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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 most important 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 cascade-mass-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 different softwareôs for mathematical analysis (MSC ADAMS 

[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 time-consuming 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 tests with different distributor mode 

S. Krastev, K. Velkov, S. Slavchev and V. Maznichki, Measurement system for determining the main pneumatic parameters of train braking system 
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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 ʘ measurement system which uses modern technologies for receiving the train braking 

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. 

 

FIGURE 1. Structure of pneumatic train braking system. It consists of: 1 ï steel construction, 2 ï brake pipe, 

3 ï distributor, 4 ï brake cylinder, 5 ï driverôs brake valve, 6 ï auxiliary reservoirs, 7 ï compressor installation with main 

reservoir, 8 ï 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 the four-axle freight wagon. 

The distributor is type Knorr KE1, which is one of the most used in passenger and freight wagons. Also, the 

driverôs brake valve which the test bench is equipped with is used in most locomotives in service. The type of 

driverôs brake valve is type Knorr D2. The braking cylinders (BC) are represented as a reservoirs with volume 

17 dm3, which is equal to the volume of real 16ò BC with piston stroke 125 mm. The auxiliary reservoirs are 

with volume 125 dm3. The braking system is supplied with compressed air via screw compressor Gardner 

Denver KSA-11 which is driven electrically with voltage 380 V. The maximum 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 500 dm3 which is 

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: 

¶ Pressure in BP related to the time ñtò for different points of the length of test rig according to the 

specific test; 

¶ Pressure in BC related to the time ñtò for different points of the length of test rig according to the 

specific test. 
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It is aimed to receive their characteristics for different working conditions 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: 

¶ Pressure PA in control chamber of the distributors; 

¶ Pressure PR in auxiliary reservoirs; 

¶ Pressure in equalizing reservoir of driverôs brake valve; 

¶ Pressure in time reservoir of driverôs brake valve. 

Measurement Equipment 

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 (PL, PC, PR) are used electro-contact 

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. 

The same manometer is used to measure the pressure in equalizing reservoir of driverôs brake valve. Time-

manometer was used to control the rate of pressure drop in the time reservoir of driveôs brake valve. 

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. 

Parameter Value 

Input signal (air pressure)  

Output signal (current) 

Sensitive element 

Power supply (voltage) 

Tolerance  

Ambient temperature 

Accuracy  

0 ÷ 16 bar 

4 ÷ 20 mA 

Poly ï Si/SiO2 

9 ÷ 32 VDC 

± 5% for 50/60 Hz 

-40 ÷ +105oC 

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. 

 

 

FIGURE 2. Structural scheme of the measurement system. 
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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 voltage 5 ï 24 VDC. 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. 

 

 
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: 

¶ 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; 

¶ Export the measurement dataôs in appropriate format for using with other softwareôs (Excel, PDF and 

others); 

¶ Graphical post-processing analysis; 

¶ Generating reports (with graphical display, analysis, comments and others). 

The basic interface of the used software is shown in Fig. 4. 

 

 

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). 

 

 

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: 

¶ Study the longitudinal behavior of rail vehicles in braking mode; 

¶ Study about the work of the distributors in its different regimes and the problems which exist about the 

work of the distributor [12, 13]; 

¶ 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]; 

¶ Many others. 

CONCLUSION 

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 a pre-defined intermediate-temperature anode-based 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. 

INTRODUCTION 

Solid oxide fuel cells utilize a technology that enables operation at high operating temperatures, typically 

within the range 600-1000 C [1] with conduction of oxygen ions through the electrolyte. They can be used for 

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 all-solid 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 engine in order to make use of the stackôs tail gas and to 

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 start-up and 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 SOFC (IT-SOFC) technology was 

introduced. Such solid oxide fuel cells operate in the 600-800  C temperature range. The most widely used 

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 temperatures, which can be 

manufactured as thin as 10 ɛm [6]. Traditionally for the anode a cermet material is used. In this study a Ni-YSZ 

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 electronic conductivity 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 possibility for re-oxidation 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 LSM-YSZ powder mixture is 
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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 used mica-based or glass materials. The interconnectors are made 

of oxidation-resistant metal alloys when IT-SOFC are applied. 

Typically SOFCs are self-supporting, thus one of the components of the cell (anode, cathode or electrolyte) 

is the supporting element (Fig. 1). The electrolyte-supported 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 electrode-supported cell design, which allows for a 

decrease in the operating temperature of the SOFC. More common is the anode-supported cell because of the 

higher specific power achieved in comparison to the cathode-supported cell. In the current study a pre-defined 

intermediate-temperature, anode-supported, planar cell based on a model from a previous study of the authors 

[9] is simulated in order to determine the influence of selected geometry parameters on the cellôs performance. 

 

FIGURE 1. A single SOFC structure (PEN ï positive electrode/electrolyte/negative electrode). 

CELL MODEL 

The selected fuel cell was presented and modeled via a 0-D model 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: 

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

nitrogen. 

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

the SOFC; 

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

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

¶ 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, where Ὁ  is the Nernst voltage and Ὁ  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 conditions (Ὁ ) plus a supplement expression which takes into consideration the 

operating temperature and reactant partial pressures of the cell. 
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 ὠ Ὁ Ὁ Ὁ Ўὠ Ўὠ Ўὠ  (1) 

 

TABLE 1. Default parameters of the selected fuel cell [9], [10]. 

Parameter Symbol, unit Value 

Fuel cell operating pressure ὴ ȟ ÂÁÒ 1 

Fuel utilization factor Ὗȟ  0.75 

Fuel cell operating temperature Ὕȟ Ј# 700 

Steam to carbon ratio Ὓὅȟϳ  2 

Anode material - Ni-YSZ 

Cathode material - LSM-YSZ 

Electrolyte material - YSZ 

Anode thickness (anode-supported FC) †ȟÍ 500·10-6 

Cathode thickness †ȟÍ 50·10-6 

Electrolyte thickness †ȟÍ 10·10-6 

Electronic conductivity of the anode „ȟɱ Í  8·104 

Electronic conductivity of the cathode „ȟɱ Í  8400 

Electronic conductivity of the electrolyte „, ɱ Í  1.42 

Average effective diffusivity of the anode Ὀ ȟÍ Ó  3.66·10-5 

Average effective diffusivity of the cathode Ὀ ȟÍ Ó  1.37·10-5 

Pre-exponential coefficient of the anode Ὧȟɱ Í  6.54·1011 

Pre-exponential coefficient of the cathode Ὧȟɱ Í  2.35·1011 

Activation energy of the anode Ὁȟ*ÍÏÌ 14·104 

Activation energy of the cathode Ὁȟ*ÍÏÌ 13.7·104 

Active width of the fuel cell ὡ ȟÍ 0.13 

Active height of the fuel cell ὒ ȟÍ 0.15 

 

 

 

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

 

 Ὁ Ὁ  (2) 
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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), where † stands for thickness 

and „ is electronic conductivity. In (3) the losses are described in terms of current density where Ὑ  is area 

specific resistance in ὯЏϽὧά. 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]. 

 

 Ўὠ ὭὙ  (3) 

 

 Ўὠ ὭὙ Ὥ  (4) 

 

There are three methods to reduce the ohmic voltage losses: 

¶ by optimizing the electrode electronic conductivity; 

¶ by making the electrolyte as thin as possible; 

¶ 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 molecules ï the so called ñactivation energyò. If no activation energy is 

applied, the reaction rate would be slow [5]. The place where the electrochemical reaction takes place is called a 

triple-phase boundary (TPB) ï it is the point where the respective electrode meets the electrolyte ï Fig. 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), where Ὥ 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 consideration ï constant activation energies for the electrodes Ὁ are assumed and given 

in Table 1. 

 

 Ўὠ Ўὠ Ўὠ ÁÒÃÓÉÎÈ ÁÒÃÓÉÎÈ (5) 

 

 Ὥ Ὧ ÅØÐ  (6) 

 

 Ὥ Ὧ ÅØÐ  (7) 

 

There are a few methods for decreasing the activation voltage losses:  

¶ by applying a high operating temperature; 

¶ by having a catalyst; 

¶ by increasing electrode surface area; 

¶ by increasing 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 ñTPBò refers to the pressures at the triple phase boundary ï Fig. 1, while Ὀ  

refers to the effective diffusivity of the electrodes. In this study the effect of electrodesô thickness on the 

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: 

¶ by optimizing the cell structure in order to keep the reactant concentration in the cell consistently high; 

¶ 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 expressions Ὂ is the constant of 

Faraday, Ὑ is the universal gas constant, ὲ ς is the number electrons for each molecule of water produced that 

pass through the external circuit, and ὃ  is the active area of the cell. 

 

 Ўὠ Ўὠ Ўὠ  (8) 

 

 Ўὠ ÌÎ  (9) 

 

 ὴ ὴ Ὥ (10) 

 

 ὴ ὴ Ὥ (11) 

 

 Ўὠ ÌÎ  (12) 

 

 ὴ ὴ ὴ ὴ ÅØÐ Ὥ (13) 

 

 –  (14) 

 

 Ὥ ὔ  (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 voltage ï their 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 the results 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 anode ï (11). The lack of reactants at the 

electrodesô surfaces is typically reached at high cell loads, hence these losses are more significant at high current 

density values. The ohmic voltage losses also slightly increase ï (4). 

Similarly, in the case of cathode thickness rise, the cathode concentration losses and the ohmic losses 

increase, which results in worse performance for the cell ï Fig. 5 and Fig. 6. 
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FIGURE 3. Single fuel cell voltage and power density as a function of the current density and the anode thickness. 

 

 

FIGURE 4. Single fuel cell anode concentration voltage loss as a function of the current density and the anode thickness. 

 

 

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 losses ï (4). The effect on the performance of the cell is more 

significant when changing the electrolyte thickness in comparison to changing the electrodesô thicknesses. The 

reason for this is the low value of the electronic conductivity of the electrolyte. The cell performance worsens if 

a thicker electrolyte is applied ï Fig. 7 and Fig. 8. The activation losses are not influenced by the change of any 

of the studied thicknesses. 

 

 

FIGURE 7. Single fuel cell voltage and power density as a function of the current density and the electrolyte thickness. 

 

 

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. 

 

 

FIGURE 10. Single fuel cell total voltage losses as a function of the inlet fuel flow rate and the cell active area. 

 

 

FIGURE 11. Single fuel cell efficiency (LHV) and power density as a function of the inlet fuel flow rate and the cell active area. 
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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 the cell ï (15), 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. 

CONCLUSION 

The focus of this paper is a simulational study, which investigates the influence of selected geometrical 

parameters on the performance of single solid oxide fuel cell. The results reveal that increasing the electrodesô 

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 well-known 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 

shortest route 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. The GA-based 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 

(Türkiye). 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. 

INTRODUCTION 

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 from one city and 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 most well-known 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 computer-based 

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 search [3], 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 knowledge-based multiple inversion and neighborhood 

swapping operators are two approaches proposed in [7]. They start with knowledge-based neighborhood 

switching between the crossover and mutation stages, and then proceed to knowledge-based multiple 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. It is demonstrated that the optimum route selection problem in network analysis may be 

handled using GA using efficient encoding, fitness function selection, and other genetic processes. The most 

important procedure to the final solution is designated as 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 high-quality 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 end-fixed TSP, and the path-constrained 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 ATSP (I-ATSP). 

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 the two-dimensional 

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 inver-over 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 initial solution 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 quasi-reverse 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. The GA-based 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. 

FINDING THE OPTIMAL ROUTE FOR IETT 

The GA-based 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 Google 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. 

 

 

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 the stops' 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. 

 

 

FIGURE 3. Choose Stop Page of the Application. 

 

The next page has a "Stop" button that stops the iteration at this point. ñCalculationò page is shown in Fig. 4. 
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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. 

 

 

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 time. The best route distance at 

different iteration steps are given in Table 1. 

  



BulTrans-2023 Conference Proceedings  Sozopol, 10-13 September 2023 

 26  

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 distances. In general, as iteration steps 

increase, the distance decreases. It is sometimes observed that the distance 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]. 

CONCLUSION 

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 most well-known traveling 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 medium-sized 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 GA-based 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 coefficient of adhesion. The road surface or road 

conditions may be exploited for a test subject. It can also be considered from the other side: ceteris paribus - to 

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 - to 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, experimental set-up, realized measurement, recorded data and a 

comparison with another method for determining the coefficient of adhesion. 

INTRODUCTION 

There are various methods for determining the adhesion properties of car wheels and road surfaces. The 

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 surfaces is the British Pendulum method, which 

determines the friction of the pavement. There is a pendulum with a friction element, which is intensified 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 

macro-texture of asphalt pavements is the use of so-called ñamount of norm sandò. A certain amount of sand 

with a controlled size of the grains is placed on the pavement and spread with a special device. The radius of the 

created stain is evaluated and the smaller it is, the rougher the asphalt. 

Other methods affect the friction of car wheels. Testing method using an instrumented passenger car 

includes a procedure for measuring the deceleration performance of braking tyres using a passenger car 

equipped with measuring gauges and an anti-lock braking (ABS) system. Starting from a certain initial speed, 

the brakes are applied intensively enough simultaneously on all four wheels to trigger the anti-lock braking 

system. The mean deceleration is calculated between two predetermined speeds. Testing 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 force [1]. The 

advantages of these methodologies are that a relatively accurate and comparable assessment of the 

characteristics of the car wheel or the road surface separately is 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 DESCRIPTION 

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 vehicles ï one 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 Anti-Lock 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 surface [2]. Figure 1 shows some sample pavements and the slip 

curve. 

 

FIGURE 1. Shapes of Õ(ɚ) in different road conditions [2]. 

 

Also, modern vehicles that have such a system do not have the functionality to stop it. Thus, we can assume 

that the working ABS of the vehicle with the corresponding tires and weight is the closest to reality behavior 

that corresponds to the desired measurement - the 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 ï driver, passenger, luggage ï must 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 measurement: 1 ï Cover for the tension load cell; 

2 ï Tow ropes with attachment elements; 3 ï Cable harnesses; 4 ï Tension load cell; 5 ï Weighing Indicator; 

6 ï Computer; 7 ï 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. 

 

 
FIGURE 5. Weight capacity table [4]. 

 

2. Weighing Indicator ï 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. 

 

 
FIGURE 6. Weighing Indicator. 
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3. Tow ropes ï two pieces ï calculated for a higher load than the tension load cell. Each of the two ropes, 

like those shown in Fig. 2 (2), shall be more than 2 m in length to ensure sufficient distance between the 

two vehicles. They must also be equipped with the appropriate connecting elements to secure them to 

the tension load cellôs holes by providing minimum clearance to reduce shocks when going into 

towing/tensioning mode. 

4. Cover for the tension load cell ï It 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 

and record them in tabular form with timestamp and value in kg of measurement. It can then be exported 

in .xlsx format. Figure 7 shows a screenshot from the software specially developed for the experiment. 

 

 

FIGURE 7. Screenshot from the software of the measurement. 

 

7. Infrared Thermometer. It is used to remotely measure the temperature of the pavement as well as the 

wheels on the outside. Figure 8 shows the one used during the trial. 

 

 

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 in Fig. 9. Vehicle A is the towing vehicle, and Vehicle B is 

the towed or, in other words, the vehicle under test. One tow rope is attached to the tow bar of Vehicle A, 

attaching to the covered tension load cell. On the other side of the tension load cell, another tow rope is attached, 

which attaches the Vehicle B to the system. In one of the two vehicles (by desire) is placed the weighing 

indicator and computer technique, 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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FIGURE 9. Schematic of the experimental setup. 

Three people are needed for the experiment. Two of them are drivers, of vehicle A and vehicle 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 hands-free mobile phones). 

Participants make a plan of the trials in advance and record the conditions in the so-called ñTest Catalogueò 

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 with a simple verbal expression such as ñReady!ò and at this 

point the driver of Vehicle A starts the smooth acceleration to the desired speed. When the speed is obtained, he 

or she should say ñAcceleration completed. Maintenance!ò 

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 A ï BMW 230e 

Vehicle B ï 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, and Figs. 11 and 12 show the readings for the front and 

rear axles respectively. 

 
FIGURE 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 the rear ï 780 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 measurement ï 1680 kg or 16475.18 N. 

The remaining data for Vehicle B are as follows: 

¶ Tyre pressure ï 303.9 kPa (for all four wheels) 

¶ Type and dimensions of tyres: 

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

ï 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 13. The tied-up vehicles. 

 

 

FIGURE 14. The covered tension load cell. 

 

Figure 15 shows the set-up from the Vehicle B driver's point of view in tow mode. 
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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 been achieved 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. 

 

 

FIGURE 16. Tensile load during braking. 

 

From the data taken, it can be seen that the maximum braking force realised in this measurement is 1406 kg, 

which corresponds to 13788.15 N. 

From this measurement can be determined ɛpeak - peak braking force coefficient of a tyre (peak value of 

coefficient of road adhesion), which means the maximum value of a tyre braking force coefficient (coefficient of 

road adhesion) that occurs prior to wheel lockup as the braking torque is progressively increased [1, 6]. 

 

 ‘  , (1) 

 

where Ὂ is braking force in Newtons; Ὂ ï vertical force caused by weight in Newtons. 

Thus we substitute from (1) and we obtain: 
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Immediately before the test, the road surface shall be photographed, named to be easily recognisable in the 

subsequent analysis and the temperatures on the outside of the tyres of the towed vehicle tw as well as the 

surface temperature tp shall be 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 

Ὂ = 16475.18 N 

Pw1-4 = 303.9 kPa 

 
TABLE 1. Test Data. 

Pavement Picture Direction Speed, m/s tw, °C tp, °C ╕╫ȟ N µ 

Asphalt 1 

 

A 8.6 39 31 13788,15 0,836 

CONCLUSION 

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 create a ñµ passportò 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 that, a two-step 

optimization strategy is developed to decrease the effects of noisy measurements on TRIAD. Results show that, 

usage of two-step optimization strategy to optimize PD gains with noisy measurements works well. 

INTRODUCTION 

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 [2-5]. 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 for a deterministic problem can be done by trial-error 

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 of two-steps 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 two-step optimization approach to tune gains of a controller in a noisy 

environment. 

  

M. F. Erturk and C. Hajiyev, Satellite magnetic attitude control based on PD controller with particle swarm optimization 
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MODEL OF THE SATELLITE ROTATIONAL MOTION 

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 quaternion vector includes one scalar and three vectoral elements. Scale part is represented by ή, while a 

general notation of a quaternion vector is 

 Ἱ Ἱȡȟή ή ή ή ή  (1) 

Derivative of a quaternion vector is 

 
ἹBOὸ

ρ

ς
ἿB
BOὸṧ Ἱὸ

ρ

ς
  ἿB

BOὸ Ἱὸ (2) 

The term   ἿB
BOὸ  in the Eq. (2) equals to 
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 (3) 

At the end, Eq. (4) can be used as simplified kinematics of a satellite, where ή is in body orbital frame. 
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 (4) 

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. DCM of ἹBO, ὃBO, is written as 

 

ὃἹBO

ή ή ή ή ςήή ήή ςήή ήή

ςήή ήή ή ή ή ή ςήή ήή

ςήή ήή ςήή ήή ή ή ή ή

 (5) 

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

 ἿB
BI ἿB

BO ὃBOἿO
OI ἿB

BO ἿB
OI (6) 

Also, the parameter ἿO
OI is obtained with 
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ἿO
OI ὃOIὃOI

T ὃIO
TὃIO

ἷI
T

ἷI
T

ἷI
T

ἷI ἷI ἷI

ἷIẗἷI ἷIẗἷI ἷIẗἷI
ἷIẗἷI ἷIẗἷI ἷIẗἷI
ἷIẗἷI ἷIẗἷI ἷIẗἷI

 (7) 

Because of the orthogonality of given vectors, diagonal elements of Eq. (7) are zero. Then, σ σ matrix in 

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

gives 

ἿO
OI

ἷIẗἷI
ἷIẗἷI
ἷIẗἷI

ὫἺI ὫἾIẗἷI
ὫἺI ὫἾIẗἷI

ὫἺI ἾI ὫἺI ἾIẗἷI

π

ȿἺI ἾIȿȾȿἺIȿ

ȿἺIȿἷIẗἾIȾȿἺI ἾIȿ
 (8) 

While ἷI and ἾI are perpendicular to each other, when the orbit close to circular, first and third elements of 

ἿO
OI equal to zero. In this case, Eq. (6) can be rewritten as only the multiplication of second row of ἿO

OI and 

second column of ὃBO [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 

 
ἒ Ἲ άἾ  (9) 

In Eq. (9), π means origin of an inertial frame while ά is mass, Ἲ  and Ἶ  are position and velocity vectors of 

particle Ὥ in inertial frame. As presented in [7], Eq. (10) converges to 

 ἒB ἘB ἿB
BI ἒB (10) 

Then, Eq. (11) can be obtained from Eq. (10) 

 ἿB
BI Ὅ ἿB

BIὍἿB
BI Ὅ ἘI (11) 

The term ἘI can be extended with other torques, such as gravity-gradient torque (gg) and magnetic torque 

due to magnetic torquers (mag) 

 ἿB
BI Ὅ ἿB

BIὍἿB
BI Ὅ gg Ὅ mag (12) 

Disturbance Torques 

As stated before, gravity-gradient 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 gravity-gradient 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, 

 σ‘

ὶ
Ἲ ὍẗἺ  (13) 

In Eq. (13), ‘ is the standard gravitational parameter of Earth, ὶ is the distance between Earth center and 

satellite, Ὅ is the moment of inertia tensor, and Ἲ is the unit vector of the satelliteôs position vector from Earthôs 
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 wire (ὔ), the current (Ὅ), and area of the wire loop (ὥ). So, equation of 

this relation is 

 ά ὔὍὥ (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 in Eq. (15) and Fig. 1 

 mag ἵTorquerἌEarth (15) 

 
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 projection-based 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, 

Ἵ, should be should be calculated to find the applicable magnetic dipole as in Fig. 2. 

 
FIGURE 2. Projection based control torque. 

METHODS FOR ATTITUDE DETERMINATION AND CONTROL 

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) 

 Ἵ ἕἹȡ ἕἿ (16) 

In here ὑ  is proportional gain, ὑ  is derivative gain, Ἱ is attitude state, and Ἷ is rate of change of attitude 

state or angular velocity. In these equations, Ἱ and Ἷ are used instead of ἹBO and ἿB
BO to get a simpler view. ἕ  

and ἕ  are control gain matrices. These σ σ matrices are assumed diagonal and basically assumed as Eq. (17) 

 

ἕ

Ὧ π π
π Ὧ π
π π Ὧ

ἕ

Ὧ π π
π Ὧ π
π π Ὧ

 (17) 

In here Ὧ and Ὧ 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 assumed Ἵ
†mag in [9]. In this study, the approach presented in [10] is used for the PD controller 

 Ἵ ἕsignήerrἹerrȡ ἕἿ (18) 

Error quaternion, Ἱerrȡ, is used as state in this approach. Instead of using Ἷ, usage of Ἷerr is also possible as 

another approach. However, Ἷtgt 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 in Eq. (19) and Eq. (20) 

 
ἹerrἹṧἹtgt

ᶻ ήὍ Ἱȡ Ἱȡ
T

Ἱȡ ή
Ἱtgt
ᶻ  

(19) 

 ἿerrἿ Ἷtgt (20) 

While Ἷtgt is a zero vector, Eq. (20) can be rewritten in Eq. (21) as used in Eq. (18) 

 ἿerrḳἿ (21) 

Interaction between magnetic 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 this study. Accuracy 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.  
TRIAD algorithm is mainly applied with following [9]. Letôs assume there are two sensors which are 

represented as subscripts of ρ and ς. Then, Ἢ denotes the measured vectors in the body frame and Ἲ denotes 

reference vectors or theoretical results of these vectors in a reference frame. For an ideal case without a 

measurement error Eq. (22) is possible 

 ὃἺ Ἢȟ for Ὥ ρȟς (22) 

where A is the attitude matrix. 

While Eq. (23) is also only possible with correct measurements, one of the measurements should be more 

accurate than other 

 ἪẗἪ ὃἺẗὃἺ ἺTὃTὃἺ ἺẗἺ (23) 

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

 

ὃḳ Ἷ Ἷ Ἷ Ἶ Ἶ Ἶ ἿἾ  
(24) 

 ὃἾ Ἷȟױfor Ὥ ρȟςȟσ (25) 

It is possible to create two different triad systems with theoretical and measured vectors. The system of 

ἾȟἾȟἾ  can be crated from Ἲ and Ἲ as in 

 
Ἶ ἺȟἾ Ἲḳ

Ἲ Ἲ

ȿἺ Ἲȿ
ȟἾ Ἲ Ἲ (26) 
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Similarly, ἿȟἿȟἿ  can be crated from Ἢ and Ἢ as can be seen in 

 
Ἷ ἪȟἿ Ἢ ḳ

Ἢ Ἢ

ȿἪ Ἢȿ
ȟἿ Ἢ Ἢ  (27) 

These two triad systems are enough to find DCM of TRIAD 

 ὃTRIADἪἺ Ἢ Ἢ Ἲ Ἲ ἪἺ (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 source of inspiration. 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 position (ὼᴆ) and a velocity (ὺᴆ). 
Also, each ὼᴆ 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 boundaries. During optimization process each particleôs 

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 (ὖᴆ ), the global best particle (Ὃᴆ ), an inertia weight (ύ), acceleration 

constants (ὧ) (ὧ), and some random numbers (ὶᴆ) (ὶᴆ) between π and ρ have an effect on this update as it can 

be seen in 

 ὺᴆ ύὺᴆ ὧὶᴆὖὄᴆ ὼᴆ ὧὶᴆὋὄᴆ ὼᴆ  (29) 

 ὼᴆ ὼᴆ ὺᴆ  (30) 

Figure 3 provides a better understanding about the update policy. 

 
FIGURE 3. Particle update in PSO. 

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

 

FIGURE 4. Flowchart of the PSO 

PSO is used for finding optimized gain matrices of PD controller. 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 controllerôs gains. Classical ITSE function is 
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ITSE ὸὩ ὸὨὸ (31) 

With a small angle assumption between required and desired attitude, the error function is defined 

 Ὡὸ ÁÒÃÃÏÓἹBOὸẗἹtgt Ἷerr (32) 

Also, unit of time is also changed from second to orbital 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. A two-step optimization process is 

improved to overcome this issue. In the first step Eq. (31) 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. 

SIMULATION AND RESULTS 

Initial Conditions  

The model described in [9] is used in this study. Moment of inertia is given in Eq. (33). It is a gravity-

gradient stable satellite model 

 
Ὅ

ρ π π
π ρȢτ π
π π πȢφ

 (33) 

Initial conditions, Eq. (34) and Eq. (35), are given in orbital frame. Orientation of the satellite is out of plane 

from the Nadir orientation about ρτȢσᶼ 

 
Ἷ

πȢππσρυτπ
πȢππφωρφχ
πȢππρςπτρ

ÄÅÇÓÅÃϳ  
(34) 

 

Ἱ

πȢπτωφσ
πȢρρτσφ
πȢππρσψ
πȢωωςςπ

 (35) 

Orbit of the satellite is also given in Table 1. 

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

Parameter Value Unit  

Semi-major axis (ὥ) φχφτȢττ [km] 

Eccentricity (Ὡ) ωȢψχχρπ - 

Inclination (Ὥ) υρȢφ [deg] 

Right Ascension of Ascending Node ( ) συφȢω [deg] 

Argument of Perigee (ύ) ρτσȢυ [deg] 

True Anomaly (—) ςρφȢφ [deg] 

Epoch 27 July 1999 02:51:34 

To understand used methods well, analysis about the TRIAD and motion of the satellite 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 below ςȢυ degree. Mean error of the TRIAD 

method is about 0.5 degree. 
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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. 

 
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. 

 
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 error up to ρυ degrees for 

one axis. The repetitiously change of Euler angles causes due to both inertia and orbit of satellite. 

 

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 υȢρωσυχυ [deg] 

Mean pitch ωȢωψπτχρ [deg] 

Mean roll σȢςφςτψυ [deg] 

Cost στπȢψρρπ 

PD Control in Deterministic Approach with PSO 

To obtain required attitude with a deterministic approach, better than ρ degree accuracy, ς orbits are needed. 

Figure 9 shows the change of Euler angles for this controller. 

 

FIGURE 9. Euler angles of deterministic simulation with PD controller. 
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Optimized Ὧ and Ὧ provide a pointing accuracy about ρ degree 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 

[deg] 

Ὧ ρȢυςτυψφψττφρzπ Mean yaw πȢωςψυφψ  

Ὧ τȢυψτττπψσσψρzπ Mean pitch ρȢψυςχςσ 

Cost υȢσςτςυχ Mean roll πȢχυωςυπ 

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 equation in Eq. (18). To reduce the effects 

of random noise on optimization, the optimized parameters are run ρπ times in a row. Minimized cost is 

obtained with the mean of this ρπ runs. 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 optimize Ὧ and Ὧ. Upper boundary of 

parameters is set to πȢρ and lower bound is π for both. 

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

Parameter Value Error  
Value 

[deg] 

Ὧ σȢωρφτψχχφωσρzπ Mean yaw ρȢφτψπρχ  

Ὧ ςȢυψσρττφχψφρzπ Mean pitch ςȢπωφρχρ 

Cost ρτȢυψψρψτ Mean roll ρτψψρυχ 

Mean cost of 10 run ρχȢσψυψχυ   

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 below ςȢυ degrees. The orbit allows lower error on TRIAD. The Euler 

angles are oscillating while decreasing as can be seen in Fig. 10. 

