmis

similar to the main reservoir used in the locomotive in service. The pressure in this reservoir is maintained
around 8,5 to 10 bar. Also, the compressor installation has systems for filtering and drying the intake air and for
separating the oil. The connection of the compressor to the test bench is done by flexible pipes for pressure over
10 bar and equipped with appropriate muffs.

Measured Values

The main parameters which must be measured are:

T Pressure in BP related to the time Ato for di ffe
specific test;
T Pressure in BC related to the time dAto for di ffe

specific test.
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It is aimed to receive their characteristics for different worlingditions of the braking system, different

configurations of wagons and control strategies.

In addition to these parameters, during the measurement process, are controlled other important pressures as:

1 Pressure Rin control chamber of the distributors;

Pressure Rin auxiliary reservoirs;

1
T Press
T Press

ur e
ur e

in equalizing

reservo

in time reservoir

Measurement Equipment

of

ir of
dr

dr i

iver 6s

The braking system parameters are controlled and processed by measurement gauges and computer system
embedded in measurement system. For measurement gauges there are mechanical manometers and pressure
transmitters. The manometers are used only for visual control of some parameters. There are used some types

(Fig. 2).

For measuring the pressure in BP, BC and auxiliary reservoirs Rf? Pr) are used electroontact
manometers, equipped with stopwatch and light indicator. The range of these manometers is 0+600 kPa. The
pressure in control chambers of the distributors is controlled by mechanical manometers with range 0+600 kPa.
manomet er i s

The same
manomet e

r wa s

used to

used to
control

measur e
the rate
The pressure transmitters are intended to convert the physical value (pressure) into electrical [9]. By threaded
connections the transmitters are mounted to the reservoirs which pressure must be measured. The air passing

through it reaches the sensitive element of the transmitter. The sensitive element of this type of transmitter is
resistive formed like a thin layer membrane. Due to the air pressure the membrane is deformed which leads to
changes in output voltage and its values are around 0 to 3 mV. This voltage is increased in the transmitters to
values 1 to 5 V or its converts in current with values 4 to 20 mA. In our case is used current output signal in order
to eliminate mistakes received by voltage drop due to the length of the conductors. Some important technical
parameters of the transmitters are shown in Table 1.

TABLE 1. Technical parameters of pressure transmitters.

t he
of

pre€ssur e
pressur e

Parameter Value

Input signal (air pressure) 0 + 16 bar
Output signal (current) 4 +20 mA
Sensitive element Polyi Si/SIO
Power supply (voltage) 9+32VDC
Tolerance + 5% for 50/60 Hz
Ambienttemperature -40 + +108C
Accuracy 0,25 %

Principle Schemes of the Measurement System

For understanding how the measurement system works on Fig. 2 is shown the structural scheme of the

system.

PL; 5-24VD( .
Pressure < Amplifier R

P Transmitters 4-20mi Migi/(llB - PC
Test

P
Bench >

Pey

“1 Pressure

PA> Gauges

Pry

FIGURE 2. Structural scheme of the measurement system.

dr
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On the figure can be seen that the parameters of the braking system are controlled by mechanical
manometers and pressure transmitters together which is situated on different points of the test bench. Pressure
transmitters are power supplied directly from the amplifier with nominal voltég84VDC. Thus eliminated
the need for additional power supply which significantly simplifies the measurement system. In accordance with
the chosen wiring diagram, the output signal can be in voltage or in current. In our case it was chosen the output
signal to be in current and the wiring diagram according to the requirements from the manufacturer [10, 11] is
shown on Fig. 3.

Pin Ne

Connection

Plug-in detection

Signal (-)

Power supply (0V)

(+) 5-24 VDC

Power Supply

12 —

20

(+) Signal 4-

13

Measure
Instrument

14

mA 15

AMPLIFIER

Ethernet

FIGURE 3. Wiring diagram of the pressure transmitters.

From pressure transmitters, the output signal (analog) is transmitted to the amplifier where it is converted to
appropriate value and via Ethernet technology the signal is transmitted to the personal computer (PC). On PC
the results from the measurement system can be visualized in different forms depending on user needs.

For visualization the results on PC it is used a specialized software Catman AP which is developed to work

with this type of used amplifier. The software allows visualization of different measurement tasks, for example:

f
f
f

f
1

Individual settings for graphical representation (different diagrams, analog measurement gauges, digital
displays, tables, 2D frequency spectrum, light indication about the state of the measurement value and
others);
Representation graphics for the development of measurement value in time;
measur ement

Export

others);
Graphical posprocessing analysis;
Generating reports (with graphical display, analysis, comments and others).
The basic interface of the used software is shown in Fig. 4.

— L1

t he

ocy

5.154 bar

4.938 bar _ 4.790 bar

4.714 bar

dat ads

4.843 bar  4.766 bar

n

appropriate

B Le
F ‘ “\ 0.01173 bar 4.862 bar 0.6582 bar
K N L1a BE_38
)
100 200 300
Time (3]
L1 — 44 L2 2) L4 e — L eC1 ec_z»
S— T 3 —— S——
\\/ \ N & '_;
AN\ /A7
. e
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N / . o
e |
PR ) o L
300 190 200 250 200 250

Tume [s]

FIGURE 4. Interface of used software.
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On the figure can be seen that the results from the measurement system are represented as different digital
gauges which shows the pressure in BP and BC for different points from the test rig. Also, under digital gauges
there is a graphic which show the pressures in BP and BC as a function of time. The time step for measuring is
0,1 sec. The results from the measurement system are exported in an appropriate format for use in other
software for statistical processing (Excel). In Excel the results are represented in table form where the first
column is the time and other columns are the relevant pressures (Fig. 5).

——PL-1 PC-1 PC-13 PC-23 PC-32 PC-38 =——PC-45
6
5
4 s
(1]
0
b
5 3
v
wn
@
L
o
2
1 M
0
0 5 10 15 20 25 30 3s a0 45 50
Time [s]

FIGURE 5. Results received from the test rig with developed measurement system.

In that way the results can be used for solving different braking tasks as:

9 Study the longitudinal behavior of rail vehicleshiraking mode;

9 Study about the work of the distributors in its different regimes and the problems which exist about the
work of the distributor [12, 13];

I Study about some of the operational factor of rail transportation, like investigating the stopping distance
or the maximum allowed speed of the rail vehicles [14];

1 Many others.

CONCLUSI ON

Understanding the processes which are taking place in the pneumatic train braking system gives the
possibility for improving the efficiency of braking. One way for determining the pneumatic parameters is by
providing tests on specialized test bench which represents the exact behavior of the braking system work. In this
study it was developed an appropriate measurement system including mechanical manometers and pressure
transmitters. The pressure gauges are situated at different points on the test bench. In that way it is possible to
simulate the braking system of trains with different lengths. The results received from the measurement system
give a solid base for future researches related to the problems existing in the field of railway engineering and
especially in train braking.
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Abstract. The paper aims at theoretically analyzing the influence of selected geometrical parameters (electrode
thickness, electrolyte thickness and cell active area), on the performance of a single solid oxide fuel cell (SOFC).
The analyses are performed on a model of adpfmed intermediatéeemperature anodeased planar SOFC. The
model is thoroughly described in the paper, the variation in the cell polarizations under different values for the
selected geometrical parameters is reported, and the results from the study are schematically presented.

| NTRODUCTI ON

Solid oxide fuel cells utilize a technology that enables operation at high operating temperatures, typically
within the range 604 0 0 0 C [1] with conduction of oxygen ions t
different applications, including for stationary power generation, or in large transport means such as ships.
Additionally, SOFCs have the advantages of high efficiency, lack of noble metal catalyst, wide fuel adaptability
and an alsolid structure [2]. In most cases the technology is successfully used for combined heat and power
generation due to the available excess heat. It is also worth noting, that SOFCs can be applied in combined
cycles with a gas turbine or an internal combustion
better the dynamic response of the system [3].

However, there are some difficulties associated with SOFCs, which arise from the materials used in them.
The high operating temperatures demand application of materials with high thermal durability such as ceramics.
Problems related to sealing, low chemical stability, low mechanical compliance and incompatibility, and
decreased lifetime of cell components may occur due to the temperatures as well [4]. Moreover, the electrodes
and electrolyte need to be thin enough to lower the ohmic losses in the cell. The stringent requirements imposed
on the components result in an expensive and complex production. Therefore the cost, the thermal management
of the cell, as well as the time needed for at@rand shutdown should be carefully considered when building a
SOFC system.

In order to mitigate the difficulties in SOFCs and achieve a compromise between high temperature and less
stringent requirements on the materials, the intermediate temperature SOBSOKRO) technology was
introduced. Such solid oxide fuel cells operate in the-&@ 0 C temperature range. T
material for electrolytes for both high temperature and intermediate temperature SOFCs is the zirconia doped
with 8-10 mol% yttria (YSZ) [5]. It is a very good oxygen ion conductor at elevated tetapesawhich can be
manufactured as thin as 10 em [6]. Traditiow8 Iy for
anode is chosen. This cermet is produced by mixing NiO and YSZ powders, and sintering them with NiO
reduction to Ni during production which results in a highly porous structure with Ni particles at the surface of
YSZ pores. The resulting surface is large enough for easy oxidation of fuels. At least 30 vol% of nickel is used
in the cermet in order to achieve high electronicdumtivity and good porosity of the electrode. On the other
hand, YSZ in the structure provides a thermal expansion coefficient similar to that of the electrolyte [5].
Nonetheless, a disadvantage for such anodes is the possibilitydeidegion of Ni to NiO and the associated
volume change which can cause mechanical stress and cell failure [7]. For the cathode a single layer of
lanthanum strontium manganite (LSM) is typically used. An additional layer of-¥SK powder mixture is

12



Sozopol, 1.3 September 232 BulTrans-2023 Conference Proceedings

applied in order to better the thermal expansion coefficient of the cathode. It is important for the cathode
material to have mixed electronic and ionic conductivity especially at low temperatures in order limit the
voltage losses. For the sealing of SOFCs are usedbag®d or glass materials. The interconnectors are made
of oxidationresistant metal alloys when-ISOFC are applied.

Typically SOFCs are selupporting, thus one of the components of the cell (anode, cathode or electrolyte)
is the supporting element (Fig. 1). The electrobupported cell structure possesses high strength, yet the thick
electrolyte contributes substantially to the resistance of the cell and thus increases the ohmic voltage losses [8].
In order to mitigate these losses a higher operating temperature is applied, which results in other difficulties that
were already described in the paper. An alternative is the electupg®rted cell design, which allows for a
decrease in the operating temperature of the SOFC. More common is thesappdded cell because of the
higher specific power achieved in comparison to the catsagported cell. In the current study a-pefined
intermediatetemperature, anodsupported, planar cell based on a model from a previous study of the authors
[ 9] is simulated in order to determine the influence

Interconnector

PEN structure

Fuel
Oxidant

5]
=
>
=
o
=}
|51
o
—_
=

Triple phase boundary (TPB)

FIGURE 1. A single SOFC structure (PENpositive electrode/electrolyte/negative electrode).
CELL MODEL

The selected fuel cell was presented and modeled wviB a@del in a previous study by the same authors.

The hydrogen fuel for the cell is obtained through internal reforming of methane fuel. A preset composition of
cell parameters (default parameters) is used for the current study in order to generate the polarization curve. The
methane reforming is performed at the default operating temperature and pressure of the cell. These default
parameters are given in Table 1. The polarization curve, along with the curves of the different types of losses in
the cell, and the power curve, generated on the basis of the default parameters, are presented in Fig. 1.

The following conditions and assumptions are adopted for the model used in the current study:

1 The applied fuel is 100% clean methane and the used oxidant consists of 21% oxygen and 79%

nitrogen.

1 The chemical components in the cell behave as ideal gasses at the operating temperature and pressure of

the SOFC;

1 Uniform distribution of feed gases within the cell channels and uniform operating temperature and

pressure throughout the cell; no internal currents and fuel crossover;

1 Chemical equilibrium reached in the internal reforming reactions.

The geometrical parameters of the cell have to do with the calculation of the voltage losses in the cell, as
mentioned in the introduction of the article. The equations (1) to (13) present the relationship between these
parameters and the losses and thus the influence of the selected parameters on the performance of the cell. In (1)
is defined the actual operating voltage of the cell, wiierés the Nernst voltage arf@d  is the sum of voltage
losses, comprising of ohmic, concentration and activation losses. In (2) is expressed the Nernst voltage through
the voltage at standard condition® ) plus a supplement expression which takes into consideration the
operating temperature and reactant partial pressures of the cell.
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@ O © 0 Yo Yo Yo (1)
TABLE 1. Default parameters of the selected fuel cell [9], [10].
Parameter Symbol, unit Value
Fuel cell operating pressure n hAAO 1
Fuel utilization factor "Yh 0.75
Fuel celloperating temperature "AJ # 700
Steam to carbon ratio Y 6h 2
Anode material - Ni-YSZ
Cathode material - LSM-YSZ
Electrolyte material - YSZ
Anode thickness (anoe®ipported FC) t H 500-10°
Cathode thickness T H 50-10°
Electrolyte thickness tH 10-106
Electronic conductivity of the anode , i 810
Electronic conductivity of the cathode , i 8400
Electronic conductivity of the electrolyte . ,m 1.42
Average effectivaliffusivity of the anode o H O 3.66-10°
Average effective diffusivity of the cathod O H O 1.37-10°
Preexponential coefficient of the anode ~ "Qfm | 6.54-10*
Preexponential coefficient of the cathodt  "Qfm) | 2.35-16¢
Activation energy of the anode OR 111 14-10
Activation energy of the cathode Of 1 11 13.7-10@
Active width of the fuel cell w H 0.13
Active height of the fuel cell O H 0.15

Py, KW.m?

Ve V

= ==-="Polarization curve Open circuit voltage
— = Concentration voltage losses Activation voltage losses
= = == Ohmic voltage losses Power density

FIGURE 2. Single fuel cell polarization curve and voltage losses on the basis of the default parameters presented in Table 1.

O 0 — —— @)
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Ohmic Voltage Losses

The ohmic voltage losses are due to the electrical resistance in the electrodes and the ion flow resistance in
the electrolyte. The voltage drop due these resistances is expressed via (3) and (4) stelinele for thickness
and,, is electronic conductivity. In (3) the losses are described in terms of current density¥vheris area
specific resistance ik}l 0 &. The thickness is a geometrical parameter dependent on the design and
production process of the cell, while the electronic conductivity is a parameter dependent on the temperature
[11].

Yo o 3)
Yo o 0— — — (4)

There are three methods to reduce the ohmic voltage losses:
1 by optimizing the electrode electronic conductivity;

1 by making the electrolyte as thin as possible;

1 by optimizing the choice of materials.

Activation Voltage Losses

In fuel cells in order to start the chemical reaction which generates electricity, some amount of energy needs
to be used to excite the atoms or molecilesh e so call ed fAactivation energy
applied, the reaction rate would be slow [5]. The place where the electrochemical reaction takes place is called a
triple-phase boundary (TPB)it is the point where the respective electrode meets the electrolite 1. The
reactions rate is proportional to the area of the electrode at TPB and it is important to make both electrodes
porous in order to increase the effective area. Thus, more solid particles from the electrode come into contact
with the gaseous reactants. The surface area in modern electrodes can be two or three times greater than the
geometrical area of electrode. The reaction rate in SOFCs is high namely because of the high operating
temperature in combination with the porous electrodes. The voltage drop due to activation losses is given by
equation (5), wher& stands for exchange current density. The exchange current densities for the anode and
cathode are presented in (6) and (7) respectively. In this study the effect of active cell area on the activation
energy is not taken into considerationonstant activation energies for the electrddeare assumed and given
in Table 1.

Yo Yo Yo —AOAOET E—AOAOET E (5)
N —0Q Agp— (6)
N —Q Agp— (7)

There are a few methods for decreasing the activation voltage losses:
1 by applying a high operating temperature;

1 by having a catalyst;

1 by increasing electrode surface area;

1 byincreasing the reactant concentration and/or pressure.
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Concentration Voltage Losses

These losses occur due to the insufficiency of reactants at the surface of the electrodes which are necessary
to maintain the chemical reaction. The voltage drop from concentration losses is defined by the expressions
from (8) to (13). A superscript ATPBOI Figelfwite® t o t he
refers to the effective diffusivity of the electrod
effective ion diffusivity is not investigated. The cell efficiency is expressed in (17) by the first law efficiency.