 

FIGURE 10. Euler angles of PD+TRIAD simulation with PD controller 

 

It is also possible to observe the same effects of noisy measurements in quaternions (see Fig. 11). 
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FIGURE 11. TRIAD and real quaternions for PD+TRIAD simulation. 

CONCLUSION 

In this study, a gain optimization method for PD controller with using noisy measurements for TRIAD is 

searched. Because of the noisy, variable environment, 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 (AI) applications in data-driven-based 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. The data-driven-based 

methods in fault diagnosis are classification problems, and they may be binary ones or multi-classifiers, 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 real-world applications. 

INTRODUCTION 

The data-driven-based fault diagnosis is in fact a classification problem [1]. 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 artificial intelligence (AI) 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. 

 
FIGURE 1. The category of the data-driven-based fault diagnosis methods. 
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Fault detection and diagnosis matter in space missions for several reasons: 1) Mission Success [2], [3]: 

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 Astronauts [4]: 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 well-being of the space crew. 3) Cost and Resource 

Optimization [5]: Space missions are generally resource-intensive 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 Classification [6]: SVMs are well-suited 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 High-Dimensional Data [7]: Spacecraft fault detection and diagnosis 

usually involve analyzing high-dimensional data, such as telemetry data or spectral data. SVMs are able to 

handle high-dimensional 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) Generalization [8]: 

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 in real-time scenarios that may well 

differ from the training data. 4) Handling Non-linear Relationships [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 higher-dimensional space, SVMs can comprehend intricate patterns and decision 

boundaries, allowing for precise fault detection and diagnosis in spacecraft systems. 5) Interpretability [10]: 

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 [11]: In 

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 Efficiency [12]: SVM 

techniques are computationally efficient when compared to complex machine learning models, (such as DL 

networks). This can be beneficial in resource-constrained spacecraft systems. It can also be advantageous for 

when real-time fault detection and diagnosis is required (which is often the case for real-life applications). 

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 strategiesô performance may be subjected to the choice of 

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 AI technique which is commonly used in spacecraft fault 

detection and diagnosis for the following reasons: 1) Dimensionality reduction [13]: Spacecraft fault detection 

every so often involves analyzing high-dimensional 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 variables called ñPrincipal Componentsò. Such a reduction in dimensionality assists in simplifying 

and abridging the analysis and visualization of the data, making it much easier to notice patterns or anomalies 

which are associated with spacecraft faults. 2) Feature Extraction [14]: PCA is able to extract the key features or 

components from the original spacecraft dataset. These so-called 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) Visualization [16]: PCA offers a tactic to visualize high-dimensional 

data in a lower-dimensional 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 Preprocessing [17]: 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) Interpretability [18]: PCA 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 complicated non-linear 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 relevant fault-related 

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. 

  
FIGURE 2. The logic behind using SVM for fault detection 

in spacecraft. 

FIGURE 3. The logic behind using PCA for fault 

detection in spacecraft. 

 

Bayesian classifiers, on the other hand, are also used in spacecraft fault detection and diagnosis. The reasons 

for using them are: 1) Probabilistic Framework [19]: 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: Spacecraft 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 Data [20]: In spacecraft fault detection, acquiring 
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labeled training data for fault instances can be quite challenging, costly, time-consuming 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 Learning [21]ï[23]: 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 Imbalanced Data [24]: In 

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 of high-dimensional 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 Fig. 4. 

Artificial Neural Networks (ANNs) and Deep learning (as a type of ANN) are used in spacecraft fault 

detection and diagnosis due to their unique capabilities [25]ï[27]: 1) Non-linear Relationships: ANNs excel at 

finding complex non-linear 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 and real-time fault 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 both low-level and high-level 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 Fig. 5. 

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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FIGURE 4. The logic behind using Bayesian classifiers for 

fault detection in spacecraft. 

FIGURE 5. The logic behind using ANNs for fault 

detection in spacecraft. 

 

SUPPORT VECTOR MACHINE 

Support Vector Machine or SVM is a Supervised Learning algorithm, and one of the most popular strategies 

which are helpful for the classification problem as well 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 surface [28], [29]. 

In 2008, Zhang published the paper ñFault Detection and Diagnosis of Nonlinear Processes Using Improved 

Kernel Independent Component Analysis (KICA) and Support Vector Machine (SVM)ò [30], in which a 

nonlinear dynamic monitoring technique was proposed 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 ñThe improved KICAò. 

As the feature space dimension is said to be less than the rank of the kernel matrix in [30], a basis 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 detects a fault, the kernel-transformed scores substitute 

the inputs of SVM to diagnose the fault. Zhang showed that the rate of classification in the SVM + improved 

KICA method is higher than that of SVM + KICA, and the training time is also greatly affected as in the SVM + 

improved KICA method, the time is shorter. The improvement is shown in Table 1 for different kernel 

parameters. 

 
TABLE  1. Zhang's Results [30]. 

Training time  

kernel parameters original KICA plus 

SVM 

improved KICA 

plus SVM 

ů = 0.4  81   25  

ů = 0.5 78 22 

ů = 0.7 82 27 

 

In the same year, Zhao et al. [31] proposed a fault detection and diagnosis strategy using an SVM classifier, 

in their paper ñSVM classifier based fault diagnosis of the satellite attitude control systemò. First, the Nonlinear 

Principal Component Analysis using Auto-associative Neural Networks (NPCA) method was applied to 

generate some residual for the classification. Then, one-against-one SVM-type classifiers and the Dempster-

Shafer (DS) theory are combined into a new multi-classifier. This multi-classifier was previously used for 

sensors or actuators dealing with satellite attitude control system (ACS) faults. The fused method suggested [31] 

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

the scheme of fault detection. 
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FIGURE 6. The scheme of fault detection as shown in [31]. 

 

Research such as [31] 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 ñSatellite fault diagnosis using support vector machines based on a hybrid voting 

mechanismò and mentioned that the safety, reliability, and availability of the satellite system is directly involved 

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 exist. In [32] 

HVM-SVM is suggested to sort out the issue of enormous parameters, as well as multiple faults. This method 

also helps with the small samplesô problems.  

In 2018, Abdelghafar et al. published a paper on ñCube satellite failure detection and recovery using 

optimized support vector machineò [33], where the Grey Wolf Optimization (GWO) method was used for 

optimizing Support Vector Machines (SVM). The effectiveness of their model was compared to four swarm 

algorithms which are 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. 

PRINCIPAL COMPONENT ANALYSIS 

In 2012, Gao et al. [34] suggested a new fault detection and diagnosis approach. In their paper ñFault 

Detection and Diagnosis for Spacecraft using Principal Component Analysis and Support Vector Machinesò the 

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 multi-class 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 Multi-Class SVM. Finally, a comparison between the suggested method in 

[34] and the neural networks is given as shown in Table 2. 
In 2015, Gueddi et al. [35] worked on ñData-driven fault detection methods for Jilin-1 satellite attitude 

control systemò, where they mentioned why fault detection and isolation methods which are based on the 

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 uncertainties which may happen in 

the system. Then a diagnosis process is developed and tested on the chaser reaction wheels- specifically the ones 

used in the Mars Sample Return (MSR) rendezvous mission. The results show the efficiency of the proposed 

approach. 
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(a) (b) 

FIGURE 7. Fault Diagnosis based on Multi-Class SVM [34], (a) the framework, (b) Multi-Class SVM. 

TABLE  2. A comparison between the suggested method in [34] and the neural networks. 

 Case 1 Case 2 

SVM 

Classification accuracy 99.2 % 97.4 % 

Training time (s) 36.2 19.5 

Test time (s) 11.2 5.8 

Neural 

network 

Classification accuracy 99.13 % 92.6% 

Training time (s) 39.5 18.2 

Test time (s) 10.3 6.5 

In 2019, Zhi et al. [36] considered the ACS of the Jilin-1 satellite 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 multi-dimensional nature, and designed a data processing and fault detection 

strategy for low-dimensional key features. The results show the effectiveness of their method. 

BAYESIAN CLASSIFIER 

In 2013, Xie et al. [37] published the paper ñFault Diagnosis of the satellite power system based on the 

Bayesian networkò, and mentioned the importance of the satellite power. They aimed to approach the problem 

of complex system faults and uncertainties by a Bayesian network-based fault diagnosis which worked in the 

benefit of in the satellite power system. The process of network creation is as shown in Fig. 8a [37]. The 

Bayesian network model used for the satellite power system is illustrated in Fig. 8b [37]. 

During the learning phase, their algorithm adopts a statistical policy. Simulation results show the efficiency 

of the Bayesian network fault diagnosis model. 

 
 

(a) (b) 

FIGURE 8. The Bayesian network used in [37], (a) creation algorithm, (b) schematic. 
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ARTIFICIAL NEURAL NETWORKS 

Detecting faults with Artificial Neural Networks (ANNs) had been used in rotating machinery for years, 

before Jack et al. [38] in their paper ñFault detection using support vector machines and artificial neural 

networks, augmented by genetic algorithmsò, combined it with SVM in 2002. 

ANNs had already been shown to be successful in such applications [39]ï[41]; 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 strategy in [38] to enhance 

the generalisation performance for when little training data is available. Their research tests the efficiency of 

both classifiers using two classes: fault, and no-fault. 

In 2002, AlZyoud et al. [42] proposed a neural network-based fault detection and isolation scheme (FDI) that 

could be put into use for the ACS of a satellite in their paper ñNeural Network-based Actuator Fault Diagnosis 

for Attitude Control Subsystem of an Unmanned Space Vehicleò. In their paper, two neural network 

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 the system [43]. 

In [42] data was collected based on a given set of input-output from a three-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 high-fidelity nonlinear model. 

DEEP LEARNING TECHNIQUES 

Deep learning techniques have become increasingly popular in spacecraft fault detection due to their ability 

to effectively analyze complex and high-dimensional data. Here are some commonly used deep learning 

techniques in this field: 1) Convolutional Neural Networks (CNNs): CNNs are widely used in image-based 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 Short-Term 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 low-dimensional 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 a low-dimensional 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 techniques 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 at hand [44]ï

[50]. 

In 2013, Tamilselvan et al. [51] published their paper on ñFailure diagnosis using deep belief learning based 

health state classification,ò and came up with a novel health diagnosis multi-sensor method based on deep belief 

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 higher-order network structures. Furthermore, it 

worked through a layer-by-layer successive learning process while employing a hierarchical structure which had 

multiple stacked restricted Boltzmann machines. The suggested multi-sensor 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 al. [52] used a hybrid ensemble model to employ a degradation pattern classification in 

their paper ñDeep Belief Networks Ensemble with Multi-objective Optimization for Failure Diagnosisò. At the 

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. 

 

 
FIGURE 9. Schematic Diagram of a Deep Belief Network (DBN) [52] . 

 

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] worked on ñA deep learning based data-driven thruster fault diagnosis approach for 

satellite attitude control systemò, and targeted the thruster fault diagnosis issue, by first changing the problem 

into a binary image classification. Then a deep learning-based data-driven fault diagnosis method was 

employed. In this method, the stuck-open, as well as the stuck-close thruster faults, are detected and diagnosed. 

They are then accurately located online. The strategy is completely data-driven and uses only raw measurement 

data. It does not depend on the dynamics of the system, and the effectiveness is tested in the paper. 

REAL-WORLD EXAMPLES OF DL IN SPACECRAFT FAULT DETECTION 

There have been several real-world examples where AI, specifically deep learning, has been utilized for fault 

detection in spacecraft. Here are a few notable examples: 

1. NASA's Mars Rover [54]ï[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 on the 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 stresses and strains while 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 of the wheels 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. DeepSat [57]ï[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 high-resolution multispectral images captured by the WorldView-2 satellite. 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 cloud-free composite images. The deep learning model can detect subtle 

variations in pixel values, textures, and contextual cues to distinguish between cloud-covered 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 cloud-free composite images, which are 

essential for long-term 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. DeepFault [62]ï[66]: DeepFault is a deep learning-based 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 issues. DeepFault is an advanced fault detection and diagnosis system 

that utilizes deep learning techniques for analyzing seismic data. Its primary objective is to 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 the identification 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 can not only detect 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 
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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 Capsule [67]: 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 Telescope [68]ï[71]: The Hubble Space Telescope has been a pioneer in using AI 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 AI, 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 IN SPACECRAFT FAULT DETECTION 

This section aims to introduce the pros and cons of deep learning techniques used in spacecraft fault 

detection, using the categorization, information and examples that were discussed in this paper. The schematic is 

shown in Fig. 10. 

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 are well-suited to analyze complex and high-

dimensional data types commonly encountered in spacecraft fault detection, such as telemetry data, images, 

spectral data, and time-series 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 time-consuming, 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 large-scale fault detection tasks. This can be a 

limitation in resource-constrained spacecraft systems or when real-time 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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FIGURE 10. Pros and Cons of DL in spacecraft fault detection. 

INPUTS 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): 

 

 
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 process time-series 

telemetry data, where recurrent neural networks (RNNs) or variants like long short-term memory (LSTM) or 

gated recurrent unit (GRU) can capture temporal dependencies and detect anomalies or faults. 2) Image 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 the condition 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) Time-Frequency Data: In some cases, spacecraft fault detection may 

involve analyzing signals in the time-frequency domain. For example, vibration or acoustic data can be 

transformed into spectrograms or scalograms, representing the time-frequency energy distribution. Deep 

learning models can be designed to process such time-frequency data using techniques like 2D CNNs or 

recurrent neural networks (RNNs) to capture both temporal and frequency information. 5) Multi-modal 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 multi-modal 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 (GANs), 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. 

CONCLUSIONS 

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 Failures. In this paper AI 

applications in data-driven-based fault diagnosis in spacecraft was reviewed. The methods were categorized into 

five classes: the Support Vector Machine (SVM), Principal Component Analysis (PCA), Bayesian classifier, 

Artificial Neural Network (ANN), and Deep Learning techniques. It was mentioned that the data-driven-based 

methods in fault diagnosis are classification problems, and that is why the classification problem is at focus in 

this paper. Real-world examples where AI, 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 AI, 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-Frequency and Multi-modal Data. 
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ʀʟʩʣʝʜʚʘʥʝ ʥʘ ʚʲʟʤʦʞʥʦʩʪʪʘ ʟʘ ʫʜʲʣʞʘʚʘʥʝ ʥʘ ʩʨʦʢʘ 

ʥʘ ʧʨʦʚʝʨʢʘ ʟʘ ʢʦʨʦʟʠʷ ʥʘ ʘʣʫʤʠʥʠʝʚʠʪʝ ʛʨʝʜʠ ʧʦ 

ʚʭʦʜʥʠʪʝ ʟʦʥʠ ʥʘ ɽʲʨʙʲʩ ɸ320 
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ʈʝʟʶʤʝ. ʀʟʩʣʝʜʚʘʥʠ ʩʘ ʧʦʯʠʩʪʝʥʠ ʧʨʦʙʥʠ ʪʝʣʘ ʩ ʝʜʥʘʢʚʘ ʤʘʩʘ, ʠʟʨʘʙʦʪʝʥʠ ʦʪ ʘʣʫʤʠʥʠʝʚʘ ʛʨʝʜʘ ʦʪ ʚʭʦʜʥʘ 

ʟʦʥʘ ʥʘ ʩʘʤʦʣʝʪ ɽʲʨʙʲʩ ɸ320. ɺʲʨʭʫ ʪʷʭ ʩʘ ʤʦʥʪʠʨʘʥʠ ʤʝʪʘʣʥʠ ʠ ʧʦʣʠʤʝʨʥʠ ʢʣʠʧʥʲʪʠ. ʇʨʦʙʥʠʪʝ ʪʝʣʘ ʩʘ 

ʧʦʜʣʦʞʝʥʠ ʥʘ ʢʦʨʦʟʠʦʥʥʦ ʠʟʧʠʪʚʘʥʝ ʩ ʧʝʨʠʦʜʠʯʥʦ ʧʦʪʘʧʷʥʝ ʚ ʩʦʣʝʥ ʨʘʟʪʚʦʨ (3 ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪʠ ʥʘ 

ʢʦʨʦʟʠʦʥʥʦʪʦ ʠʟʧʠʪʚʘʥʝ ï 14, 28 ʠ 42 ʜʝʥʘ). ʉʣʝʜ ʚʩʷʢʦ ʠʟʧʠʪʚʘʥʝ ʢʣʠʧʥʲʪʠʪʝ ʩʘ ʜʝʤʦʥʪʠʨʘʥʠ ʦʪ ʧʨʦʙʥʠʪʝ 

ʪʝʣʘ, ʧʦʯʠʩʪʝʥʠ ʩʘ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʠ ʝ ʠʟʤʝʨʝʥʘ ʤʘʩʘʪʘ ʥʘ ʧʨʦʙʥʠʪʝ ʪʝʣʘ. ʅʘ ʙʘʟʘʪʘ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ e 

ʧʨʦʛʥʦʟʠʨʘʥʦ, ʩ ʢʦʣʢʦ ʱʝ ʩʝ ʫʚʝʣʠʯʠ ʩʨʦʢʘ ʥʘ ʧʨʦʚʝʨʢʘ ʟʘ ʢʦʨʦʟʠʷ ʥʘ ʘʣʫʤʠʥʠʝʚʠʪʝ ʛʨʝʜʠ ʧʦ ʚʭʦʜʥʠʪʝ ʟʦʥʠ 

ʥʘ ɽʲʨʙʲʩ ɸ320, ʘʢʦ ʤʝʪʘʣʥʠʪʝ ʢʣʠʧʥʲʪʠ ʩʝ ʟʘʤʝʥʷʪ ʩ ʧʦʣʠʤʝʨʥʠ ʢʣʠʧʥʲʪʠ. 

ɺʒɺɽɼɽʅʀɽ 

ʂʦʨʦʟʠʷʪʘ ʚʲʚ ʚʨʲʟʢʠʪʝ ʤʝʞʜʫ ʦʪʜʝʣʥʠʪʝ ʝʣʝʤʝʥʪʠ ʥʘ ʩʘʤʦʣʝʪʠʪʝ ʩʝ ʧʨʝʚʲʨʥʘ ʚ ʦʩʥʦʚʥʘ ʛʨʠʞʘ ʟʘ 

ʙʝʟʦʧʘʩʥʦʩʪʪʘ ʠʤ, ʦʩʦʙʝʥʦ ʩʣʝʜ ʠʥʮʠʜʝʥʪʘ ʩ ʘʚʠʦʢʦʤʧʘʥʠʷ ɸʣʦʭʘ ʝʲʨʣʘʡʥʩ. ʅʘ 28 ʘʧʨʠʣ 1988 ʛ. 

ʜʝʚʝʪʥʘʡʩʝʪʛʦʜʠʰʝʥ ʩʘʤʦʣʝʪ ɹʦʠʥʛ 737, ʝʢʩʧʣʦʘʪʠʨʘʥ ʦʪ ʘʚʠʦʢʦʤʧʘʥʠʷ ɸʣʦʭʘ ʝʲʨʣʘʡʥʩ, ʛʫʙʠ ʛʦʣʷʤʘ 

ʯʘʩʪ ʦʪ ʛʦʨʥʘʪʘ ʯʘʩʪ ʥʘ ʬʶʟʝʣʘʞʘ ʚ ʧʨʝʜʥʘʪʘ ʯʘʩʪ ʥʘ ʩʘʤʦʣʝʪʘ ʧʨʠ ʧʲʣʝʥ ʧʦʣʝʪ ʥʘ 24 000 ʬʫʪʘ (ʌʠʛ. 1). 

ʀʥʮʠʜʝʥʪʲʪ Ăɸʣʦʭʘò ʙʝʣʝʞʠ ʧʦʚʨʘʪʥʘ ʪʦʯʢʘ ʚ ʠʩʪʦʨʠʷʪʘ ʥʘ ʢʦʨʦʟʠʷʪʘ ʥʘ ʩʘʤʦʣʝʪʠʪʝ [1]. 

 

 

ʌʀɻʋʈɸ 1. ʉʥʠʤʢʘ ʥʘ ɹʦʠʥʛ 737, ʟʘʛʫʙʠʣ ʛʦʣʷʤʘ ʯʘʩʪ ʦʪ ʛʦʨʥʘʪʘ ʯʘʩʪ ʥʘ ʬʶʟʝʣʘʞʘ. 

 

ɿʘ ʜʘ ʩʝ ʛʘʨʘʥʪʠʨʘ ʙʝʟʦʧʘʩʥʦʩʪʪʘ ʥʘ ʩʘʤʦʣʝʪʠʪʝ, ʪʨʷʙʚʘ ʜʘ ʩʝ ʠʟʢʣʶʯʠ ʨʠʩʢʲʪ ʦʪ ʨʘʟʨʫʰʘʚʘʥʝ ʥʘ 

ʛʨʘʜʠʚʥʠʪʝ ʠʤ ʝʣʝʤʝʥʪʠ ʧʦ ʚʨʝʤʝ ʥʘ ʝʢʩʧʣʦʘʪʘʮʠʦʥʥʠʷ ʩʨʦʢ. 

ʅʘʩʪʦʷʱʠʷʪ ʧʦʜʭʦʜ ʟʘ ʩʧʨʘʚʷʥʝʪʦ ʩ ʢʦʨʦʟʠʷʪʘ ʝ ʥʘ ʦʧʨʝʜʝʣʝʥ ʧʝʨʠʦʜ ʦʪ ʚʨʝʤʝ ʜʘ ʩʝ ʧʨʘʚʠ ʧʨʦʚʝʨʢʘ 

ʟʘ ʢʦʨʦʟʠʷ ʠ ʘʢʦ ʙʲʜʝ ʦʪʢʨʠʪʘ ʢʦʨʦʟʠʨʘʣʘ ʩʪʨʫʢʪʫʨʘ, ʪʷ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʨʝʤʦʥʪʠʨʘʥʘ ʠʣʠ ʜʘ ʩʝ ʩʤʝʥʠ 

ʢʦʨʦʟʠʨʘʣʠʷʪ  ʢʦʤʧʦʥʝʥʪ. ʊʦʚʘ ʝ ʩʢʲʧʦ ʦʪ ʛʣʝʜʥʘ ʪʦʯʢʘ ʥʘ ʫʚʝʣʠʯʝʥʦʪʦ ʚʨʝʤʝ ʟʘ ʧʦʜʜʨʲʞʢʘ ʠ 

ʥʘʤʘʣʝʥʘʪʘ ʥʘʣʠʯʥʦʩʪ ʥʘ ʚʲʟʜʫʭʦʧʣʘʚʘʪʝʣʥʠ ʩʨʝʜʩʪʚʘ. 

ʅ. ɻʞʤʡʦʧʛ, ɻ. ʏʧʦʞʛ, ʃ. ʈʞʦʣʧʛ, ʆ. ʃʬʠʥʙʦʧʛ, ʀʟʩʣʝʜʚʘʥʝ ʥʘ ʚʲʟʤʦʞʥʦʩʪʪʘ ʟʘ ʫʜʲʣʞʘʚʘʥʝ ʥʘ ʩʨʦʢʘ ʥʘ ʧʨʦʚʝʨʢʘ ʟʘ ʢʦʨʦʟʠʷ ʥʘ ʘʣʫʤʠʥʠʝʚʠʪʝ ʛʨʝʜʠ 
ʧʦ ʚʭʦʜʥʠʪʝ ʟʦʥʠ ʥʘ ɽʲʨʙʲʩ ɸ320 
M. Velinov, V. Tsonev, K. Penkov, and N. Kuzmanov, Investigating the feasibility of extending the corrosion inspection period of the aluminium beams in the 
Airbus A320 entrance areas 
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ʆʙʱʠʪʝ ʛʦʜʠʰʥʠ ʨʘʟʭʦʜʠ ʩʚʲʨʟʘʥʠ ʩ ʢʦʨʦʟʠʷ ʥʘ ʘʚʠʘʮʠʦʥʥʘ ʪʝʭʥʠʢʘ ʚ ʉɸʑ ʩʝ ʦʮʝʥʷʚʘʪ ʥʘ 2,2 

ʤʠʣʠʘʨʜʘ ʜʦʣʘʨʘ, ʢʦʝʪʦ ʚʢʣʶʯʚʘ ʨʘʟʭʦʜʠʪʝ ʟʘ ʧʨʦʝʢʪʠʨʘʥʝ ʠ ʧʨʦʠʟʚʦʜʩʪʚʦ (0,2 ʤʠʣʠʘʨʜʘ ʜʦʣʘʨʘ), 

ʨʝʤʦʥʪ ʚʩʣʝʜʩʪʚʠʝ ʥʘ ʢʦʨʦʟʠʷʪʘ (1,7 ʤʠʣʠʘʨʜʘ ʜʦʣʘʨʘ) ʠ ʧʨʝʩʪʦʡ (0,3 ʤʠʣʠʘʨʜʘ ʜʦʣʘʨʘ) [1]. 

ɸʣʫʤʠʥʠʝʚʠʪʝ ʛʨʝʜʠ ʧʦ ʚʭʦʜʥʠʪʝ ʟʦʥʠ ʥʘ ɽʲʨʙʲʩ ɸ320, ʢʦʛʘʪʦ ʩʝ ʠʟʧʦʣʟʚʘʪ ʤʝʪʘʣʥʠ ʢʣʠʧʥʲʪʠ, ʩʝ 

ʧʨʦʚʝʨʷʚʘʪ ʟʘ ʢʦʨʦʟʠʷ ʥʘ ʚʩʝʢʠ 5 ʛ. [2]. ʊʝ ʥʘʡ-ʯʝʩʪʦ ʢʦʨʦʟʠʨʘʪ ʚ ʤʝʩʪʘʪʘ ʥʘ ʟʘʭʚʘʱʘʥʝ ʥʘ ʢʦʤʧʦʟʠʪʥʠʪʝ  

ʧʘʥʝʣʠ ʢʲʤ ʧʦʜʦʚʠʪʝ ʛʨʝʜʠ. ʀʤʝʥʥʦ ʚ ʩʛʣʦʙʢʠʪʝ ʥʘ ʤʝʪʘʣʥʠʪʝ ʢʣʠʧʥʲʪʠ ʧʨʠʢʨʝʧʝʥʠ ʢʲʤ ʘʣʫʤʠʥʠʝʚʠʪʝ 

ʛʨʝʜʠ, ʚʲʨʭʫ ʢʦʠʪʦ ʩʝ ʟʘʢʨʝʧʚʘʪ ʯʨʝʟ ʚʠʥʪʦʚʝ ʧʘʥʝʣʠʪʝ ʦʪ ʧʦʜʘ ʥʘ ʪʦʘʣʝʪʥʠʪʝ ʠ ʢʫʭʥʠʪʝ, ʩʝ ʢʦʥʮʝʥʪʨʠʨʘʪ 

ʢʦʨʦʟʠʦʥʥʠʪʝ ʷʜʨʘ. ʅʘ ʌʠʛ. 2 ʝ ʧʦʢʘʟʘʥʘ ʩʭʝʤʘ ʥʘ ʩʛʣʦʙʷʚʘʥʝ ʥʘ ʚʭʦʜʥʘ ʟʦʥʘ (ʤʦʢʨʘ ʟʦʥʘ) ʥʘ ɽʲʨʙʲʩ 

ɸ320 [3]. 

 

 

ʌʀɻʋʈɸ 2. ʉʭʝʤʘ ʥʘ ʩʛʣʦʙʷʚʘʥʝ ʥʘ ʚʭʦʜʥʘ ʟʦʥʘ (ʤʦʢʨʘ ʟʦʥʘ) ʥʘ ɽʲʨʙʲʩ ɸ320. 

 

ʀʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʧʦʣʠʤʝʨʠ ʢʘʪʦ ʠʥʭʠʙʠʪʦʨʠ ʥʘ ʢʦʨʦʟʠʷʪʘ ʥʘʧʦʩʣʝʜʲʢ ʧʨʠʚʣʝʯʝ ʟʥʘʯʠʪʝʣʥʦ 

ʚʥʠʤʘʥʠʝ. ʇʦʣʠʤʝʨʠʪʝ ʩʝ ʠʟʧʦʣʟʚʘʪ ʢʘʪʦ ʠʥʭʠʙʠʪʦʨʠ ʥʘ ʢʦʨʦʟʠʷʪʘ, ʪʲʡ ʢʘʪʦ ʯʨʝʟ ʩʚʦʠʪʝ ʬʫʥʢʮʠʦʥʘʣʥʠ 

ʛʨʫʧʠ, ʪʝ ʦʙʨʘʟʫʚʘʪ ʢʦʤʧʣʝʢʩʠ ʩ ʤʝʪʘʣʥʠ ʡʦʥʠ ʠ ʚʲʨʭʫ ʤʝʪʘʣʥʘʪʘ ʧʦʚʲʨʭʥʦʩʪ ʪʝʟʠ ʢʦʤʧʣʝʢʩʠ ʟʘʝʤʘʪ 

ʛʦʣʷʤʘ ʧʦʚʲʨʭʥʦʩʪ, ʢʘʪʦ ʧʦ ʪʦʟʠ ʥʘʯʠʥ ʧʦʢʨʠʚʘʪ ʧʦʚʲʨʭʥʦʩʪʪʘ ʠ ʧʨʝʜʧʘʟʚʘʪ ʤʝʪʘʣʘ ʦʪ ʢʦʨʦʟʠʚʥʠ ʘʛʝʥʪʠ, 

ʧʨʠʩʲʩʪʚʘʱʠ ʚ ʨʘʟʪʚʦʨʘ [4]. 

ʀʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʫʩʢʦʨʝʥʠ ʤʝʪʦʜʠ ʟʘ ʢʦʨʦʟʠʷ ʧʦʟʚʦʣʷʚʘ ʜʘ ʩʝ ʩʲʟʜʘʚʘʪ ʤʦʜʝʣʠ, ʩ ʢʦʠʪʦ ʜʘ ʩʝ 

ʧʨʦʛʥʦʟʠʨʘ ʧʦʚʝʜʝʥʠʝʪʦ ʥʘ ʠʟʩʣʝʜʚʘʥʠʷ ʝʣʝʤʝʥʪ ʚ ʝʩʪʝʩʪʚʝʥʘ ʨʘʙʦʪʥʘ ʩʨʝʜʘ, ʢʲʜʝʪʦ ʧʨʦʮʝʩʠʪʝ ʥʘ 

ʢʦʨʦʟʠʷ ʧʨʦʪʠʯʘʪ ʟʥʘʯʠʪʝʣʥʦ ʧʦ-ʙʘʚʥʦ. 

ʎʠʢʣʠʯʥʦʪʦ ʢʦʨʦʟʠʦʥʥʦ ʠʟʧʠʪʚʘʥʝ ʝ ʥʘʡ-ʜʦʙʨʠʷʪ ʫʩʢʦʨʝʥ ʤʝʪʦʜ ʟʘ ʧʨʝʜʠʟʚʠʢʚʘʥʝ ʥʘ ʢʦʨʦʟʠʷ, 

ʧʦʜʦʙʥʘ ʥʘ ʢʦʨʦʟʠʷʪʘ ʚ ʝʩʪʝʩʪʚʝʥʘ ʘʪʤʦʩʬʝʨʘ [5].  

ʆʧʨʦʩʪʝʥʘ ʘʣʪʝʨʥʘʪʠʚʘ ʟʘ ʨʝʘʣʠʟʠʨʘʥʝ ʥʘ ʮʠʢʣʠʯʥʦ ʢʦʨʦʟʠʦʥʥʦ ʠʟʧʠʪʚʘʥʝ ʝ ʧʝʨʠʦʜʠʯʥʦʪʦ ʧʦʪʘʧʷʥʝ 

ʚ ʩʦʣʝʥ ʨʘʟʪʚʦʨ ï ʩʪʘʥʜʘʨʪʝʥ ʤʝʪʦʜ, ʦʧʠʩʘʥ ʚ ɹɼʉ EN ISO 11130:2018 [6]. ʇʨʠ ʥʝʛʦ ʩʘ ʥʘʣʠʮʝ ʮʠʢʣʠ ʥʘ 

ʦʤʦʢʨʷʥʝ/ʠʟʩʲʭʚʘʥʝ, ʢʦʝʪʦ ʥʘʧʦʜʦʙʷʚʘ ʨʝʘʣʥʘʪʘ ʨʘʙʦʪʥʘ ʩʨʝʜʘ ʥʘ ʘʣʫʤʠʥʠʝʚʠʪʝ ʛʨʝʜʠ ʧʦ ʚʭʦʜʥʠʪʝ ʟʦʥʠ 

ʥʘ ɽʲʨʙʲʩ ɸ320. ʊʦʟʠ ʤʝʪʦʜ ʝ ʣʝʩʝʥ ʟʘ ʨʝʘʣʠʟʠʨʘʥʝ, ʧʦʨʘʜʠ ʢʦʝʪʦ ʝ ʧʨʝʜʧʦʯʝʪʝʥ ʠ ʟʘ ʧʨʝʜʩʪʦʷʱʦʪʦ 

ʠʟʩʣʝʜʚʘʥʝ. 

ʎʝʣ ʥʘ ʥʘʩʪʦʷʱʘʪʘ ʨʘʙʦʪʘ ʝ ʜʘ ʩʝ ʧʨʦʛʥʦʟʠʨʘ, ʩ ʢʦʣʢʦ ʱʝ ʩʝ ʫʚʝʣʠʯʠ 5 ʛʦʜʠʰʥʠʷ ʩʨʦʢ ʥʘ ʧʨʦʚʝʨʢʘ ʟʘ 

ʢʦʨʦʟʠʷ ʥʘ ʘʣʫʤʠʥʠʝʚʠʪʝ ʛʨʝʜʠ ʧʦ ʚʭʦʜʥʠʪʝ ʟʦʥʠ ʥʘ ɽʲʨʙʲʩ ɸ320, ʘʢʦ ʤʝʪʘʣʥʠʪʝ ʢʣʠʧʥʲʪʠ ʩʝ ʟʘʤʝʥʷʪ ʩ 

ʧʦʣʠʤʝʨʥʠ ʪʘʢʠʚʘ. 

ʉʊɽʅɼ ɿɸ ʀɿʇʀʊɺɸʅɽ ʉ ʇɽʈʀʆɼʀʏʅʆ ʇʆʊɸʇʗʅɽ ɺ ʉʆʃɽʅ ʈɸɿʊɺʆʈ 

ʅʘ ʌʠʛ. 3 ʩʘ ʧʦʢʘʟʘʥʠ ʩʥʠʤʢʠ ʥʘ ʩʪʝʥʜ ʟʘ ʠʟʧʠʪʚʘʥʝ ʩ ʧʝʨʠʦʜʠʯʥʦ ʧʦʪʘʧʷʥʝ ʚ ʩʦʣʝʥ ʨʘʟʪʚʦʨ, ʥʘʣʠʯʝʥ 

ʚ ʢʘʪʝʜʨʘ Ăʄʝʭʘʥʠʢʘò ʧʨʠ ʊʋ-ʉʦʬʠʷ. ʊʦʡ ʩʝ ʩʲʩʪʦʠ ʦʪ ʩʣʝʜʥʠʪʝ ʝʣʝʤʝʥʪʠ: ʢʘʤʝʨʘ; ʟʘʜʚʠʞʚʘʱ 

ʤʝʭʘʥʠʟʲʤ; ʩʪʦʡʢʘ ʟʘ ʧʨʦʙʥʠʪʝ ʪʝʣʘ; ʢʦʥʪʝʡʥʝʨ ʟʘ ʧʦʪʘʧʷʥʝ; ʢʦʣʠʯʢʘʪʘ ʟʘ ʧʦʩʪʘʚʷʥʝ ʥʘ ʢʦʥʪʝʡʥʝʨʘ; 

ʩʝʥʟʦʨʠ ʟʘ ʩʣʝʜʝʥʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʚʣʘʞʥʦʩʪ; ʫʧʨʘʚʣʝʥʠʝ. ʉʪʝʥʜʲʪ ʝ ʦʧʠʩʘʥ ʧʦʜʨʦʙʥʦ ʚ [7]. 
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(ʘ) (ʙ) (ʚ) 

ʌʀɻʋʈɸ 3. ʉʥʠʤʢʠ ʥʘ ʥʘʣʠʯʝʥ ʩʪʝʥʜ: (ʘ) ʨʘʙʦʪʥʘ ʢʘʤʝʨʘ; (ʙ) ʟʘʭʨʘʥʚʘʥʝ, ʫʧʨʘʚʣʝʥʠʝ ʠ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ;  

(ʚ) ʝʣʝʢʪʨʦʥʝʥ ʙʣʦʢ ʟʘ ʫʧʨʘʚʣʝʥʠʝ ʧʦ ʚʨʝʤʝ ʥʘ ʨʘʙʦʪʘ [8]. 

 

ʅʘ ʌʠʛ. 3(ʘ) ʩʝ ʚʠʞʜʘʪ ʢʘʤʝʨʘʪʘ, ʟʘʜʚʠʞʚʘʱʠʷʪ ʤʝʭʘʥʠʟʲʤ, ʩʪʦʡʢʘʪʘ ʟʘ ʧʨʦʙʥʠʪʝ ʪʝʣʘ, ʢʦʥʪʝʡʥʝʨʲʪ 

ʟʘ ʧʦʪʘʧʷʥʝ, ʢʦʣʠʯʢʘʪʘ ʟʘ ʧʦʩʪʘʚʷʥʝ ʥʘ ʢʦʥʪʝʡʥʝʨʘ ʠ ʩʝʥʟʦʨʠʪʝ ʟʘ ʩʣʝʜʝʥʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʚʣʘʞʥʦʩʪ. 

ɿʘʜʚʠʞʚʘʱʠʷʪ ʤʝʭʘʥʠʟʲʤ ʦʩʠʛʫʨʷʚʘ ʧʲʣʥʦ ʧʦʪʘʧʷʥʝ ʠʣʠ ʠʟʚʘʞʜʘʥʝ ʥʘ ʩʪʦʡʢʘʪʘ ʩ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʟʘ 40 s. 

ʅʘ ʌʠʛ. 3(ʙ) ʩʝ ʚʠʞʜʘʪ UPS ʠ ʝʣʝʢʪʨʦʥʥʠʷʪ ʙʣʦʢ ʥʘ ʩʪʝʥʜʘ, ʢʘʢʪʦ ʠ ʜʨʫʛʠ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ, ʢʦʠʪʦ ʩʝ 

ʠʟʧʦʣʟʚʘʪ ʟʘʝʜʥʦ ʩ ʥʝʛʦ ï ʜʝʩʪʠʣʘʪʦʨ ʟʘ ʚʦʜʘ, pH ʤʝʪʲʨ, ʫʨʝʜ ʟʘ ʠʟʤʝʨʚʘʥʝ ʥʘ ʝʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪ, 

ʧʨʝʮʠʟʥʘ ʚʝʟʥʘ ʩ ʪʦʯʥʦʩʪ  0,001g, ʰʫʙʣʝʨ ʠ ʤʠʢʨʦʤʝʪʲʨ ʩ ʦʙʭʚʘʪ 0-25 mm ʠ ʨʘʟʜʝʣʠʪʝʣʥʘ ʩʧʦʩʦʙʥʦʩʪ 

0,01 mm.  

ʅʘ ʌʠʛ. 3(ʚ) ʝ ʧʦʢʘʟʘʥ ʝʣʝʢʪʨʦʥʥʠʷʪ ʙʣʦʢ ʥʘ ʩʪʝʥʜʘ ʧʦ ʚʨʝʤʝ ʥʘ ʨʘʙʦʪʘ. ʅʘ ʜʠʩʧʣʝʠʪʝ ʚ ʨʝʘʣʥʦ ʚʨʝʤʝ 

ʩʝ ʠʟʚʝʞʜʘʪ ʧʦʢʘʟʘʥʠʷ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ (ʥʘ ʨʘʟʪʚʦʨʘ ʠ ʥʘ ʚʲʟʜʫʭʘ ʚ ʢʘʤʝʨʘʪʘ), ʚʣʘʞʥʦʩʪ ʥʘ ʚʲʟʜʫʭʘ ʚ 

ʢʘʤʝʨʘʪʘ, ʪʝʢʫʱʦ ʚʨʝʤʝ ʠ ʜʨ. 

ʂʆʈʆɿʀʆʅʅʆ ʀɿʇʀʊɺɸʅɽ ʉ ʇɽʈʀʆɼʀʏʅʆ ʇʆʊɸʇʗʅɽ 

ɺ ʉʆʃɽʅ ʈɸɿʊɺʆʈ 

1. ʀʟʨʘʙʦʪʚʘʪ ʩʝ 18 ʧʨʦʙʥʠ ʪʝʣʘ. ʆʪ ʛʨʝʜʘ ʦʪ ʚʭʦʜʥʘ ʟʦʥʘ ʥʘ ʩʘʤʦʣʝʪ  ɽʲʨʙʲʩ ɸ320, ʠʟʨʘʙʦʪʝʥʘ ʦʪ 

ʘʣʫʤʠʥʠʝʚʘ ʩʧʣʘʚ 7075-ʊ6, ʦʢʦʣʦ ʦʪʚʦʨʠʪʝ ʟʘ ʤʦʥʪʠʨʘʥʝ ʥʘ ʢʣʠʧʥʲʪʠ ʩʝ ʠʟʨʷʟʚʘʪ ʧʨʦʙʥʠ ʪʝʣʘ ʩ 

ʧʨʠʙʣʠʟʠʪʝʣʥʠ ʨʘʟʤʝʨʠ 25 mm /17 mm/ 4 mm. ʉʣʝʜʚʘ ʤʝʭʘʥʠʯʥʘ ʦʙʨʘʙʦʪʢʘ ʩ ʮʝʣ ʦʪʩʪʨʘʥʷʚʘʥʝ ʥʘ 

ʟʘʱʠʪʥʠʪʝ ʧʦʢʨʠʪʠʷ ʠ ʙʦʷ ʠ ʜʦʩʪʠʛʘʥʝ ʥʘ ʢʨʘʡʥʠ ʝʜʥʘʢʚʠ ʨʘʟʤʝʨʠ ʠ ʤʘʩʘ ʥʘ ʧʨʦʙʥʠʪʝ ʪʝʣʘ (ʨʘʟʤʝʨʠ 22,8 

mm/ 15 mm/ 3,8 mm ʠ ʤʘʩʘ 3,240 g). 

ʅʘ ʌʠʛ. 4 ʝ ʧʦʢʘʟʘʥʘ ʩʥʠʤʢʘ ʥʘ ʠʟʨʘʙʦʪʝʥʦ ʠ ʧʨʠʪʝʛʣʝʥʦ ʧʨʦʙʥʦ ʪʷʣʦ. 

 

 

ʌʀɻʋʈɸ 4. ʉʥʠʤʢʘ ʥʘ ʠʟʨʘʙʦʪʝʥʦ ʠ ʧʨʝʪʝʛʣʝʥʦ ʧʨʦʙʥʦ ʪʷʣʦ. 

 

2. ʇʨʝʜʠ ʠʟʧʠʪʚʘʥʝʪʦ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʩʝ ʧʦʜʣʘʛʘʪ ʥʘ ʩʣʝʜʥʘʪʘ ʧʦʯʠʩʪʚʘʱʘ ʧʨʦʮʝʜʫʨʘ: ʠʟʤʠʚʘʥʝ ʧʦʜ 

ʪʝʯʘʱʘ ʚʦʜʘ; ʧʦʪʘʧʷʥʝ ʚ ʘʟʦʪʥʘ ʢʠʩʝʣʠʥʘ (ɟ = 1,42 g/ml) ʟʘ 1 min [9]; ʠʟʤʠʚʘʥʝ ʩ ʜʝʩʪʠʣʠʨʘʥʘ ʚʦʜʘ; 

ʠʟʩʫʰʘʚʘʥʝ ʩ ʝʪʘʥʦʣ ʟʘ ʧʨʝʤʘʭʚʘʥʝ ʥʘ ʦʩʪʘʪʲʯʥʘʪʘ ʚʦʜʘ. 
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ʉʣʝʜ ʧʦʯʠʩʪʚʘʥʝʪʦ, ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʩʝ ʧʨʝʪʝʛʣʷʪ ʩ ʧʨʝʮʠʟʥʘʪʘ ʚʝʟʥʘ ʠ ʩʝ ʦʪʯʠʪʘ ʪʷʭʥʘʪʘ ʥʘʯʘʣʥʘ ʤʘʩʘ, 

ʦʟʥʘʯʝʥʘ ʢʘʪʦ m1 (m1 = 3,240 g). 

3. ɺʲʨʭʫ 9 ʧʨʦʙʥʠ ʪʝʣʘ ʩʝ ʤʦʥʪʠʨʘʪ ʤʝʪʘʣʥʠ ʢʣʠʧʥʲʪʠ, ʘ ʚʲʨʭʫ ʦʩʪʘʥʘʣʠʪʝ ʩʝ ʤʦʥʪʠʨʘʪ ʧʦʣʠʤʝʨʥʠ 

ʢʣʠʧʥʲʪʠ. ʄʝʪʘʣʥʠʪʝ ʢʣʠʧʥʲʪʠ ʩʘ ʠʟʨʘʙʦʪʝʥʠ ʦʪ ʩʪʦʤʘʥʘ AMS 5525, ʘ ʧʦʣʠʤʝʨʥʠʪʝ ʢʣʠʧʥʲʪʠ ʩʘ 

ʠʟʨʘʙʦʪʝʥʠ ʦʪ ʧʦʣʠʘʤʠʜ-ʠʤʠʜ.  

ʂʣʠʧʥʲʪʠʪʝ ʩʝ ʤʦʥʪʠʨʘʪ ʚʲʨʭʫ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʩ ʧʦʤʦʱʪʘ ʥʘ ʚʠʥʪ ʠ ʛʘʡʢʘ, ʠʟʨʘʙʦʪʝʥʠ ʦʪ ʩʪʦʤʘʥʘ 

AMS 5525. ɺʩʝʢʠ ʚʠʥʪ ʩʝ ʥʘʚʠʚʘ ʩ ʝʜʥʘʢʲʚ ʚʲʨʪʷʱ ʤʦʤʝʥʪ ʦʪ 3,5 Nm ʯʨʝʟ ʢʘʣʠʙʨʠʨʘʥʘ ʜʠʥʘʤʦʤʝʪʨʠʯʥʘ 

ʦʪʚʝʨʪʢʘ [10].  

ʅʘ ʌʠʛ. 5 ʝ ʧʦʢʘʟʘʥʘ ʩʥʠʤʢʘ ʥʘ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʩ ʤʦʥʪʠʨʘʥʠ ʚʲʨʭʫ ʪʷʭ ʢʣʠʧʥʲʪʠ. 

 

 

ʌʀɻʋʈɸ 5. ʉʥʠʤʢʘ ʥʘ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʩ ʤʦʥʪʠʨʘʥʠ ʚʲʨʭʫ ʪʷʭ ʢʣʠʧʥʲʪʠ. 

 

4. ʇʨʠʛʦʪʚʷ ʩʝ ʢʦʨʦʟʠʦʥʥʠʷʪ ʨʘʟʪʚʦʨ ï ʨʘʟʪʚʘʨʷ ʩʝ ʥʘʪʨʠʝʚ ʭʣʦʨʠʜ ʚ ʜʝʩʪʠʣʠʨʘʥʘ ʚʦʜʘ ʩ ʧʨʦʚʦʜʠʤʦʩʪ  

ʥʝ ʧʦ-ʚʠʩʦʢʘ ʦʪ 2 mS/m ʧʨʠ 25 Üʉ Ñ 2 Üʉ, ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʷ 35 Ñ 1 g/l [6].  

ʄʘʢʩʠʤʘʣʥʦʪʦ ʜʦʧʫʩʪʠʤʦ ʩʲʜʲʨʞʘʥʠʝ ʥʘ ʧʨʠʤʝʩʠ ʚ ʨʘʟʪʚʦʨʘ ʥʘ ʥʘʪʨʠʝʚ ʭʣʦʨʠʜ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ, 

ʢʘʢʪʦ ʩʣʝʜʚʘ: ʤʝʜ ï 0,001 %; ʥʠʢʝʣ ï 0,001 %; ʥʘʪʨʠʝʚ ʡʦʜʠʜ ï 0,1 %; ʦʙʱʦ ï 0,5 %. 

ʀʟʤʝʨʚʘ ʩʝ pH ʥʘ ʩʦʣʝʥʠʷ ʨʘʟʪʚʦʨ. ɸʢʦ ʦʧʨʝʜʝʣʝʥʘʪʘ ʩʪʦʡʥʦʩʪ ʟʘ pH ʝ ʠʟʚʲʥ ʠʥʪʝʨʚʘʣʘ 6 ï 7, ʩʝ 

ʧʨʘʚʠ ʢʦʨʝʢʮʠʷ ʯʨʝʟ ʧʨʠʙʘʚʷʥʝ ʢʲʤ ʩʦʣʝʥʠʷ ʨʘʟʪʚʦʨ ʥʘ ʨʘʟʨʝʜʝʥʘ ʩʦʣʥʘ ʢʠʩʝʣʠʥʘ. 

5. ʇʨʦʙʥʠʪʝ ʪʝʣʘ ʩ ʢʣʠʧʥʲʪʠ ʩʝ ʤʦʥʪʠʨʘʪ ʚ ʩʪʦʡʢʘʪʘ ʟʘ ʧʨʦʙʥʠ ʪʝʣʘ. 

6. ʉʪʦʡʢʘʪʘ ʩ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʩʝ ʧʦʩʪʘʚʷ ʚ ʢʦʥʪʝʡʥʝʨʘ, ʢʦʡʪʦ ʝ ʧʦʩʪʘʚʝʥ ʚʲʨʭʫ ʢʦʣʠʯʢʘʪʘ. 

7. ʂʦʥʪʝʡʥʝʨʲʪ ʩʝ ʥʘʧʲʣʚʘ ʩ ʢʦʨʦʟʠʦʥʝʥ ʨʘʟʪʚʦʨ, ʪʘʢʘ ʯʝ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʜʘ ʩʘ ʧʦʢʨʠʪʠ ʩ ʤʠʥʠʤʫʤ 10 

mm ʨʘʟʪʚʦʨ [6].  

ʆʙʝʤʲʪ ʥʘ ʨʘʟʪʚʦʨʘ ʟʘ ʠʟʧʠʪʚʘʥʝ ʥʝ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʧʦ-ʤʘʣʲʢ ʦʪ 3 l/dm2 ʦʪ ʧʦʚʲʨʭʥʦʩʪʪʘ ʥʘ 

ʠʟʧʠʪʚʘʥʠʪʝ ʧʨʦʙʥʠ ʪʝʣʘ. 

ʆʪʙʝʣʷʟʚʘ ʩʝ ʥʠʚʦʪʦ ʥʘ ʨʘʟʪʚʦʨʘ. ʇʨʠ ʥʘʤʘʣʷʚʘʥʝ ʩʝ ʜʦʣʠʚʘ ʜʝʩʪʠʣʠʨʘʥʘ ʚʦʜʘ, ʢʘʪʦ ʧʦ ʪʦʟʠ ʥʘʯʠʥ ʩʝ 

ʢʦʤʧʝʥʩʠʨʘʪ ʟʘʛʫʙʠʪʝ ʦʪ ʠʟʧʘʨʝʥʠʝ. 

ʈʘʟʪʚʦʨʲʪ ʩʝ ʩʤʝʥʷ ʥʘ ʚʩʝʢʠ 168 h ʠʣʠ ʢʦʛʘʪʦ pH ʩʝ ʧʨʦʤʝʥʠ ʩ ʧʦʚʝʯʝ ʦʪ 0,3 ʦʪ ʧʲʨʚʦʥʘʯʘʣʥʦʪʦ pH, 

ʘʢʦ ʪʦʚʘ ʩʪʘʥʝ ʧʦ-ʨʘʥʦ. 

ɿʘ ʜʦʣʠʚʘʥʝ ʥʘ ʜʝʩʪʠʣʠʨʘʥʘ ʚʦʜʘ, ʢʦʥʪʨʦʣ ʥʘ pH ʠ ʩʤʷʥʘ ʥʘ ʨʘʟʪʚʦʨʘ ʩʝ ʩʚʘʣʷ ʧʨʝʜʥʘʪʘ ʩʪʨʘʥʠʮʘ ʥʘ 

ʩʪʝʥʜʘ. 

8. ʇʦʟʠʮʠʦʥʠʨʘ ʩʝ ʢʦʥʪʝʡʥʝʨʲʪ ʩ ʧʨʦʙʥʠ ʪʝʣʘ ʚ ʩʪʝʥʜʘ. 

9. ʆʩʪʘ ʥʘ ʩʪʦʡʢʘʪʘ ʟʘ ʧʨʦʙʥʠ ʪʝʣʘ ʩʝ ʩʚʲʨʟʚʘ ʢʲʤ ʧʦʜʚʠʞʥʘʪʘ ʪʨʘʚʝʨʩʘ ʥʘ ʟʘʜʚʠʞʚʘʱʠʷ ʤʦʜʫʣ. 

10. ɿʘʜʘʚʘʪ ʩʝ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʠʟʧʠʪʚʘʥʝ: ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʲʟʜʫʭʘ ʚ ʢʘʤʝʨʘʪʘ 27 Üʉ; ʦʪʥʦʩʠʪʝʣʥʘ 

ʚʣʘʞʥʦʩʪ ʥʘ ʚʲʟʜʫʭʘ ʚ ʢʘʤʝʨʘʪʘ 45 %; ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʨʘʟʪʚʦʨʘ 25 Üʉ [6]. 

11. ʉʪʘʨʪʠʨʘ ʩʝ ʢʦʨʦʟʠʦʥʥʦʪʦ ʠʟʧʠʪʚʘʥʝ. ʇʦ ʚʨʝʤʝ ʥʘ ʠʟʧʠʪʚʘʥʝʪʦ ʚ ʧʦʤʝʱʝʥʠʝʪʦ, ʢʲʜʝʪʦ ʩʝ ʥʘʤʠʨʘ 

ʩʪʝʥʜʘ ʩʝ ʧʦʜʲʨʞʘ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʲʟʜʫʭʘ 27 Üʉ ʠ ʦʪʥʦʩʠʪʝʣʥʘ ʚʣʘʞʥʦʩʪ ʥʘ ʚʲʟʜʫʭʘ 45 %. ʇʦʤʝʱʝʥʠʝʪʦ 

ʧʝʨʠʦʜʠʯʥʦ ʩʝ ʧʨʦʚʝʪʨʷʚʘ. 

ʅʘ ʌʠʛ. 6 ʝ ʧʦʢʘʟʘʥʘ ʩʥʠʤʢʘ, ʥʘʧʨʘʚʝʥʘ ʧʦ ʚʨʝʤʝ ʥʘ ʢʦʨʦʟʠʦʥʥʦʪʦ ʠʟʧʠʪʚʘʥʝ. 
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ʌʀɻʋʈɸ 6. ʉʥʠʤʢʘ, ʥʘʧʨʘʚʝʥʘ ʧʦ ʚʨʝʤʝ ʥʘ ʢʦʨʦʟʠʦʥʥʦʪʦ ʠʟʧʠʪʚʘʥʝ. 

 

12. ʇʨʦʙʥʠʪʝ ʪʝʣʘ ʩ ʜʚʘʪʘ ʚʠʜʘ ʢʣʠʧʥʲʪʠ ʩʝ ʚʘʜʷʪ ʥʘ ʛʨʫʧʠ ʦʪ ʧʦ 3 ʙʨʦʷ ʧʨʝʟ 14 ʜʝʥʘ (3 

ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪʠ ʥʘ ʢʦʨʦʟʠʦʥʥʦʪʦ ʠʟʧʠʪʚʘʥʝ ï 14, 28 ʠ 42 ʜʝʥʘ). 

13. ʉʣʝʜ ʚʩʷʢʦ ʚʘʜʝʥʝ ʩʝ ʜʝʤʦʥʪʠʨʘʪ ʢʣʠʧʥʲʪʠʪʝ ʠ ʧʨʦʙʥʠʪʝ ʪʝʣʘ ʩʝ ʧʦʜʣʘʛʘʪ ʥʘ ʩʣʝʜʥʘʪʘ 

ʧʦʯʠʩʪʚʘʱʘ ʧʨʦʮʝʜʫʨʘ: ʧʦʯʠʩʪʚʘʥʝ ʩ ʤʝʢʘ ʯʝʪʢʘ ʧʦʜ ʪʝʯʘʱʘ ʚʦʜʘ; ʧʦʪʘʧʷʥʝ ʚ ʘʟʦʪʥʘ ʢʠʩʝʣʠʥʘ (ɟ = 1,42 

g/ml) ʟʘ 4 min [9]; ʠʟʤʠʚʘʥʝ ʩ ʜʝʩʪʠʣʠʨʘʥʘ ʚʦʜʘ; ʠʟʩʫʰʘʚʘʥʝ ʩ ʝʪʘʥʦʣ ʟʘ ʧʨʝʤʘʭʚʘʥʝ ʥʘ ʦʩʪʘʪʲʯʥʘʪʘ ʚʦʜʘ.  

ʉʣʝʜ ʧʦʯʠʩʪʚʘʥʝʪʦ ʧʨʦʙʥʠ ʪʝʣʘ ʩʝ ʧʨʝʪʝʛʣʷʪ ʦʪʥʦʚʦ ʠ ʩʝ ʦʪʯʠʪʘ ʢʨʘʡʥʘʪʘ ʠʤ ʤʘʩʘ m2. 

ʅʘ ʌʠʛ. 7 ʩʘ ʧʦʢʘʟʘʥʠ ʩʥʠʤʢʠ ʥʘ ʧʦʯʠʩʪʝʥʠ ʠ ʧʨʝʪʝʛʣʝʥʠ ʧʨʦʙʥʠ ʪʝʣʘ ʩʣʝʜ 42 ʜʥʠ ʢʦʨʦʟʠʦʥʥʦ 

ʠʟʧʠʪʚʘʥʝ. 

 

  

(ʘ) (ʙ) 

ʌʀɻʋʈɸ 7. ʉʥʠʤʢʠ ʥʘ ʧʦʯʠʩʪʝʥʠ ʠ ʧʨʝʪʝʛʣʝʥʠ ʧʨʦʙʥʠ ʪʝʣʘ ʩʣʝʜ 42 ʜʥʠ ʢʦʨʦʟʠʦʥʥʦ ʠʟʧʠʪʚʘʥʝ: 

(ʘ) ʧʦʣʠʤʝʨʝʥ ʢʣʠʧʥʲʪ; (ʙ) ʤʝʪʘʣʝʥ ʢʣʠʧʥʲʪ. 