There are two methods for minimizing the concentration voltage drop:

1 by optimizing the cell structure wrder to keep the reactant concentration in the cell consistently high;

1 by decreasing the thickness of the diffusion layers (the electrodes).

In (15) is given the dependence of consumed hydrogen on the current density. As discussed above, the
hydrogen is obtained by the internal cell reforming of methane fuel. In the given expré@sdhs constant of
Faraday.Y is the universal gas constaat, ¢ is the number electrons for each molecule of water produced that
pass through the external circuit, and is the active area of the cell.

Yo o Yo o Yo ®)

Yoo ] T— 9)

n n —0Q (10)

n n —0Q (11)

Yo —1 T— (12)

) n NN AGB——10 (13)

- (14)

— @— 0 (15)
RESULTS

The default parameters of the modelled cell are given in Table 1. In this study for control parameters are
chosen the current density and the inlet fuel flow. The investigated parameters are the operating voltage and
power density, the efficiency of the cell and the losses of cell voltaeir dependency on the altered
geometrical parameters (anode thickness, cathode thickness, electrolyte thickness, and active cell area) is
studied.

In Fig. 3 and Fig. 4 are presented thsults from changing the anode thickness of the cell. With the increase
of the anode thickness the performance of the cell worsens. This is mainly due to the lower value of the pressure
at the TPB which then increases the concentration losses at the iaibtle The lack of reactants at the
el ectrodesd6 surfaces is typically reached at high cel
density values. The ohmic voltage losses also slightly incie@be

Similarly, in the case of cathode thickness rise, the cathode concentration losses and the ohmic losses
increase, which results in worse performance for the deity. 5 and Fig. 6.
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1.2

FIGURE 3. Single fuel cell voltage and power density as a function of the current density and the anode thickness.
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FIGURE 4. Single fuel cell anode concentration voltage loss as a function of the current density and the anode thickness.
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FIGURE 5. Single fuel cell voltage and power density as a function of the current density and the cathode thickness.
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FIGURE 6. Single fuel cell cathode concentration voltage loss as a function of the current density and the cathode thickness.

No change is observed in the concentration voltage losses when altering the electrolyte thickness, only the
greater the thickness, the higher the ohmic lo$sé$). The effect on the performance of the cell is more

significant

when c¢chan

ging

t he

el ectrolyte

t hi

ckness

reason for this is the low value of the electronic conductivity of the electrolyte. The cell performance worsens if
a thicker electrolyte is appliedFig. 7 and Fig. 8. The activation losses are not influenced by the change of any
of the studied thicknesses.
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FIGURE 7. Single fuel cell voltage and power density as a function of the current density and the electrolyte thickness.
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FIGURE 8. Single fuel cell ohmic voltage loss as a function of the current density and the electrolyte thickness.
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FIGURE 9. Single fuel cell current density and voltage as a function of the inlet fuel flow rate and the cell active area.
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FIGURE 10. Single fuel cell total voltage losses as a function of the inlet fuel flow rate and the cell active area.
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FIGURE 11. Single fuel cell efficiency (LHV) and power density as a function of the inlet fuel flow rate and the cell active area.

19



BulTrans-2023 Conference Proceedings Sozopol, 1.3 September 2@2

One of the methods for enhancing the efficiency of the cell is by increasing its active area if the structure
allows it. Constant fuel consumption corresponds to constant load of thie(€B)|, but by increasing the active
area the load (current density) decreases, while maintaining the same fuel consumption. Current density is
applied in the calculation of all types of voltage losses, therefore by decreasing it the polarization curve and the
efficiency are improved. Figure 9 illustrates the dependency of the cell voltage and current density on the inlet
fuel flow and the active cell area. Figure 10 shows the change in voltage losses due to the cell area change,
while Fig. 11 depicts the efficiency and the power density of the cell. The power is increased due to the higher
efficiency, as opposed to the power density, which decreases because of the lower values of the current density.

CONCLUSI ON

The focus of this paper is a simulational study, which investigates the influence of selected geometrical
parameters on the performance of single solid oxide
and/or the electrolyte thickness leads to worsened performance in terms of operational voltage, power, power
density and efficiency of the cell. On the other hand, increasing the cell active area results in bettered
performance in terms of operational voltage, power and efficiency, but also in decreased power density. Future
studies will consider the influence of the type of SOFC structure on the same performance parameters.
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Abstract. The weltknown Traveling Salesman Problem (TSP) with relational optimization problem is defined as a
method of solution in Genetic Algorithms (GA) in this paper. TSP is a problem that involves determining the
shortestroute from one city to another while considering only one pass through each city (points, nodes, or
components) where the distances between each city are known. Thaséd method for addressing the travelling
salesman problem is created in this work and used to the problem of identifying the optimal for the Istanbul
Electricity Tram and Tunnel Operations (IETT) audit team, which provides public transportation services in Istanbul
(Tarkiye). The optimal routes and the total distance between the bus stops with 6652; 7122; 8435; 9364;9782 and
10752 iteration steps when 40 bus stops chosen, are investigated in this study.

| NTRODUCTI ON

Recently, optimal route determination has grown in importance while tackling practical challenges. Real
world applications rely on determining an optimal route, arriving at a destination on time, and conserving
energy.

Scientists and engineers have been studying route determination for many years. There has been a lot of
research done on this issue, and it remains popular. So far, much of the study has focused on the Traveling
Salesman Problem (TSP). The TSP is likely the most popular issue in combinatorial optimization, operations
research, and theoretical computer science, receiving a lot of attention due to its applications in industrial today,
transportation, and service problems. In this problem, a salesperson begins his journey at an arbitrary location
called depot and returns there after visiting n stores.

TSP is a problem of finding the shortest route starting fromaitgeand returning to the same city while
considering only one pass via each city (points, nodes, or components) where the distances between each city
are known. TSP and related derivate problems, which can be represented similarly, are drawing the interest of
many researchers in mathematics, artificial intelligence, and physics. The mostneweH optimization
problem is probably the travelling salesman problem. The models utilized for these types of problems are known
to be extremely difficult or nearly impossible to solve by hand, in addition to the fact that their cobgredr
solutions take a lengthy time.

There are optimization methodologies in the literature, such as local search algorithms and genetic
algorithms [1], simulated annealing [2], tabu searf3], ant colony optimization [4] and artificial neural
networks for solving travelling salesman problem [5].

Because of their efficiency, the paper [6] emphasizes the employment of local search heuristics and
evolutionary algorithms. He further suggested that this hybrid approach is relevant not only to the traveling
salesman problem, but also to network modelling. The knowledged multiple inversion and neighborhood
swapping operators are two approaches proposed in [7]. They start with knowéessge neighborhood
switching between the crossover and mutation stages, and then proceed to knbatedgmultiple inversion
natural selection.

To address the traveling salesman problem using GAs, [8] proposes a method of changing crossover
operators (CXO), which can flexibly change the present crossover operator for another suitable crossover
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operator at any time. It is demonstrated that modifying crossover operators at any moment based on the city data
format is possible to increase the performance of Gas.

The paper [9] uses a GA to solve the problem of selecting a route to a given destination on a real map in a
static environment. lis demonstratedhat theoptimum route selection problem in network analysigy be
handled usingsA using efficient encoding, fithess function selection, astter geneticprocessesThe most
important procedurto the final solutions designateds crossover.

According to [10], driving routes help not just people by cutting commute time, but also society as a whole
by lowering accident rates and social expenses by reducing traffic congestion. This research proposes a new
route search algorithm based on a GA that is easier to integrate into mutually communicating automobile
navigation systems. The suggested algorithm is capable of searching for alternative routes on the fly in the event
of system failure or traffic delays caused by accidents.

Because of the high demand for Internet access by various business communities and individuals, Internet
Service Providers (ISPs) are attempting to fulfil the increased traffic demand through enhanced resource
utilization and the deployment of innovative technologies. Routing in a dynamic network is difficult because
any user can enter and exit the network's logical topology. They used a GA in [11] to determine the set of best
routes to send traffic from source to destination.

A GA is used in [12] to discover the best route on Google Maps and solve the traveling salesman problem.
In ref. [13], a new crossover operator, Sequential Constructive crossover (SCX), is developed for a GA that
yields highquality solutions to the traveling salesman issue. The sequential constructive crossover operator
creates an offspring from a pair of parents by using stronger edges based on their values that may be present in
the parents' structure while keeping the parent chromosomes' sequence of nodes.

The study [14] proposes three types of constrained traveling salesman problems emerging from application
concerns: the open route TSP, the-éred TSP, and the pattonstrained TSP. The related methodologies for
solving these limited TSPs based on modified GAs are described.

In ref. [15], an Asymmetric Traveling Salesman Problem (ATSP) version is described in which the traveling
time between each pair of cities is represented by an interval of values (where the actual journey time is
expected to lie) rather than a fixed deterministic) value as in the traditional ATSP. The ATSP (with interval
objective) is written using standard interval arithmetic. A GA with an interval valued fitness function is
suggested to solve the interval ATSFATSP).

The Bat algorithm is a population metaheuristic proposed in 2010 that is based on microbat echolocation or
bio sonar features. The Discrete Bat Algorithm is introduced in [16] for addressing the traveling salesman
problem and the asymmetric traveling salesman problem. Furthermore, an enhancement to the basic framework
of the classic bat method is given.

The study [17] describes an improved Hybrid Genetic Algorithm (HGA) for solving thedimvensional
Euclidean traveling salesman problem, in which the crossover operator is improved using a local search. The
suggested HGA provides a much more acceptable structure design to compensate for the balance between global
and local search, which contributes to a more efficient evolutionary process in terms of convergence rate and
solution quality.

To reduce the total distance, ref. [18] presents a new crossover operator for the traveling salesman problem.
This method was associated with path representation, which is the most logical way to represent a valid tour.

The paper [19] proposes a hybrid algorithm for tackling the traveling salesman problem. The combination of
GA with the local search strategy is described in this algorithm. The authors used tournament and rank as
selection operators, as well as an ingeer operator mechanism for crossover and mutation, to increase the
performance of finding an optimal solution from a large search space.

The Imperialist Competitive Algorithm (ICA) is used to solve the travelling salesman problem in [20]. ICA
is always employed to solve ongoing issues. However, in this study, ICA is applied to one of the most important
discrete issues, the travelling salesman problem.

In study [21], the elements that determine the distribution of commodities flows are examined, and an
optimization model is created utilizing fuzzy logic to select the ideal transport route while reducing costs and
negative environmental impact.

In [22], a new initialsolution heuristic for the traveling salesman problem was proposed. The proposed
maxS method is based on a new distance matrix created by normalizing the current situation distance matrix
based on the largest row value.

To solve the traveling salesman problem, an improved artificial cooperative search algorithm was proposed
in [23]. To improve the algorithm's computational accuracy and population diversity, the sigmoid function is
used to construct a scaling factor for the underlying artificial collaborative search algorithm. Then, after the
mutation, the algorithm development process applies a-genaise learning method to further improve the
quality of the solution.
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Based on the analysis of the preceding works, it is possible to conclude that the complexity of the exact
algorithm for solving the traveling salesman problem grows with the number of sites to visit. As a result, GA is

proposed as the best solution to the traveling salesman dilemma. Tiaged method for addressing the

traveling salesman challenge is created in this work and used to the challenge of identifying the ideal route for
the Istanbul Electricity Tram and Tunnel Operations (IETT) audit team, which provides public transportation

services in Istanbul.

F

NDI NG THE OPTI MAL ROUTE FOR

ETT

The GAbased strategy created to solve the traveling salesman challenge is applied to the challenge of IETT
audit team identifying the optimal route. Due to a lack of data relating to the topic, several assumptions were
made in order to collect this data. The distance between each bus stop does not exist, but the coordinates
(longitude and latitude) do. The distance between bus stations is computed by using these coordinates. This

calculation makes use of Go

ogle Maps API.

The traveling salesman problem is optimized using the GA stages in this study. The application was created
in Microsoft Visual Studio 2010 by combining the Asp.Net framework and the C# programming language, as

well as JavaScript and the Google Maps API.
All IETT bus stops are displayed on the map on the "Show All Stops" page. Figure 1 shows some

screenshots.
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FIGURE 1. All bus stops belonging to IETT on the map.

When a bus stop is selected on the map, the application displays its name. The "Choose Stop From Map"
screen displays th&ops' numbers next to their names. Figure 2 depicts the "Choose Stop From Map" interface

with all stops selected.
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FIGURE 2. All bus stops on the map of Istanbul.

The application comprises of four pages. To begin, the area must be selected in the application's "Choose
Stop" tab. Following that, the district within the area should be chosen. The bus stops in the district are
strategically placed. When the related values are entered, the "Calculate” button should be pressed. Figure 3
shows the "Choose Stop" page.
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FIGURE 3. Choose Stop Page of the Application.

The next page has a "Stop" button that stops the iteration at thisip@r. | cul ati ondo page i s
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FIGURE 4. Calculation page of the application.

The optimal route and the total distance between the bus stops when 40 bus stops chosen, with 3066 iteration
steps are shown in Fig. 5.
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FIGURE 5. 3066 iterations in calculation page when 40 bus stops chosen.

The sequence of stops that make up the optimal route when choosing 40 bus stops is shown in Fig. 5.

In addition, the optimal routes and the total distance between the bus stops with 6652; 7122; 8435;
9364;9782 and 10752 iteration steps when 40 bus stops chosen, are investigated in this study. Each case with
different iteration steps is calculated in approximately 1minute computational theebest route distance at
different iteration steps are given in Table 1.
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TABLE 1. Iteration steps depending on the optimal route distance.

Iteration Steps Best Route Distance
(km)
3066 33.24
6652 28.48
7122 28.48
8435 27.89
9364 25.83
9782 25.83
10752 24.65

As can be seen from Table 1, different iteration steps give different distdnggmneral, as iteration steps
increase, the distance decreases. It is sometimes observed thiatahee remains constant over iteration steps.
For example, 6652 iteration steps and 7122 iteration steps resulted in the same distance. However, when 9782
and 10752 iteration steps are compared, the distance decreases as the number of steps increases, indicating a
better route found.

An investigation of the application of genetic algorithms to the traveling salesman problem, initially with
only 4 chosen stops, is given in [24].

CONCLUSI ON

The primary goal of this research is to create an efficient mechanism for the field audit team to inspect
specific places (bus stops) in order to speed up the process and reduce the time required. It is also intended to
produce successful software based on the genetic algorithm technique. The mksbweltraveling salesman
problem with relational optimization problem is characterized in this context as a method of solution employed
in genetic algorithms. The traveling salesman problem is a problem that involves finding the quickest route from
one city to another while considering only one trip through each city (points, nodes, or components) where the
distances between each city are known. There are numerous approaches to resolving the traveling salesman
problem. TSP algorithms for solving meditsized problems that need very long periods of time are not very
satisfactory. Instead, heuristic approaches produce the best results in the smallest amount of time.

In this paper, a GAased solution for solving the traveling salesman challenge is created and used to the
challenge of identifying the optimal route for the audit team of the Istanbul Electricity Tram and Tunnel
Operations (IETT), which provides public transportation services in Istanbul.
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Abstract. There are various methods for determining the coefficienadifesion The road surface or road
conditions may be exploited for a test subject. It can also be considered from the other side: ceteris fparibus
determine the characteristics of the vehicle tire. In this article, it is considered a method that is based on conditions as
close as possible to reality. In it, the coefficient of adhesion is determined by the ratio of the maximum realized
braking force by all wheels of the vehicle, related to its total weight. An advantage of this method is also the
possibility of rapid testing (within a few seconds), thus the behavior of a specific short section can be tested. Two
vehicles are used for this purpose. One is the test vehicle and the other is the tested one. They are connected by
means of a chain, rope or rod connection, in which a measuring element is implemented. Through it the information
about the tension force between the two vehicles can be discretely stored in a monitoring system for a time period.
Then by applying the maximum brake force, using ABS be on the edge of traction, the maximum braking force

can be obtained. Once the total vehicle weight is available, it can be easily calculated the coefficient of adhesion.
The article describes the concept, requirements, experimeriap,setalized measurement, recorded data and a
comparison with another method for determining the coefficieatbésion

| NTRODUCTI ON

There are various methods for determining #ladesionproperties of car wheels and road surfadéwe
adhesion of tires to the road can be determined both in indoor laboratories and through road tests in real
conditions. Both methods have advantages and disadvantages. Laboratory tests are characterized by stability of
conditions and ease of conduct, but the conditions of the experiment do not correspond to real ones. Road tests
have opposite advantages and disadvantages to laboratory experiments.

An example of conducting experiments on real road surfecdbhe British Pendulum methpdavhich
determines the friction of the pavement. There is a pendulum with a friction element, whitdnmgsfied by
gravity and during the mostly tangential contact with the object of measurement, friction is realized, which
slows down the pendulum and therefore this affects the height it reaches in the other direction. Accordingly,
there is a dimensioned scale with which friction is assessed. Another method of determining the friction and
macratexture of asphalt pavements is the use e€ ol | ed fAamount of norm sando.
with a controlled size of the grains is placed on the pavement and spread with a special device. Thehadius of
createdstain is evaluatednd the smaller it is, the rougher the asphalt.

Other methods affect the friction of car wheels. Testing method usingstiumented passenger car
includes a procedure for measuring the deceleration performance of braking tyres using a passenger car
equipped with measuring gauges and an-lac braking (ABS) system. Starting from a certain initial speed,
the brakes are applied intensively enough simultaneously on all four wheels to trigger dbekahtaking
system. The mean deceleration is calculated between two predetermined $pstdg.the entire car on the
road gives the opportunity to obtain the most reliable results, but it is characterized by complexity and high costs
of funds and time.

Another such method is the test method using a trailer drawn by a vehicle or tyre test vehicle. It shall have
apparatus which measures the braking force in the axis of the test wheel and the vertical forbe [1].
advantages of these methodologies #nat a relatively accurate and comparable assessnuénthe
characteristics of the car wheel or the road suregaratelys given.
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An advantage of the methodology outlined in the article below is that information can be collected about the
coefficient of friction between the road surface and the wheels of a particular vehicle with a specific braking
system and weight. It can be used to view the car with all its weight as an object of testing in different situations
in terms of the road surface. Thus, important information can be collected about the behavior of the vehicle in
conditions, for example, mud, snow, grass, fast and slow running water, sand, spilled oil, wet and dry asphalt,
various types of asphalt, pavement, macadam and many other types. It can be said that in this method the
characteristics of all wheels are considered as a characteristic of a resultant.

METHOD DESCRI PTI ON

The essence of the method is to determine the longitudinal braking force which the vehicle realizes in the
mode of intense braking at the adhesion limit. It is measured by means of a strain gauge sensor that is tied to a
soft or hard connection between two vehidlesne towing and the other towed. The towed vehicle is also the
subject of the test. In the following the components of the test setup are listed.

The test vehicle is required to be equipped with an-Botk Braking System ABS. Thanks to modern
generations of this system, the realization of maximum braking deceleration is achieved with different wheel

slips, depending on the conditions of the road suffakd-igure 1 shows some sample pavements and the slip
curve.

1.4

12 - e

‘dry |\—, =

T ‘Cobblestone,

Friction coefficient .(A)

A (longitudinal tire slip)

FIGURE1l.Shapes of O(ea) inf[2different road

Also, modern vehicles that have such a system do not have the functionality to stop it. Thus, we can assume
that the working ABSof the vehiclewith the corresponding tires and weight is the closest to reality behavior
that corresponds to the desired measurenrte traction of the vehicle under different test conditions as a unit.

Another requirement for the car is to be fully equipped and loaded with fuel. It must be measured and any
additional weight driver, passenger, luggagenust be added to the total split weight.

The tires must be according to the specification of the car and must be listed with their model, dimensions,
other characteristics. To this is added the temperature of the tires measured from the outside. The pressure
should be equalized according to the factory recommendation immediately before the test is carried out.

A requirement for the towing vehicle is to be heavier than the towed vehicle. This can also be achieved with
an additional load. It must also have a tractive force sufficient to propel the towed vehicle at the test speed and
be able to maintain it indefinitely.

Figure 2 shows the complete additional specialized equipment with which the experiment is completed.
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[

FIGURE 2. Whole set of additional equipment needed for the measuremie@oter for the tension load cell;
21 Tow ropes with attachment elements; @able harnesses;i4Tension load cell; 5 Weighing Indicator;
61 Computer; @ Infrared thermometer.

The detailed review of the components is following:

1. Figure 3 shows Tension load cell. It has a maximum load capacity and measurement of 3200 kg. The
signal, which is an electrical voltage, according to the Wheatstone bridge scheme shown in Fig. 4 and
transmits the signal by cable to an Indicator.

FIGURE 3. Tension load cell.
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FIGURE 4. Electrical schematic of a Wheatstone bridge utilized in a load cell application [3].

It has been selected according to the maximum load it can measure given in the table shown in Fig. 5.

Capacidad (Kg)

Capacity - Capacite 500 1000 2000 3200 6300 10000
183 183 183 194 216.5 240
24 24 24 24 28 33

19 27 35 43

50 50 60 60 80 80

61.5 61.5 61.5 68 78 88

175 175 175 21 27.5 36.5

FIGURE 5. Weight capacity table [4]

®© m m o W >
=
o
=

2. WeighinglIndicatori It is shown on Fig. 6. This indicator works receiving weight measurements from
the load cells, which are converted into electrical signals. These signals are then processed by the
indicator's internal microprocessor, which calculates and displays the weight readings on the digital
display [5]. Also the discretized signal is sent via Serial port and can be used for logging.

=0~ ™4 Gross Net Tared Total Hold pcs kg  Batlery

ON
Total Gross |l Tare
— ] - > v A -~

Class @M Weighing indicator

i1, gt #
FIGURE 6. Weighing Indicator.
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3. Tow ropesi two pieced calculated for a higher load than the tension load cell. Each of the two ropes,
like those showiin Fig. 2 (2), shall be mor#han 2m in length to ensure sufficient distance between the
two vehicles. They must also be equipped with the appropriate connecting elements to secure them to
t he t ensi oholeslby @aliding eninimdms clearance to reduce shocks when going into
towing/tensioning mode.

4. Cover for the tension load célllit has to cover the tension load cell and to protect the element from the
roughness when dragging on the pavement. It must be tailored to the dimensions of the tension load cell
and have openings on both sides through which to pass towing ropes, as seen in Fig. 2 (1).

5. Mobile computer with integrated Serial port or with USB. Through it, the data during the measurement
are recorded and subsequently the highest peak value of the braking force can be analyzed.

6. Software developed for the measurement. It is designed to record the instantaneous value every 80 ms
andrecord them in tabular form with timestamp and vatuleg of measurement. It can then be exported
in .xIsx format. Figure 7 shows a screenshot from the software specially developed for the experiment.

T
[ wm [
Excnopr 8 Excel

e e d e @ Maxon

CTS DSR RLSD Ring Tx  Rx

FIGURE 7. Screenshot from the software of the measurement.

7. Infrared Thermometer. It is used to remotetgasurehe temperature of the pavement as well as the
wheels on the outside. Figure 8 shows the one used during the trial.

T

FIGURE 8. Infrared thermometer.

Before the tests, a measurement of the charged vehicle is made and the data is recorded. Also added are: any
extra weight that concerns the tested vehicle, such as driver, passenger, luggage, equipment on board.

The scheme of the experimental setup is shown ingigehicle A isthe towing vehicle, aniehicle B is
the towed or, in other words, the vehicle under test. @we rope isattachedto the tow bar of Vehicle A,
attaching to theoveredension load cellOn the other side dhetension load cellanothettow ropeis attached,
which attaches the Vehicle B to the system. In one of the two vehicles (by)dssilaced theweighing
indicator and computetechnique which is connected by the long (at least 20% more than the length of the
longer tow rope) cable to the tension load cell.
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Vehicle A Vehicle B

Tension|load cell
Tow rope F:' Tow rope
. .

Pavement

FIGURE 9. Schematic of the experimental setup.

Three people are needed for the experiment. Two of them are drivers, of vehetel Yehicle B
respectively and the third is responsible for recording the data.

There should be established a constant direct communication between the participants in the experiment (the
easiest to executable through hafrdge mobile phones).

Participants make a plan of the trials in advance and record the conditions irctteelsd ed A Test Cat a
in digital form, leaving only space for the data taken during the test that is subsequently processed.

The plan must specify the sections and the speeds at which the tests will be carried out. It is advisable to
make several attempts, at different speeds, duplicating experiments with speeds, but in opposite directions
(whenever possible).

Important: When making measurements, the areas should be straight and without turns. Also, from a safety
point of view, the selected speeds at areas with some low adhesion must be lower.

Measurement stages:

Once the area for which data is to be taken has been specified, the two vehicles are connected according to
the diagram above, being at a sufficient distance from the section. This distance must be adapted to be sufficient
to accelerate the vehicles to the required speed.

To start the trial, participants are synchronised w
point the driver of Vehicle A starts the smooth acceleration to the desired speed. When the speed is obtained, he
or she should say fAAccel eration completed. Maintenanc

This stage must have occurred when the vehicle composition has not yet reached the measuring area. The
passenger responsible for the data must have run the software in record mode.

When Vehicle B is on the measuring area, its driver shall apply a brake pedal force such that he achieves a
maximum braking force until the ABS of all four wheels is triggered (mandatory) in a minimum time.

Once the driver has achieved this, the braking phase can be ended and the announce that the measurement
has been completed could be provided. In this circumstance, the passenger must stop recording the data and
store it in a file with an appropriate name, applying it to the measurement.

For the example test we used the following cars:

Vehicle AT BMW 230e

Vehicle Bi BMW Z4 M40i

Vehicle B was measured in a loaded state, with the measurement technique and with one driver weighing 85
kg. Figure 10 shows the vehicle located on the scales, and1Bigsd 12 show the readings for the front and
rear axles respectively.

IGURE 10. Vehicle B on a weight scale
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FIGURE 11. Weight measured for the front axle. FIGURE 12. Weight measured for the rear axle.

Thus, the load on the front axle is 810 kg, and on theirgad kg.

The total weight is 1590 kg and to it we add the weight of the passenger, which is 90 kg. Thus, we get the
total weight at the moment of measurenie@®680 kg or 164738 N.

Theremaining data for Vehicle B are as follows:

1 Tyre pressuré 3039 kPa (for all four wheels)

1 Type and dimensions of tyres:

T Front: Continental SportContact 6, 255/35 ZR19 XL

I Rear: Continental SportContact 6, 275/35 ZR19 XL

The section was selected on an airstrip with asphalt coating. Figure 13 shows the already tied up vehicles,
and Fig. 14 shows the covered tension load cell.

FIGURE 14. The covered tension load cell

Figure 15 shows the sap from theVehicle B driver's point of view in tow mode.

34



Sozopol, 1.3 September 232 BulTrans-2023 Conference Proceedings

FIGURE 15. Driver's point of view of Vehicle B in tow mode.

The towing vehicle accelerated the vehicle composition to a speed of 30 km/h and the driver of Vehicle A
announced that the speed had bagmeved and maintained. Shortly thereafter, a stop was realised and the load
data was collected in tabular form and then shown in a graphical way at Fig. 16.
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FIGURE 16. Tensile load during braking.
From the data taken, it can be seen thatthgimum braking force realised in this measurement is 1406 kg,
which corresponds to 13788.15 N.
From this measur e medkt peakdmking ferce ceeffiokent ofi artyépdak value of

coefficient of road adhesiprwhich means the maximum value dfyee braking force coefficier{toefficient of
road adhesionthat occurs prior to wheel lockup as the braking torque is progressively increaed [1

‘ s (1)

where () is braking force in Newton{O7i vertical force caused by weight in Newtons.
Thus we substitute from (1) and we obtain:

— —2 mog )
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Immediately before the test, the road surface shaihmographed, named to be easily recognisable in the
subsequent analysis and the temperatures on the outside of the tyres of thedbiskedt, aswell as the
surface temperaturgghallbe recorded

The record of measurements from all data can be written in a common table and Test Catalogue in the
following way:

Vehicle:

BMW Z4 M40i

"0=1647518 N

P14 = 3039 kPa

TABLE 1. Test Data.
Pavement Picture Direction  Speed, m/s tw, °C tp, °C 31hN y

Asphalt 1 A 8.6 39 31 13788,15 0,836

CONCLUSI ON

The method of determining the coefficient of adhesion gives an indicative idea of the real possible and
achievable values in operating mode of a particular vehicle in specific road conditions in terms of the road
surface. An advantage of the method is that the whole car with all its weight is considered as a consolidated
model from its four wheels. A series of such measurements can serve to ¢ieatsapoi of the vehicle and
could be used in an autonomous driving system. Another advantage of the method is that with good enough
skills, it can be performed in a very short section of the road. Thus, for example, a small area with compromised
pavement, engine oil leak, etc. can be assessed. It should be borne in mind, however, that the experiment
requires experienced drivers and it is necessary to stop the traffic before, during and after the tests are carried
out.
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Abstract. In this paper, a gain optimization of PD controller, using particle swarm optimization, while attitude
determination is made with both deterministic and noisy environments are searched. To do thastegp two
optimization strategy is developed to decrease the effects of noisy measurements on TRIAD. Results show that,
usage of twestep optimization strategy to optimize PD gains with noisy measurements works well.

| NTRODUCTI ON

Attitude control of satellites using only magnetic torquers has been researched for years and is still a current
problem to study. Magnetic torquers are simple wires with current flowing through them. The amount of dipole
moment produced depends on the total number of wires turns, current, and wire loop area. However, producing
required magnetic dipole or required direction for every/each time is not possible. The direction of magnetic
torque can be found by cross product of magnetic dipole moment of torquer and magnetic field. So that, when
the magnetic field and magnetic dipole moment vectors become parallel, the produced torque moves away from
required. In this study, attitude of a satellite model is controlled using PD controller with magnetic torquers
only. The study [1] is one of the first papers to search attitude control of a satellite with using only magnetic
actuators and PD controller. In the literature there are various searches which try to present better controllers for
magnetic only controls like {8]. Even, there are some studies used in a real mission like [2] and [6].

On the other hand, tuning of the gains is one the most problematic issue for improved controllers. Especially,
when the environment is not constant. Tuning the gains faterministic problem can be done by teator
method, while using an optimization method suggests more accuracy. It gets harder to solve this problem in a
noisy environment by any method.

Tree Axis Attitude Determination, TRIAD, algorithm is used for attitude determination from noisy
measurements of Sun sensor and magnetometer (and Earth sensor in the case of eclipse). Contrary to general
approach of tuning controller gains, usage of an evolutionary algorithm is discussed in this paper. Gains of
controllers are set with using Particle Swarm Optimization, PSO, which is a basic and common evolutionary
algorithm. It is presented as an effective and applicable solution method for gain optimization problem.

To reduce the effects of noise on optimization process, a kind ofsteps optimization process is
implemented. First step is a normal usage of PSO with desired cost function. In second step, same problem or
first step runs multiple times and all the values of cost functions are saved to use. Their average values are
minimized in this second step. So that, more stable and effective optimization variables can be found. Results
show that, it is possible to use this tstep optimization approach to tune gains of a controller in a noisy
environment.

37



BulTrans-2023 Conference Proceedings Sozopol, 1.3 September 2@2

MODEL OF THE SATELLITE ROTATI ONAL MOTI

Attitude Kinematics

Attitude kinematics are about the change of orientation of satellite and represents the rotation of satellite. All
the forces and torques that are applied to the satellite are insignificant for kinematics. Only the change of
attitude with respect to angular velocity is related the kinematics.

A gquaternion vector includes one scalar and three vectoral elements. Scale part is represgnistileya
general notation of a quaternion vector is

T 1 4M n n 1 n (1)
Derivative of a quaternion vector is

¥ \ p’?’ \ x> . \ p it \ . \
lgod < 1BO6 8 10 c 180 10 )

Theterm "18°0 inthe Eq.(2) equals to

1 BO “BO BO
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At the end, Eq(4) can be used as simplified kinematics of a satellite, whésen body orbital frame.
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Attitude Dynamics

In attitude dynamics, change of angular velocity of satellite is calculated with considering all the torques and
forces within a rigid satellite assumption. Internal and external torques or forces can affect the dynamics. The
only internal torque in this study is magnetic torque due to magnetic dipole of magnetorquers, while gravity
gradient torque is considered as only external torque.