 

14. ʆʧʨʝʜʝʣʷ ʩʝ ʟʘʛʫʙʘʪʘ ʥʘ ʤʘʩʘ. 

ɿʘ ʚʩʷʢʦ ʧʨʦʙʥʦ ʪʷʣʦ ʩʝ ʧʨʝʩʤʷʪʘ ʟʘʛʫʙʘʪʘ ʥʘ ʤʘʩʘ (æmi): 

 

 .g,21 mmmi -=D  (1) 

 

ʇʨʝʩʤʷʪʘ ʩʝ ʩʨʝʜʥʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ ʟʘʛʫʙʘ ʥʘ ʤʘʩʘ ʟʘ ʚʩʷʢʘ ʛʨʫʧʘ ʦʪ ʧʦ 3 ʧʨʦʙʥʠ ʪʝʣʘ (æm): 
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 g.,
3

1
3

1

ä
=

=

i

imm DD  (2) 

 

ɺ ʊʘʙʣʠʮʘ 1 ʩʘ ʜʘʜʝʥʠ ʧʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ. 

 
ʊɸɹʃʀʎɸ 1. ɿʘʛʫʙʘ ʥʘ ʤʘʩʘ. 

ɺʨʝʤʝ t, 

ʜʥʠ 

ɹʨʦʡ  

ʮʠʢʣʠ n 

ʄʝʪʘʣʥʠ ʢʣʠʧʥʲʪʠ ʇʦʣʠʤʝʨʥʠ ʢʣʠʧʥʲʪʠ 

ȹm1, g ȹm2, g ȹm3, g ȹm, g ȹm1, g ȹm2, g ȹm3, g ȹm, g 

14 336 0,011 0,013 0,011 0,0117 0,009 0,008 0,008 0,0083 

28 672 0,027 0,028 0,027 0,0273 0,021 0,019 0,020 0,0200 

42 1008 0,040 0,040 0,039 0,0397 0,029 0,027 0,028 0,0280 

 

ʇʈʆɻʅʆɿʀʈɸʅɽ, ʉ ʂʆʃʂʆ ʑɽ ʉɽ ʋɺɽʃʀʏʀ 5 ɻʆɼʀʐʅʀʗT ʉʈʆʂ ʅɸ 

ʇʈʆɺɽʈʂɸ ɿɸ ʂʆʈʆɿʀʗ ʅɸ ɸʃʋʄʀʅʀɽɺʀʊɽ ɻʈɽɼʀ ʇʆ ɺʍʆɼʅʀʊɽ ɿʆʅʀ 

ʅɸ ɽʒʈɹʒʉ ɸ320, ɸʂʆ ʄɽʊɸʃʅʀʊɽ ʂʃʀʇʅʒʊʀ ʉɽ ɿɸʄɽʅʗʊ ʉ 

ʇʆʃʀʄɽʈʅʀ ʂʃʀʇʅʒʊʀ 

ʇʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʚ ʊʘʙʣʠʮʘ 1 ʩʝ ʠʟʦʙʨʘʟʷʚʘʪ ʚʲʚ ʚʠʜ ʥʘ ʪʦʯʢʠ ʚ ʢʦʦʨʜʠʥʘʪʥʘ ʩʠʩʪʝʤʘ n, ȹm. 

ʇʦʩʪʨʦʷʚʘʪ ʩʝ ʧʨʘʚʠ ʩ ʠʟʚʝʩʪʥʠ ʫʨʘʚʥʝʥʠʷ ʦʪ ʝʜʠʥ ʠ ʩʲʱʠ ʚʠʜ, ʢʦʠʪʦ ʥʘʡ-ʜʦʙʨʝ ʘʧʨʦʢʩʠʤʠʨʘʪ 

ʧʦʣʫʯʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ (ʌʠʛ. 8). 

 

 

ʌʀɻʋʈɸ 8. ɿʘʚʠʩʠʤʦʩʪʠ ȹm(n). 

 

ʇʨʝʜʣʘʛʘʪ ʩʝ ʩʣʝʜʥʠʪʝ ʟʘʚʠʩʠʤʦʩʪʠ ʟʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʟʘʛʫʙʘʪʘ ʥʘ ʤʘʩʘ: 

 

 
ʢʣʠʧʥʲʪʠ. ʧʦʣʠʤʝʨʥʠ g,.10.3

ʢʣʠʧʥʲʪʠ; ʤʝʪʘʣʥʠ g,.10.4

5

5

-=

-=

-

-

nm

nm

D

D
 (3) 

 

ʇʨʠʝʤʘ ʩʝ, ʯʝ ʙʨʦʷʪ ʧʦʣʝʪʥʠ ʮʠʢʣʠ ʟʘ 5 ʛʦʜʠʥʠ ʝ ʨʘʚʝʥ ʥʘ ʙʨʦʷ ʮʠʢʣʠ ʥʘ ʦʤʦʢʨʷʥʝ/ʠʟʩʲʭʚʘʥʝ ʧʨʠ 

ʫʩʢʦʨʝʥʦʪʦ ʢʦʨʦʟʠʦʥʥʦ ʠʟʧʠʪʚʘʥʝ ʩ ʧʝʨʠʦʜʠʯʥʦ ʧʦʪʘʧʷʥʝ ʚ ʩʦʣʝʥ ʨʘʟʪʚʦʨ. 

ɺ ʊʘʙʣʠʮʘ 2 ʝ ʜʘʜʝʥ ʩʨʝʜʥʠʷʪ ʙʨʦʡ ʧʦʣʝʪʥʠ ʮʠʢʣʠ ʥʘ ʛʦʜʠʥʘ ʥʘ ʥʘʡ-ʥʘʪʦʚʘʨʝʥʠʪʝ ʩʘʤʦʣʝʪʠ ʚ ʩʚʝʪʘ 

[11]. ʅʘʡ-ʥʘʪʦʚʘʨʝʥ ʝ ʩʘʤʦʣʝʪ N312US ʥʘ ʘʚʠʦʢʦʤʧʘʥʠʷ ɼʝʣʪʘ ʝʲʨʣʘʡʥʩ ʩ 6595 ʩʨʝʜʝʥ ʙʨʦʡ ʧʦʣʝʪʥʠ 

ʮʠʢʲʣʘ ʟʘ 5 ʛʦʜʠʥʠ.  

y = 4E-05x

y = 3E-05x
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ʊɸɹʃʀʎɸ 2. ɹʨʦʡ ʧʦʣʝʪʠ ʥʘ ʥʘʡ-ʥʘʪʦʚʘʨʝʥʠʪʝ ʩʘʤʦʣʝʪʠ ʚ ʩʚʝʪʘ. 

ɸʚʠʦʢʦʤʧʘʥʠʷ 
ʈʝʛʠʩʪʨʘʮʠʷ ʥʘ 

ʩʘʤʦʣʝʪʘ 

ʉʨʝʜʝʥ ʙʨʦʡ 

ʧʦʣʝʪʥʠ ʮʠʢʣʠ 

ʥʘ ʛʦʜʠʥʘ 

ʉʨʝʜʝʥ ʙʨʦʡ 

ʧʦʣʝʪʥʠ ʮʠʢʣʠ 

ʟʘ 5 ʛʦʜʠʥʠ 

ɽʲʨ ʂʘʥʘʜʘ 
C-FKPT 1160 5800 

C-FNVV 1150 5750 

ɼʝʣʪʘ ʝʲʨʣʘʡʥʩ 
N309US 1311 6555 

N312US 1319 6595 

ʖʥʘʡʪʝʜ ʝʲʨʣʘʡʥʩ 
N405UA 1198 5990 

N413UA 1202 6010 

 

ʆʪ ʟʘʚʠʩʠʤʦʩʪʠ (3) ʟʘ ʙʨʦʡ ʮʠʢʣʠ n = 6595 ʩʝ ʧʨʝʩʤʷʪʘ: 

 

ʢʣʠʧʥʲʪʠ. ʧʦʣʠʤʝʨʥʠ g1979,06595.10.3

ʢʣʠʧʥʲʪʠ; ʤʝʪʘʣʥʠ g2638,06595.10.4

5

5

-==

-==

-

-

m

m

D

D
 

 

ɿʘʛʫʙʘʪʘ ʥʘ ʤʘʩʘ ʧʨʠ ʧʦʣʠʤʝʨʥʠʪʝ ʢʣʠʧʥʲʪʠ ʝ ʩ 25 % ʧʦ-ʥʠʩʢʘ ʩʧʨʷʤʦ ʟʘʛʫʙʘʪʘ ʥʘ ʤʘʩʘ ʧʨʠ 

ʤʝʪʘʣʥʠʪʝ ʢʣʠʧʥʲʪʠ. ʉʣʝʜʦʚʘʪʝʣʥʦ ʘʢʦ ʙʲʜʘʪ ʠʟʧʦʣʟʚʘʥʠ ʧʦʣʠʤʝʨʥʠ ʢʣʠʧʥʲʪʠ, ʪʦ ʩʨʦʢʲʪ ʥʘ ʧʨʦʚʝʨʢʘ ʟʘ 

ʢʦʨʦʟʠʷ ʥʘ ʘʣʫʤʠʥʠʝʚʠʪʝ ʛʨʝʜʠ ʧʦ ʚʭʦʜʥʠʪʝ ʟʦʥʠ ʥʘ ɽʲʨʙʲʟ ɸ320 ʤʦʞʝ ʜʘ ʙʲʜʝ ʫʜʲʣʞʝʥ ʩ 25 % (ʦʪ 5 ʥʘ 

6,25 ʛʦʜʠʥʠ). 

ɿɸʂʃʖʏɽʅʀɽ 

ʀʟʩʣʝʜʦʚʘʪʝʣʩʢʠʷʪ ʝʢʠʧ ʧʨʝʜʣʘʛʘ 5 ʛʦʜʠʰʥʠʷ ʩʨʦʢ ʥʘ ʧʨʦʚʝʨʢʘ ʟʘ ʢʦʨʦʟʠʷ ʥʘ ʘʣʫʤʠʥʠʝʚʠʪʝ ʛʨʝʜʠ ʧʦ 

ʚʭʦʜʥʠʪʝ ʟʦʥʠ ʥʘ ɽʲʨʙʲʩ ɸ320 ʜʘ ʙʲʜʝ ʫʜʲʣʞʝʥ ʩ 1 ʛʦʜʠʥʘ, ʘʢʦ ʤʝʪʘʣʥʠʪʝ ʢʣʠʧʥʲʪʠ ʩʝ ʟʘʤʝʥʷʪ ʩ 

ʧʦʣʠʤʝʨʥʠ ʢʣʠʧʥʲʪʠ. 

ɹʃɸɻʆɼɸʈʅʆʉʊʀ 

ɸʚʪʦʨʠʪʝ ʙʣʘʛʦʜʘʨʷʪ ʥʘ Ăʃʫʬʪʭʘʥʟʘ ʊʝʭʥʠʢ ʉʦʬʠʷò ʆʆɼ ʟʘ ʧʨʝʜʦʩʪʘʚʝʥʠʪʝ ʩʘʤʦʣʝʪʥʠ ʯʘʩʪʠ ʠ 

ʨʲʢʦʚʦʜʩʪʚʘ ʟʘ ʨʝʤʦʥʪ ʥʘ ʚʲʟʜʫʭʦʧʣʘʚʘʪʝʣʥʠ ʩʨʝʜʩʪʚʘ. 
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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 corrosion test ï 14, 28 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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ʈʝʟʶʤʝ. ɺ ʜʦʢʣʘʜʘ ʝ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʟʘ ʧʦʜʦʙʨʷʚʘʥʝ ʥʘ ʬʦʨʤʘʪʘ ʥʘ ʩʦʥʜʠʨʘʱʠʷ ʠʤʧʫʣʩ ʟʘ 

ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʨʘʜʘʨ ʯʨʝʟ ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʢʦʨʠʛʠʨʘʱ ʠʤʧʫʣʩ. ʉʣʝʜ ʘʥʘʣʠʟ ʥʘ ʝʥʝʨʛʠʡʥʘʪʘ ʝʬʝʢʪʠʚʥʦʩʪ 

ʧʨʠ ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʩʠʛʥʘʣʠ ʠ ʯʝʩʪʦʪʥʠʷ ʜʠʘʧʘʟʦʥ ʩʝ ʦʮʝʥʷʚʘʪ ʧʨʠʯʠʥʠʪʝ ʟʘ 

ʜʦʧʲʣʥʠʪʝʣʥʠʪʝ ʟʘʛʫʙʠ ʥʘ ʝʥʝʨʛʠʷ ʚ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʠ. ʆʮʝʥʝʥʘ ʝ ʧʨʠʯʠʥʘʪʘ ʟʘ ʟʘʛʫʙʘʪʘ ʥʘ 

ʝʥʝʨʛʠʷ ʠ ʝ ʥʘʧʨʘʚʝʥʦ ʧʨʝʜʣʦʞʝʥʠʝ ʟʘ ʥʝʡʥʦʪʦ ʦʪʩʪʨʘʥʷʚʘʥʝ ʯʨʝʟ ʧʦʜʦʙʨʷʚʘʥʝ ʬʦʨʤʘʪʘ ʥʘ ʠʤʧʫʣʩʘ. ʇʨʠ 

ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʢʦʨʝʢʮʠʷ ʥʘ ʩʦʥʜʠʨʘʱʠʪʝ ʠʤʧʫʣʩʠ, ʩʝ ʧʦʩʪʠʛʥʘʪ ʧʦ-ʚʠʩʦʢʠ ʩʪʦʡʥʦʩʪʠ ʥʘ ʩʧʝʢʪʨʘʣʥʠʷ ʂʇɼ. 

ɺʒɺɽɼɽʅʀɽ 

ʍʘʨʘʢʪʝʨʥʘ ʦʩʦʙʝʥʦʩʪ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʠ (UWB ʨʘʜʘʨ), ʢʦʷʪʦ ʩʠʣʥʦ ʛʠ ʦʪʣʠʯʘʚʘ ʦʪ 

ʪʨʘʜʠʮʠʦʥʥʠʪʝ ʪʝʩʥʦʣʝʥʪʦʚʠ ʨʘʜʘʨʥʠ ʩʠʩʪʝʤʠ ʝ, ʯʝ ʠʟʣʲʯʝʥʠʪʝ ʩʠʛʥʘʣʠ ʟʘʝʤʘʪ ʤʥʦʛʦ ʰʠʨʦʢ ʩʧʝʢʪʲʨ ʦʪ 

ʯʝʩʪʦʪʠ. ʊʘʟʠ ʦʩʦʙʝʥʦʩʪ ʜʘʚʘ ʚʲʟʤʦʞʥʦʩʪ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʤʥʦʛʦ ʤʘʣʢʠ ʤʦʱʥʦʩʪʠ, ʢʘʪʦ ʥʝʨʷʜʢʦ 

ʧʨʝʜʘʜʝʥʠʷʪ ʩʠʛʥʘʣ ʧʦ ʤʦʱʥʦʩʪ ʥʝ ʧʨʝʚʠʰʘʚʘ ʤʦʱʥʦʩʪʪʘ ʥʘ ʩʤʫʱʝʥʠʷʪʘ, ʩʲʟʜʘʚʘʥʠ ʦʪ ʜʦʨʠ ʤʘʣʦʤʦʱʥʠ 

ʝʣʝʢʪʨʠʯʝʩʢʠ ʫʩʪʨʦʡʩʪʚʘ. ɿʘ ʩʲʟʜʘʚʘʥʝʪʦ ʥʘ ʪʘʢʲʚ ʪʠʧ ʩʦʥʜʠʨʘʱ ʩʠʛʥʘʣ ʩʝ ʠʟʧʦʣʟʚʘʪ ʠʤʧʫʣʩʥʠ 

ʛʝʥʝʨʘʪʦʨʠ ʥʘ ʩʚʨʲʭ ʢʨʘʪʢʠ ʠʤʧʫʣʩʠ ï ʧʦ-ʪʝʩʥʠ ʦʪ 1 ns. ʏʝʩʪʦʪʥʠʷ ʩʧʝʢʪʲʨ ʥʘ ʪʘʢʲʚ ʠʤʧʫʣʩ ʧʨʠʣʠʯʘ ʧʦ-

ʯʝʩʪʦ ʥʘ Ăʙʷʣñ ʰʫʤ, ʢʦʝʪʦ ʦʙʘʯʝ ʚʦʜʠ ʜʦ ʠʟʠʩʢʚʘʥʝʪʦ ʩʲʦʪʚʝʪʥʠʪʝ ʧʨʠʝʤʥʠʮʠ ʥʘ ʪʘʢʠʚʘ ʩʲʦʪʚʝʪʥʦ 

ʦʪʨʘʟʝʥʠ ʩʠʛʥʘʣʠ ʜʘ ʧʨʠʪʝʞʘʚʘʪ ʠʟʢʣʶʯʠʪʝʣʥʦ ʰʠʨʦʢʘ ʣʝʥʪʘ ʥʘ ʧʨʦʧʫʩʢʘʥʝ. ʉʧʝʢʪʲʨʲʪ ʥʘ ʩʦʥʜʠʨʘʱʠʷ 

ʩʠʛʥʘʣ ʪʨʷʙʚʘ ʜʘ ʠʤʘ ʰʠʨʠʥʘ, ʥʘʡ ʤʘʣʢʦ 25 % ʦʪ ʦʩʥʦʚʥʘʪʘ (ʨʝʟʦʥʘʥʩʥʘ ʯʝʩʪʦʪʘ). ʅʘʧʨʠʤʝʨ, ʧʨʠ 

ʢʦʥʚʝʥʮʠʦʥʘʣʝʥ ʨʘʜʘʨ ʩ ʨʝʟʦʥʘʥʩʥʘ ʯʝʩʪʦʪʘ 2 GHz, ʰʠʨʠʥʘʪʘ ʥʘ ʣʝʥʪʘʪʘ ʥʘ ʧʨʦʧʫʩʢʘʥʝ ʪʨʷʙʚʘ ʜʘ ʝ 500 

MHz, ʜʦʢʘʪʦ ʧʨʠ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʨʘʜʘʨ ʩ ʦʩʥʦʚʥʘ ʯʝʩʪʦʪʘ ï fʨ, ʤʠʥʠʤʘʣʥʘʪʘ ʰʠʨʠʥʘ ʥʘ ʣʝʥʪʘʪʘ ʥʘ 

ʧʨʦʧʫʩʢʘʥʝ ʪʨʷʙʚʘ ʜʘ ʝ B Ó 1GHz. ʊʘʢʠʚʘ ʨʘʟʤʝʨʠ ʥʘ ʰʠʨʠʥʘʪʘ ʥʘ ʣʝʥʪʘʪʘ ʥʘ ʧʨʦʧʫʩʢʘʥʝ ʠʟʠʩʢʚʘʪ 

ʩʧʝʮʠʘʣʥʘ ʩʭʝʤʦʪʝʭʥʠʢʘ ʧʨʠ ʧʨʦʝʢʪʠʨʘʥʝʪʦ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨ ï ʢʘʪʦ ʩʝ ʟʘʧʦʯʥʝ ʦʪ 

ʘʥʪʝʥʠʪʝ ï ʧʨʠ ʪʷʭ ʩʝ ʠʟʧʦʣʟʚʘʪ ʨʫʧʦʨʥʠ ʘʥʪʝʥʠ, ʠ ʧʨʠʝʤʥʠʪʝ ʫʩʪʨʦʡʩʪʚʘ. ʇʨʠ ʪʷʭ ʧʨʠʝʤʥʠʢʲʪ ʥʷʤʘ 

ʦʩʥʦʚʥʘ ʨʝʟʦʥʘʥʩʥʘ ʯʝʩʪʦʪʘ, ʟʘʱʦʪʦ ʚʩʝʢʠ ʨʝʟʦʥʘʥʩ ʝ ʪʝʩʥʦʣʝʥʪʦʚ. 

ʂʘʪʦ ʧʨʠʤʝʨ ʤʦʞʝ ʜʘ ʩʝ ʧʦʩʦʯʠ ʩʭʝʤʘʪʘ ʥʘ ʠʤʧʫʣʩʝʥ ʰʫʤʦʚ ʨʘʜʘʨ. 

 

f 
ʌʀɻʋʈɸ 1. ʉʦʥʜʠʨʘʱ ʠʤʧʫʣʩ ʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʝʥ (ʪʝʩʥʦʣʝʥʪʦʚ) ʨʘʜʘʨ ï ʚ ʩʠʥ ʮʚʷʪ ʠ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ 

(ʰʫʤʦʚ) ʨʘʜʘʨ ï ʚ ʟʝʣʝʥ ʮʚʷʪ. 

ʅ. ɿʞʤʸʠʧʛ, ʊ. ʌʠʬʦʧʛʙ, ʄʝʪʦʜ ʟʘ ʧʦʜʦʙʨʷʚʘʥʝ ʥʘ ʬʦʨʤʘʪʘ ʥʘ ʩʦʥʜʠʨʘʱʠʷ ʠʤʧʫʣʩ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʨʘʜʘʨ 
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ɸʣʛʦʨʠʪʤʠʪʝ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʩʠʛʥʘʣʠ ʚ ʨʘʜʘʨ ʩ ʢʚʘʟʠʥʝʧʨʝʢʲʩʥʘʪ ʟʚʫʢʦʚ ʩʠʛʥʘʣ, ʧʨʝʜʥʘʟʥʘʯʝʥ ʟʘ 

ʦʪʢʨʠʚʘʥʝ ʥʘ ʦʙʝʢʪʠ, ʩʢʨʠʪʠ ʟʘʜ ʦʧʪʠʯʝʩʢʠ ʥʝʧʨʦʟʨʘʯʥʠ ʧʨʝʧʷʪʩʪʚʠʷ, ʢʘʪʦ ʧʨʘʚʠʣʦ ʩʝ ʦʩʥʦʚʘʚʘʪ ʥʘ 

ʧʨʠʥʮʠʧʘ ʥʘ ʦʧʪʠʤʘʣʥʘ ʢʦʨʝʣʘʮʠʦʥʥʘ ʦʙʨʘʙʦʪʢʘ, ʠʣʠ ʩʲʚʧʘʜʘʱʦ ʬʠʣʪʨʠʨʘʥʝ [1]. 

ʉʦʥʜʠʨʘʱʠʪʝ ʩʠʛʥʘʣʠ ʟʘ ʪʘʢʠʚʘ ʨʘʜʘʨʠ ʩʝ ʠʟʙʠʨʘʪ ʚʲʟ ʦʩʥʦʚʘ ʥʘ ʠʟʠʩʢʚʘʥʝʪʦ ʟʘ ʦʩʠʛʫʨʷʚʘʥʝ ʥʘ 

ʥʝʦʙʭʦʜʠʤʘʪʘ ʨʘʟʜʝʣʠʪʝʣʥʘ ʩʧʦʩʦʙʥʦʩʪ ʠ ʰʫʤʦʫʩʪʦʡʯʠʚʦʩʪ. ɺ ʪʦʟʠ ʩʣʫʯʘʡ ʦʙʚʠʚʘʱʘʪʘ ʥʘ ʬʫʥʢʮʠʷʪʘ ʥʘ 

ʥʝʦʧʨʝʜʝʣʝʥʦʩʪ ʥʘ ʩʠʛʥʘʣʘ ʠʤʘ ʬʦʨʤʘʪʘ ʥʘ ʦʩʪʲʨ ʨʝʟʦʥʘʥʩ ʚ ʩʲʦʪʚʝʪʥʘʪʘ ʨʘʚʥʠʥʘ ʩ ʤʠʥʠʤʘʣʥʠ 

ʩʪʨʘʥʠʯʥʠ ʧʠʢʦʚʝ. 

ɿʘ ʧʦʩʪʠʛʘʥʝ ʥʘ ʪʘʢʲʚ ʝʬʝʢʪ ʩʝ ʠʟʧʦʣʟʚʘʪ ʨʘʟʣʠʯʥʠ ʩʣʦʞʥʠ ʚʠʜʦʚʝ ʤʦʜʫʣʘʮʠʷ [3]. ʅʘʡ-ʯʝʩʪʦ 

ʩʨʝʱʘʥʠʪʝ ʦʪ ʪʷʭ ʩʘ: ʯʝʩʪʦʪʥʦ ʤʦʜʫʣʠʨʘʥʠ ʩʠʛʥʘʣʠ; ʤʥʦʛʦʯʝʩʪʦʪʥʠ ʩʠʛʥʘʣʠ; ʢʣʶʯʦʚʠ ʩʠʛʥʘʣʠ ʩ ʬʘʟʦʚʦ 

ʠʟʤʝʩʪʚʘʥʝ; ʩʠʛʥʘʣʠ ʩ ʢʦʜʦʚʘ ʬʘʟʦʚʘ ʤʦʜʫʣʘʮʠʷ; ʜʠʩʢʨʝʪʥʠ ʯʝʩʪʦʪʥʠ ʩʠʛʥʘʣʠ, ʠʣʠ ʩʠʛʥʘʣʠ ʩ ʢʦʜʦʚʘ 

ʯʝʩʪʦʪʥʘ ʤʦʜʫʣʘʮʠʷ; ʢʦʤʧʦʟʠʪʥʠ ʩʠʛʥʘʣʠ ʩ ʢʦʜʦʚʘ ʯʝʩʪʦʪʥʘ ʤʦʜʫʣʘʮʠʷ ʠ ʧʦʨʝʜʠʮʘ ʦʪ ʩʠʛʥʘʣʠ, ʢʦʠʪʦ ʩʘ 

ʢʦʤʙʠʥʘʮʠʷ ʦʪ ʥʷʢʦʣʢʦ ʚʠʜʘ ʤʦʜʫʣʘʮʠʷ. ʂʦʣʢʦʪʦ ʧʦ-ʪʝʩʝʥ ʝ ʦʩʥʦʚʥʠʷʪ ʧʠʢ ʥʘ ʬʫʥʢʮʠʷʪʘ ʥʘ 

ʥʝʦʧʨʝʜʝʣʝʥʦʩʪ ʥʘ ʦʪʨʘʟʝʥʠʷ ʩʠʛʥʘʣ, ʠ ʢʦʣʢʦʪʦ ʝ ʧʦ-ʥʠʩʢʦ ʥʠʚʦʪʦ ʥʘ ʩʪʨʘʥʠʯʥʠʪʝ ʤʫ ʧʠʢʦʚʝ, ʪʦʣʢʦʚʘ 

ʧʦ-ʚʠʩʦʢʘ ʝ ʨʘʟʜʝʣʠʪʝʣʥʘʪʘ ʩʧʦʩʦʙʥʦʩʪ ʠ ʰʫʤʦʫʩʪʦʡʯʠʚʦʩʪʪʘ ʥʘ ʧʨʠʝʤʥʠʢʘ. ʊʝʨʤʠʥʲʪ 

Ăh ʫʤʦʫʩʪʦʡʯʠʚʦʩʪñ ʦʟʥʘʯʘʚʘ ʩʧʦʩʦʙʥʦʩʪ ʥʘ ʨʘʜʘʨʘ ʜʘ ʨʘʙʦʪʠ ʚ ʫʩʣʦʚʠʷ ʥʘ ʩʤʫʱʝʥʠʷ, ʧʨʠʯʠʥʝʥʠ ʦʪ 

ʦʪʨʘʞʝʥʠʷ ʦʪ ʦʙʝʢʪʠ, ʢʦʠʪʦ ʥʝ ʩʘ ʮʝʣʠ, ʠ ʩʝ ʥʘʤʠʨʘʪ ʠʟʚʲʥ ʘʥʘʣʠʟʠʨʘʥʘʪʘ ʝʣʝʤʝʥʪʘʨʥʘ ʦʙʣʘʩʪ, 

ʦʛʨʘʥʠʯʝʥʘ ʧʦ ʯʝʩʪʦʪʘ ʠ ʚʨʝʤʝ. ʊʘʢʲʚ ʪʠʧ ʩʠʛʥʘʣʠ ʩʘ ʠʟʚʝʩʪʥʠ ʧʦʜ ʠʤʝʪʦ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠ (UWB) 

ʩʠʛʥʘʣʠ. 

ʀɿʃʆɾɽʅʀɽ 

ʉʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʩʠʛʥʘʣʠ ʩʘ ʩʠʛʥʘʣʠ ʩ ʦʪʥʦʩʠʪʝʣʝʥ ʜʠʘʧʘʟʦʥ ʥʘ ʯʝʩʪʦʪʠʪʝ ȹF = (fmax ï fmin)/(fmax 

+ fmin), ʙʣʠʟʲʢ ʜʦ ʝʜʠʥʠʮʘ [4]. ʈʘʜʠʦʩʠʩʪʝʤʠʪʝ, ʢʦʠʪʦ ʠʟʧʦʣʟʚʘʪ ʪʘʢʠʚʘ ʩʠʛʥʘʣʠ, ʩʲʱʝʩʪʚʝʥʦ ʩʝ 

ʨʘʟʣʠʯʘʚʘʪ ʦʪ ʪʨʘʜʠʮʠʦʥʥʠʪʝ ʪʝʩʥʦʣʝʥʪʦʚʠ ʩʠʩʪʝʤʠ (ʩ ȹF å 0,01 ʠʣʠ ʧʦ-ʤʘʣʢʦ) [3]. 