Direction cosine matrix, DCM, can be crated from a quaternion vector. DAM b3 g is written as

n N n A cnn AN SURIEEIE
01g0 ¢nn o nn n n "1 A ¢An AN ©)
¢nnonn ¢nnonn n n 1N

Transformation of angular velocities between orbital and inertial frames can be done by

T BO

B v
IB IB

golg' 18° g ©6)

Also, the parametét §'is obtained with
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Because of the orthogonality of given vectors, diagonal elements ¢7)Eare zero. Theng ¢ matrix in

Eq. (7) is skew symmetric. So, replacing of the parameters in(Bqvith respect to a skew symmetric matrix
gives

Tt QY QT n
18! Lt Q) 't'NT I §‘I T Sls @®
I O T T o1 T T 4 SisT 171, 7St s

WhileT | and’l, are perpendicular to each other, when the orbit close to circular, first and third elements of
"1 8" equal to zero. In this case, H§) can be rewritten as only the multiplication of second row §f and
second column dbg o[7].

Nonlinear dynamics of a satellite is based on rotational motion of a rigid body and angular momentum of it.
The angular momentum can be represented with respect to origin of an inertial frame as

g Toal 9)

In Eq. (9),,mtmeans origin of an inertial frame white is mass;l and’l are position and velocity vectors of
particle’(n inertial frame. As presented in [7], E§0) converges to

€ B IB' &g (10
Then, Eq(11) can be obtained from E¢LO)
18" OT1B'AE' OWF| (11

The termE can be extended with other torques, such as grgvégtient torque  § and magnetic torque
due to magnetic torquers,(, )

T8 OTE'AE' O 4y O nag (12
Disturbance Torques

As stated before, gravigradient torque is the only external torque and magnetic torque due to
magnetorquers is the only internal torque in this study. These torques are detailed in following subsections.

Gravity Gradient Torque
Different attractions of particular masses with gravitational field between center of mass, CoM, and center of
gravity, CoG, on the satellite causes gragitgdient torque. In a nonuniform gravitational field, CoM and CoG

will be different points on the satellite. This difference creates a torque about the CoM. Gravitational torque can
be written as,

?J— B & I (13

In Eqg. (13), * is the standard gravitational parameter of Eartls the distance between Earth center and

satellite,’ds the moment of inertiatensor,aiild s t he uni t vector of the satel

center.
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Magnetic Torque

Basic wires with a current pass through itself are named as magnetorquers. Amount of produced dipole
moment depends on number of turns of wii¢, the current’® and area of the wire loop), So, equation of
this relation is

a 00w (14

On the other hand, because of the magnetic field of Earth, magnetic torquers cannot produce required
magnetic torque within required directions. The magnetic torque only occurs through the direction of cross
product of magnetic dipole moment and magnetic field as can be seen(ibEand Fig. 1

mag i'Torqu;AEarth (15)

BEar[h

Mrorquer

S —— 4 —— | —

TMagnetic
FIGURE 1. Direction of magnetic torque.

As a result, while the angle between magnetic field and dipole moment vectors decreases, the resulting
torque also decreases.

A projectionbased method used in [8] to overcome the orthogonality problem. To eliminate the component
of resultant torque through magnetic field, projection over magnetic field of required magnetic control moment,
“I, should be should be calculated to find the applicable magnetic dipole as in Fig. 2.

B =

Earth

m = B xln |::> Tdmﬂlmh{ B x r:r }( B
g I

1

& T applicable

Earth Earth

FIGURE 2. Projection based control torque.

METHODS FOR ATTI TUDE DETERMI NATI ON AND

PD Controller

PD controller is one of the most common and easy to apply control method. Additional to its simple logic,
numerous application examples can easily be found. The main control signal that is generated by controller is
Eq.(16)

| £y €7 (16)

In herey is proportional gainy is derivative gain] is attitude state, and is rate of change of attitude
state or angular velocity. In these equatidnand’l are used instead df oandl £ ©to get a simpler viewé
andgé are control gain matrices. These o matrices are assumed diagonal and basically assumed @S)Eq.

N non M nom
3 nmQ mn g m Q n (17
n n Q n n

In here™Q andQ are searched with particle swarm optimization, PSO, to obtain optimal gain matrices
during the study. Details about PSO is given in following sections.
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The Eq.(16) or usage of it can vary for different control strategies. For example, Makovec asgumed
tma ¢n [9]. In this study, the approach presented in [10] is used for the PD controller

| ESi QN ilery £ 1 (18

Error quaternion] e is used as state in this approach. Instead of Usjngage ofl . ,is also possible as
another approach. Howevér, ¢is generally defined as a zero vector. Sign of scalar part of quaternion is used
as a closest path provider as stated in [10].

Calculation of error quaternion and error in angular velocity can be seen(ibdEgnd Eq.(20)

. q & 2 R0 Tgq 17y .-
lerr 18 Tigt (9 A It gt (19)

ler ¢ 1 7Itgt (20

While "1, ¢i$ @ zero vector, Eq20) can be rewritten in Eq21) as used in E((18)

Te kTl (21

Interaction betweemagnetic torque and magnetic field is discussed before in previous section. Therefore,
the last thing to do, to control the satellite is applying the required torque decided by the controller as far as the
magnetic field allows.

Three Axis Attitude Determination (TRIAD)

One of the main attitude algorithms is Three Axis Attitude Determination, TRIAD. Two measurement
vectors are enough to determine attitude of the satellite in this fundamental algorithm. Sun vector and magnetic
vector of Earth are generally used vectors for this method. In the case of absence of a measurement, another
measurement vector can be used to guarantee the attitude determination continuously. For example, a horizon or
Earth sensor can used in eclipses to fill the place of Sun sensor as it is done in thiaatudycy of the
measurement sensor and their status relative to each other affects the accuracy of determination. While the
measurement vectors become parallel, performance of the TRIAD decreases.

TRI AD algorithm is mainly applied with foll owing
represented as subscriptsmfind ¢. Then,"Hdenotes the measured vectors in the body framélatehotes
reference vectors or theoretical results of these vectors in a reference frame. For an ideal case without a
measurement error E(R2) is possible

0"l "Hhf oQ pltg (22
where A is theattitude matrix.
While Eqg.(23) is also only possible with correct measurements, one of the measurements should be more
accurate than other
"HE'H o 071 E671 TeTen i (23

So that, estimation can satidfy. (22) exactly at least for one measurement

(29)
o1 "I hi 0Q plho (25)

It is possible to create two different triad systems with theoretical and measured vectors. The system of
"I A1 A1 can be crated fror and’l asin

T "Th’l T k————>—h"1T 7 7 (26)
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Similarly, "I A1 R1 can be crated froriH and"H as can be seen in

i "Hh 7| "H k H h "l "H "H 2
“SH “Hs (27)

These two triad systems are enough to find DCM of TRIAD
OrRri ap H "H "H 17 "H (28)
Particle Swarm Optimization

Within various evolutionary algorithms, PSO is one of the most common and easy to apply algorithm. The
algorithm is implemented in [11]. Swarm behavior of animals was the sounespafation. To improve global
benefit of the whole swarm, PSO roots on behaviors of an animal swarm.

A swarm on the PSO consists of individual particles. Each particle has a poadtiand a velocity ).

Also, each@ has a cost, which is calculated from a fitness function, which is defined further. The aim of the
PSO is minimizing fitness function within given

position is not only updated by its velocity, but also some randomization and previous experiences are added to

position of particle.

The best particle in swarm®( ), the global best particlé® ), an inertia weight (), acceleration
constantsd) (w), and some random numbeis)((ip) betweent andp have an effect on this update as it can
be seenin

b Ob OP0B @ Ob 08 ® (29
® o ® (30)

Figure 3 provides a better understanding about the update policy.

Particle

Global

L:, Best

FIGURE 3. Particle update in PSO.

The basic flowchart of the PSO algorithm can be seen in Fig. 4.

Specify PSO parameters

!

Randomly initialize particles and
velocities

|

Calculate the fitness function and

define Pypqr

l Update w
Update Pgaqr [

l Update velocity and position for particles
Update Gese U; = wb + ¢y (Poost — %) + CZFZ(eEest - &)

I Y=+
o o N NO
Is any termination criteria satisfied?

| ves
Optimization
finished

FIGURE 4. Flowchart of the PSO

PSO is used for finding optimized gain matrices ofd@ntroller. Cost function is the most critical definition
on an optimization. It is possible to use different cost functions to minimize. An ITSE based cost function is

used for optimization of controllerds gains. Cl assi
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| TSE 0Q 0Q0 (31)

With a small angle assumption between required and desired attitude, the error function is defined
Q0 AOAAJOtl,4¢ Mer: (32
Also, unit of time is also changed from secondoital period.

In an environment with noisy measurements, it is not so applicable to use a single optimization result as a
perfect answer. Because, solution space always changes due to noise-st&ptvaptimization process is
improved to overcome this issue. In the first step(Bdj) is the main cost of the PSO. This first optimization is
repeated 10 times in a row. Then, second step of the optimization cycle tries to minimize average cost of these

10 runs with using another PSO. So that, possibility of gains which are more robust for different conditions are
searched.

SI MULATI ON AND RESULTS
Initial Conditions

The model described in [9] is used in this study. Moment of inertia is given i(3B)y.It is a gravity
gradient stable satellite model

p M T
O 1 pg8 m (33
T T T

Initial conditions, Eq(34) and Eq.(35), are given in orbital frame. Orientation of the satellite is out of plane
from the Nadir orientation abopt &*

TIMopuLT LS
I WnewpHAOAA (34
TBITTPCTMT P

TBIT WY o

. TPTOO
| TP G (35
TOWC C TT

Orbit of the satellite is also given in Table 1.

TABLE 1. The orbit of the given satellite model [9].

Parameter Value Unit

Semimajor axis ¢) QX @11 [km]
Eccentricity © WX Xp T -

Inclination (Q v @ [deq]

Right Ascension of Ascending Node)( oudp [deg]

Argument of Perige&)() p TR [deq]

True Anomaly & G pdp [deg]

Epoch 27 July 1999 02:51:3¢

To understand used methods well, analysis about the TRIAD and motibe shtellite in a torque free
environment is given firstly. Also, a deterministic approach to control the satellite is presented to create a
reference for comparing following results. At the end, analysis of PD controller with optimized gains, by using
PSO, while using TRIAD for attitude knowledge with noisy measurements are presented.

Accuracy of TRIAD

Figure 5 shows that, angular error of TRIAD is almost always be®vdegree. Mean error of the TRIAD
method is about 0.5 degree.
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Angular Error of TRIAD
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Error (deg)

Error
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eclipse
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FIGURE 5. Angular error of TRIAD with torque free motion.

Also, Fig. 6 shows the angle variation between magnetic field vector and Sun/Earth vectors.
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FIGURE 6. The angle between Sun and Earth vectors.

As a result of low error on TRIAD, quaternions of TRIAD vary less as can be seen in Fig. 7.

TRIAD vs. Real Quaternions
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FIGURE 7. Quaternions of TRIAD and real state for torque free motion
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Torque Free Motion

Torque free motion of the satellite is presented in this section to create a reference to understand natural
behavior of the attitude. As can be seen in Fig. 8, satellite have varying orientation errgr ugetgrees for
one axis. The repetitiously change of Euler angles causes due to both inertia and orbit of satellite.

Yaw Pitch Roll

yaw
pitch
roll
eclipse

0 0.5 1 15 2 25 3
Number of Orbit

FIGURE 8. Euler angles in torque free motion.
Mean error on Euler angles during simulation can be seen in Table 2. Also, the cost of simulation is given.
Getting better accuracy after attitude control is the main goal. In this study, mean errors are used for main
comparison item to compare the results and they are calculated with considering all the data during simulation.

TABLE 2. Mean error and cost of torque free motion

Error Value
Mean yaw u® w0 v[geg]
Mean pitch w80 Y Tt T[gteg]
Mean roll o0& ¢ ¢ T[deg]

Cost ctdippm

PD Control in Deterministic Approach with PSO

To obtain required attitude with a deterministic approach, betterptid@gree accuracy, orbits are needed.
Figure 9 shows the change of Euler angles for this controller.

Yaw Pitch Roll

yaw
10 pitch
roll
eclipse

=) |
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A
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FIGURE 9. Euler angles of deterministgmulation with PD controller.
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Optimized Q and Q provide a pointing accuracy aboptdegree for each axis. Optimized parameters,
obtained cost function and mean error of Euler angles are given in Table 3.

TABLE 3. Optimization parameters and error of deterministic simulation.

Parameter Value Error Value
[deq]

o) P® ¢ T L Y @aprm | Meanyaw TG YU

Q T® Y1 T T maporo | Mean pitch p&u ¢ X

Cost VB T CUX

Mean roll

T L WG

PD+TRIAD Control with PSO

In this section, noisy measurements are used to determine attitude with TRIAD. Also determined attitude
and gyroscope measurements of angular velocity are used for control equatiofili8).Etp reduce the effects
of random noise on optimization, the optimized parameters are rimes in a row. Minimized cost is

obtained with the mean of thgs Truns. An average result

is shared with its mean error, cost and mean cost of

this optimized parameters in Table 4. Remember that, PSO is used to offfinaizé Q. Upper boundary of

parameters is set @ and lower bound is for both.

TABLE 4. Optimization parameters and error of PD+TRIAD.

Parameter Value Error Value
[deg]
Q o8op @ T YXXpPrw | Meanyaw p&H T Y T1I
o) ¢® Yo p T TAEXTYP | Mean pitch ¢8twg p
Cost pBYYWp YT | Meanroll pt Yuyp
Mean cost of 10 rur p®YLYYXU

Noise of measurements always effects the results in a bad way. However, as a result of its orbit and inertia,

error on the Euler angle can be controlled bet@wegrees.
angles are oscillating while decreasing as can be seen in

The orbit allows lower error on TRIAD. The Euler
Fig. 10.

Yaw Pitch Roll
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o
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FIGURE 10. Euler angles of PD+TRIAD

It is also possible to observe the same effects of noisy
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measurements in quaternions (see Fig. 11).
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TRIAD vs. Real Quaternions

TRIAD q,
0871 TRIADq, | |
06 F TRIAD q, | -
TRIAD q,
04 ¢ ————Realq
02k eclipse
/s ——
0 R\ o= g = SR RT e
02k
04
06
-08
R . I . L .
0 0.5 1 1.5 2 25 3

Number of Orbit

FIGURE 11 TRIAD and real quaternions for PD+TRIAD simulation
CONCLUSI ON

In this study, a gain optimization method for PD controller with using noisy measurements for TRIAD is
searched. Because of the noisy, variaigironment, it is not so applicable to use a single optimization to set
gains. Two step optimization strategy with minimizing average cost for 10 run is used to overcome this problem.
The results show that, tuning the gains by using PSO within a deterministic environment works well and it is
also possible to achieve acceptable accuracy within noisy environment.
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Abstract. This paper aims to review the Artificial Intelligence (Al) applications in-datgenbased fault diagnosis in
spacecraft, by going through the Support Vector Machine (SVM), Principal Component Analysis (PCA), Bayesian
classifier, Artificial Neural Network (ANN), and Deep Learning techniques in particular. Thedrizabased

methods in fault diagnosis are classification problems, and they may be binary ones-dassifiers, depending on
whether the existence of a fault (detection) is enough, or the type of fault needs to be specified (diagnosis). These

techniques, their application, properties and general ideas are discussed. The Deep Learning techniques, however, have
received more attention due to their re@rld applications.

| NTRODUCTI ON

The datadriventbased fault diagnosis is in fact a classification probJgm If the system is designed to
detect if there is a fault or not, the binary classification comes to use. Multiclassification, on the other hand,
determines which type of fault is happening. In spacecraft fault diagnosis systems, numerous classifiers are
applied based on atrtificial intelligence (Al) techniques, which can be categorized as shown in Fig. 1. In this
paper, the Support Vector Machine (SVM), Principal Component Analysis (PCA), Bayesian classifier, Artificial
Neural Network (ANN), and Deep Learning techniques are reviewed.

Datadriven

based fault
diagnosis

Classification

-
Support Principal ; Artificial Deep
Vector Component E&g‘:ﬁ%g? Neural Learning
Machine Analysis Network techniques

FIGURE 1. The category of the datiriven-based fault diagnosis methods.
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Fault detection and diagnosis matter in space missions for several reasons: 1) Mission [3id@3ss
Space missions involve highly complex systems and equipment, and they need to operate flawlessly so that
mission objectives are achieved. Faults or anomalies may (and do) occur in spacecraft components, sensors, and
communication systems, and they can jeopardize the success of the space missions. Early detection and
diagnosis of faults allow for timely and correct intervention, ensuring mission continuity, in case of unwanted
mishappens.2) Safety of Astrona[#$. Space missions do not only face with equipment safety issues, they may
even be entangled with human lives. In crewed space missions, it is no doubt that the safety of astronauts is
absolutely paramount. Faults may occur in life support systems, spacecraft propulsion systems, or any critical
subsystems which can put the lives of astronauts at serious risk. Detecting, diagnosing and addressing faults
promptly in early stages is crucial to ensure the Jvelhg of the space crew. 3) Cost and Resource
Optimization[5]: Space missions are generally resotintensive and require expensive endeavors. Detecting
and diagnosing faults as early as possible can help prevent further damage or system failures, thereby
minimizing further repair or even replacement costs. Additionally, correctly identifying spacecraft faults can aid
in optimizing resource allocation, meaning that it ensures that limited resources are used both efficiently and
effectively. 4) Preventing Catastrophic Failures: Faults in critical systems can potentially result in disasters.
Faults in guidance, navigation, and control systems, lead to catastrophic failures. Such failures may result in the
total or partial loss of the spacecraft or payload. So, detecting faults particularly in these systems allows for
valuable proactive measures to proceed the mission and prevent catastrophic failures as well as protect precious
assets.

Support Vector Machines (SVMs) can be used in spacecraft fault detection and diagnosis for the following
reasons: 1) Binary Classificatiof6]: SVMs are wellsuited for any binary classification task, which is
frequently the case in the spacecraft fault detection process. SVMs aim to find an optimal hyperplane, which
detaches data points of different classes, letting them distinguish between normal behavior and faulty ones in
spacecraft systems. 2) Robustness to HDghensional Datq7]: Spacecraft fault detection and diagnosis
usually involve analyzing higdimensional data, such as telemetry data or spectral data. SVMs are able to
handle highdimensional feature spaces very effectively and efficiently. This makes them suitable for processing
complex data types which are encountered in spacecraft fault detection and diagnosis. 3) Genef@jization
SVMs aim to obtain a certain decision boundary that maximizes the margin between different classes. This
promotes a better generalization action for unseen data, and is particularly important in spacecraft fault detection
and diagnosis, where the model needs to accurately find and identify faults-timesatenarios that may well
differ from the training data. 4) Handling Ndinear Relationship$9]: SVMs can successfully handle non
linear relationships between input features and class labels by putting kernel functions into use. By mapping the
acquired data into a highdimensional space, SVMs can comprehend intricate patterns and decision
boundaries, allowing for precise fault detection and diagnosis in spacecraft systems. 5) Interprgidpility
SVMs provide better interpretability when they are compared to some other Machine Learning (ML) techniques,
such as deep learning (which will be discussed in detail later). The decision boundary and support vectors which
are obtained from SVMs provide insights into the significant features and relationships that contribute to fault
detection, aiding in understanding the logic behind the model's decisions. 6) Limited Training Data
some cases, attaining labeled training data to utilize for deep learning models in spacecraft fault detection and
diagnosis can be challenging. SVMs can perform sound with relatively small training datasets, making them
fitting for when the availability of labeled fault data is limited. 7) Computational Efficigi®}): SVM
techniques are computationally efficient when compared to complex machine learning models, (such as DL
networks). This can be beneficial in resoucomstrained spacecraft systems. It can also be advantageous for
when realtime fault detection and diagnosis is required (which is often the case fdifgeapplications).

SVMs present limitations as well. These techniques may struggle with imbalanced datasets, where the number

of fault instances is significantly smaller than the normal instances. SVMs also require a very careful selection

of hyperparameters as well as kernel functions. SVM
these parameters. Generally, SVMs offer quite a robust and interpretable approach for spacecraft fault detection

and diagnosis, particularly when dealing with Fault/ No Fault binary classification tasks limited training data,
high-dimensional data, and finally the need for efficient computation which also makes the mission financially
optimized Fig. 2).

Principal Component Analysis (PCA) is another Al technique which is commonly used in spacecraft fault
detection and diagnosis for the following reasons: 1) Dimensionality redy&8dnSpacecraft fault detection
every so often involves analyzing higimensional data, such as telemetry data or spectral data. PCA is a
technique that can successfully reduce the dimensionality of the data, and does so by transforming the data into
a new set of wvariables called APrincipal Component so.
and abridging the analysis and visualization of the data, making it much easier to notice patterns or anomalies
which are associated with spacecratilfa 2) Feature Extractigii4]: PCA is able to extract the key features or
components from the original spacecraft dataset. Thesellsal principal components are derived based on the
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spacecraft data covariance matrix, and they represent the directions in the feature space that take the maximum
variance. Through selecting a subset of the principal components, PCA can effectively obtain the needed
information from the data, while successfully discarding noise and/or less informative features. 3) Anomaly
Detection[15]: Fault detection and diagnosis process involves identifying the anomalies or deviations from
normal behavior, as spacecraft faults. PCA can be used to notice anomalies through comparing the data which is
reconstructed from the selected principal components with the original spacecraft data. Anomalies are typically
associated with certain data points which present high reconstruction errors, indicating a potential fault in
spacecraft system or abnormal behavior. 4) Visualizgfi6h PCA offers a tactic to visualize higlimensional

data in a lowedimensional space, and by lessening the dimensionality, this strategy can project the data onto a
lower-dimensional subspace while upholding as much information from the spacecraft as possible. This allows
for much easier visualization of the spacecraft data as well as the identification of clusters, outliers, or patterns
which are associated with faults. 5) Data Preproceg4ifjg the PCA method can be used as a preprocessing
step. It can be used before applying other fault detection or diagnosis algorithms or any other machine learning
techniques. By lessening the dimensionality of the data, this method can enhance the performance and
effectiveness of subsequent analysis or modeling steps. 6) Interprefdi@]iti?CA offers interpretable results

since the principal components represent combinations of the original features that are linear. This helps in
grasping the underlying structure of the spacecraft data and helps in identifying the important variables which
contribute to fault occurrence. This strategy, also has limitations. The PCA method assumes linearity in the
spacecraft data and may not be suitable for complicatedimear relationships and scenarios which space
missions are faced with. Additionally, PCA may not be effective when the spacecraft data contains categorical
variables. It will not be suitable for when the principal components do not get the relevantlétati
information either. PCA, in general, is a valuable technique in spacecraft fault detection and diagnosis,
providing dimensionality reduction, anomaly detection, feature extraction, visualization, and data preprocessing
capabilities Fig. 3. It can help in noticing and identifying patterns or anomalies which are associated with
spacecraft faults and facilitating subsequent analysis.
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FIGURE 2. The logic behind using SVM for fault detectiol FIGURE 3. The logic behind using PCA for fault
in spacecraft. detection in spacecratft.

Bayesian classifiers, on the other hand, are also used in spacecraft fault detection and diagnosis. The reasons
for using them are: 1) Probabilistic Framewg§tR]: Bayesian classifiers are based on the principles of Bayesian
probability theory (named after Thomas Bayes, who described the probability of the occurrence of an event,
based on prior knowledge of conditions), which allows for the modeling and inference of probabilities. The
framework is advantageous in spacecraft fault detection and diagnosis as it provides a systematic approach to
reasoning about uncertainties as well as making decisions based on available evidence (faults). 2) Handling
Uncertainty: Spaecraft fault detection and diagnosis involves dealing with uncertainties due to factors such as
sensor noise, and so on. These classifiers can explicitly model such uncertainties and quantify them, allowing
for more robust and reliable fault detection and diagnosis. By using prior knowledge and updating the
probabilities based on observed events, Bayesian classifiers handle anomalies and faults more effectively than
many other classification techniques. 3) Small Training a€d: In spacecraft fault detection, acquiring
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labeled training data for fault instances can be quite challenging, costlycdimsaming and sometimes even
impossible. Bayesian classifiers perform well with small training datasets, making them beneficial for when the
availability of labeled spacecraft fault data is limited. 4) Interpretability: Bayesian classifiers offer interpretable
results by denoting probabilities and decision rules. The probabilities which are assigned by the classifier can
feed insights into the certainty of the fault detection and diagnosis. 5) Incremental L¢atiiifi23]: Bayesian
classifiers merge new data and update their knowledge. This makes them beneficial for fault detection and
diagnosis in dynamic environments. As spacecraft systems encounter new fault scenarios, Bayesian classifiers
adapt and improve their fault detection and diagnosis capabilities. 6) Handling Imbalancef24)aia
spacecraft fault detection and diagnosis, the number of fault instances, as mentioned before, may be
significantly smaller than the normal instances. This issue results in imbalanced datasets. Bayesian classifiers
manage imbalanced spacecraft data by adjusting class priors or using strategies such as Laplace smoothing.
Laplace smoothing helps in maintaining reliable estimates of probabilities. It also avoids biases towards the
majority class. 7) Feature Selection: Bayesian classifiers select features by evaluating the relevance and
contribution of every attribute to the classification task. This trait identifies the most informative features for
fault detection and diagnosis and improves the efficiency of the analysis. Bayesian classifiers, like any other
techniques, have drawbacks too. They do not perform well in the presence-dirhgisional data or complex
relationships. Additionally, the functionality of Bayesian classifiers deeply depends on prior knowledge.
Therefore, incorrect assumptions lead to suboptimal fault detection and diagnosis. The main advantages of the
Bayesian networks are summarized in Big.

Artificial Neural Networks (ANNs) and Deep learning (as a type of ANN) are used in spacecraft fault
detection and diagnosis due to their unique capabi[@8&B [27]: 1) Nonlinear Relationships: ANNs excel at
finding complex nofinear relationships between input features and output labels, which would be useful in
spacecraft fault detection and diagnosis, where faults may exhibit intricate patterns that linear models cannot
handle. 2) Feature Extraction: ANNs automatically learn applicable features from raw spacecraft data,
disregarding the demand for manual feature extraction. This is highly strategic in spacecraft fault detection and
diagnosis tasks, as the intricate relationships and patterns of spacecraft faults make it hard for traditional
methods to work. 3) Adaptability: ANNs are great adapters. They learn from new data and are suitable for fault
detection and diagnosis in the dynamic environment of space. As spacecraft systems encounter new fault
scenarios, ANNs revise their knowledge and advance their fault detection and diagnosis capabilities. 4)
Robustness: ANNs handle uncertainties, noises and even incomplete data, which makes them a robust strategy.
This is particularly crucial in space missions where spacecraft data may be corrupted due to factors such as
sensor errors. 5) Parallel Processing: ANNs may work on parallel computing architectures, meaning they can
work on different architectures at the same time to process large datasets dirderdalilt detection and
diagnosis. This matters in spacecraft applications where timely detection and response to faults are critical. 6)
Hierarchical Representation: ANNs can have multiple hidden layers. This enables them to learn hierarchical
representations of the data. That is how they extract bothelest and higHevel features. This hierarchical
representation aids in detecting and diagnosing faults at different levels of complexity as well as abstraction. 7)
Ensemble Learning: ANNs can be joined in ensemble architectures (such as DL or CNN), to enhance fault
detection performance in spacecraft. Ensemble models raise the diversity of ANNs. 8) Interpretability: Even
though ANNs are mainly considered as black boxes, several techniques (such as feature visualization, saliency
mapping, or attention mechanisms) provide insights into the significant features. The main advantages of the
neural networks are summarized in Fg.

ANN have some limitations too. They need large amounts of labeled training data and may lack
interpretability compared to other ML techniques. The pros and cons of DL will be discussed in more detail,
later in the paper.

The paper proceeds by providing additional details about the machine learning methods discussed above.
Finally, real world applications in aerospace are provided and the nature of the processed data is discussed to
complete the overview.
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ning algorithm, and one of the most popular strategies
as that of Regression. They are associated with the

learning algorithms. They can also perform outlier detection. They can be considered as data points that reside

closest to the decision surfa@s8], [29].

I n 2008, Zhang published
Ker nel I ndependent Compon
nonlinear dynamic monitoring technigue was proposed

the paper AFault Detectdi
ent Anal ysi s [30]Kih @hich a and
based on Kernel Independent Component Analysis

(KICA), which was compared to a Support Vector Machine (SVM), was unsupervised and could perform fault

detection. Zhang called it

AiThe i mproved KI CAO.

As the feature space dimension is said to be less than the rank of the kernel njgfiixarbasis is chosen
in the feature space, by considering the similarity factor of data. It is shown that KICA is quite intricate for

nonlinear fault diagnosis. Therefore, when the system d
the inputs of SVM to diagnose the fault. Zhang showed
KICA method is higher than that of SVM + KICA, and the
improved KICA method, the time is shorter. The impr
parameters.

etects a fault, thetkamefdrmed scores substitute

that the rate of classification in the SVM + improved
training time is also greatly affected as in the SVM +

ovement is shown in Table 1 for different kernel

TABLE 1. Zhang's Result80].

Training time

kernel parameters  original KICA plus  improved KICA
SVM plus SVM

a = 0. 4 81 25

ad = 0.5 78 22

d = 0.7 82 27

In the same year, Zhao et l81] proposed a fault detection and diagnosis strategy using an SVM classifier,

in their paper ASVM cl assi
Principal Component Analysis using Aegssociative Ne

fier based fault
ural Networks (NPCA) method was applied to

generate some residual for the classification. Then;againstone SVMtype classifiers and the Dempster
Shafer (DS) theory are combined into a new rul#issifier. This multclassifier was previously used for

sensors or actuators dealing with satellite attitude control

system (ACS) faults. The fused method 4@dyested

effectively lowers the computing burden while keeping the classification accuracy unchiigyed.6shows

the scheme of fault detection.
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FIGURE 6. The scheme of fault detection as show(8.

Research such g81] matter since satellite attitude control system offers information and commands
regarding the attitude control which determines the failure or success of the vehicle in case one or more sensors
or actuators develop a fault. The collapse or tolerance of the system is directly dependent on ACS. Therefore, its
reliability plays a key role in the mission, and fault detection and identification techniques regarding ACS have
been the focus of much research in the last couple of decades.

In 2014, Yin et al[32] suggested an improved SVM method based on a hybrid voting mechanism (HVM
SVM) in their paper inSatellite fault di agnosi s us
mechani smd and mentioned that the safety, reliabili
with the satellite fault diagnosis strategy. Nonetheless, the issue of massive parameters, as well as multiple
faults, makes the fault diagnosis system encounter many challenges. The accumulation of the greatness of the
parameters problem and misclassifications that come from multiple faults will result in a raised false negative
rate. Another problem is that for any given satellite fault, enough fault data for training does not ¢3&t. In
HVM-SVM is suggested to sort out the issue of enormous parameters, as well as multiple faults. This method
also helps with the small samplesd probl ems.

I n 2018, Abdel ghafar et al . published a paper on
opti mized suppo[33], wheectite dGrey \Wadf ©Optimizatian (GWO) method was used for
optimizing Support Vector Machines (SVMJhe effectiveness of their model was compared to four swarm
algorithms whichare as follows: 1) Ant Lion Optimizer (ALO), 2) Dragonfly Algorithm (DA), 3) Moth Flame
Optimizer (MFO) and finally 4) Whale Optimizer Algorithm (WOA). During this comparison, four evaluation
aspects were considered: 1) failure recovering accuracy, 2) stability, 3) convergence and 4) computational time.
The records were obtained by using the telemetry data from a cube satellite, and the results show that the SVM
GWO optimization is a better option.

i
ty

PRI NCI PAL COMPONENT ANALYSI S

In 2012, Gao et al[34) suggested a new fault detection and di a:
Detection and Diagnosis for Spacecraft using Principeé
strategy which was based on Principal Component Analysis (PCA) and Support Vector Machines (SVM) was
tested on a spacecraft model. PCA was first used for feature extraction. Then a binary SVM was used to detect if
a fault occurs. In case a fault is detected, a type of qtiaks SVM identifies the type. The results indicate the
efficiency of the proposed approach. The framework of their strategy is as Fig. 7a shows. Figure 7b illustrates
Fault Diagnosis which is based on Muliiass SVM. Finally, a comparison between the suggested method in
[34] and the neural networks is given as shown in Table 2.