ɺ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʘʪʘ ʨʘʜʠʦʣʦʢʘʮʠʷ, ʩʦʥʜʠʨʘʱʠʪʝ ʠʤʧʫʣʩʠ, ʢʦʠʪʦ ʠʤʘʪ ʩʚʨʲʭʰʠʨʦʢ ʜʠʘʧʘʟʦʥ, ʩʘ 

ʜʚʘ ʚʠʜʘ ï ʩ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪ (1...5)10-9 s ʚʠʜʝʦʠʤʧʫʣʩʠ [4], ʠʣʠ ʢʲʩʠ ʦʪʨʷʟʲʮʠ ʦʪ ʩʠʥʫʩʦʠʜʘ, ʩʲʩʪʦʷʱʠ 

ʩʝ ʦʪ ʝʜʠʥ, ʠʣʠ ʜʚʘ ʧʝʨʠʦʜʘ ʥʘ ʧʦʚʪʦʨʝʥʠʝ [1]. ɺ ʩʪʘʪʠʷʪʘ, ʢʘʪʦ ʧʨʠʤʝʨ ʝ ʨʘʟʛʣʝʜʘʥ ʨʘʜʘʨ ʩʲʩ ʩʚʨʲʭʢʲʩʠ 

ʚʠʜʝʦʠʤʧʫʣʩʠ ï ʢʦʡʪʦ ʠʤʘ ʩʣʝʜʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʠʟʣʲʯʝʥʠʷ ʩʠʛʥʘʣ: f ʨ = 24 GHz, ὓ ʠ = 30 ns, P ʠ = 4 

mW, ʠ ʰʠʨʠʥʘ ʥʘ ʯʝʩʪʦʪʥʘʪʘ ʣʝʥʪʘ ï B = 8 GHz. ʀʟʣʲʯʚʘʥʝʪʦ ʥʘ ʪʘʢʲʚ ʪʠʧ ʨʘʜʘʨ ʥʝ ʝ ʚʲʟʤʦʞʥʦ ʜʘ ʙʲʜʝ 

ʜʝʪʝʢʪʠʨʘʥʦ (ʦʪʢʨʠʪʦ) ʦʪ ʚʲʥʰʝʥ ʜʝʪʝʢʪʦʨ (ʧʨʠʝʤʥʠʢ ï ʦʪʢʨʠʚʘʪʝʣ, ʧʦʥʝʞʝ ʩʦʥʜʠʨʘʱʠʪʝ ʠʤʧʫʣʩʠ 

ʥʘʧʦʜʦʙʷʚʘʪ ʚʲʪʨʝʰʥʠʷ ʰʫʤ ʥʘ ʧʨʠʝʤʥʠʢʘ ï ʌʠʛ. 1. 

ɽʜʥʘ ʦʪ ʦʩʦʙʝʥʦʩʪʠʪʝ ʥʘ ʪʘʢʲʚ ʨʘʜʘʨ ʩʘ ʜʦʧʲʣʥʠʪʝʣʥʠʪʝ ʟʘʛʫʙʠ ʥʘ ʝʥʝʨʛʠʷ ʥʘ ʠʟʣʲʯʝʥʠʷ ʠʤʧʫʣʩ. 

ɸʤʧʣʠʪʫʜʥʦ-ʯʝʩʪʦʪʥʘʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʘʥʪʝʥʠʪʝ, ʨʘʙʦʪʝʱʠ ʚ ʪʦʟʠ ʜʠʘʧʘʟʦʥ ʧʨʝʤʠʥʘʚʘ ʧʨʝʟ ʥʫʣʘ. ɺ 

ʪʘʢʲʚ ʩʣʫʯʘʡ ʘʥʪʝʥʘʪʘ ʠʛʨʘʝ ʨʦʣʷʪʘ ʥʘ ʬʠʣʪʲʨ ʥʘ ʚʠʩʦʢʠʪʝ ʯʝʩʪʦʪʠ ʟʘ ʦʪʨʘʟʝʥʠʷ ʩʠʛʥʘʣ. ʆʪ ʜʨʫʛʘ ʩʪʨʘʥʘ, 

ʯʝʩʪʦʪʥʠʷ ʩʧʝʢʪʲʨ ʥʘ ʚʠʜʝʦʠʤʧʫʣʩʘ ʠʤʘ ʤʘʢʩʠʤʫʤ ʧʨʠ ʥʫʣʝʚʘ ʯʝʩʪʦʪʘ. ʆʩʥʦʚʥʘʪʘ ʝʥʝʨʛʠʷ ʥʘ ʠʤʧʫʣʩʘ ʝ 

ʤʝʞʜʫ ʯʝʩʪʦʪʠʪʝ f=0 ʠ ʥʷʢʘʢʚʘ ʯʝʩʪʦʪʘ fmax, ʥʘʤʠʨʘʱʘ ʩʝ ʦʙʠʢʥʦʚʝʥʦ ʚ ʦʙʣʘʩʪʪʘ ʥʘ ʧʲʨʚʘʪʘ ʥʫʣʘ ʚ 

ʩʧʝʢʪʲʨʘ. ɿʘʪʦʚʘ ʯʝʩʪʦʪʥʘʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʘʥʪʝʥʘʪʘ ʠ ʩʧʝʢʪʲʨʘ ʥʘ ʩʠʛʥʘʣʘ  ʩʝ ʦʢʘʟʚʘʪ 

ʥʝʩʲʛʣʘʩʫʚʘʥʠ. ʉʣʝʜʦʚʘʪʝʣʥʦ, ʝʥʝʨʛʠʷʪʘ ʥʘ ʠʤʧʫʣʩʘ ʥʝ ʩʝ ʠʟʧʦʣʟʚʘ ʦʧʪʠʤʘʣʥʦ. 

ʂʘʪʦ ʧʨʠʤʝʨ ʱʝ ʩʝ ʨʘʟʛʣʝʜʘ ɸʏʍ ʥʘ ʩʠʤʝʪʨʠʯʝʥ ʚʠʙʨʘʪʦʨ ï ʌʠʛ. 2 P(l / ɚ) ʠ ʱʝ ʩʝ ʩʲʧʦʩʪʘʚʠ ʩʲʩ 

ʩʧʝʢʪʲʨʘ ʥʘ ʫʣʪʨʘʢʲʩʠʷ ʠʟʣʲʯʝʥ ʚʠʜʝʦʠʤʧʫʣʩ S(l / ɚ), ʩ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪ † ςὰȾὧ, ʢʲʜʝʪʦ l ʝ ʜʲʣʞʠʥʘ 

ʥʘ ʚʠʙʨʘʪʦʨʘ; c ï ʩʢʦʨʦʩʪʪʘ ʥʘ ʩʚʝʪʣʠʥʘʪʘ. 

 

 

ʌʀɻʋʈɸ 2. ʏʝʩʪʦʪʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʩʠʤʝʪʨʠʯʝʥ Ăʚʠʙʨʘʪʦʨñ ʠ ʩʧʝʢʪʲʨʘ ʥʘ ʫʣʪʨʘʢʲʩ ʩʦʥʜʠʨʘʱ ʠʤʧʫʣʩ. 

 

ʈʝʘʣʠʟʠʨʘʥʠʪʝ ʟʘʛʫʙʠ ʥʘ ʝʥʝʨʛʠʷ, ʧʨʝʜʠʟʚʠʢʘʥʠ ʦʪ ʨʘʟʩʲʛʣʘʩʫʚʘʥʝʪʦ ʪʨʷʙʚʘ ʜʘ ʩʝ ʦʪʯʠʪʘʪ, ʢʦʛʘʪʦ ʩʝ 

ʦʮʝʥʷʚʘʪ ʝʥʝʨʛʠʡʥʠʪʝ ʧʦʢʘʟʘʪʝʣʠ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʘʪʘ ʈʃʉ. ɿʘ ʦʮʝʥʢʘ ʥʘ ʝʥʝʨʛʠʡʥʠʪʝ ʧʦʢʘʟʘʪʝʣʠ 

ʩʝ ʠʟʧʦʣʟʚʘ ʪʝʨʤʠʥʘ Ăʩʧʝʢʪʨʘʣʝʥ ʂʇɼ ï – ñ, ʢʦʡʪʦ ʧʨʝʜʩʪʘʚʣʷʚʘ ʦʩʥʦʚʝʥ ʧʦʢʘʟʘʪʝʣ ʟʘ ʂʇɼ ʥʘ 
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ʧʨʝʜʘʚʘʪʝʣʥʦʪʦ ʫʩʪʨʦʡʩʪʚʦ. ʊʦʟʠ ʂʇɼ ʦʧʨʝʜʝʣʷ ʦʪʥʦʩʠʪʝʣʥʘʪʘ ʯʘʩʪ ʦʪ ʝʥʝʨʛʠʷʪʘ ʥʘ ʩʦʥʜʠʨʘʱʠʷ 

ʠʤʧʫʣʩ, ʢʦʷʪʦ ʧʦʧʘʜʘ ʚ ʨʘʙʦʪʥʠʷ ʜʠʘʧʘʟʦʥ ʥʘ ʯʝʩʪʦʪʠʪʝ ʥʘ ʘʥʪʝʥʘʪʘ: 

 – ὡ Ⱦὡ , (1) 

ʢʲʜʝʪʦ ὡ  ʝ ʧʲʣʥʘ ʝʥʝʨʛʠʷ ʥʘ ʠʤʧʫʣʩʘ; ὡ  ï ʝʥʝʨʛʠʷ ʥʘ ʩʲʩʪʘʚʣʷʚʘʱʠʪʝ ʥʘ ʩʧʝʢʪʲʨʘ, ʢʦʷʪʦ ʧʦʧʘʜʘ ʚ 

ʨʘʙʦʪʥʠʷ ʜʠʘʧʘʟʦʥ ʥʘ ʯʝʩʪʦʪʠʪʝ ʥʘ ʘʥʪʝʥʘʪʘ. 

ʇʨʠ ʨʘʙʦʪʘ ʩ ʝʜʥʦʧʦʣʷʨʥʠ ʠʤʧʫʣʩʠ, ʩʧʝʢʪʨʘʣʥʠʪʝ ʟʘʛʫʙʠ ʤʦʛʘʪ ʜʘ ʙʲʜʘʪ ʤʥʦʛʦ ʛʦʣʝʤʠ, ʟʘʱʦʪʦ ʥʘʡ-

ʠʥʪʝʥʟʠʚʥʘʪʘ ʥʠʩʢʦʯʝʩʪʦʪʥʘ ʯʘʩʪ ʥʘ ʩʧʝʢʪʲʨʘ ʩʝ ʦʢʘʟʚʘ ʥʝʠʟʧʦʣʟʚʘʝʤʘ. ɿʘ ʧʦʚʠʰʘʚʘʥʝ ʥʘ –  ʝ 

ʧʨʝʜʣʦʞʝʥʦ ʜʘ ʩʝ ʢʦʨʠʛʠʨʘ ʬʦʨʤʘʪʘ ʥʘ ʩʧʝʢʪʲʨʘ ʥʘ ʩʦʥʜʠʨʘʱʠʷ ʠʤʧʫʣʩ ʯʨʝʟ ʚʲʚʝʞʜʘʥʝ ʥʘ 

ʜʦʧʲʣʥʠʪʝʣʝʥ ï ʢʦʨʠʛʠʨʘʱ ʠʤʧʫʣʩ. ʅʘʧʨʠʤʝʨ, ʦʪ ʩʧʝʢʪʲʨʘ Ὓ Ὢ ʥʘ ʦʩʥʦʚʥʠʷ ʝʜʥʦʧʦʣʷʨʝʥ ʩʦʥʜʠʨʘʱ 

ʠʤʧʫʣʩ ό ὸ, ʤʦʞʝ ʜʘ ʩʝ ʠʟʚʘʜʠ ʧʦ-ʪʝʩʥʦʣʝʥʪʦʚʠʷ ʩʧʝʢʪʲʨ Ὓ Ὢ ʥʘ ʢʦʨʠʛʠʨʘʱʠʷ ʠʤʧʫʣʩ ό ὸ ʩ 

ʧʦʜʭʦʜʷʱʘ ʬʦʨʤʘ ʠ ʘʤʧʣʠʪʫʜʘ, ʪʘʢʘ ʯʝ ʚ ʩʫʤʘʨʥʠʷ ʩʧʝʢʪʲʨ 

 Ὓ Ὢ Ὓ Ὢ Ὓ Ὢ (2) 

ʥʠʩʢʦʯʝʩʪʦʪʥʠʪʝ ʩʲʩʪʘʚʣʷʚʘʱʠ ʟʘ Ὢ Ὢ  ʜʘ ʩʘ ʟʥʘʯʠʪʝʣʥʦ ʧʦ-ʤʘʣʢʦ, ʦʪʢʦʣʢʦʪʦ ʚ ʦʩʥʦʚʥʠʷ ʩʧʝʢʪʲʨ 

Ὓ Ὢ, ʘ ʟʘ Ὢ Ὢ  ʠʟʤʝʥʝʥʠʷʪʘ ʜʘ ʩʘ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʢʠ. ʊʦʚʘ ʱʝ ʧʨʝʜʩʪʘʚʣʷʚʘ ʢʦʨʠʛʠʨʘʥʠʷ, ʥʦ ʚʝʯʝ 

ʙʠʧʦʣʷʨʝʥ ʩʦʥʜʠʨʘʱ ʠʤʧʫʣʩ 

 ό ὸ ό ὸ ό ὸ. (3) 

ʄʘʢʩʠʤʫʤʘ ʥʘ ʩʧʝʢʪʨʘʣʥʠʷ ʂʇɼ ʱʝ ʟʘʚʠʩʠ ʦʪ ʠʟʙʨʘʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʦʩʥʦʚʥʠʷ ʠʤʧʫʣʩ, ʠ ʦʪ 

ʧʦʜʙʦʨʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʢʦʨʠʛʠʨʘʱʠʷ ʠʤʧʫʣʩ.  

ʉʣʝʜ ʘʥʘʣʠʟʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠʪʝ ʦʪ ʌʠʛ. 2 ʤʦʞʝ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʠʟʚʦʜʘ, ʯʝ: 

ɿʘ ʚʩʷʢʘ ʬʦʨʤʘ ʥʘ ʦʙʚʠʚʘʱʘʪʘ ʥʘ ʦʩʥʦʚʥʠʷ ʠʤʧʫʣʩ ◊ ◄, ʠ ʧʨʠ ʠʟʚʝʩʪʝʥ ʜʠʘʧʘʟʦʥ ʦʪ ʨʘʙʦʪʥʠ 
ʯʝʩʪʦʪʠ ï █□░▪ ʜʦ █□╪●, ʠʤʘ ʦʧʪʠʤʘʣʥʘ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪ ʥʘ ʢʦʨʠʛʠʨʘʱʠʷ ʠʤʧʫʣʩ ï Ⱳ▫▬◄, ʧʨʠ 

ʢʦʷʪʦ ʩʧʝʢʪʨʘʣʥʠʷ ʂʇɼ ʱʝ ʠʤʘ ʥʘʡ-ʛʦʣʷʤʘ ʩʪʦʡʥʦʩʪ. 

ɺ ʘʥʘʣʠʟʠʨʘʥʘʪʘ ʧʫʙʣʠʢʘʮʠʷ ʤʝʪʦʜʘ ʟʘ ʧʦʣʫʯʘʚʘʥʝ ʥʘ ʤʘʢʩʠʤʘʣʝʥ ʩʧʝʢʪʨʘʣʝʥ ʂʇɼ ʝ ʧʨʠʣʦʞʝʥ ʟʘ 

ʥʷʢʦʠ ʯʝʩʪʦ ʠʟʧʦʣʟʚʘʥʠ ʧʨʦʩʪʠ ʬʦʨʤʠ ʥʘ ʦʩʥʦʚʥʠʷ ʠ ʢʦʨʠʛʠʨʘʱʠʷ ʠʤʧʫʣʩʠ, ʩ ʧʨʠʣʦʞʝʥʠʝ ʚ ʉʐʃ ʈʃʉ. 

ʄʝʪʦʜʘ ʝ ʧʦ-ʧʦʜʨʦʙʥʦ ʩʠʥʪʝʟʠʨʘʥ ʚ [5], ʢʘʪʦ ʪʘʤ ʩʘ ʥʘʧʨʘʚʝʥʠ ʠ ʩʣʝʜʥʠʪʝ ʜʦʧʫʩʢʘʥʠʷ: 

¶ ʥʝ ʩʝ ʧʨʠʚʝʞʜʘʪ ʘʥʘʣʠʪʠʯʥʠʪʝ ʠʟʨʘʟʠ ʧʦʟʥʘʪʠʪʝ ʬʦʨʤʠ ʥʘ ʚʠʜʝʦʠʤʧʫʣʩʠʪʝ ʠ ʪʝʭʥʠʪʝ ʩʧʝʢʪʨʠ [2]; 

¶ ʚʩʠʯʢʠ ʯʠʩʣʝʥʠ ʩʪʦʡʥʦʩʪʠ ʩʘ ʧʦʣʫʯʝʥʠ ʧʦ ʤʝʪʦʜʘ ʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʪʦ ʤʦʜʝʣʠʨʘʥʝ. 

ʇʨʠ ʦʧʨʝʜʝʣʷʥʝʪʦ ʥʘ ʩʧʝʢʪʨʘʣʥʠʷ ʂʇɼ ʥʘ ʝʜʥʦʧʦʣʷʨʥʠ ʠʤʧʫʣʩʠ ʱʝ ʩʝ ʠʟʧʦʣʟʚʘʪ ʨʝʟʫʣʪʘʪʠʪʝ ʦʪ [5]. 

ɺ ʪʘʟʠ ʧʫʙʣʠʢʘʮʠʷ ʩʝ ʠʟʧʦʣʟʚʘʪ ʩʘʤʦ ʢʨʘʡʥʠʪʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʠʟʨʘʟʠ. ɸʢʦ Ὓ Ὢ ʝ ʤʦʜʫʣ ʥʘ 

ʩʧʝʢʪʨʘʣʥʘʪʘ ʧʣʲʪʥʦʩʪ ʥʘ ʠʤʧʫʣʩʘ ό ὸ, ʪʦ, ʧʨʝʜʚʠʜ ʚʨʲʟʢʘʪʘ ʥʘ ʝʥʝʨʛʠʷʪʘ ʥʘ ʩʠʛʥʘʣʘ ʩ ʤʦʜʫʣʘ ʥʘ 

ʥʝʛʦʚʘʪʘ ʩʧʝʢʪʨʘʣʥʘ ʧʣʲʪʥʦʩʪ ʤʦʞʝ ʜʘ ʩʝ ʟʘʧʠʰʝ: 

 () () ()
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max min

dffSdffSdffS

f f

f ppph . (4) 

ʇʦʨʘʜʠ ʪʦʚʘ, ʯʝ ʰʠʨʠʥʘʪʘ ʥʘ ʩʧʝʢʪʲʨʘ ʥʘ ʠʤʧʫʣʩʘ ʩʝ ʦʧʨʝʜʝʣʷ ʦʪ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪʪʘ †, ʪʦ ʚ 
ʧʦʩʣʝʜʥʠʷ ʠʟʨʘʟ ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʤʠʥʝ ʢʲʤ ʝʜʠʥʥʘ ʦʙʱʘ ʙʝʟʢʨʘʡʥʘ ʚʝʣʠʯʠʥʘ — Ὢ†, ʯʨʝʟ ʢʦʷʪʦ ʤʦʛʘʪ ʜʘ 

ʩʝ ʧʨʝʜʩʪʘʚʷʪ ʯʝʩʪʦʪʥʠʪʝ ʟʘʚʠʩʠʤʦʩʪʠ ʟʘ Ὓ, –  ʠ ʜʨʫʛʠ ʧʘʨʘʤʝʪʨʠ ʚ ʦʙʦʙʱʝʥ ʚʠʜ. ʉʣʝʜ ʧʨʝʦʙʨʘʟʫʚʘʥʝ 

ʥʘ ʢʨʘʡʥʘʪʘ ʬʦʨʤʫʣʘ ʟʘ – ʩʝ ʧʦʣʫʯʘʚʘ: 
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max max

qqqqqqh

q q

dSdSfdSf , (5) 

ʢʲʜʝʪʦ — Ὢ †. 

ʇʨʠ ʠʟʯʠʩʣʷʚʘʥʝʪʦ ʥʘ ʤʘʢʩʠʤʘʣʥʘʪʘ ʩʪʦʡʥʦʩʪ ï –Ў , ʩʝ ʧʨʠʝʤʘ, ʯʝ ʜʠʘʧʘʟʦʥʘ ʦʪ ʯʝʩʪʦʪʠ ЎὪ ʝ 

ʟʘʜʘʜʝʥ. ɽʢʩʪʨʝʤʫʤʘ –Ў  ʩʝ ʥʘʤʠʨʘ ʯʨʝʟ ʦʙʦʙʱʝʥʘ ʧʨʦʤʝʥʣʠʚʘ: 

 ( ) ( ) ( ) 0//1// max

2

1max

2

1maxmax =D³D=D fSfSdd f qqqqh . (6) 

ɺ ʢʦʥʢʨʝʪʥʠʷ ʩʣʫʯʘʡ — π, Ὓ — π, ʪʦʛʘʚʘ ʧʦʩʣʝʜʥʠʷ ʠʟʨʘʟ ʧʨʠʜʦʙʠʚʘ ʚʠʜʘ: 

 ( ) ( )fSfS D³D= //1 max1max1 qq . (7) 
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ʈʝʰʝʥʠʷ ʥʘ ʪʦʚʘ ʫʨʘʚʥʝʥʠʝ ʩʘ ʩʪʦʡʥʦʩʪʠ ʥʘ — , ʧʨʠ ʢʦʠʪʦ –Ўʠʤʘ ʝʢʩʪʨʝʤʘʣʥʠ ʩʪʦʡʥʦʩʪʠ. 

ɺ ʩʲʱʘʪʘ ʧʫʙʣʠʢʘʮʠʷ ʩʘ ʧʦʢʘʟʘʥʠ ʟʘʚʠʩʠʤʦʩʪʠʪʝ ʥʘ –Ў  ʩʧʨʷʤʦ ЎὪ Ὢ ȾὪ , ʧʨʝʩʤʝʪʥʘʪʠ ʧʦ 

ʩʲʱʠʷ ʥʘʯʠʥ, ʟʘ ʪʨʠ ʧʨʦʩʪʠ ʝʜʥʦʧʦʣʷʨʥʠ ʠʤʧʫʣʩʘ: ʧʨʘʚʦʲʛʲʣʝʥ, ʢʦʥʫʩʦʦʙʨʘʟʝʥ, ʪʨʠʲʛʲʣʝʥ ʠ 

ʟʘʚʠʩʠʤʦʩʪʠʪʝ ʥʘ —  ʩʧʨʷʤʦ ЎὪ. 

ʅʘʧʨʘʚʝʥ ʝ ʠʟʚʦʜʘ, ʯʝ ʟʘ ʚʩʠʯʢʠ ʨʘʟʛʣʝʜʘʥʠ ʠʤʧʫʣʩʠ ʧʨʠ ЎὪ σ ʥʘʡ-ʛʦʣʷʤʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ ʂʇɼ 
–Ў υπϷ, ʘ ʦʧʪʠʤʘʣʥʦʪʦ ʟʥʘʯʝʥʠʝ — ρ, ʪ.ʝ. ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪʪʘ ʥʘ ʠʤʧʫʣʩʠʪʝ ʧʨʠ ʟʘʜʘʜʝʥʘ 

Ὢ  ʟʘ ʧʦ-ʝʬʝʢʪʠʚʥʦʪʦ ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʝʥʝʨʛʠʷʪʘ ʥʘ ʩʦʥʜʠʨʘʱʠʷ ʠʤʧʫʣʩ, ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʧʦ-ʤʘʣʢʘ ʦʪ 

ρȾὪ . 

ɺʩʣʝʜʩʪʚʠʝ ʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʪʦ ʤʦʜʝʣʠʨʘʥʝ, ʠʟʚʝʜʝʥʠʪʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʟʚʦʣʷʚʘʪ ʜʘ ʩʝ ʦʮʝʥʠ 

ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʥʘ ʤʝʪʦʜʘ ʟʘ ʢʦʨʝʢʮʠʷ ʥʘ ʬʦʨʤʘʪʘ ʥʘ ʠʤʧʫʣʩʘ ʩ ʮʝʣ ʫʚʝʣʠʯʘʚʘʥʝ ʥʘ ʩʧʝʢʪʨʘʣʥʠʷ ʂʇɼ. 

ʅʘʣʘʛʘ ʩ ʧʦ-ʥʘʪʘʪʲʰʥʦʪʦ ʫʚʝʣʠʯʘʚʘʥʝ ʥʘ ЎὪ, ʢʦʨʝʢʮʠʷʪʘ ʥʘ ʬʦʨʤʘʪʘ ʥʘ ʠʤʧʫʣʩʘ ʩʪʘʚʘ ʚʩʝ ʧʦ-ʤʘʣʢʦ 

ʝʬʝʢʪʠʚʥʘ, ʥʘʤʘʣʷʚʘʡʢʠ ʩ 2 ʧʨʠ ЎὪ σ ʜʦ 1,2 ʧʨʠ ЎὪ ρπ. 
ɺ ʪʘʙʣʠʮʘʪʘ ʩʘ ʧʦʢʘʟʘʥʠ ʥʘʡ-ʚʠʩʦʢʠʪʝ ʩʪʦʡʥʦʩʪʠ ʥʘ –Ў  ʠ ʩʲʦʪʚʝʪʩʪʚʘʱʠʪʝ ʠʤ ʦʧʪʠʤʘʣʥʠ 

ʟʥʘʯʝʥʠʷ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʢʦʨʠʛʠʨʘʱʠʪʝ ʠʤʧʫʣʩʠ ‌ , ‍ , —  ʧʨʠ ʨʘʟʣʠʯʥʠ ʩʲʯʝʪʘʥʠʷ ʥʘ ʬʦʨʤʠʪʝ 

ʥʘ ʦʩʥʦʚʥʠʷ ʠ ʢʦʨʠʛʠʨʘʱʠ ʠʤʧʫʣʩʠ ʧʨʠ ЎὪ σ. 
ʇʨʠ ʩʨʘʚʥʝʥʠʝʪʦ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʩ ʘʥʘʣʦʛʠʯʥʠ ʩʪʦʡʥʦʩʪʠ ʧʨʠ ʝʜʥʦʧʦʣʷʨʥʠ ʠʤʧʫʣʩʠ ʩʣʝʜʚʘ, 

ʯʝ ʟʘ ʩʤʝʪʢʘ ʥʘ ʢʦʨʝʢʮʠʷ ʥʘ ʬʦʨʤʘʪʘ ʥʘ ʠʤʧʫʣʩʘ ʩʧʝʢʪʨʘʣʥʠʷ ʂʇɼ ʤʦʞʝ ʜʘ ʙʲʜʝ ʩʲʱʝʩʪʚʝʥʦ ʫʚʝʣʠʯʝʥ, 

ʦʙʘʯʝ ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʦʪ ʫʚʝʣʠʯʘʚʘʥʝʪʦ ʝ ʪʦʣʢʦʚʘ ʧʦ-ʛʦʣʷʤʘ, ʢʦʣʢʦʪʦ ʝ ʧʦ-ʤʘʣʢʘ ʚʝʣʠʯʠʥʘʪʘ ῳὪ. 

ʊɸɹʃʀʎɸ 1. ʉʨʘʚʥʝʥʠʝ ʥʘ ʧʦʣʫʯʝʥʠʪʝ ʩʪʦʡʥʦʩʪʠ ʩ ʘʥʘʣʦʛʠʯʥʠ ʩʪʦʡʥʦʩʪʠ ʧʨʠ ʝʜʥʦʧʦʣʷʨʥʠ ʠʤʧʫʣʩʠ. 

ʌʦʨʤʘ ʥʘ 

ʢʦʨʝʛʠʨʘʱ 

ʠʤʧʫʣʩ 

ʉʪʦʡʥʦʩʪʠ ʥʘ ʧʘʨʘʤʝʪʨʠ ʥʘ ʢʦʨʠʛʠʨʘʱ ʠʤʧʫʣʩ ʩ ʨʘʟʣʠʯʥʠ ʬʦʨʤʠ ʥʘ ʦʩʥʦʚʝʥ ʠʤʧʫʣʩ 

◊ ◄ 

ʇʨʘʚʦʲʛʲʣʝʥ ʂʦʥʫʩʦʦʙʨʘʟʝʥ ʊʨʠʲʛʲʣʝʥ 

–Ў  —  ‌ Ⱦ‍  –Ў  —  ‌ Ⱦ‍  –Ў  —  ‌ Ⱦ‍  
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ɿɸʂʃʖʏɽʅʀɽ 

ʇʨʠ ʠʟʙʦʨ ʥʘ ʬʦʨʤʘ ʥʘ ʩʦʥʜʠʨʘʱʠ ʠʤʧʫʣʩʠ ʥʘ ʚʠʜʝʦʠʤʧʫʣʩʝʥ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʨʘʜʘʨ ʪʨʷʙʚʘ ʜʘ 

ʩʝ ʦʪʯʠʪʘ ʩʧʝʢʪʨʘʣʥʠʷʪ ʂʇɼ, ʢʘʪʦ ʝʜʠʥ ʦʪ ʥʘʡ-ʚʘʞʥʠʪʝ ʝʥʝʨʛʠʡʥʠ ʧʘʨʘʤʝʪʨʠ. 