I n 2015, Gueddi et -driven faJlt sl@dektionvmethdde fdr JHinisatelfitd attitude
control systemo, where they mentioned why fault det
Principal Component Analysis (PCA) techniques are commonly used for keeping an eye on complex processes
with numerous variables, as well as for diagnosing the process and sensor faults. The proposed method was
developed to analyze single valued variables with no consideration for the uncertaintiesnagibappen in
the system. Then a diagnosis process is developed and tested on the chaser reacti@pedibeddly the ones
used in the Mars Sample Return (MSR) rendezvous mission. The results show the efficiency of the proposed
approach.
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TABLE 2. A comparison between the suggested methg84hand the neural networks.

Case 1l Case 2
Classification accuracy 99.2 % 97.4 %
SVM Training time (s) 36.2 195
Test time (s) 11.2 5.8
Neural Cla_sgifica_tion accuracy 99.13 % 92.6%
network Trammg time (s) 39.5 18.2
Test time (s) 10.3 6.5

In 2019, Zhi et al[36] considered the ACS of the Jilinsatellite telemetry data and studied the data processing
and fault detection strategies based on principal component analysis (PCA) as well as a local linear embedding
(LLE). They mentioned that the common data dimension reduction methods do not extract the key features for the
telemetry data that are of nonlinear mditnensional nature, and designed a data processing and fault detection
strategy for lowdimensional key features. The results show the effectiveness of their method.

BAYESI AN CLASSI FI ER

In 2013, Xie et al[37]publ i shed the paper AFault Di agnosis of
Bayesian networ ko, and mentioned the importance of
of complex system faults and uncertainties by a Bayesian netvesd fault diagnosis which worked in the
benefit of in the satellite power system. The process of network creation is as shown in [Big}. Sde
Bayesian network model used for the satellite power system is illustrated in F&y]8b

During the learning phase, their algorithm adopts a statistical policy. Simulation results show the efficiency
of the Bayesiametwork fault diagnosis model.
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FIGURE 8. The Bayesian network used[Bi/], (a) creation algorithm, (b) schematic
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ARTI FI CI AL NEURAL NETWORKS

Detecting faults with Artificial Neural Networks (ANNs) had been used in rotating machinery for years,
before Jack et al[38] i n t heir paper AFaul t detection wusing sup
net works, augmented by genetic algorithmso, combined

ANNSs had already been shown to be successful in such applicEB&nt1]; in comparison, SVMs were a
more recent development. Little use of SVMs had been made in such problems. The accessibility to only a
limited amount of training data is a drawback for SVMs. Therefore, they propose a strafgglytinenhance
the generalisation performance for when little training data is available. Their research tests the efficiency of
both classifiers using two classes: fault, andandt.

In 2002, AlZyoud et al[42] proposed a neural netwebased fault detection and isolation scheme (FDI) that
could be put into use for the AC-®asalfActuator§Fault @dgrosist e i n
for Attitude Control Subsystem of an Unmanned Spac
architectures were developed: 1) a dynamic neural network residual generator which was based on the Dynamic
Multilayer Perceptron (DMLP) network for the detection task, as well as an embedded structure used for the
dynamic neuron model in the DMLP network which was generalized, and 2) a static neural classifier based on
Learning Vector Quantization (LVQ) network for the isolation task. It is mentioned that the primary tasks for
fault diagnosis schemes are in fact to detect and isolate the faults to avoid the general failure of tjé3jystem
In [42] data was collected based on a given set of ioptgut from a thre@axis ACS. The network parameters
were then adjusted to reduce a performance index to its minimum. The proposed structure was then applied to
detect and isolate faults in a given hifigtelity nonlinear model.

DEEP LEARNI NG TECHNI QUES

Deep learning techniques have become increasingly popular in spacecraft fault detection due to their ability
to effectively analyze complex and higimensional data. Here are some commonly used deep learning
technigues in this field: 1) Convolutional Neural Networks (CNNs): CNNs are widely used in-aage fault
detection tasks. They are capable of automatically learning relevant features from raw image data, making them
suitable for analyzing spacecraft sensor data or images captured by onboard cameras. CNNs can detect
anomalies or faults by comparing the input data with learned patterns. 2) Recurrent Neural Networks (RNNs):
RNNs are commonly used for sequential data analysis, making them suitable for spacecraft telemetry and time
series data. RNNs can capture temporal dependencies in the data and identify abnormal patterns or deviations
from expected behavior. Long Shdrerm Memory (LSTM) and Gated Recurrent Unit (GRU) are popular RNN
variants used in fault detection. 3) Autoencoders: Autoencoders are unsupervised learning models that aim to
reconstruct the input data. They consist of an encoder and a decoder, where the encoder compresses the input
data into a londimensional representation, and the decoder reconstructs the original data from the compressed
representation. Anomalies or faults can be detected by measuring the reconstruction error, as significant
deviations indicate abnormal behavior. 4) Generative Adversarial Networks (GANs): GANs are used for
generating synthetic data that resembles real data distribution. In the context of fault detection, GANs can be
trained to generate normal data samples and identify deviations from the learned distribution as anomalies or
faults. GANs can also be used for data augmentation, where synthetic faults are generated to increase the
diversity of the training dataset. 5) Variational Autoencoders (VAES): VAEs combine the concepts of
autoencoders and probabilistic modeling. They learn adiovensional latent space representation of the input
data, allowing for efficient generation of new data samples. VAEs can be used for anomaly detection by
comparing the reconstruction error or the probability of the input data with a predefined threshold. 6) Deep
Reinforcement Learning (DRL): DRL techniques can be employed for fault detection in spacecraft control
systems. Reinforcement learning agents can learn to control the spacecraft and detect faults by interacting with
the environment and receiving rewards or penalties based on the system's performance. DRL can adaptively
learn fault detection policies and handle complex control scenarios. It's worth noting that the effectiveness of
these technigques may vary depending on the specific spacecraft system and the available data. It is important to
carefully design the deep learning models and optimize them for the specific fault detection task[44]and
[50].

In 2013, Tamilselvaret al.[51]pu bl i shed their paper on AFailure diag
health state classification, 0 a-sedsorenatmebasep onweep beliefa n o v e
network (DBN), which had recently become a favored strategy in machine learning as it showed strong points
such as fast inference as well as encoding much richer and -oigiegr network structures. Furthermore, it
worked through a laydny-layer successive learning process while employing a hierarchical structurehablich
multiple stacked restricted Boltzmann machines. The suggestedsendtdr diagnosis could be structured in
three following stages: 1) defining health states and preprocessing data, 2) developing classification models for
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the states, and 3) validating the classification models through testing the sensory dataset. The approach is then
compared to 4 diagnosis techniques and applied to both aircraft engine health diagnosis and that of electric
power transformers. This method could potentially have spacecraft applications as well.

In 2015, Zhang et a[52] used a hybrid ensemble model to employ a degradation pattern classification in
their paper fDeep BeliefobNetcwonvlks Opbnn s ennlzlae i wint i o Mu IFta
time the degradation pattern classification had not been explored for the case of early diagnosis. They argued
that prior accurate fault diagnosis is critical, as it provides benefits such as improved productivity, maintenance
cost reduction, and serious damage avoidance. They state that supervised deep models are hard to achieve as the
training would be difficult for optimization problems that lack sufficient data samples or use unlabeled datasets.
Shallower models such as SVMs, Neural Networks, and so on are also unlikely candidates. That is why, deep
belief network (DBN), which is an unsupervised learning model, comes to use in diagnosis or classification
problem. Figure 9 shows the diagram of a DBN.

Hidden Layer

Visible Layer

FIGURE 9. Schematic Diagram of a Deep Belief Network (DEBZ] .

In [52], an ensemble of DBNs with MOEA/D was used for fault diagnosis to manage failure degradation
using multivariate sensory data. To demonstrate the efficacy, a turbofan engine degradation dataset was

employed.
In 2020, Xiao et al[53]wor ked on A A d e ewrivéenghaustar fault giaghoais apmroadch fot a
satellite attitude control systemdo, and targeted the

into a binary image classification. Then a deep learbagpd datariven fault diagnosis method was
employed. In this method, the stuoken, as well as the stuclose thruster faults, are detected and diagnosed.
They are then accurately located online. The strategy is completeldrilada and uses only raw measurement
data. It does not depend on the dynamics of the system, and the effectiveness is tested in the paper.

REAMWORLD EXAMPLES OF DL I N SPACECRAFT FAUL

There have been several readrld examples where Al, specifically deep learning, has been utilized for fault
detection in spacecraft. Here are a few notable examples:

1. NASA's Mars Rovef54]i [56]: In 2016, NASA's Mars Rover, Curiosity, experienced a fault in its drilling
mechanism. To diagnose and rectify the issue, NASA employed deep learning techniques. They used
convolutional neural networks to analyze images of the drill bit and detect any signs of wear or damage. This
allowed the mission operators to identify the fault and take appropriate actions to fix it. NASA's Mars rover
fault detection system is a critical component of ensuring the smooth operation and longevity of the rover's
mission onthe Martian surface. By continuously monitoring sensor data and analyzing it for anomalies or
deviations from normal behavior, the fault detection system plays a crucial role in identifying potential faults
and enabling timely intervention or diagnosis. Deep learning has proven to be highly effective in enhancing the
fault detection capabilities of the Mars rover. One example of how deep learning has helped is in the detection
of wheel faults. The wheels of the rover are subjected to various stressesaargdvehile traversing the rough
Martian terrain. Any malfunction or degradation in the wheels can significantly impact the rover's mobility and
overall performance. Deep learning algorithms, such as CNNs, have been employed to analyze images captured
by the rover's cameras, specifically focusing on the wheels. By training a CNN on a large dataset of normal
wheel images, the model can learn to recognize the expected appearance and condition of the wheels.
Subsequently, when presented with new images oftiels during operation, the CNN can identify any visual
anomalies or signs of wear and tear that may indicate a motor fault. The deep learning model can detect subtle
changes in the wheel's appearance, such as cracks, abrasions, or misalignments, which may not be easily
noticeable to the human eye. By continuously monitoring the wheel images and comparing them to the learned
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patterns of normal behavior, the fault detection system can promptly identify potential faults, allowing for
timely intervention and maintenance. The use of deep learning in wheel fault detection has significantly
improved the rover's operational efficiency and reduced the risk of unexpected failures. It enables the rover to
autonomously assess the health of its wheels, providing valuable insights for mission planning and ensuring that
any necessary repairs or replacements can be carried out in a timely manner. This example demonstrates the
power of deep learning in analyzing complex visual data and detecting faults that may not be readily apparent.
By leveraging the capabilities of deep learning algorithms, the Mars rover fault detection system can proactively
identify and address potential issues, ultimately enhancing the rover's overall performance and mission success
on the Martian surface.

2. DeepSai57]i [61]: DeepSat is a project by NASA aimed at using deep learning for processing satellite
imagery. DeepSat is a satellite imagery dataset widely used in the field of remote sensing for Earth observation
tasks. It consists of higtesolution multispectral images captured by the WorldViegatellite. The DeepSat
dataset serves as a valuable resource for developing and evaluating deep learning models for various
applications, including fault detection systems. NASA has leveraged the capabilities of deep learning in the
DeepSat fault detection system to analyze satellite imagery and identify potential faults or anomalies. This
system plays a crucial role in ensuring the accuracy and reliability of satellite data, enabling timely intervention
and maintenance when needed. One example of how deep learning has helped in the DeepSat fault detection
system is in the identification of cloud cover or cloud shadow artifacts in satellite images. Cloud cover can
significantly impact the quality and usability of satellite imagery, hindering accurate analysis and interpretation.
Deep learning algorithms, such as convolutional neural networks (CNNs), have been employed to automatically
detect and mask out cloud cover or cloud shadow regions in satellite images. By training a CNN on a large
dataset of satellite images with labeled cloud cover or cloud shadow regions, the model can learn to recognize
the distinctive visual patterns associated with these artifacts. Subsequently, when presented with new satellite
images, the CNN can accurately identify and segment the areas affected by cloud cover or cloud shadows,
allowing for the generation of clodfdee composite images. The deep learning model can detect subtle
variations in pixel values, textures, and contextual cues to distinguish betweercalendd areas and the
underlying Earth surface. By automating the cloud detection process, the DeepSat fault detection system
significantly reduces the time and effort required for manual inspection and correction of satellite imagery. The
use of deep learning in cloud detection has greatly improved the quality and usability of satellite imagery in
various Earth observation applications. It enables researchers and scientists to obtain accurate and reliable data
for tasks such as land cover classification, vegetation monitoring, and urban development analysis. Additionally,
the automated detection of cloud cover facilitates the generation of-itlidomposite images, which are
essential for longerm monitoring and analysis of Earth's surface. In conclusion, NASA's DeepSat fault
detection system demonstrates the effectiveness of deep learning in analyzing satellite imagery and detecting
faults or anomalies. By leveraging deep learning algorithms, such as CNNs, the system can automatically
identify and mask out cloud cover or cloud shadow artifacts, improving the quality and usability of satellite data.
The integration of deep learning in the DeepSat fault detection system enhances the accuracy and reliability of
Earth observation tasks, enabling more effective analysis and interpretation of satellite imagery.

3. DeepFaulf62]i [66]: DeepFault is a deep learnivgsed fault detection system developed by researchers
at the University of California, Riverside. It uses deep autoencoders to analyze telemetry data from satellites and
detect anomalies indicative of faults. By learning the normal behavior of the spacecraft, DeepFault can identify
deviations and alert operators to potential issDegpFault is an advanced fault detection and diagnosis system
that utilizes deep learning techniques for analyzing seismic data. Its primaryivebjiscto automatically
identify and characterize faults and fractures in subsurface geological formations, aiding in geological
exploration and hazard assessment. By training the model on a large dataset of labeled seismic data, the system
learns to recognize the patterns and features associated with faults and fractures. Deep learning has made
significant contributions to the fault detection and diagnosis capabilities of DeepFault. One example of how
deep learning has benefited the system is in theifabation of fault zones in seismic sections. Fault zones are
regions where significant geological displacements have occurred, resulting in distinct seismic signatures. Deep
learning algorithms can effectively analyze the complex spatial and temporal patterns present in seismic data,
allowing them to identify fault zones with high accuracy. By learning from a diverse range of seismic data, the
system can detect subtle variations, anomalies, or discontinuities that indicate the presence of faults. The deep
learning model employed by DeepFault can capture intricate relationships between seismic signals, enabling it
to differentiate between normal geological formations and faulted regions. This automated fault detection
process significantly reduces the time and effort required for manual inspection and interpretation of seismic
data, providing geoscientists with valuable insights into subsurface structures. Additionally, deep learning
contributes to the fault diagnosis aspect of DeepFault. The system camiyndetect the presence of faults but
also provide information about the fault type, orientation, and extent. This information is crucial for
understanding the geological context and assessing potential risks associated with fault zones. By leveraging

57



BulTrans-2023 Conference Proceedings Sozopol, 1.3 September 2@2

deep learning, DeepFault enhances the efficiency and accuracy of fault detection and diagnosis in seismic data
analysis. It enables geoscientists and researchers to gain a better understanding of subsurface structures, evaluate
seismic hazards, and make informed decisions regarding resource exploration, infrastructure development, and
geological risk management. In summary, DeepFault's fault detection and diagnosis system utilizes deep
learning algorithms to automatically identify and characterize faults and fractures in seismic data. Deep learning
has contributed by enabling accurate fault detection, reducing manual effort, and providing valuable information

for geological exploration and hazard assessment.

4. SpaceX Dragon CapsuUlé7]: SpaceX has also utilized deep learning for fault detection in their Dragon
spacecraft. They employed recurrent neural networks (RNNs) to analyze telemetry data and identify anomalies
or deviations from expected behavior. This approach helped SpaceX improve the reliability and safety of their
spacecraft by enabling early detection and mitigation of faults.

5. Hubble Space Telescof@8]i[71]: The Hubble Space Telescope has been a pioneer in using Al for fault
detection. Deep learning techniques have been applied to analyze telemetry data and images captured by the
telescope. By training CNNs on a large dataset of Hubble images, researchers have developed models capable of
automatically detecting and classifying various types of faults, such as sensor degradation or optical aberrations.

These examples highlight how Al, particularly deep learning, has played a crucial role in improving fault
detection in spacecraft. By leveraging the power of neural networks and advanced machine learning algorithms,
deep learning has enabled more efficient and accurate identification of faults, leading to enhanced safety,
reliability, and performance of space missions.