ʈʘʟʛʣʝʜʘʥʠʷʪ ʤʝʪʦʜ ʜʘʚʘ ʚʲʟʤʦʞʥʦʩʪ ʠ ʟʘ ʧʦʥʠʞʘʚʘʥʝ ʥʘ ʥʠʚʦʪʦ ʥʘ ʩʪʨʘʥʠʯʥʠʪʝ ʧʠʢʦʚʝ ʥʘ 

ʘʚʪʦʢʦʨʝʣʘʮʠʦʥʥʘʪʘ ʬʫʥʢʮʠʷ ʥʘ ʦʪʨʘʟʝʥʠʷ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʩʠʛʥʘʣ. 

ʇʦ-ʥʘʪʘʪʲʢ ʱʝ ʩʝ ʧʨʝʜʣʦʞʠ ʠ ʦʧʪʠʤʘʣʥʘ ʬʘʟʦʚʦ-ʘʤʧʣʠʪʫʜʥʘ ʚʲʪʨʝʠʤʧʫʣʩʥʘ ʤʦʜʫʣʘʮʠʷ, ʢʦʷʪʦ ʜʘʚʘ 

ʚʲʟʤʦʞʥʦʩʪ ʜʘ ʩʝ ʥʘʤʘʣʷʪ ʩʪʨʘʥʠʯʥʠʪʝ ʧʠʢʦʚʝ ʥʘ ʬʫʥʢʮʠʷʪʘ ʥʘ ʥʝʦʧʨʝʜʝʣʝʥʦʩʪ ʠ ʚ ʩʲʱʦʪʦ ʚʨʝʤʝ ʜʘ ʩʝ 

ʧʦʚʠʰʠ ʯʝʩʪʦʪʘʪʘ ʥʘ ʧʦʚʪʦʨʝʥʠʝ ʥʘ ʚʠʜʝʦʠʤʧʫʣʩʠʪʝ. ʑʝ ʩ ʧʦʜʣʦʞʘʪ ʥʘ ʘʥʘʣʠʟ ʬʘʢʪʦʨʠʪʝ, ʚʣʠʷʝʱʠ 

ʚʲʨʭʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʪʘʢʠʚʘ ʩʠʛʥʘʣʠ ʠ ʱʝ ʩʝ ʩʠʥʪʝʟʠʨʘ ʢʨʠʪʝʨʠʡ ʟʘ ʪʷʭʥʘʪʘ ʨʝʘʣʠʟʘʮʠʷ. 

ʋʩʣʦʞʥʷʚʘʥʝʪʦ ʥʘ ʩʠʛʥʘʣʘ ʯʨʝʟ ʚʲʚʝʞʜʘʥʝʪʦ ʥʘ ʢʦʨʠʛʠʨʘʱ ʠʤʧʫʣʩ ʠ ʥʘʤʘʣʷʚʘʥʝ ʥʘ ʩʪʨʘʥʠʯʥʠʪʝ 

ʧʠʢʦʚʝ ʥʘ ʘʚʪʦʢʦʨʝʣʘʮʠʦʥʥʘʪʘ ʬʫʥʢʮʠʷ ʧʦʚʠʰʘʚʘ ʠʟʠʩʢʚʘʥʠʷʪʘ ʢʲʤ ʫʩʪʨʦʡʩʪʚʘʪʘ ʟʘ ʛʝʥʝʨʠʨʘʥʝ, 

ʧʨʝʜʘʚʘʥʝ ʠ ʧʨʠʝʤʘʥʝ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʩʠʛʥʘʣʠ. 

ʊʨʷʙʚʘ ʜʘ ʩʝ ʦʪʙʝʣʝʞʠ, ʯʝ ʦʙʠʢʥʦʚʝʥʠʪʝ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʩʠʛʥʘʣʠ ʩʘ ʯʫʚʩʪʚʠʪʝʣʥʠ ʢʲʤ ʛʨʝʰʢʠ, 

ʚʲʟʥʠʢʚʘʱʠ ʧʦ ʚʨʝʤʝ ʥʘ ʪʷʭʥʦʪʦ ʬʦʨʤʠʨʘʥʝ. ɺʣʠʷʥʠʝʪʦ ʥʘ ʛʨʝʰʢʠʪʝ, ʢʦʠʪʦ ʚʲʟʥʠʢʚʘʪ ʚ ʦʙʦʨʫʜʚʘʥʝʪʦ 

ʧʦ ʚʨʝʤʝ ʥʘ ʬʦʨʤʠʨʘʥʝʪʦ, ʧʨʝʜʘʚʘʥʝʪʦ, ʧʨʠʝʤʘʥʝʪʦ ʠ ʦʙʨʘʙʦʪʢʘʪʘ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʩʠʛʥʘʣʠ ʩʝ 

ʧʨʝʜʠʟʚʠʢʚʘ ʦʪ ʥʘʙʦʨ ʦʪ ʬʘʢʪʦʨʠ, ʚʣʠʷʝʱʠ ʚʲʨʭʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʩʠʛʥʘʣʘ, ʢʦʡʪʦ ʤʦʞʝ ʜʘ ʩʝ 

ʨʘʟʜʝʣʠ ʥʘ ʜʚʝ ʛʨʫʧʠ: ʬʣʫʢʪʫʘʮʠʦʥʥʠ ʠ ʜʝʪʝʨʤʠʥʠʨʘʥʠ. 
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ʌʣʫʢʪʫʘʮʠʦʥʥʠʪʝ ʚʢʣʶʯʚʘʪ: ʬʘʟʦʚʦ-ʯʝʩʪʦʪʥʘ ʥʝʩʪʘʙʠʣʥʦʩʪ ʥʘ ʦʩʮʠʣʘʪʦʨʠʪʝ; ʨʘʟʣʠʯʥʠ ʚʠʜʦʚʝ ʰʫʤ; 

ʧʨʦʥʠʢʚʘʥʝ ʥʘ ʩʠʛʥʘʣʠ ʦʪ ʧʨʝʜʘʚʘʪʝʣʷ ʢʲʤ ʚʭʦʜʘ ʥʘ ʧʨʠʝʤʥʠʢʘ ʠ ʩʣʝʜ ʢʦʨʝʣʘʮʠʦʥʥʘ ʦʙʨʘʙʦʪʢʘ, 

ʦʙʨʘʟʫʚʘʥʝ ʥʘ ʰʫʤʦʧʦʜʦʙʥʠ ʧʨʦʮʝʩʠ ʠ ʜʨʫʛʠ ʬʘʢʪʦʨʠ. 

ɼʝʪʝʨʤʠʥʠʨʘʥʠʪʝ ʬʘʢʪʦʨʠ ʚʢʣʶʯʚʘʪ: ʥʝʜʦʩʪʘʪʲʯʥʘ ʰʠʨʦʢʦʣʝʥʪʦʚʘ ʚʨʲʟʢʘ ʥʘ ʬʦʨʤʠʨʘʱʠʪʝ ʚʝʨʠʛʠ; 

ʘʩʠʤʝʪʨʠʷ ʥʘ ʤʦʜʫʣʠʨʘʱʘʪʘ ʬʫʥʢʮʠʷ; ʥʝʩʲʦʪʚʝʪʩʪʚʠʝ ʥʘ ʤʦʜʫʣʠʨʘʱʘʪʘ ʬʫʥʢʮʠʷ ʠ ʥʦʩʝʱʦʪʦ ʪʨʝʧʪʝʥʝ; 

ʨʘʟʣʠʢʘ ʚʲʚ ʬʦʨʤʘʪʘ ʥʘ ʧʨʠʝʪʠʪʝ ʠ ʩʦʥʜʠʨʘʱʠʪʝ ʩʠʛʥʘʣʠ ʠ ʜʨ. 

ʀʟʢʨʠʚʷʚʘʥʠʷʪʘ ʥʘ ʩʧʝʢʪʲʨʘ ʥʘ ʩʠʛʥʘʣʘ, ʠʟʣʲʯʝʥ ʦʪ ʣʦʢʘʪʦʨʘ, ʠ ʨʝʬʝʨʝʥʪʥʠʪʝ ʪʨʝʧʪʝʥʠʷ, ʧʨʠʩʪʠʛʘʱʠ 

ʚ ʢʦʨʝʣʘʪʦʨʘ, ʧʦʨʘʜʠ ʘʩʠʤʝʪʨʠʷʪʘ ʤʝʞʜʫ ʧʦʣʦʞʠʪʝʣʥʠʪʝ ʠ ʦʪʨʠʮʘʪʝʣʥʠʪʝ ʥʠʚʘ, ʠ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪʪʘ ʥʘ 

ʤʦʜʫʣʠʨʘʱʠʪʝ ʪʨʝʧʪʝʥʠʷ ʠ ʢʦʨʠʛʠʨʘʱʠʪʝ ʠʤʧʫʣʩʠ, ʚʦʜʷʪ ʜʦ ʟʥʘʯʠʪʝʣʥʦ ʫʚʝʣʠʯʘʚʘʥʝ ʥʘ ʰʫʤʘ ʚ 

ʦʙʣʘʩʪʪʘ ʥʘ ʩʪʨʘʥʠʯʥʠʪʝ ʧʠʢʦʚʝ ʠ ʚʣʦʰʘʚʘʥʝ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʘʪʘ ʨʘʟʜʝʣʠʪʝʣʥʘ ʩʧʦʩʦʙʥʦʩʪ ʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʦʪʢʨʠʚʘʥʝ ʥʘ ʣʦʢʘʪʦʨʘ. 

ʀʟʙʦʨʲʪ ʥʘ ʩʠʛʥʘʣ ʠ ʩʪʝʧʝʥʪʘ ʥʘ ʩʣʦʞʥʦʩʪ ʥʘ ʥʝʛʦʚʘʪʘ ʤʦʜʫʣʠʨʘʱʘ ʬʫʥʢʮʠʷ ʩʝ ʦʧʨʝʜʝʣʷʪ ʧʨʝʜʠ 

ʚʩʠʯʢʦ ʦʪ ʝʩʪʝʩʪʚʦʪʦ ʥʘ ʟʘʜʘʯʠʪʝ, ʟʘ ʢʦʠʪʦ ʝ ʧʨʝʜʥʘʟʥʘʯʝʥ ʨʘʜʘʨʲʪ. ʀʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʉʐ ʩʠʛʥʘʣ ʩ 

ʢʦʨʠʛʠʨʘʱ ʠʤʧʫʣʩ ʠ ʚʲʪʨʝʰʥʦʠʤʧʫʣʩʥʘ ʤʦʜʫʣʘʮʠʷ ʠʟʠʩʢʚʘ ʩʲʟʜʘʚʘʥʝʪʦ ʥʘ ʧʨʝʮʠʟʥʦ ʦʙʦʨʫʜʚʘʥʝ, ʢʦʝʪʦ 

ʚʦʜʠ ʜʦ ʟʥʘʯʠʪʝʣʥʦ ʥʘʨʘʩʪʚʘʥʝ ʥʘ ʮʝʥʘʪʘ ʥʘ ʢʦʥʩʪʨʫʢʮʠʷʪʘ, ʥʦ ʚ ʩʲʱʦʪʦ ʚʨʝʤʝ ʧʨʘʚʠ ʚʲʟʤʦʞʥʦ 

ʩʲʟʜʘʚʘʥʝʪʦ ʥʘ ʫʥʠʚʝʨʩʘʣʥʠ ʫʩʪʨʦʡʩʪʚʘ, ʢʦʠʪʦ ʤʦʛʘʪ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʚ ʨʘʜʘʨʠ ʟʘ ʦʪʢʨʠʚʘʥʝ ʥʘ ʙʲʨʟʦ 

ʣʝʪʷʱʠ ʪʦʯʢʦʚʠ ʤʘʣʦʨʘʟʤʝʨʥʠ ʮʝʣʠ. ʉʚʨʭ̡ʚʠʩʦʢʘʪʘ ʯʝʩʪʦʪʘ ʥʘ ʧʦʚʪʦʨʝʥʠʝ ʧʦʟʚʦʣʷʚʘ ʜʦʩʪʠʛʘʥʝʪʦ ʥʘ 

ʥʝʦʙʭʦʜʠʤʘʪʘ ʨʘʟʜʝʣʠʪʝʣʥʘ ʩʧʦʩʦʙʥʦʩʪ ʠ ʰʫʤʦʫʩʪʦʡʯʠʚʦʩʪ. 

ɽʜʥʦ ʦʪ ʚʲʟʤʦʞʥʠʪʝ ʧʨʠʣʦʞʝʥʠʷ ʥʘ ʪʘʢʠʚʘ ʪʝʭʥʠʯʝʩʢʠ ʨʝʰʝʥʠʷ ʝ ʥʘʤʘʣʷʚʘʥʝ ʘʤʧʣʠʪʫʜʘʪʘ ʥʘ 

ʢʦʨʠʛʠʨʘʥʠʷ ʩʦʥʜʠʨʘʱ ʩʠʛʥʘʣ ʚ ʠʟʭʦʜʘ ʥʘ ʧʨʝʜʘʚʘʪʝʣʷ ʠ ʦʪ ʪʘʤ ʠ ʥʘ ʚʭʦʜʘ ʥʘ ʧʨʠʝʤʥʠʢʘ ʢʦʨʝʣʘʪʦʨ. ɺ 

ʪʦʟʠ ʩʣʫʯʘʡ, ʚʲʧʨʝʢʠ ʯʝ ʯʘʩʪ ʦʪ ʝʥʝʨʛʠʷʪʘ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʩʠʛʥʘʣ ʩʝ ʛʫʙʠ, ʝ ʚʲʟʤʦʞʥʦ ʜʘ ʩʝ 

ʬʦʨʤʠʨʘ ɸʏʍ ʥʘ ʤʦʜʫʣʠʨʘʥʠʷ ʩʠʛʥʘʣ ʩ ʧʦʜʭʦʜʷʱʠ ʧʘʨʘʤʝʪʨʠ. ʊʘʢʠʚʘ ʪʝʭʥʠʯʝʩʢʠ ʨʝʰʝʥʠʷ ʩʝ ʧʨʠʣʘʛʘʪ 

ʚ ʧʨʝʥʦʩʠʤʠʪʝ ʨʘʜʘʨʠ, ʢʲʜʝʪʦ ʮʝʥʘʪʘ ʠ ʨʘʟʤʝʨʲʪ ʥʘ ʩʠʩʪʝʤʘʪʘ ʠʛʨʘʷʪ ʨʝʰʘʚʘʱʘ ʨʦʣʷ. 

ʅʘʡ-ʧʝʨʩʧʝʢʪʠʚʥʦ ʥʘ ʩʲʚʨʝʤʝʥʥʠʷ ʝʪʘʧ ʝ ʢʦʥʩʪʨʫʠʨʘʥʝʪʦ ʥʘ ʫʩʪʨʦʡʩʪʚʘ ʟʘ ʬʦʨʤʠʨʘʥʝ ʠ ʦʙʨʘʙʦʪʢʘ ʥʘ 

ʨʘʜʠʦʩʠʛʥʘʣʠ ʩʲʩ ʩʣʦʞʥʘ ʩʪʨʫʢʪʫʨʘ, ʙʘʟʠʨʘʥʠ ʥʘ ʚʠʩʦʢʦʩʢʦʨʦʩʪʥʠ ʩʠʛʥʘʣʥʠ ʧʨʦʮʝʩʦʨʠ, ʨʘʙʦʪʝʱʠ ʥʘ 

ʯʝʩʪʦʪʠ ʦʪ ʥʷʢʦʣʢʦ ʛʠʛʘʭʝʨʮʘ, ʣʠʥʝʝʥ ʫʩʠʣʚʘʪʝʣ ʤʦʱʥʦʩʪ, ʥʠʩʢʦʰʫʤʦʚ ʧʨʠʝʤʥʠʢ ʠ ʧʨʦʮʝʩʦʨ ʩ 

ʧʝʨʠʬʝʨʥʠ ʫʩʪʨʦʡʩʪʚʘ. ʇʦʜʦʙʥʘ ʩʭʝʤʘ ʧʦʟʚʦʣʷʚʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘʧʲʣʥʦ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘʪ ʩʚʦʡʩʪʚʘʪʘ ʥʘ 

ʩʠʛʥʘʣʠʪʝ, ʘ ʠ ʩʲʟʜʘʚʘʥʝ ʥʘ ʪʝʭʥʦʣʦʛʠʯʥʦ ʣʝʩʥʠ ʟʘ ʢʦʥʬʠʛʫʨʠʨʘʥʝ ʨʘʜʘʨʥʠ ʩʠʩʪʝʤʠ, ʧʨʠ ʢʦʠʪʦ 

ʦʙʨʘʙʦʪʢʘʪʘ ʥʘ ʠʥʬʦʨʤʘʮʠʷ ʧʦʟʚʦʣʷʚʘ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʦʧʪʠʤʘʣʥʠ ʠ ʘʜʘʧʪʠʚʥʠ ʘʣʛʦʨʠʪʤʠ. 
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Abstract. The report proposes a method to improve the sounding pulse shape for ultra-wideband radar by using a 

correction pulse. After analyzing the energy efficiency using the ultra-wideband signals and the frequency range, the 

reasons for the additional energy losses in the ultra-wideband radars are evaluated. The cause of the energy loss was 

evaluated, and 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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ɺʲʟʤʦʞʥʦʩʪʠ ʟʘ ʧʨʠʣʦʞʝʥʠʝ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠ 

ʨʘʜʘʨʥʠ ʩʠʛʥʘʣʠ ʧʨʠ ʦʪʢʨʠʚʘʥʝ ʠ ʩʲʧʨʦʚʦʞʜʘʥʝ ʥʘ 

ʪʦʯʢʦʚʠ ʤʘʣʦʨʘʟʤʝʨʥʠ ʮʝʣʠ 

ʉʦʬʠʷ ʋʟʫʥʦʚʘ 

ʂʘʪʝʜʨʘ Ăɺʲʟʜʫʰʝʥ ʪʨʘʥʩʧʦʨʪñ, ʊʝʭʥʠʯʝʩʢʠ ʋʥʠʚʝʨʩʠʪʝʪ ï ʉʦʬʠʷ, ʙʫʣ.òʂʣʠʤʝʥʪ ʆʭʨʠʜʩʢʠò 8, 

ʉʦʬʠʷ 1000, ɹʲʣʛʘʨʠʷ 

 

suzunova@tu-sofia.bg 

ʈʝʟʶʤʝ. ɺ ʜʦʢʣʘʜʘ ʩʘ ʨʘʟʛʣʝʜʘʥʠ ʦʩʦʙʝʥʦʩʪʠʪʝ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʘʪʘ ʨʘʜʠʦʣʦʢʘʮʠʷ, ʩʠʛʥʘʣʠʪʝ ʦʪ 

ʪʦʯʢʦʚʠ ʤʘʣʦʨʘʟʤʝʨʥʠ ʮʝʣʠ. ʅʘʧʨʘʚʝʥ ʝ ʘʥʘʣʠʟ ʥʘ ʪʝʭʥʠʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʨʝʜʠʤʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʲʮʠ. 

ʅʘʧʨʘʚʝʥʦ ʝ ʩʨʘʚʥʝʥʠʝ ʤʝʞʜʫ ʪʝʩʥʦʣʝʥʪʦʚʠʪʝ ʠ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʠ. ʈʘʟʛʣʝʜʘʥʠ ʩʘ 

ʚʲʟʤʦʞʥʦʩʪʠʪʝ ʟʘ ʧʨʠʣʦʞʝʥʠʝ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʨʘʜʘʨ ʧʨʠ ʦʪʢʨʠʚʘʥʝ ʠ ʩʲʧʨʦʚʦʞʜʘʥʝ ʥʘ ʪʦʯʢʦʚʠ 

ʤʘʣʦʨʘʟʤʝʨʥʠ ʮʝʣʠ (ʜʨʦʥʦʚʝ, ʙʝʟʧʠʣʦʪʥʠ ʣʝʪʘʪʝʣʥʠ ʘʧʘʨʘʪʠ) ʚ ʫʨʙʘʥʠʟʠʨʘʥʘ ʩʨʝʜʘ ʠ ʝ ʦʮʝʥʝʥʦ ʢʘʯʝʩʪʚʦʪʦ 

ʥʘ ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʘʪʘ ʠʥʬʦʨʤʘʮʠʷ. 

ɺʒɺɽɼɽʅʀɽ 

ɺ ʩʲʚʨʝʤʝʥʥʠʷ ʩʚʷʪ ʢʲʤ ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʬʫʥʢʮʠʦʥʠʨʘʥʝ ʥʘ ʨʘʜʠʦʝʣʝʢʪʨʦʥʥʠʪʝ ʩʨʝʜʩʪʚʘ (ʈɽʉ) ʩʝ 

ʧʨʝʜʷʚʷʚʘʪ ʚʩʝ ʧʦ-ʚʠʩʦʢʠ ʠʟʠʩʢʚʘʥʠʷ. ɿʘ ʜʘ ʩʝ ʠʟʧʲʣʥʷʪ ʧʦʩʪʘʚʝʥʠʪʝ ʠʟʠʩʢʚʘʥʠʷ, ʝ ʥʝʦʙʭʦʜʠʤʦ ʠʣʠ ʜʘ ʩʝ 

ʩʣʝʜʚʘ ʧʲʪʷ ʢʲʤ ʧʦʜʦʙʨʷʚʘʥʝ ʥʘ ʪʝʭʥʠʯʝʩʢʠʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʪʝʩʥʦʣʝʥʪʦʚʠʪʝ ʩʠʩʪʝʤʠ, ʠʣʠ ʜʘ ʙʲʜʘʪ 

ʠʟʧʦʣʟʚʘʥʠ ʥʦʚʠ ʪʝʭʥʦʣʦʛʠʠ, ʙʘʟʠʨʘʥʠ ʚʲʨʭʫ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠ ʩʠʛʥʘʣʠ. ʊʝʨʤʠʥʲʪ 

Ăʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚñ ʠʤʘ ʥʷʢʦʣʢʦ ʦʧʨʝʜʝʣʝʥʠʷ. ʉʧʦʨʝʜ ʝʜʥʦ ʦʪ ʪʷʭ ʩʝ ʧʨʝʜʧʦʣʘʛʘ, ʯʝ ʛʦʨʥʘʪʘ ʛʨʘʥʠʯʥʘ 

ʯʝʩʪʦʪʘ ʥʘ ʣʝʥʪʘʪʘ ʥʘ ʩʠʛʥʘʣʘ ʝ ʧʦʚʝʯʝ ʦʪ ʜʚʘ ʧʲʪʠ ʧʦ-ʚʠʩʦʢʘ ʦʪ ʛʦʨʥʘʪʘ ʛʨʘʥʠʯʥʘ ʯʝʩʪʦʪʘ ʥʘ 

ʪʝʩʥʦʣʝʥʪʦʚ ʨʘʜʘʨ. ʇʨʠ ʪʝʟʠ ʨʘʜʘʨʠ ʝ ʦʙʠʯʘʡʥʦ ʜʘ ʩʝ ʨʘʟʛʣʝʞʜʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ ʩʠʛʥʘʣ ʩ ʯʝʩʪʦʪʥʘ 

ʣʝʥʪʘ ʥʘʜ 500 MHz. ʈʘʟʰʠʨʷʚʘʥʝʪʦ ʥʘ ʯʝʩʪʦʪʥʘʪʘ ʣʝʥʪʘ ʦʙʘʯʝ ʫʚʝʣʠʯʘʚʘ ʠʥʬʦʨʤʘʮʠʦʥʥʦʪʦ ʩʲʜʲʨʞʘʥʠʝ 

ʥʘ ʩʠʩʪʝʤʘʪʘ ʚ ʩʣʫʯʘʡ, ʯʝ ʨʘʟʜʝʣʠʪʝʣʥʘʪʘ ʩʧʦʩʦʙʥʦʩʪ ʥʘ ʩʠʛʥʘʣʘ ʩt (ʢʲʜʝʪʦ ʩ ï ʝ ʩʢʦʨʦʩʪʪʘ ʥʘ ʩʚʝʪʣʠʥʘʪʘ, 

t =1/Df ʝ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪʪʘ ʥʘ ʦʙʠʢʥʦʚʝʥ ʪʝʩʥʦʣʝʥʪʦʚ ʩʠʛʥʘʣ, f ʝ ʰʠʨʠʥʘʪʘ ʥʘ ʩʧʝʢʪʲʨʘ ʥʘ ʩʠʛʥʘʣʘ) ʝ 

ʤʥʦʛʦ ʧʦ-ʤʘʣʲʢ ʦʪ L ï ʨʘʟʤʝʨʲʪ ʥʘ ʠʟʣʲʯʚʘʱʘʪʘ (ʧʨʠʝʤʘʱʘʪʘ) ʘʧʝʨʪʫʨʘ ʥʘ ʘʥʪʝʥʘʪʘ, ʠʣʠ ʨʘʟʤʝʨʲʪ ʥʘ 

ʦʪʨʘʟʝʥʠʷ ʦʪ ʦʙʝʢʪʘ ʩʠʛʥʘʣ. 

ʊʦʚʘ ʦʧʨʝʜʝʣʝʥʠʝ ʩʚʲʨʟʚʘ ʢʦʥʮʝʧʮʠʷʪʘ ʟʘ ʯʝʩʪʦʪʥʘ ʣʝʥʪʘ ʥʘ ʨʘʜʘʨʥʘʪʘ ʩʠʩʪʝʤʘ ʜʠʨʝʢʪʥʦ ʩ ʨʘʟʤʝʨʠʪʝ 

ʥʘ ʦʙʝʢʪʘ, ʢʦʡʪʦ ʩʝ ʦʙʣʲʯʚʘ. ʉʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ  ʩʠʛʥʘʣʠ ʩʝ ʦʧʠʩʚʘʪ ʢʘʪʦ ʢʨʘʪʢʠ ʚʠʜʝʦ ʠʤʧʫʣʩʠ ʩ 

ʬʦʨʤʘʪʘ ʥʘ ʢʨʠʚʘ ʥʘ ɻʘʫʩ ʠ ʩ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪ ʦʪ ʦʢʦʣʦ 1 ns. ʊʘʟʠ ʬʦʨʤʘ ʩʝ ʜʲʣʞʠ ʥʘ ʯʝʩʪʦʪʥʘʪʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʚʩʷʢʘ ʘʥʪʝʥʘ, ʢʦʷʪʦ ʥʝ ʧʦʟʚʦʣʷʚʘ ʧʨʝʜʘʚʘʥʝʪʦ ʥʘ ʩʠʛʥʘʣʠ ʩ ʥʫʣʝʚʘ ʯʝʩʪʦʪʘ. ɿʘ ʨʘʟʣʠʢʘ 

ʦʪ ʧʨʘʚʦʲʛʲʣʥʘʪʘ, ʬʦʨʤʘʪʘ ʥʘ ʢʨʠʚʘʪʘ ʥʘ ɻʘʫʩ ʧʦʟʚʦʣʷʚʘ ʜʘ ʩʝ ʢʦʥʮʝʥʪʨʠʨʘ ʝʥʝʨʛʠʷʪʘ ʥʘ ʠʤʧʫʣʩʘ ʧʦ-

ʜʘʣʝʯ ʦʪ Ă0ñ ʧʦ ʯʝʩʪʦʪʥʘʪʘ ʦʩ ʠ ʩʲʦʪʚʝʪʥʦ ʜʘ ʩʝ ʠʟʧʨʘʪʠ ʧʦʚʝʯʝ ʝʥʝʨʛʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦʪʦ. ʀʥʪʝʥʟʠʚʥʦʪʦ 

ʨʘʟʚʠʪʠʝ ʥʘ UWB (ʩʚʨʭ̡ʱʠʨʦʢʦʣʝʥʪʦʚʠ) ʨʘʜʠʦʝʣʝʢʪʨʦʥʥʠ ʫʩʪʨʦʡʩʪʚʘ ʟʘʧʦʯʚʘ ʚ ʩʨʝʜʘʪʘ ʥʘ 70-ʪʝ ʛʦʜʠʥʠ 

ʥʘ ʤʠʥʘʣʠʷ ʚʝʢ, ʥʦ ʪʷʭʥʦʪʦ ʧʨʘʢʪʠʯʝʩʢʦ ʚʥʝʜʨʷʚʘʥʝ ʩʪʘʚʘ ʚʲʟʤʦʞʥʦ ʝʜʚʘ ʩʣʝʜ ʜʦʩʪʠʛʘʥʝ ʥʘ ʧʦʜʭʦʜʷʱʦ 

ʥʠʚʦ ʥʘ ʪʝʭʥʦʣʦʛʠʷʪʘ ʟʘ ʛʝʥʝʨʠʨʘʥʝ ʥʘ ʤʦʱʥʠ ʫʣʪʨʘʢʲʩʠ ʠʤʧʫʣʩʠ ʩ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʦʛʨʘʥʠʯʝʥ ʨʝʩʫʨʩ, 

ʚʠʩʦʢʘ ʩʪʘʙʠʣʥʦʩʪ ʠ ʚʠʩʦʢʘ ʯʝʩʪʦʪʘ ʥʘ ʧʦʚʪʦʨʝʥʠʝ. 