PROS AND CONS OF DL I N SPACECRAFT FAULT

This section aims to introduce the pros and cons of deep leamthgiques used in spacecraft fault
detection, using the categorization, information and examples that were discussed in this paper. The schematic is
shown in Figl0.

Pros of using deep learning in spacecraft fault detection are:

1. Automatic Feature Extraction: Deep learning models can automatically learn relevant features from raw
data, eliminating the need for manual feature engineering. This is particularly advantageous in fault detection
tasks where complex relationships and patterns associated with faults may be difficult to capture using
traditional methods.

2. Ability to Handle Complex Data: Deep learning techniques aresuékd to analyze complex and high
dimensional data types commonly encountered in spacecraft fault detection, such as telemetry data, images,
spectral data, and tirreeries data. Deep learning models can effectively process and extract meaningful
information from these data types.

3. Adaptability: Deep learning models can adapt and learn from new data, making them suitable for fault
detection in dynamic environments. As spacecraft systems evolve or encounter new scenarios, deep learning
models can continuously update their knowledge and improve their fault detection capabilities.

4. Robustness: Deep learning models can handle noisy or incomplete data and still provide meaningful
insights. This robustness is crucial in space missions where data may be corrupted or incomplete due to various
factors such as sensor errors or communication issues.

Cons of using deep learning in spacecraft fault detection are:

1. Data Requirements: Deep learning models typically require large amounts of labeled training data to
perform well. Acquiring labeled fault data for training deep learning models in spacecraft fault detection can be
challenging and timeonsuming, especially for rare or complex faults.

2. Interpretability: Deep learning models are often considered as black boxes, meaning they lack
interpretability. Understanding the reasoning behind the model's decisions can be difficult, making it
challenging to explain why a particular fault was detected or to diagnose the root cause of a fault.

3. Overfitting: Deep learning models are prone to overfitting, where they may become too specialized in the
training data and fail to generalize well to unseen data. Careful regularization techniques and validation
strategies are required to mitigate overfitting and ensure the model's generalizability.

4. Computational Resources: Training deep learning models can be computationally intensive and may
require significant computational resources, especially for {acgée fault detection tasks. This can be a
limitation in resourceconstrained spacecraft systems or whenties fault detection is required.

5. Limited Data for Rare Faults: Deep learning models may struggle to detect rare or infrequent faults if the
training data lacks sufficient examples of such faults. Ensuring a diverse and representative dataset that covers a
wide range of fault scenarios is essential to overcome this limitation.

It is important to carefully consider these pros and cons when deciding to use deep learning techniques for
spacecraft fault detection and to tailor the approach based on the specific requirements and constraints of the
mission.
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Pros and Cons

e

FIGURE 10. Pros and Cons of DL in spacecraft fault detection.
| NPUTS AND STRUCTURES

In spacecraft fault detection, deep learning techniques can be applied to various types of inputs and
structured in different ways depending on the specific requirements and available data. Here are some common
input types and structures used in deep learning models for spacecraft fault detection (Fig. 11):

Inputs
Telemetry Image Data Spectral Data FrliTJgnc Multi-modal
l Data l 9 l p l anta y Data

FIGURE 11. The type of inputs for DL in spacecraft fault detection.

1) Telemetry Data: Telemetry data collected from spacecraft sensors provide valuable information about the
health and behavior of the system. This data typically includes measurements such as temperature, pressure,
voltage, current, and other sensor readings. Deep learning models can be designed to presesgstime
telemetry data, where recurrent neural networks (RNNs) or variants like longtestnornemory (LSTM) or
gated recurrent unit (GRU) can capture temporal dependencies and detect anomaliks. @) famage Data:

Images captured by onboard cameras or other imaging systems can be used for fault detection in spacecraft.
Convolutional neural networks (CNNs) are commonly employed to analyze image data and identify visual
patterns or anomalies. CNNs can learn to detect faults by comparing the input images with normal reference
images or by learning from a large dataset of labeled images. 3) Spectral Data: Spectral data, such as infrared or
hyperspectral data, can provide valuable insights into thditton of spacecraft components or the surrounding
environment. Deep learning models can be designed to process spectral data by using techniques like CNNs,
recurrent neural networks (RNNs), or even more specialized architectures like 1D convolutional neural
networks (1D CNNs) or transformers. 4) ThReequency Data: In some cases, spacecraft fault detection may
involve analyzing signals in the tinfeequency domain. For example, vibration or acoustic data can be
transformed into spectrograms or scalogramepresenting the timfequency energy distribution. Deep
learning models can be designed to process suchftéageency data using techniques like 2D CNNs or
recurrent neural networks (RNNs) to capture both temporal and frequency information. 5inbhléii Data:

Fault detection in spacecraft often requires analyzing multiple types of data simultaneously. This can include
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combining telemetry data with image data, spectral data, or other modalities. Deep learning models can be
designed to handle muithodal data by creating separate branches for each modality and then merging the
learned representations in later layers of the network. The specific structure of deep learning models for
spacecraft fault detection can vary depending on the input type and the complexity of the problem. Architectures
like autoencoders, generative adversarial networks (GANSs), or variational autoencoders (VAES) can also be
employed to learn compact representations of the data and detect anomalies. It is important to carefully design
the model architecture and optimize it based on the specific requirements and characteristics of the spacecraft
system and the available data.

CONCLUSI ONS

Fault detection and diagnosis matter in space missions for several reasons, such as Mission Success, Safety
of Astronauts, Cost and Resource Optimization and Preventing Catastrophic Fdiuithés paper Al
applications in datariven-based fault diagnosis in spacecraft was reviewed. The methods were categorized into
five classesthe Support Vector Machine (SVM), Principal Component Analysis (PCA), Bayesian classifier,
Artificial Neural Network (ANN), and Deep Learning techniques. It was mentioned that thdrdetabased
methods in fault diagnosis are classification problems, and that is why the classification problem is at focus in
this paper. Realorld examples where Al, specifically deep learning, has been utilized for fault detection in
spacecraft are NASA's Mars Rover, DeepSat, DeepFault, SpaceX Dragon Capsule and Hubble Space Telescope.
These examples highlight how Al, particularly deep learning, has played a crucial role in improving fault
detection in spacecraft missions. Finally, the types of inputs in such systems are Telemetry, Image Data,
Spectral, Time-requency and Mukinodal Data.
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Investigating the Feasibility of Extending the Corrosion
Inspection Period of the Aluminium Beams in the Airbus
A320 Entrance Areas

Mario VelinowW, Veselin Tsoned, Kamen Penkd¥ and Nikola KuzmandV

Technical University of Sofia, Faculty of Transport,
8 Kliment Ohridski Blvd.,1000 Sofia, Bulgaria

3 Corresponding author: mario_velinov_@abv.bg
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Abstract. Cleaned test pieces of equal mass made from an aluminium beam from the entry area of an Airbus A320
aircraft were investigated. Metal and polymer clip nuts are mounted on them. The test pieces were subjected to
corrosion test with periodic immersion in a salt solution (3 durations of the corrosidn 1és28 and 42 days).

After each test, the clip nuts were removed from the test pieces, the test pieces were cleaned, and the mass of the test
specimens was measured. On the basis of the obtained results, it is predicted how much the period of inspection for

corrosion of the aluminium beams on the entrance areas of the Airbus A320 will increase if the metal clips are
replaced with polymer clip nuts.
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L dkj . HESC &ZOH O f to] HiflASH 13 Rldc W FPIHAFH daOO W steBOISO 20 MtsdzH  te (
el P desCtsdzj deglstse tOHOt YtojL dLfsdzLoOd dO C(stedecdteOh d i
d dL i sdz o Odzj O MmMotci Ah qesCtsdzj delstso d s MdedzOdzd d i Mt
fi dzdzd Isj dzdzdIsj L OcekzBd dzO0 jdzjtecdw o Mot nhdiesCsd) dzssa dlsy
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MdedzOdz stewB9oaO® HO O hdted dzO, zO02 BOEts 25 % s hd
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A Method for Improving the Sounding Pulse Shape of an
Ultra-Wideband Radar
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Abstract. The report proposes a method to improve the sounding pulse shape fovidétband radar by using a
correction pulse. After analyzing the energy efficiency using the-witteband signals and the frequency range, the
reasons for the additional energy losses in the-ulidg@band radars are evaluated. The cause of the energy loss was
evaluatedand a proposal was made to eliminate it by improving the pulse shape. When using correction of the
probing pulses, higher values of the spectral efficiency are achieved.
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GHz. 1t btsLd dOyddz i smisdec O GdeEIEBnpdHnS © Gsh dsfls dzO

S2 (f) = M ¥
5,(0) dt , dS,(.f+—”sin (-)J
, : c
eHepaTop X, — 0 $3(0)= Zl dr
N .
® oBexr

. M N d_g'||(;|x—'fsin(‘)\|
SO=22 [ t-r, o)
ﬂpHeMHHK {I el el ¥

ARLUL 00 dBOdzd s d YdzO W SteBO dzO ¢ j dzj edOded™ Motel Bh dtetsS 5dzj d

1 toj HddiMise O dy qizjoe@s fiffe@s] Rh e sdzj dalstso s

ol nhdiosCsdzj degssoadlsj ©WOHOKd, SCtdbt dLitdt ol COkt f

da&f zdzhd, ddi30l Mmdzj Hdzdlsj §tej HJ Biise O

T sftshspdetsMls HO HosdedGoOls fiojL ftojfwismlsadw d HO M,
dzdded W IsO d2O0 o dHddtsMmls, Ctjlts fsLotsdveO dLtsdl o Odzj st
fMsjdz®@ d ftejcteOHd, ddzd tBjSIsd ftsH L jBYO;

1 vsydesmils fted siftej Hj i Hz detidDs de©Os Mis Bdzleaf G3Jsstc© § StcOHJ 3
sBD o Ol &0 fdce dzOdzO;

7T liLdsydetsmls L O dzjL OBOodets dqHJjdsdWdydieOdzi d € dzofmdWd
MdedzOdz d odMsCO HjlO2 dzdzesfls dz®@ vyj dzs O, i ZswOKs o ]
sls jdzj B dzlsOtededw ftotsflstcOdzfise jdz 5B 5 2O fd e dzOdzO,
Yj kO &y j HO Bi H] StdfddzdeOds ks fi oSkfdshslso s

T [ftojnjdvdy d&O MCtesMmislsO dOMAEd Jf Yls ik Sk sRdd" dzd jf kot Mdz0

Hisf dzj eseo dIsji tOHOted.
1T I1sHBBteW o Odzgj d2O W jSClsdodasmislsO d tftesMmiswe Odgy dzO HJL |
odHBe j f OMmdoidedl MiHz "dgidefd?©, OJjtetsL tsdzd, BilsOdzdL dtcOdzd
fseol terndetsfls dz0O tOLMj2e90dej (EVt) deO Mmdzkzh jdedjlsts o 3
JWiClkdodzOlsO tlsttOLWYo OO fsol crdetsfils (f1) de® yj dzsO
vjLd Moat2Mmlsa® fteOowls wlz ttOH Ot dRsets BN O OF d

COLEOBIsYdydls] ofj Effjj yHo ddss & BE8 OB 19 sde®mi &)l z slsts OH (
sjMdatsdzj delsso dlsj MmdMmlsj dzq .

u(t) 1.5

uU(t) 1.5

0.5 [

bbb
) :Ff-'l"«n'[r.‘, _”l L"ﬂ'.tfrlwl Llr |'\~'nf! 'uf l,”lr..l"ll L-nl.' "'kl.'l Lull-'l.lﬂ"r‘J L|'|._ ¢ 'lll' 1| '-,"L 1;].' \.-'II ll. l'"‘lt'l_n"-.. l-]r Il*"J‘-'L W .I.f' \_,I'I-LlL.

o 500 1000 1500 2000 2500 3000 1

ARLUL Of 2LdzZsOlsd tls &sHj ZdcOdzj s o ©OBGISO dzO® MA j GO
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1Odc. 2 [2] MO §sC0OLOdd dLudfdi ddwls0 d MmteOo dzdlsj dzdzO
dLYtsdzL 80" d (steOHdydBdzezd s d B iz dtsd i3z &igPls§ © UmBHlﬁdeJWC
i O dsd3d dels dz0@ d B £ dzipdz® Btsh detsfyls tjtsq’ sso Ot ®Is 50 q,
Ho OO d®BfzdMO j 5 ns, -3s0oBYK,tc s ztg(@ dHAO fugiddilo§dtzdjc GO, 1 m

[ tcke 90y jdz ftesBdzij 3 2O vl z ©WOHOWLO | dzai ftcj HMECOL ] ML
stcOH d yd tsdaded W Is ls;ﬁjdztsdz;dzlstsa tOHOt dLd ys O MmMddszmtsdH Odzj
ftosdj dd, ftj &3ddz0o 02 Cd {isdy doy s ts i tc Gnddigisse tsdsjtsc 50 Ol O O BY dz
MdedzOdz ftejlsi cf wo O Htesdzjded COCIts o M jClteOdzded™w Mi MlsOs

otcj &3 9 OlsO tsB dZOMIs.

oI [ RAY O MdBOdzZj dz sBRoOls LO tslsCtcdoOdsgy dO@ yjdz fted tOL dzd yozd
] OCMd BBOdzj dz tsB R 9 Ols dzO knsls € te ¢

RBY zdzlmdzO Bsh dzt R B 2 dzmdzO BBBWE
v MmMesdzj dzlstse 60O 550 655
gl z t©OHOts 260 310

gl 3mzriIs{frruvllrR #RIVO[R

ANBSteBOISO dO sz[ MdedOdz My ftesdkid' o (U @adBPdshHls tsisd
LOo dMd istsiis s feshsteOdmlse jdzdlsj SCttsteHddzOld. 1td ko O
OB dzdlszH OO 20 Mde dzOkO d dzj €50 0Ol0O dish desfls, Ctjlsts j =
47| MdcdzoEodgs ) ded dshls, Cswiss j uydhdj ds ©O0o dzO- dzO f dzsh
¢ 5O Oy dedlszHO, ddd SBLOdS. use O L dOUdl] dzdss L Obtelt
GOMBYjds Hj2Mmisadi (r1r) 6 Ytk &0 fodjks. 10 ks O,
fqSco 0 d MtejHdkO &sh dshls [3].

» P

10 20 30 40 50 60 70 80 90 rpan
ARLUT Or13[. dzO Odzlsj dzdz® tejh jIsS O, M Misswho fMj 6l N j

) tetsH dy dlsj dzdetsiyls &0 e OO d ©OLd&dSd oi o Wit
BsHj ZO dz0 Odzls j dzOls O

SCEOlts tsB MisosH j tgnlkdustsitdzdzj dets, W stedizO0O dO MJdc dzOdzO L OFf 1
sl fsMsCOBO0 dZO0 dLd yoOdzy (ftedj di3Odzj ), Is. j. fshmlsteOdmls
ol LSO ®BiYHE OB dZdszHOSO dO MdecdOkO d dzj cso 0O jW j¢
stcj filsidd¥. RLCEEOYHOdM]jIss dO Isdfdyd d d@BtsHjdz, BOLJOd dO
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] jLEzdkzkOk dO ko0 ftwsjSldieOdzlss d ftesdLotHMise tlsts d
O Bsh dshmislsO [ 4] . viLd Odasjded St dedzs Mmj teOL dzd yOoe O
CoOLdrOtedisded yded Mde dzOdzd, WistedddteOh d 11 dO Odisj dzOIs O.

/_«-’
[1 4 1
frtf-s .'f‘z-""{,
z"f_//_,-r'
0 LT 4
| li/"/"’/.f}
Tt s

- '/" P,

Amplitude

=5

Angle in degrees

ARJ UL O} s CIsdtcOdzy dzO o1 LHENhded dRBBHjdzd . M stejH d&Bsh dshlsls

gl t3mzRt [sdfrruvflRrR todrotrR 176 JustrIOr [ 1 ¢
folrdtorfrtyvr ArfrR (rtdvddco)

RL Y sdzL o GBdgjLisfts] detsds dzd dzj sOIsj dzded Of OteOIsd BI oL 5 M w©WOL M d
dzd o ftfdzjHddls] csHddd. | MOodzgjdedj M BjLYJdskddls]
dzj sOIsj dzdzd O OtcOd HtojHMIsSOo dzWw 8 Ols HEY I dzdedIlsj dzdets ftej HOL ®
0o dcOydwilsO.