ʉɺʈʒʍʐʀʈʆʂʆʃɽʅʊʆɺʀ ʈɸɼɸʈʀ 

ɿʘ ʧʨʝʜʘʚʘʥʝʪʦ ʥʘ ʠʥʬʦʨʤʘʮʠʷ, ʧʦ-ʛʦʣʷʤʘʪʘ ʯʘʩʪ ʦʪ ʩʲʱʝʩʪʚʫʚʘʱʠʪʝ ʨʘʜʠʦʩʠʩʪʝʤʠ ʠʟʧʦʣʟʚʘʪ 

ʦʛʨʘʥʠʯʝʥʘ ʯʝʩʪʦʪʥʘ ʣʝʥʪʘ ʠ ʧʦʜʚʠʞʥʠ ʚʲʣʥʦʚʠ ʬʦʨʤʠ, ʢʦʠʪʦ ʠʟʧʦʣʟʚʘʪ ʩʠʥʫʩʦʠʜʘʣʥʠ, ʠʣʠ ʩʚʲʨʟʘʥʠ 

ʢʚʘʟʠʭʘʨʤʦʥʠʯʥʠ ʩʠʛʥʘʣʠ. ʆʙʷʩʥʝʥʠʝʪʦ ʟʘ ʪʦʚʘ ʝ ʧʨʦʩʪʦ: RLC ʪʨʝʧʪʷʰʘʪʘ ʩʭʝʤʘ, ʧʨʝʜʩʪʘʚʣʷʚʘ ʧʨʦʩʪʘ 

ʝʣʝʢʪʨʠʯʝʩʢʘ ʪʨʝʧʪʷʱʘ ʩʠʩʪʝʤʘ, ʢʦʷʪʦ ʛʝʥʝʨʠʨʘ ʩʠʥʫʩʦʠʜʘʣʥʠ ʚʠʙʨʘʮʠʠ [1]. ʉʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʷʪ 

ʊ. ʌʠʬʦʧʛʙ, ɺʲʟʤʦʞʥʦʩʪʠ ʟʘ ʧʨʠʣʦʞʝʥʠʝ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠ ʨʘʜʘʨʥʠ ʩʠʛʥʘʣʠ ʧʨʠ ʦʪʢʨʠʚʘʥʝ ʠ ʩʲʧʨʦʚʦʞʜʘʥʝ ʥʘ ʪʦʯʢʦʚʠ ʤʘʣʦʨʘʟʤʝʨʥʠ ʮʝʣʠ 
S. Uzunova, Possibilities for the application of ultra-wideband radar signals in the detection and tracking of small targets 
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ʨʘʜʘʨ ʠʟʧʦʣʟʚʘ ʤʝʪʦʜʦʣʦʛʠʷʪʘ ʟʘ ʛʝʥʝʨʠʨʘʥʝ ʥʘ ʠʤʧʫʣʩʠ ʩ ʤʘʣʢʘ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪ ʠ ʩʝ ʠʟʧʦʣʟʚʘ ʟʘ 

ʧʨʝʜʘʚʘʥʝ ʥʘ ʩʠʛʥʘʣʠ ʩ ʯʝʩʪʦʪʠ ʚ ʰʠʨʦʢʘ ʯʝʩʪʦʪʥʘ ʣʝʥʪʘ, ʢʦʷʪʦ ʚʘʨʠʨʘ ʚ ʛʨʘʥʠʮʠʪʝ ʦʪ 3,1 GHz ʜʦ 10,6 

GHz. ʇʦ ʪʦʟʠ ʥʘʯʠʥ ʩʝ ʧʦʩʪʠʛʘ ʤʥʦʛʦ ʥʠʩʢʘ ʤʦʱʥʦʩʪ ʥʘ ʪʦʟʠ ʪʠʧ ʨʘʜʘʨʠ, - 41,3 dBm/MHz. 

 

ʌʀɻʋʈɸ 1. ɸʥʘʣʠʪʠʯʥʘ ʬʦʨʤʘ ʥʘ ʛʝʥʝʨʠʨʘʥʠʷ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚ (ʉʐʃ) ʩʠʛʥʘʣ. 

 

ʇʨʝʜʠʤʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪ̡ ʮʠ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʠ 

ʉʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʠ, ʢʦʠʪʦ ʠʟʧʦʣʟʚʘʪ ʢʘʪʦ ʩʦʥʜʠʨʘʱʠ ʠʤʧʫʣʩʠ ʫʣʪʨʘʢʲʩʠ ʥʘʥʦʩʝʢʫʥʜʥʠ 

ʠʤʧʫʣʩʠ, ʠʤʘʪ ʩʣʝʜʥʠʪʝ ʧʨʝʜʠʤʩʪʚʘ: 

¶ ʉʧʦʩʦʙʥʦʩʪ ʜʘ ʧʨʦʥʠʢʚʘʪ ʧʨʝʟ ʧʨʝʧʷʪʩʪʚʠʷ ʠ ʜʘ ʩʝ ʦʪʨʘʟʷʚʘʪ ʦʪ ʮʝʣʠ, ʨʘʟʧʦʣʦʞʝʥʠ ʠʟʚʲʥ 

ʣʠʥʠʷʪʘ ʥʘ ʚʠʜʠʤʦʩʪ, ʢʦʝʪʦ ʧʦʟʚʦʣʷʚʘ ʠʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʪʘʢʠʚʘ ʨʘʜʘʨʠ ʟʘ ʦʪʢʨʠʚʘʥʝ ʥʘ ʭʦʨʘ ʟʘʜ 

ʩʪʝʥʘ ʠ ʧʨʝʛʨʘʜʠ, ʠʣʠ ʦʙʝʢʪʠ ʧʦʜ ʟʝʤʷʪʘ; 

¶ ʊʦʯʥʦʩʪ ʧʨʠ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʨʘʟʩʪʦʷʥʠʝʪʦ ï ʜʦ ʥʷʢʦʣʢʦ ʩʘʥʪʠʤʝʪʨʘ ʧʦʨʘʜʠ ʤʘʣʢʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥ 

ʦʙʭʚʘʪ ʥʘ ʩʠʛʥʘʣʘ; 

¶ ɺʲʟʤʦʞʥʦʩʪ ʟʘ ʥʝʟʘʙʘʚʥʦ ʠʜʝʥʪʠʬʠʮʠʨʘʥʝ ʠ ʢʣʘʩʠʬʠʮʠʨʘʥʝ ʥʘ ʮʝʣʪʘ ʧʦ ʚʠʜʘ ʥʘ ʦʪʨʘʟʝʥʠʷ 

ʩʠʛʥʘʣ ʠ ʚʠʩʦʢʘ ʜʝʪʘʡʣʥʦʩʪ ʥʘ ʮʝʣʪʘ, ʪʲʡ ʢʘʪʦ ʚʩʝʢʠ ʝʣʝʤʝʥʪ ʦʪ ʮʝʣʪʘ, ʯʠʡʪʦ ʨʘʟʤʝʨ ʝ ʧʦ-ʛʦʣʷʤ 

ʦʪ ʝʣʝʤʝʥʪʘʨʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥ ʦʙʝʤ ʥʘ ʩʠʛʥʘʣʘ, ʝ ʦʪʜʝʣʥʘ Ăʙʣʝʩʪʷʱʘ ʪʦʯʢʘñ. ʀʟʦʙʨʘʞʝʥʠʝʪʦ ʥʘ 

ʮʝʣʪʘ ʤʦʞʝ ʜʘ ʙʲʜʝ ʢʦʤʧʠʣʠʨʘʥʦ ʦʪ ʩʲʚʢʫʧʥʦʩʪʪʘ ʦʪ ʦʪʨʘʞʝʥʠʷʪʘ ʥʘ ʪʝʟʠ ʪʦʯʢʠ. 

¶ ʆʧʨʝʜʝʣʷʥʝ ʥʘ ʩʢʦʨʦʩʪʪʘ ʥʘ ʦʙʝʢʪ ʙʝʟ ʚʣʠʷʥʠʝʪʦ ʥʘ ʝʬʝʢʪʘ Ăʩʣʝʧʠ ʩʢʦʨʦʩʪʠñ, ʢʦʡʪʦ ʝ ʧʨʠʩʲʱ ʥʘ 

ʜʦʧʣʝʨʦʚʠʪʝ ʨʘʜʘʨʠ. 

¶ ʇʦʜʦʙʨʷʚʘʥʝ ʥʘ ʝʬʝʢʪʠʚʥʦʩʪʪʘ ʠ ʦʧʨʦʩʪʷʚʘʥʝ ʥʘ ʜʠʟʘʡʥʘ ʥʘ ʟʘʱʠʪʥʦʪʦ ʦʙʦʨʫʜʚʘʥʝ ʩʨʝʱʫ ʚʩʠʯʢʠ 

ʚʠʜʦʚʝ ʧʘʩʠʚʥʠ ʩʤʫʱʝʥʠʷ ï ʜʲʞʜ, ʤʲʛʣʘ, ʘʝʨʦʟʦʣʠ, ʤʝʪʘʣʠʟʠʨʘʥʠ ʣʝʥʪʠ, ʪʲʡ ʢʘʪʦ ʝʬʝʢʪʠʚʥʘʪʘ 

ʧʦʚʲʨʭʥʦʩʪ ʥʘ ʨʘʟʩʝʡʚʘʥʝ (Eʇʈ) ʥʘ ʩʤʫʱʝʥʠʝʪʦ ʚ ʤʘʣʢʠʷ ʠʤʧʫʣʩʝʥ ʦʙʝʤ ʩʪʘʚʘ ʩʲʠʟʤʝʨʠʤʘ ʩ 

ʝʬʝʢʪʠʚʥʘʪʘ ʦʪʨʘʟʷʚʘʱʘ ʧʦʚʲʨʭʥʦʩʪ (ɽʆʇ) ʥʘ ʮʝʣʪʘ. 

ʊʝʟʠ ʩʚʦʡʩʪʚʘ ʧʨʘʚʷʪ ʉɺʐ ʨʘʜʘʨ ʤʥʦʛʦ ʦʙʝʱʘʚʘʱ, ʥʦ ʠʤʘ ʠ ʨʝʜʠʮʘ ʧʨʦʙʣʝʤʠ, ʩ ʢʦʠʪʦ 

ʨʘʟʨʘʙʦʪʯʠʮʠʪʝ ʚʩʝ ʦʱʝ ʩʝ ʩʙʣʲʩʢʚʘʪ. ʇʦ-ʩʧʝʮʠʘʣʥʦ, ʦʙʭʚʘʪʲʪ ʥʘ ʉɺʐ ʨʘʜʘʨʘ ʝ ʧʦ-ʥʠʩʲʢ ʦʪ 

ʪʝʩʥʦʣʝʥʪʦʚʠʪʝ ʩʠʩʪʝʤʠ. 

 

ʌʀɻʋʈɸ 2. ʈʝʟʫʣʪʘʪʠ ʦʪ ʤʦʜʝʣʠʨʘʥʝʪʦ ʧʨʠ ʨʘʙʦʪʘ ʥʘ ʩʭʝʤʘʪʘ ʚ ʰʫʤʦʚʠ ʫʩʣʦʚʠʷ. 
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ʅʘ ʌʠʛ. 2 [2] ʩʘ ʧʦʢʘʟʘʥʠ ʠʟʯʠʩʣʝʥʠʷʪʘ ʠ ʩʨʘʚʥʠʪʝʣʥʘ ʪʘʙʣʠʮʘ ʥʘ ʦʙʭʚʘʪʠʪʝ ʧʦ ʨʘʟʩʪʦʷʥʠʝ ʟʘ ʨʘʜʘʨʠ, 

ʠʟʧʦʣʟʚʘʱʠ (ʪʨʘʜʠʮʠʦʥʥʠ) ʨʘʜʠʦʠʤʧʫʣʩʠ ʠ ʚʠʜʝʦʠʤʧʫʣʩʠ ʩ ʢʨʘʪʢʘ ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪ (ʉɺʐ), ʧʨʠ ʝʜʥʘ ʠ 

ʩʲʱʘ ʤʦʤʝʥʪʥʘ ʠʤʧʫʣʩʥʘ ʤʦʱʥʦʩʪ, ʧʨʠ ʪʦʚʘʨ ʦʪ 50 ɋ, ʠ ʧʨʠ ʩʣʝʜʥʠʪʝ ʫʩʣʦʚʠʷ: ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪ ʥʘ 

ʜʚʘʪʘ ʠʤʧʫʣʩʘ ʝ 5 ns, ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʧʨʠʝʤʥʠʢʘ - 300 K, ʘ ɽʆʇ ʥʘ ʮʝʣʪʘ ʝ 0,1 m2. 

ɼʨʫʛ ʚʘʞʝʥ ʧʨʦʙʣʝʤ ʥʘ ʉɺʐ ʨʘʜʘʨʘ ʝ ʥʝʧʨʝʜʩʢʘʟʫʝʤʦʩʪʪʘ ʥʘ ʬʦʨʤʘʪʘ ʥʘ ʦʪʨʘʟʝʥʠʷ ʩʠʛʥʘʣ. ɼʦʢʘʪʦ 

ʪʨʘʜʠʮʠʦʥʥʠʷʪ ʪʝʩʥʦʣʝʥʪʦʚ ʨʘʜʘʨ ʠʟʣʲʯʚʘ ʩʠʥʫʩʦʠʜʘʣʝʥ ʩʠʛʥʘʣ, ʢʦʡʪʦ ʥʝ ʧʨʝʪʲʨʧʷʚʘ ʥʝʣʠʥʝʡʥʠ 

ʧʨʦʤʝʥʠ, ʧʨʝʤʠʥʘʚʘʡʢʠ ʧʨʝʟ ʧʨʦʩʪʨʘʥʩʪʚʦʪʦ ï ʧʨʦʤʝʥʷʪ ʩʝ ʩʘʤʦ ʥʝʛʦʚʘʪʘ ʘʤʧʣʠʪʫʜʘ ʠ ʬʘʟʘ, ʉɺʐ 

ʩʠʛʥʘʣ ʧʨʝʪʲʨʧʷʚʘ ʧʨʦʤʝʥʠ ʢʘʢʪʦ ʚ ʩʧʝʢʪʨʘʣʥʠʷ ʩʲʩʪʘʚ ʚ ʯʝʩʪʦʪʥʘʪʘ ʦʙʣʘʩʪ, ʪʘʢʘ ʠ ʚʲʚ ʬʦʨʤʘʪʘ ʚʲʚ 

ʚʨʝʤʝʚʘʪʘ ʦʙʣʘʩʪ. 

ʊɸɹʃʀʎɸ 1. ʄʘʢʩʠʤʘʣʝʥ ʦʙʭʚʘʪ ʟʘ ʦʪʢʨʠʚʘʥʝ ʥʘ ʮʝʣ ʧʨʠ ʨʘʟʣʠʯʥʠ ʤʦʱʥʦʩʪʠ ʠ ʪʠʧʦʚʝ ʩʦʥʜʠʨʘʱʠ ʠʤʧʫʣʩʠ. 

 ʄʘʢʩʠʤʘʣʝʥ ʦʙʭʚʘʪ ʥʘ ʦʪʢʨʠʚʘʥʝ ʥʘ ʮʝʣʪʘ, km 

ʀʤʧʫʣʩʥʘ ʤʦʱʥʦʩʪ 0,5 GW ʀʤʧʫʣʩʥʘ ʤʦʱʥʦʩʪ 1,0 GW 

ʊʝʩʥʦʣʝʥʪʦʚ ʨʘʜʘʨ 550 655 

ʉɺʐ ʨʘʜʘʨ 260 310 

ʉɺʈʒʍʐʀʈʆʂʆʃɽʅʊʆɺʀ ʉʀɻʅɸʃʀ 

ʌʦʨʤʘʪʘ ʥʘ ʉʐʃ ʩʠʛʥʘʣ ʩʝ ʧʨʦʤʝʥʷ ʚ ʟʘʚʠʩʠʤʦʩʪ ʦʪ ʧʦʩʦʢʘʪʘ ʥʘ ʠʟʣʲʯʚʘʥʝ (ʧʨʠʝʤʘʥʝ), ʪ.ʝ. ʚ 

ʟʘʚʠʩʠʤʦʩʪ ʦʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʠʪʝ ʢʦʦʨʜʠʥʘʪʠ. ʇʨʠ ʪʦʚʘ ʥʝ ʩʝ ʥʘʙʣʶʜʘʚʘ ʝʜʥʦʟʥʘʯʥʦ ʩʲʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ 

ʘʤʧʣʠʪʫʜʘʪʘ ʥʘ ʩʠʛʥʘʣʘ ʠ ʥʝʛʦʚʘʪʘ ʤʦʱʥʦʩʪ, ʢʦʝʪʦ ʝ ʭʘʨʘʢʪʝʨʥʘ ʦʩʦʙʝʥʦʩʪ ʥʘ ʪʝʩʥʦʣʝʥʪʦʚʠʪʝ ʩʠʛʥʘʣʠ. 

ʉʐʃ ʩʠʛʥʘʣ ʝ ʩ ʧʦ-ʤʘʣʢʘ ʤʦʱʥʦʩʪ, ʢʦʷʪʦ ʝ ʯʠʩʣʝʥʦ ʨʘʚʥʘ ʥʘ ʧʣʦʱʪʘ ʥʘ ʦʙʚʠʚʘʱʘʪʘ, ʠ ʤʦʞʝ ʜʘ ʠʤʘ ʧʦ-

ʛʦʣʷʤʘ ʘʤʧʣʠʪʫʜʘ, ʠʣʠ ʦʙʨʘʪʥʦ. ʊʦʚʘ ʟʥʘʯʠʪʝʣʥʦ ʟʘʪʨʫʜʥʷʚʘ ʧʦʩʪʨʦʷʚʘʥʝʪʦ ʥʘ ʪʨʘʜʠʮʠʦʥʥʘ ʜʠʘʛʨʘʤʘ ʥʘ 

ʥʘʩʦʯʝʥʦ ʜʝʡʩʪʚʠʝ (ɼʅɼ) ʧʦ ʬʦʨʤʘ ʥʘ ʧʦʣʝʪʦ. ɿʘ ʪʦʚʘ, ʧʨʠ ʉʐʃ ʩʠʛʥʘʣʠ ʝ ʧʨʠʝʪʦ ʜʘ ʩʝ ʩʪʨʦʠ ɼʅɼ ʧʦ 

ʧʠʢʦʚʘ ʠ ʩʨʝʜʥʘ ʤʦʱʥʦʩʪ [3]. 

 

ʌʀɻʋʈɸ 3. ɼʅɼ ʥʘ ʘʥʪʝʥʥʘ ʨʝʰʝʪʢʘ, ʩʲʩʪʦʷʱʘ ʩʝ ʦʪ N ʝʣʝʤʝʥʪʘ. 

ʇʨʦʜʲʣʞʠʪʝʣʥʦʩʪ ʥʘ ʩʠʛʥʘʣʘ ʠ ʨʘʟʣʠʢʠ ʚʲʚ ʬʦʨʤʘʪʘ ʥʘ ʚʲʣʥʘʪʘ, ʜʲʣʞʘʱʠ ʩʝ ʥʘ 

ʤʦʜʝʣʘ ʥʘ ʘʥʪʝʥʘʪʘ 

ʂʦʛʘʪʦ ʦʙʩʪʦʷʪʝʣʩʪʚʦʪʦ L cos Ŭ > ct ʝ ʠʟʧʲʣʥʝʥʦ, ʬʦʨʤʘʪʘ ʥʘ ʩʠʛʥʘʣʘ ʟʘʧʦʯʚʘ ʜʘ ʚʘʨʠʨʘ ʚ ʟʘʚʠʩʠʤʦʩʪ 

ʦʪ ʧʦʩʦʢʘʪʘ ʥʘ ʠʟʣʲʯʚʘʥʝ (ʧʨʠʝʤʘʥʝ), ʪ.ʝ. ʧʨʦʩʪʨʘʥʩʪʚʝʥʠʪʝ ʢʦʦʨʜʠʥʘʪʠ. ɺ ʪʦʟʠ ʩʣʫʯʘʡ ʥʷʤʘ ʢʦʥʢʨʝʪʥʘ 

ʚʨʲʟʢʘ ʤʝʞʜʫ ʘʤʧʣʠʪʫʜʘʪʘ ʥʘ ʩʠʛʥʘʣʘ ʠ ʥʝʛʦʚʘʪʘ ʝʬʝʢʪʠʚʥʘ ʤʦʱʥʦʩʪ ʢʘʢʪʦ ʝ ʧʨʠ ʪʝʩʥʦʣʝʥʪʦʚʠʪʝ 

ʪʨʝʧʪʝʥʠʷ. ʀʟʛʨʘʞʜʘʥʝʪʦ ʥʘ ʪʠʧʠʯʝʥ ʤʦʜʝʣ, ʙʘʟʠʨʘʥ ʥʘ ʟʝʤʷʪʘ, ʝ ʧʨʦʙʣʝʤʥʦ ʧʨʠ ʪʘʢʘʚʘ ʩʠʪʫʘʮʠʷ. 
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ɺ ʨʝʟʫʣʪʘʪ ʥʘ ʪʦʚʘ ʧʨʦʝʢʪʠʨʘʥʝʪʦ ʠ ʧʨʦʠʟʚʦʜʩʪʚʦʪʦ ʥʘ ʘʥʪʝʥʘ ʟʘ ʉɺʐ ʩʠʛʥʘʣʠ ʩʝ ʧʨʘʚʠ ʚʲʟ ʦʩʥʦʚʘ 

ʥʘ ʤʦʱʥʦʩʪʪʘ [4]. ʊʝʟʠ ʘʥʪʝʥʠ ʢʦʨʝʥʥʦ ʩʝ ʨʘʟʣʠʯʘʚʘʪ ʦʪ ʧʘʨʘʣʝʣʥʠʪʝ ʘʥʪʝʥʠ ʟʘ ʭʘʨʤʦʥʠʯʥʠ ʠ 

ʢʚʘʟʠʭʘʨʤʦʥʠʯʥʠ ʩʠʛʥʘʣʠ, ʬʦʨʤʠʨʘʱʠ ɼʅɼ ʥʘ ʘʥʪʝʥʘʪʘ. 

 

ʌʀɻʋʈɸ 4. ʇʨʦʝʢʪʠʨʘʥʝ ʥʘ ʚʲʟʜʫʰʥʠ ʤʦʜʝʣʠ ʩʧʦʨʝʜ ʤʦʱʥʦʩʪʪʘ ʥʘ ʉɺʐ ʩʠʛʥʘʣʠ. 

ʉɺʈʒʍʐʀʈʆʂʆʃɽʅʊʆɺʀ ʈɸɼɸʈʀ ɿɸ ʆʊʂʈʀɺɸʅɽ ʅɸ ʊʆʏʂʆɺʀ 

ʄɸʃʆʈɸɿʄɽʈʅʀ ʎɽʃʀ (ɼʈʆʅʆɺɽ) 

ʀʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʙʝʟʧʠʣʦʪʥʠ ʣʝʪʘʪʝʣʥʠ ʘʧʘʨʘʪʠ ʙʲʨʟʦ ʩʝ ʨʘʟʰʠʨʷʚʘ ʚ ʤʥʦʞʝʩʪʚʦ ʘʩʧʝʢʪʠ ʦʪ ʞʠʚʦʪʘ 

ʥʠ ʚ ʧʦʩʣʝʜʥʠʪʝ ʛʦʜʠʥʠ. ɺ ʩʨʘʚʥʝʥʠʝ ʩ ʙʝʟʧʠʣʦʪʥʠʪʝ ʥʘʟʝʤʥʠ ʧʨʝʚʦʟʥʠ ʩʨʝʜʩʪʚʘ, ʙʝʟʧʠʣʦʪʥʠʪʝ 

ʣʝʪʘʪʝʣʥʠ ʘʧʘʨʘʪʠ ʧʨʝʜʩʪʘʚʣʷʚʘʪ ʜʦʧʲʣʥʠʪʝʣʥʦ ʧʨʝʜʠʟʚʠʢʘʪʝʣʩʪʚʦ ʧʦ ʦʪʥʦʰʝʥʠʝ ʥʘ ʣʦʢʘʣʠʟʘʮʠʷʪʘ ʠ 

ʥʘʚʠʛʘʮʠʷʪʘ. 

ʅʘʧʨʠʤʝʨ, ʜʦʢʘʪʦ ʙʝʟʧʠʣʦʪʥʠʪʝ ʥʘʟʝʤʥʠ ʧʨʝʚʦʟʥʠ ʩʨʝʜʩʪʚʘ ʤʦʛʘʪ ʩʨʘʚʥʠʪʝʣʥʦ ʣʝʩʥʦ ʜʘ ʙʲʜʘʪ 

ʦʪʢʨʠʚʘʥʠ ʧʦʨʘʜʠ ʤʘʣʢʘʪʘ ʩʢʦʨʦʩʪ ʩʧʨʷʤʦ ʨʘʜʘʨʘ, ʪʦʚʘ ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʚʲʨʥʝ ʚ ʧʨʦʙʣʝʤ ʧʨʠ ʜʨʦʥʦʚʝʪʝ, 

ʦʩʦʙʝʥʦ ʚ ʩʣʫʯʘʡ, ʯʝ ʪʦʯʥʘʪʘ ʣʦʢʘʣʠʟʘʮʠʷ ʥʝ ʝ ʚʲʟʤʦʞʥʘ. 

ɽʜʥʦ ʦʪ ʧʲʨʚʠʪʝ ʧʨʠʣʦʞʝʥʠʷ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʥʠ ʩʠʩʪʝʤʠ ʩ ʥʷʢʦʣʢʦ ʙʝʟʧʠʣʦʪʥʠ 

ʣʝʪʘʪʝʣʥʠ ʘʧʘʨʘʪʘ ʝ ʩʠʥʪʝʟʠʨʘʥʝʪʦ ʥʘ ʘʣʛʦʨʠʪʲʤ ʟʘ ʢʦʥʪʨʦʣ ʠ ʫʧʨʘʚʣʝʥʠʝ. ʊʦʟʠ ʘʣʛʦʨʠʪʲʤ ʩʝ ʩʲʩʪʦʠ ʚ 

ʧʨʦʝʢʪʠʨʘʥʝʪʦ ʥʘ ʩʠʩʪʝʤʠ ʟʘ ʫʧʨʘʚʣʝʥʠʝ ʩ ʤʥʦʞʝʩʪʚʦ ʧʨʠʝʤʦʧʨʝʜʘʚʘʪʝʣʠ ʟʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʘ 

ʢʦʦʨʜʠʥʘʮʠʷ. ɺ ʤʥʦʛʦ ʩʣʫʯʘʠ ʪʝ ʨʘʟʯʠʪʘʪ ʩʘʤʦ ʥʘ ʠʟʤʝʨʚʘʥʝ ʥʘ ʨʘʟʩʪʦʷʥʠʝʪʦ, ʥʦ ʧʦ-ʯʝʩʪʦ ʩʝ ʠʟʠʩʢʚʘ 

ʦʪʥʦʩʠʪʝʣʥʦ ʪʦʯʥʦ ʧʦʟʠʮʠʦʥʠʨʘʥʝ ʥʘ ʧʨʠʝʤʦʧʨʝʜʘʚʘʪʝʣʥʠʪʝ ʩʪʘʥʮʠʠ. 

ʇʦʚʝʯʝʪʦ ʙʝʟʧʠʣʦʪʥʠ ʣʝʪʘʪʝʣʥʠ ʘʧʘʨʘʪʠ ʜʦ ʤʦʤʝʥʪʘ ʨʘʟʯʠʪʘʪ ʥʘ GNSS ʩʝʥʟʦʨʠ ʟʘ ʛʣʦʙʘʣʥʦ 

ʧʦʟʠʮʠʦʥʠʨʘʥʝ. ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʪʦʚʘ, ʪʨʷʙʚʘ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʜʨʫʛʠ ʨʝʰʝʥʠʷ ʟʘ ʨʘʙʦʪʘ ʥʘ ʟʘʢʨʠʪʦ, ʠʣʠ ʚ 

ʜʨʫʛʠ, ʟʘʙʨʘʥʝʥʠ ʟʘ GNSS ʩʨʝʜʠ. 

ʐʠʨʦʢʦ ʠʟʧʦʣʟʚʘʥʘ ʩʠʩʪʝʤʘ ʟʘ ʣʦʢʘʣʠʟʠʨʘʥʝ ʩ ʚʠʩʦʢʘ ʪʦʯʥʦʩʪ ʩʘ ʘʥʪʝʥʠʪʝ ʟʘ ʦʪʢʨʠʚʘʥʝ ʥʘ ʜʚʠʞʝʥʠʝ, 

ʨʘʟʯʠʪʘʱʠ ʥʘ ʚʠʩʦʢʘ ʩʢʦʨʦʩʪ, ʢʘʤʝʨʠ ʠ ʩʚʝʪʣʦʦʪʨʘʟʠʪʝʣʥʠ ʤʘʨʢʝʨʠ. ɺ ʩʠʩʪʝʤʠʪʝ ʟʘ ʚʠʟʫʘʣʥʦ 

ʧʦʟʠʮʠʦʥʠʨʘʥʝ ʠ ʥʘʚʠʛʘʮʠʷ, ʦʙʝʤʲʪ ʥʘ ʠʥʬʦʨʤʘʮʠʷʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʠʟʦʙʨʘʞʝʥʠʝʪʦ ʝ ʟʥʘʯʠʪʝʣʝʥ ʠ 

ʠʟʧʦʣʟʚʘʥʠʷʪ ʢʦʤʧʶʪʲʨ ʥʝ ʤʦʞʝ ʜʘ ʟʘʚʲʨʰʠ ʠʟʯʠʩʣʝʥʠʝʪʦ, ʢʦʝʪʦ ʠʟʠʩʢʚʘ ʩʢʲʧ ʭʘʨʜʫʝʨ ʟʘ ʧʦʩʪʠʛʘʥʝ ʥʘ 

ʚʠʩʦʢʘ ʧʨʦʠʟʚʦʜʠʪʝʣʥʦʩʪ ʚ ʨʝʘʣʥʦ ʚʨʝʤʝ. ʆʩʚʝʥ ʪʦʚʘ, ʨʘʟʛʨʲʱʘʥʝʪʦ ʥʘ ʪʘʢʠʚʘ ʩʨʝʜʩʪʚʘ ʝ ʩʨʘʚʥʠʪʝʣʥʦ 

ʬʠʢʩʠʨʘʥʦ ʠ ʩ ʦʛʨʘʥʠʯʝʥʦ ʧʦʢʨʠʪʠʝ. 