1 Of tod d3j to, HSCOlsts BjLYfddzslsded sy zOL j di3ded G toj otsL ded Mteg
slsCtedo Oded fsteOH HBOES OO MEtstesMmls Mftow dBds ttOHOELO, Istso O
s j das0Od, Mdzgi btsydzOl O dss O0dzdL Oydw daj 4 o L Btsy dz0O.

[Hdzs s i teoadlsy ftoddtsyjddy dd Mot nhdqestsdy dzisse dlIsj
dzj 5Ol j dzdzd Of OO O | MddesjL qeOdzj sts &0 Odketstedlsi &8 LO ¢t
ftesjClsdteOdzj sts dz®@ MmdMmlsjdd L O bkftwOodyddj ) dsdetsyjflse
CssteHddzOydwy. | ddscts miezzyod ki ©0L ydlsalj ig@dE) | dd L q i)
Sldasmdlsj dzdets Issydes L dydtsdedteOdzy dz0 ftedj dBsftej HOo Olsj dzdzd

Isajyjlbts BjLfddzslsdd dzj sOlsj dzdzgd Of OteOlsd HB d&sdj dzlsO
fsLdydesdedcOdzj. 1 JiLOadMmMddds tsls Isso O, Isew"Boa O HO M dqLfB
Hiezdd, LOBtOdz dzd L O GNSS ftej H(.
zdestts dqLitdt s 0dO fdMmlsj B3O L O dsCOdkdL JteOdzgj M oadMmtsC O
OLydlsohd &0 odmMsCO0 MEttshls, COBjted d MmojlsdzsslsteOL d
sLdydsddteOdzj d dOeadecOydw, Bjdi s dO Jd¥ stedzOydwilsO L C
LftsdzL o OdzdwWls Ctd3tfsIlsi .o dgfj Bsyj HO LOei tehd dLydmdzj ded j Is:
gmMtsC O ftosdLotsHdIlsj dzdesfls o toj Oczdes otcj Bj. [Mojdz Istse O,
dCMdeOdets d ) ScEteOdedyj dets §sSteqdisdj .

Hdzj Hiso Ols j dzdzs, (L Mdzj H s 860 o jCAPpIj | to jO0 5 qtisfty | Is | Higsievdfls dff 1 O dzj
@O ksydsshls, (o] BddOeOl Si d dsod MdMmlsidd LO &S OddL dt
Bd L dydzdy 6 fod PazBIls j dzd .

dsotel nh JlesCBsdzj dzZlsso OISO ISjrdzdC O LO tsBOBBISCO dzO (daW Sted3
d ytejtL so StcOL cOBBIso Oded &BjIssHJ, BOL dteOdzd dzO dzj dzd dzj
ZsC OdzdL Oydw dz@ Hts yYjlsdted BOsteOL d&3j teded yJ dzd .

lted tsBtOBtISCOO dz0 wWOHdBdZSS OyYydsdzdzO ddaW stedzsOydw ) dL i
gdRO 9 L By detsfls L O LOHO9Odzj 20 Of tedstcded H Odaeded :

1 ROLOCIsjtedL O d tcOH OtedzOISO MdMmisj O

1 fO0cOd3j stedlsj dzO© B FIBO €& sdOrdzOksiddd M stetsisded - OtLOC

1 bjedseod StjWdydjddsd dzO dpL i3jteo OdzgdwIsO dz0 S tststeH ¢ dzOIs d |

1T otel LSdlsy dwiHE ftetsdzy dzdzd o dIs g ,
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d HO fj &G Eyfjezl 0 dO0 § OwkOdjlstedls] dO dzOB dzék H 0o Oded W |
l oflz) dzd dzj 2 dZ2OO tj Gt Mdw HOddl] MO foHAsHWhd L O i
BOl | BOdUjMSd WEdStydd. 1td ftoshsOsO dddsg 2 d0 tjctj fdw
dzddzdw (y = mx + b). 14ddzddsy2dzOlIsO twjetejmMdw IIstewBoa O HO
ftosdigj dzadlzd o ©. A jdzsO 2O BsHj O ARJdzd Bz dzO C o OHtcOIlsdlsj fi
o L i3Sy O dzlz@2

UBBIEO BOLWLOR] CoOH©GOd BitjHjdY (it dL &jtes Oddw f,
ofmMdusSd dL d&gjteo Odzdw. RLYJMdZ¥9 O fj, SOt fj BtejHjd&¥ O
flsts2 detsfls © dLBtOddY BBjR IMWCO ©OLEZJSO Mj fsoHdEO dzC
SdS Sl wEOLE Pts ] MEZBOLO ls Isj-utHB tEjo O jo OB to s sfpdaBdte ® W isd
sBodo Oh OO. 1td dzgj dzddaj 2d20 tojctej Mdw o3t s Oks @ Is dyqg y dzflL, o
jSMyfsds) dzeyd Odzdzd, btodedsdjsedydd d Hized, LO OHOfIlsdtOd

1dsJ dY[1RY

I mMdeso dzd sy ol L sy desMmisd dO Mot nh dqesCtsdzj delstso sy t©OH Ot
ZO dLBjteiddjlsts dzO BOMdJoe O sl lCtedlsd BjSIsd, gH j dalsd W
dzOB dz¥ H j dzd J , si dz2¢ © 9i LHENMN dZO WBtedzO yYtcjL oHGSBEGWO Oz §O
Al clso OlsO L 5dgOfi. [Mdesodzdlsy R OwLOSCIsjtedMmisded dz0@ IsjLd teC
otej @3 dO GlsCttdoOdsdl d BtejHjdvdze dO BR90OLO, COCIsts ¢
ftosH] d dlsj dzdesMlsls O dz0 Mde dzOdzO d W stedzOO dO 9o dzdzOIls 0.
LOCGdzzh O Odzj, vlz ©OHOWKI s JqBRBO HtsHfi dzdzadlsj dzdzO@ Wk dzC ydw, Gt
HO fj ®lsCttdy yYddz o Mot nhdqesStdzj dzssadlsj t©WOHOtd, J daj
Csjlss foLotsdz"9 O ©OLGOdd YyOeoOdzj dO BJjSIs d 6j dzgj ted tcOdzj
Bl HY GlsCtedls M (s@BshisO &0 Bttt 0dOdzdzd MdmisjBO LO HB
ImMdeso dzdlsi HtejHdBMIsa O dz2O wl z t©COHOW O-BHES & tsdets WP Is Jdzdhls & Is tz
c

I MO hdteddzO dz© d &3 z dzip O.
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Possibilities for the Application of Ultra-Wideband Radar
Signals in the Detection and Tracking of Small Targets

Sofia Uzunova

Department of Aeronautics, Technical University of Sofia, 8 Kliment Ohridski Blvd., 1000 Sofia, Bulgaria

suzunova@tsofia.bg

Abstract. The article examines the features of ultri@leband radar, signals and point small targets. An analysis of
their characteristics, advantages and disadvantages has been made. A comparison is made between narrowband and
ultrawideband radars. The possibilities for the application of hltcadband radar in the detection and tracking of

point smalisized targets (drones, unmanned aerial vehicles) in an urbanized environment have been examined and
the quality of the radar information has been evaluated.
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ltesyjm dzO0 ftesj ClsdtcOdaj d dL G tcl
OB dz6 Hj dzgdj dzO o) LHENMN ddW IStcOW

1l 6 MdzOe Y3 tucls JY @ dz wrlscPBdelgidts, ) d dzyj o
t OHq dE@ sdztso O

SOkjHEO Ali LHkh jd stcOdht steldisW dv ,» daftudz.m CAls dzdiatf o dzléc fnfd Astg
gasWdw 1000, 1] dzeOtedw
2 soHdomMSd kdedo jtemdlsjls Al OdMmd2 mddzj dzH OtemSdhi, kdz. A

2 prgeorgiev@tesofia.bg
5 Jdimginchev@tesofia.bg

{jLEBBES ZOHI s ©OLEdjYHO § ZOddtOdzj sts ¢ dLEEONHOdj s O Mmdfl
Yjd odLEOdRIL Oyd® d f§HYSEOCO0d O fesyjmdls) dO blyjddj

kdzd o j teifpdsyjdsy o [HEGBij O SwecOddL Oydw L O tsBkuyjddj Aldmho h
Miej Md OodOydodiB HEOEHHEORE] §LodAkidS O MY sddSte O dOs
Vi wodls)y Hoj MO o GMdsseoOkO &O fddydfo Aslkttdydd ©OHJEMESCC

IF3lrrruRre

g4 ftfMistswddzts ko jdzd yGe O dw Mmj Btets?2 GO HOEMSd §tsdzj Isd.
fMls©o O -cotfrlgw dfGs d bsydetslsts tsftcjHjdzwdzgj 20 ftotsistcOdzmise j detsists
fftej HMMise O, d MifoOydwlsO oiixHk Iswza, i Bl etsdvw dits L dzOy
fsdzilsdlsji. 10 Ade. 1 j dLBBKOLjdO MisOlsdmMisdE O LO dLol tef
syilbjid ffhmistw dds dzOtcOMIS[ElOdIZE®dzOd ls LBEAdY Stic®f J § tod L
GeHddzO M Hi dd CrO-1IFAded] d§widds Hdste iz stelsi s dzO- 1 Isded yc
LOMjcedzOls. 1iftejSd Itsa®, Mmj o9adyHO yj BtetsWil dzO SO H Odsf
2019 cithy P& QLEivslksts fj MEWksOhj LO S0 csHddkO o CteOyH
Bsdzy dzsO 20 dLetslseawdzgy dz20 IssLd HEBS &zOH, LO 2023 ¢tsHJ ds
fd s Boted.

RLYBdZLoOdzj Ists dz0O ©OL OB BIso OdzOISO slIs dzOM MdMmMlsj @O Istcw E

AlOYHOdZMSO 91 LHEZABY &ZO9 Olsj dzdzO OHdBdded MisteOydwhi d 11 ey
HodxJ ddd i, fctcOHd o9 L By detsMlslsO Isw HO odzdw,j dzg©@ 9i LHE
oCdzg yd MdMmlsj 8OO L O ftojHkzftojyHjddw LO MmBdzdy j dedJ . 1 O
RZOMistets j dzO, HO BIi HJ tjedimistedtc0dzO, HO ftsdzzyd kdzd S Odzj dz
vLd HBC dZOH tOLGdZ] YHO cdzOoadzdlsy Hj2Mseadw 5 COdzdBtedtcOC
d o9l 9jyHOdzj o ] dzdzO J S M dzsOlOydtsdzdzO® ctslstso dztsmls.

Number of commerecial flights tracked by Flightradar24, per day (UTC time)

. / AAA NN -
AAAT AR AMOA) A \/'Umvﬂ“/O‘V‘/‘V/“\V‘M‘/{\f(\ﬁw’h Ao | /\ VY VYV VASAAAA
A o AN | VYV VYV - ;

@flightradar -

ARJ UL 0) A2 dzO G te O H Odzef ViAo jts jfdidej Isd dzO H §
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vl [ RAG tes?2 CttOYHOMNCd (sElsd

| 5Hd dzO ltets?2 ftsdzj Isd
2023* 135 847
2022 107 732
2021 91 555
2020 68 876
2019 114 632

* I OYOdskts @O &iMmjiy Miflsj Boted.

gRBU[ SO 1¢ VOIS Orr1LRL 19 vidARS D

sdMlsj BOISO L O dOBdzEHjddj dO o LHEhddWw LOWdS Mmj Mmi Mmis
1 ¢0odOYydde dz IsTmbsgandets dzH § t6 (

1 Automatic Dependent SurveillanéeBroadcast (ADSB);

T ltedj dgded & dzO0 MY i Isded ¢ ts9 ©Gldpa Nayigabon G asetidzSy stént(GNESH)d3 0

1 stsdzfslsi o6 d ftescteORBd MO oadLEzOddL Oydw d L Of dMme Odzj  da
1 ¢d¢delsjded (3 Bte.) d HtesotsHdzdyd L O lsHjdddlsi ¢ cdikfsdi dl
24 My ©OLGEdZijHO fteddydfO dO Hj2Mlseadj dO Mdmisj 3OISO.

dbodOydesdzj dz stcOdetf sdzv jtc ( Transponde

O dz¢ dzd 2 MS slsts  dr@EEEHddEts ofip dhyfly O o | dZBanssnitteriResonte} § 6 j H O Odzj
ssetso OeWdzj, Sjlbts j ftddydifils dO sktstdydOlO tOHJISdESS (
ZOMtsyj dz2 Md e dzO dzMHiz@D UsitdPldifijf@s daH0j3e0 Is L f e Oh O o Mj dZzOMBYj dz
1090MHz, )i Hi toy OfF ddaf stedzOYdw L O 9l L ML o) dD o ©ls | diigists thdg@ v d)'ls
sls i dBkBO dO fjtdteOdi dO IeOdhf sdH,j 0. R L TritgdzL © Odad W
Avionics Limitedi, ¢ 52 Ists ftoj HOo CBA, )i Hib jioyPdEOSAZEZG? tSBj &3 Jdaf stedOyY
tejedMstcOydndsj dz desdBjtce dz0 1 &, odMsyddzd O fdjlsO d Ht.

U0 0 bkflts2Mmlsots j LOHI dydlsjddets HO BI Hj ddzfls Odzd tc O dzts
ol LHENM dzs ftetsiilstwOdiGoastsis(tss Ify)) dL i dzdzw o Ols ofmdusSd  sdzjls
10dydjlsts &0 kOLd MdMmisj kO Mis®OEO L O ©OLY L dzOo Odzgj Ists
SlsHj dzdzd lsj dzj sOIsj dzdzd Of Ot Old (J ¢) . TrafizCdtiginsrdmidanes s j yC
System (TCAS)C sWIsts G jdzj edtc® GtojHizftejHlsj dzdegd Ml tsBh jdgdw S o
5§ Ofdetsmls ks Med Mi ¢ M) Hkets Jla. 10 HO doj ftjHdLodC

s

9 (
dZzOH MmdMmlsj BOISO MOBsdzj Isd, sw IsttwB9oO® HO BIi Hj SCSttoj Clsdz CC

|
(AIRBORNE) at 1030 MHz at 1090 MHz I

i
TRANSPONDER | | RECEIVER TRANSMITTER
T

INTERROGATOR / RESPONSOR
TR .. (GROUND BASED)

|

|

|

TRANSMITTER| RECEIVER at l
at 1030 MHz 1090 MHz |

ARJ UL O RJdzydtf dzO0O ttOBISO dzZO OoadOydtsdzj dz IsteOdzit ts
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Automatic Dependent Surveillancé Broadcast (ADSB)

sdMmMisjARSBY i hijMmMsejdz dZOJftejHI & © dOBEEHjddilsts d Ctddsts
sMdckztew o Ols w3detzts sStstftsj Hj dzv dzay dO CotsteHddzOIdlsjy dO Ja, C0OIs
sfme jdz dzO dzOL j d@gdzed MisOdzydd, SO0 d @O tajtHdedgm lslotd Ist®©B SO HIs
Mdmlsj O fteiH oltedydzOlsO WOHdsEEZESOYdY, J Y4 LO dajw 4
zOL j di3dzd tcOH Otedzd Odzlsjdzd L O tsfftej H ]| dzv dADS-B20 d Tgls BB & dztyis § giz
HO ftejftcjHOOO ddaW stedZOYyYdvw 5 dzOL § BdedIlsy MIsOdzydd HB € ts5dzk

- -
e
_J UAT f
2 1090ES

S "/ 4

ARJL UL ¢ Bddeydd 2O ¢ 6 H Oo AREPE Mde®) Sflds@©dz0 dzd W ts g
lted] di3dzd € dzO M i sdzd S s O dzOo de OydtsdzedzO Mg

gl sdzd S sodlsy dz0e d ¢ Oy d ts dzdzd mdMmis j dizgd (a1 &) ftcjHBMIsO9
dZOeo de OydsdzadedIlsy MdMmisj i3, M Issydetsmils o s toj H[4ldzw dzj dzO d3j f
gl h jsolzoa Ol dzg" C sdzC &5 IsSffte @ @ dgBly @3] K @Usdc tdORtc OB Slsj dz
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