ʉʣʝʜʦʚʘʪʝʣʥʦ, ʠʟʩʣʝʜʦʚʘʪʝʣʠʪʝ, ʢʦʠʪʦ ʪʲʨʩʷʪ ʧʦ-ʛʲʚʢʘʚʠ ʨʝʰʝʥʠʷ, ʜʦʨʠ ʠ ʜʘ ʥʝ ʩʘ ʩʲʩ ʩʲʱʠʪʝ ʥʠʚʘ 

ʥʘ ʪʦʯʥʦʩʪ, ʧʨʝʤʠʥʘʚʘʪ ʢʲʤ ʥʦʚʠ ʩʠʩʪʝʤʠ ʟʘ ʣʦʢʘʣʠʟʠʨʘʥʝ, ʙʘʟʠʨʘʥʠ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠ (ʉɺʐ) 

ʙʝʟʞʠʯʥʠ ʧʨʠʝʤʦ-ʧʨʝʜʘʚʘʪʝʣʠ. 

ʉʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʘʪʘ ʪʝʭʥʠʢʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʠʥʬʦʨʤʘʮʠʷʪʘ ʠʟʧʦʣʟʚʘ ʨʘʟʰʠʨʝʥ ʬʠʣʪʲʨ ʥʘ ʂʘʣʤʘʥ 

ʠ ʯʨʝʟ ʥʦʚʦʨʘʟʨʘʙʦʪʚʘʥʠ ʤʝʪʦʜʠ, ʙʘʟʠʨʘʥʠ ʥʘ ʥʝʣʠʥʝʡʥʘʪʘ ʨʝʛʨʝʩʠʷ, ʧʦʟʚʦʣʷʚʘ ʝʜʥʦʚʨʝʤʝʥʥʘʪʘ 

ʣʦʢʘʣʠʟʘʮʠʷ ʥʘ ʜʦ ʯʝʪʠʨʠ ʤʘʣʦʨʘʟʤʝʨʥʠ ʮʝʣʠ. 

ʇʨʠ ʦʙʨʘʙʦʪʢʘʪʘ ʥʘ ʨʘʜʠʦʣʦʢʘʮʠʦʥʥʘ ʠʥʬʦʨʤʘʮʠʷ ʩ ʠʟʧʦʣʟʚʘʥʝ ʥʘ ʨʘʟʰʠʨʝʥʠʷ ʬʠʣʪʲʨ ʥʘ ʂʘʣʤʘʥ 

ʠʤʘ ʚʲʟʤʦʞʥʦʩʪ ʟʘ ʟʘʜʘʚʘʥʝ ʥʘ ʘʧʨʠʦʨʥʠ ʜʘʥʥʠ: 

¶ ʭʘʨʘʢʪʝʨʠʟʠʨʘʱʠ ʨʘʜʘʨʥʘʪʘ ʩʠʩʪʝʤʘ; 

¶ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʦʙʝʢʪʘ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ï ɽʆʇ, ʢʦʦʨʜʠʥʘʪʠ, ʩʢʦʨʦʩʪʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ; 

¶ ʪʝʛʣʦʚʠ ʢʦʝʬʠʮʠʝʥʪʠ ʥʘ ʠʟʤʝʨʚʘʥʠʷʪʘ ʥʘ ʢʦʦʨʜʠʥʘʪʠʪʝ; 

¶ ʚʨʲʟʢʠʪʝ ʤʝʞʜʫ ʧʨʦʤʝʥʣʠʚʠʪʝ, 
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ʠ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʧʦ-ʪʦʯʥʘ ʦʮʝʥʢʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʥʘʙʣʶʜʘʚʘʥʠʷ ʦʙʝʢʪ. 

ʇʨʠ ʥʝʣʠʥʝʡʥʘʪʘ ʨʝʛʨʝʩʠʷ ʜʘʥʥʠʪʝ ʩʘ ʧʦʜʭʦʜʷʱʠ ʟʘ ʤʦʜʝʣ ʠ ʚ ʧʦʩʣʝʜʩʪʚʠʝ ʩʝ ʠʟʨʘʟʷʚʘʪ ʢʘʪʦ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʬʫʥʢʮʠʠ. ʇʨʠ ʧʨʦʩʪʘʪʘ ʣʠʥʝʡʥʘ ʨʝʛʨʝʩʠʷ ʜʚʝ ʧʨʦʤʝʥʣʠʚʠ (X ʠ Y) ʩʝ ʩʚʲʨʟʚʘʪ ʩ ʧʨʘʚʘ 

ʣʠʥʠʷ (y = mx + b). ʅʝʣʠʥʝʡʥʘʪʘ ʨʝʛʨʝʩʠʷ ʪʨʷʙʚʘ ʜʘ ʛʝʥʝʨʠʨʘ ʢʨʠʚʘ ʣʠʥʠʷ, ʢʦʛʘʪʦ Y ʝ ʧʨʦʠʟʚʦʣʥʘ 

ʧʨʦʤʝʥʣʠʚʘ. ʎʝʣʪʘ ʥʘ ʤʦʜʝʣʘ Ăʤʠʥʠʤʫʤ ʥʘ ʢʚʘʜʨʘʪʠʪʝñ ʝ ʩʙʦʨʲʪ ʦʪ ʢʚʘʜʨʘʪʠʪʝ ʥʘ ʚʩʷʢʘ ʩʪʦʡʥʦʩʪ ʜʘ ʝ 

ʚʲʟʤʦʞʥʦ ʥʘʡ-ʤʘʣʲʢ. 

ʉʙʦʨʘ ʦʪ ʥʘʡ-ʤʘʣʢʠʪʝ ʢʚʘʜʨʘʪʠ ʦʧʨʝʜʝʣʷ ʢʦʣʢʦ ʠʟʤʝʨʚʘʥʠʷ ʩʝ ʨʘʟʣʠʯʘʚʘʪ ʦʪ ʩʨʝʜʥʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ 

ʚʩʠʯʢʠ ʠʟʤʝʨʚʘʥʠʷ. ʀʟʯʠʩʣʷʚʘ ʩʝ, ʢʘʪʦ ʩʝ ʦʧʨʝʜʝʣʷ ʨʘʟʣʠʢʘʪʘ ʤʝʞʜʫ ʩʨʝʜʥʘʪʘ ʩʪʦʡʥʦʩʪ ʠ ʚʩʷʢʘ ʦʪʜʝʣʥʘ 

ʩʪʦʡʥʦʩʪ ʚ ʠʟʙʨʘʥʠʷ ʦʙʝʤ. ɺʩʷʢʘ ʨʘʟʣʠʢʘ ʩʝ ʧʦʚʜʠʛʘ ʥʘ ʢʚʘʜʨʘʪ. ɺʩʠʯʢʠ ʧʦʣʫʯʝʥʠ ʩʪʦʡʥʦʩʪʠ ʩʝ ʩʫʤʠʨʘʪ. 
ʂʦʣʢʦʪʦ ʝ ʧʦ-ʤʘʣʢʘ ʝ ʩʫʤʘʪʘ ʦʪ ʪʝʟʠ ʢʚʘʜʨʘʪʠ, ʪʦʣʢʦʚʘ ʧʦ-ʜʦʙʨʝ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʬʫʥʢʮʠʷʪʘ ʢʲʤ 

ʦʙʚʠʚʘʱʘʪʘ. ʇʨʠ ʥʝʣʠʥʝʡʥʘ ʨʝʛʨʝʩʠʷ ʤʦʛʘʪ ʜʘ ʩʝ ʠʟʧʦʣʟʚʘʪ ʨʘʟʣʠʯʥʠ ʬʫʥʢʮʠʠ ï ʣʦʛʘʨʠʪʤʠʯʥʠ, 

ʝʢʩʧʦʥʝʥʮʠʘʣʥʠ, ʪʨʠʛʦʥʦʤʝʪʨʠʯʥʠ ʠ ʜʨʫʛʠ, ʟʘ ʘʜʘʧʪʠʨʘʥʝ ʢʲʤ ʠʟʙʨʘʥʠʪʝ ʫʩʣʦʚʠʷ. 

ɿɸʂʃʖʏɽʅʀɽ 

ʆʩʥʦʚʥʠʪʝ ʚʲʟʤʦʞʥʦʩʪʠ ʥʘ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʠ ʚʢʣʶʯʚʘʪ ʫʩʲʚʲʨʰʝʥʩʪʚʘʥʘ ʝʬʝʢʪʠʚʥʦʩʪ 

ʥʘ ʠʟʤʝʨʝʥʠʝʪʦ ʥʘ ʤʘʩʠʚʘ ʦʪ ʦʪʢʨʠʪʠ ʦʙʝʢʪʠ, ʠʜʝʥʪʠʬʠʮʠʨʘʥʝ ʢʣʘʩʘ ʥʘ ʦʙʝʢʪʘ, ʧʦʜʦʙʨʝʥʘ ʪʦʯʢʘ ʟʘ 

ʥʘʙʣʶʜʝʥʠʝ, ʪʲʥʢʘ ʚʲʟʜʫʰʥʘ ʬʦʨʤʘ ʯʨʝʟ ʧʦʜʦʙʨʷʚʘʥʝ ʢʘʯʝʩʪʚʦʪʦ ʥʘ ʠʟʣʲʯʚʘʥʠʷ ʩʠʛʥʘʣ, ʥʘʤʘʣʷʚʘʥʝ ʥʘ 

Ăʤʲʨʪʚʘʪʘ ʟʦʥʘñ. ʆʩʥʦʚʥʠʪʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʪʝʟʠ ʨʘʜʘʨʠ ʩʘ ʚʘʨʠʘʮʠʠʪʝ ʚʲʚ ʬʦʨʤʘʪʘ ʥʘ ʩʠʛʥʘʣʘ ʧʦ 

ʚʨʝʤʝ ʥʘ ʦʪʢʨʠʚʘʥʝ ʠ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʦʙʭʚʘʪʘ, ʢʘʢʪʦ ʠ ʟʘʚʠʩʠʤʦʩʪʪʘ ʥʘ ʜʠʘʛʨʘʤʘʪʘ ʥʘ ʘʥʪʝʥʘʪʘ ʦʪ 

ʧʨʦʜʲʣʞʠʪʝʣʥʦʩʪʪʘ ʥʘ ʩʠʛʥʘʣʘ ʠ ʬʦʨʤʘʪʘ ʥʘ ʚʲʣʥʘʪʘ. ʂʦʛʘʪʦ ʩʝ ʠʟʧʦʣʟʚʘ ʧʨʠ ʫʩʣʦʚʠʷ ʥʘ ʩʪʘʪʠʯʥʦ 

ʟʘʛʣʫʰʘʚʘʥʝ, ʉɺʐ ʨʘʜʘʨʲʪ ʠʤʘ ʜʦʧʲʣʥʠʪʝʣʥʘ ʬʫʥʢʮʠʷ, ʢʦʷʪʦ ʛʦ ʦʪʣʠʯʘʚʘ ʦʪ ʪʝʩʥʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʠ. ɿʘ 

ʜʘ ʩʝ ʦʪʢʨʠʝ ʮʝʣ ʚ ʩʚʨʲʭʰʠʨʦʢʦʣʝʥʪʦʚʠʪʝ ʨʘʜʘʨʠ, ʝ ʥʝʦʙʭʦʜʠʤʦ ʧʨʘʚʠʣʥʦ ʨʘʟʧʨʝʜʝʣʝʥʠʝ ʥʘ ʢʘʨʪʠʥʘʪʘ, 

ʢʦʝʪʦ ʧʦʟʚʦʣʷʚʘ ʨʘʟʛʨʘʥʠʯʘʚʘʥʝ ʥʘ ʦʙʝʢʪ ʠ ʛʝʥʝʨʠʨʘʥʝ ʥʘ ʨʘʜʠʦʠʟʦʙʨʘʞʝʥʠʝ. ɼʚʠʞʝʱ ʩʝ ʦʙʝʢʪ ʤʦʞʝ ʜʘ 

ʙʲʜʝ ʦʪʢʨʠʪ ʩ ʧʦʤʦʱʪʘ ʥʘ ʤʥʦʛʦʢʘʥʘʣʥʘ ʩʠʩʪʝʤʘ ʟʘ ʜʦʧʣʝʨʦʚʘ ʬʠʣʪʨʘʮʠʷ, ʩʚʲʨʟʘʥʘ ʩ ʫʩʪʨʦʡʩʪʚʦʪʦ. 

ʆʩʥʦʚʥʠʪʝ ʧʨʝʜʠʤʩʪʚʘ ʥʘ ʉɺʐ ʨʘʜʘʨʘ ʩʘ ʛʦʣʷʤʘ ʯʝʩʪʦʪʥʘ ʣʝʥʪʘ, ʩʠʛʥʘʣ ʩ ʧʦ-ʤʘʣʢʦ ʥʦʩʠʪʝʣʠ ʠ ʫʣʪʨʘ-

ʢʲʩʘ ʰʠʨʠʥʘ ʥʘ ʠʤʧʫʣʩʘ. 
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Abstract. The article examines the features of ultra-wideband radar, signals and point small targets. An analysis of 

their characteristics, advantages and disadvantages has been made. A comparison is made between narrowband and 

ultra-wideband radars. The possibilities for the application of ultra-broadband radar in the detection and tracking of 

point small-sized 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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ʇʨʦʮʝʩ ʥʘ ʧʨʦʝʢʪʠʨʘʥʝ ʠ ʠʟʛʨʘʞʜʘʥʝ ʥʘ ʩʠʩʪʝʤʘ ʟʘ 

ʥʘʙʣʶʜʝʥʠʝ ʥʘ ʚʲʟʜʫʰʥʠʷ ʪʨʘʬʠʢ ʟʘ ʫʯʝʙʥʠ ʮʝʣʠ 

ʇʨʝʩʣʘʚ ɻʝʦʨʛʠʝʚ1, a), ʉʪʝʬʘʥ ʉʪʘʚʨʝʚ2, ɼʠʤʠʪʲʨ ɻʠʥʯʝʚ1, ʙ), 

ʈʘʜʠʥʘ ʅʠʢʦʣʦʚʘ1
 

1ʂʘʪʝʜʨʘ Ăɺʲʟʜʫʰʝʥ ʪʨʘʥʩʧʦʨʪñ, ʊʝʭʥʠʯʝʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ ï ʉʦʬʠʷ, ʙʫʣ. Ăʂʣʠʤʝʥʪ ʆʭʨʠʜʩʢʠñ 8, 

ʉʦʬʠʷ 1000, ɹʲʣʛʘʨʠʷ 
2ʇʣʦʚʜʠʚʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ Ăʇʘʠʩʠʡ ʍʠʣʝʥʜʘʨʩʢʠñ, ʫʣ. Ăʎʘʨ ɸʩʝʥñ 24, ʇʣʦʚʜʠʚ 4000, ɹʲʣʛʘʨʠʷ 

 
a) prgeorgiev@tu-sofia.bg 
ʙ) dimginchev@tu-sofia.bg 

ʈʝʟʶʤʝ. ɼʦʢʣʘʜʲʪ ʨʘʟʛʣʝʞʜʘ ʧʣʘʥʠʨʘʥʝʪʦ ʠ ʠʟʛʨʘʞʜʘʥʝʪʦ ʥʘ ʩʠʩʪʝʤʘ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ʥʘ ʚʲʟʜʫʰʥʠʷ ʪʨʘʬʠʢ ʩ 

ʮʝʣ ʚʠʟʫʘʣʠʟʘʮʠʷ ʠ ʧʦʜʧʦʤʘʛʘʥʝ ʥʘ ʧʨʦʮʝʩʠʪʝ ʥʘ ʦʙʫʯʝʥʠʝ ʚ ʢʘʪʝʜʨʘ Ăɺʲʟʜʫʰʝʥ ʪʨʘʥʩʧʦʨʪñ ʥʘ ʊʝʭʥʠʯʝʩʢʠ 

ʫʥʠʚʝʨʩʠʪʝʪ ï ʉʦʬʠʷ ʠ ʆʜʦʙʨʝʥʘ ʦʨʛʘʥʠʟʘʮʠʷ ʟʘ ʦʙʫʯʝʥʠʝ Ăɺʠʩʰʘ ʰʢʦʣʘ ʘʚʠʘʮʠʷñ. ʉʠʩʪʝʤʘʪʘ ʚʢʣʶʯʚʘ ʚ 

ʩʝʙʝ ʩʠ ʘʚʠʘʮʠʦʥʝʥ ʪʨʘʥʩʧʦʥʜʝʨ, ADS-B ʩʠʩʪʝʤʘ ʠ ʧʨʠʝʤʥʠʢ ʥʘ ʩʧʲʪʥʠʢʦʚʘ ʥʘʚʠʛʘʮʠʦʥʥʘ ʩʠʩʪʝʤʘ (GPS). 

ʇʲʨʚʠʪʝ ʜʚʝ ʩʘ ʚ ʦʩʥʦʚʘʪʘ ʥʘ ʧʨʠʥʮʠʧʘ Ăʚʪʦʨʠʯʥʘ ʨʘʜʠʦʣʦʢʘʮʠʷñ. 

ɺʒɺɽɼɽʅʀɽ 

ʉ ʧʦʩʪʦʷʥʥʦ ʫʚʝʣʠʯʘʚʘʱʠʷ ʩʝ ʙʨʦʡ ʛʨʘʞʜʘʥʩʢʠ ʧʦʣʝʪʠ, ʥʘʩʠʪʝʥʦʩʪʪʘ ʥʘ ʚʲʟʜʫʰʥʦʪʦ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʩʪʘʚʘ ʚʩʝ ʧʦ-ʛʦʣʷʤʘ ʠ ʪʦʯʥʦʪʦ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʦʪʦ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʥʘ ʚʲʟʜʫʭʦʧʣʘʚʘʪʝʣʥʠʪʝ 

ʩʨʝʜʩʪʚʘ, ʠ ʩʝʧʘʨʘʮʠʷʪʘ ʤʝʞʜʫ ʪʷʭ, ʝ ʦʪ ʛʦʣʷʤʦ ʟʥʘʯʝʥʠʝ ʟʘ ʫʩʧʝʰʥʦʪʦ ʠ ʙʝʟʦʧʘʩʥʦ ʧʨʦʚʝʞʜʘʥʝ ʥʘ 

ʧʦʣʝʪʠʪʝ. ʅʘ ʌʠʛ. 1 ʝ ʠʟʦʙʨʘʟʝʥʘ ʩʪʘʪʠʩʪʠʢʘ ʟʘ ʠʟʚʲʨʰʝʥʠʪʝ ʧʦʣʝʪʠ ʥʘ ʛʦʜʠʰʥʘ ʙʘʟʘ, ʦʪ ʢʦʷʪʦ ʤʦʞʝʤ ʜʘ 

ʦʪʯʝʪʝʤ ʧʦʩʪʦʷʥʥʦ ʥʘʨʘʩʪʚʘʥʝ ʥʘ ʚʲʟʜʫʰʥʠʷ ʪʨʘʬʠʢ [6]. ʇʦ-ʤʘʣʢʠʷʪ ʙʨʦʡ ʧʦʣʝʪʠ ʧʨʝʟ 2020 ʠ 2021 

ʛʦʜʠʥʘ ʩʝ ʜʲʣʞʠ ʥʘ ʧʘʥʜʝʤʠʷʪʘ ʦʪ ĂCovid-19ñ, ʧʨʠ ʢʦʷʪʦ ʪʨʘʥʩʧʦʨʪʲʪ ʥʘ ʧʲʪʥʠʮʠ ʧʦ ʚʲʟʜʫʭ ʙʝʰʝ ʥʘʡ-

ʟʘʩʝʛʥʘʪ. ɺʲʧʨʝʢʠ ʪʦʚʘ, ʩʝ ʚʠʞʜʘ ʯʝ ʙʨʦʷʪ ʥʘ ʛʨʘʞʜʘʥʩʢʠʪʝ ʧʦʣʝʪʠ ʧʨʝʟ 2023 ʛʦʜʠʥʘ ʥʘʜʭʚʲʨʣʷ ʪʝʟʠ ʧʨʝʟ 

2019 ʛʦʜʠʥʘ ï ʩ 21 215 ï ʢʦʷʪʦ ʩʝ ʩʤʷʪʘʰʝ ʟʘ ʧʠʢʦʚʘ ʛʦʜʠʥʘ ʚ ʛʨʘʞʜʘʥʩʢʦʪʦ ʚʲʟʜʫʭʦʧʣʘʚʘʥʝ, ʢʘʪʦ ʢʲʤ 

ʤʦʤʝʥʪʘ ʥʘ ʠʟʛʦʪʚʷʥʝ ʥʘ ʪʦʟʠ ʜʦʢʣʘʜ, ʟʘ 2023 ʛʦʜʠʥʘ ʨʘʟʧʦʣʘʛʘʤʝ ʩ ʜʘʥʥʠ ʜʦ ʥʘʯʘʣʦʪʦ ʥʘ ʤʝʩʝʮ 

ʩʝʧʪʝʤʚʨʠ. 

ʀʟʧʦʣʟʚʘʥʝʪʦ ʥʘ ʨʘʟʨʘʙʦʪʚʘʥʘʪʘ ʦʪ ʥʘʩ ʩʠʩʪʝʤʘ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʩʲʛʣʘʩʫʚʘʥʦ ʩ ɻʣʘʚʥʘ ʜʠʨʝʢʮʠʷ 

Ăɻʨʘʞʜʘʥʩʢʘ ʚʲʟʜʫʭʦʧʣʘʚʘʪʝʣʥʘ ʘʜʤʠʥʠʩʪʨʘʮʠʷñ ʠ ɼʲʨʞʘʚʥʦ ʧʨʝʜʧʨʠʷʪʠʝ Ăʈʲʢʦʚʦʜʩʪʚʦ ʚʲʟʜʫʰʥʦ 

ʜʚʠʞʝʥʠʝñ, ʧʦʨʘʜʠ ʚʲʟʤʦʞʥʦʩʪʪʘ ʪʷ ʜʘ ʚʣʠʷʝ ʥʘ ʚʲʟʜʫʰʥʠʷ ʪʨʘʬʠʢ. ʊʦʚʘ ʦʟʥʘʯʘʚʘ, ʯʝ ʤʦʞʝ ʜʘ ʩʝ 

ʚʢʣʶʯʠ ʩʠʩʪʝʤʘʪʘ ʟʘ ʧʨʝʜʫʧʨʝʞʜʝʥʠʷ ʟʘ ʩʙʣʠʞʝʥʠʝ.  ɿʘ ʜʘ ʩʝ ʠʟʙʝʛʥʝ ʪʦʚʘ, ʪʷ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʧʨʘʚʠʣʥʦ 

ʥʘʩʪʨʦʝʥʘ, ʜʘ ʙʲʜʝ ʨʝʛʠʩʪʨʠʨʘʥʘ, ʜʘ ʧʦʣʫʯʠ ʫʥʠʢʘʣʝʥ ʢʦʜ, ʢʦʡʪʦ ʝ ʩʧʝʮʠʬʠʯʝʥ ʟʘ ʨʘʟʣʠʯʥʠʪʝ ʩʪʨʘʥʠ. 

ʊʦʟʠ ʜʦʢʣʘʜ ʨʘʟʛʣʝʞʜʘ ʛʣʘʚʥʠʪʝ ʜʝʡʩʪʚʠʷ ʧʦ ʢʘʣʠʙʨʠʨʘʥʝ ʥʘ ʩʠʩʪʝʤʘʪʘ ʩ ʮʝʣ ʙʲʜʝʱʝʪʦ Ⱬ ʩʝʨʪʠʬʠʮʠʨʘʥʝ 

ʠ ʚʲʚʝʞʜʘʥʝ ʚ ʧʲʣʥʘ ʝʢʩʧʣʦʘʪʘʮʠʦʥʥʘ ʛʦʪʦʚʥʦʩʪ. 

 

 

ʌʀɻʋʈɸ 1. ɹʨʦʡ ʥʘ ʛʨʘʞʜʘʥʩʢʠʪʝ ʧʦʣʝʪʠ ʥʘ ʜʝʥ (UTC ʚʨʝʤʝ). 

ʈ. ɼʞʧʩʜʡʞʛ, ʊ. ʊʫʙʛʩʞʛ, ɽ. ɼʡʦʰʞʛ, ʉ. ʆʡʣʧʤʧʛʙ, ʇʨʦʮʝʩ ʥʘ ʧʨʦʝʢʪʠʨʘʥʝ ʠ ʠʟʛʨʘʞʜʘʥʝ ʥʘ ʩʠʩʪʝʤʘ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ʥʘ ʚʲʟʜʫʰʥʠʷ ʪʨʘʬʠʢ ʟʘ ʫʯʝʙʥʠ 
ʮʝʣʠ 
P. Georgiev, S. Stavrev, D. Ginchev and R. Nikolova, Process of design and construction of an air traffic monitoring system for learning purposes 
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ʊɸɹʃʀʎɸ 1. ɹʨʦʡ ʛʨʘʞʜʘʥʩʢʠ ʧʦʣʝʪʠ ʥʘ ʛʦʜʠʰʥʘ ʙʘʟʘ [6]. 

ɻʦʜʠʥʘ ɹʨʦʡ ʧʦʣʝʪʠ 

               2023* 135 847 

               2022   107 732 

               2021 91 555 

               2020 68 876 

               2019 114 632 

*ɼʦ ʥʘʯʘʣʦʪʦ ʥʘ ʤʝʩʝʮ ʩʝʧʪʝʤʚʨʠ. 

ʉʀʉʊɽʄɸ ɿɸ ʅɸɹʃʖɼɽʅʀɽ ʅɸ ʊʈɸʌʀʂɸ 

ʉʠʩʪʝʤʘʪʘ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ʥʘ ʚʲʟʜʫʰʥʠʷ ʪʨʘʬʠʢ ʩʝ ʩʲʩʪʦʠ ʦʪ ʪʨʠ ʧʦʜʩʠʩʪʝʤʠ: 

¶ ɸʚʠʘʮʠʦʥʝʥ ʪʨʘʥʩʧʦʥʜʝʨ (Transponder); 

¶ Automatic Dependent Surveillance ï Broadcast (ADS-B); 

¶ ʇʨʠʝʤʥʠʢ ʥʘ ʩʧʲʪʥʠʢʦʚʘ ʥʘʚʠʛʘʮʠʦʥʥʘ ʩʠʩʪʝʤʘ ï Global Navigation Satellite System (GNSS). 

¶ ʂʦʤʧʶʪʲʨ ʠ ʧʨʦʛʨʘʤʠ ʩʘ ʚʠʟʫʘʣʠʟʘʮʠʷ ʠ ʟʘʧʠʩʚʘʥʝ ʥʘ ʠʥʬʦʨʤʘʮʠʷʪʘ. 

¶ ɸʥʪʝʥʠ (3 ʙʨ.) ʠ ʧʨʦʚʦʜʥʠʮʠ ʟʘ ʦʪʜʝʣʥʠʪʝ ʢʦʤʧʦʥʝʥʪʠ ʥʘ ʩʠʩʪʝʤʘʪʘ. 

ʑʝ ʩʝ ʨʘʟʛʣʝʜʘ ʧʨʠʥʮʠʧʘ ʥʘ ʜʝʡʩʪʚʠʝ ʥʘ ʩʠʩʪʝʤʘʪʘ. 

ɸʚʠʘʮʠʦʥʝʥ ʪʨʘʥʩʧʦʥʜʝʨ (Transponder) 

ɸʥʛʣʠʡʩʢʦʪʦ ʥʘʠʤʝʥʦʚʘʥʠʝ Transponder ʝ ʩʲʩʪʘʚʝʥʦ ʦʪ ʜʫʤʠʪʝ Transmitter ʠ Responder ï ʧʨʝʜʘʚʘʥʝ ʠ 

ʦʪʛʦʚʘʨʷʥʝ, ʢʦʝʪʦ ʝ ʧʨʠʥʮʠʧʲʪ ʥʘ ʚʪʦʨʠʯʥʘʪʘ ʨʘʜʠʦʣʦʢʘʮʠʷ. ʅʘʟʝʤʥʘ ʨʘʜʘʨʥʘ ʩʪʘʥʮʠʷ ʧʨʝʜʘʚʘ ʟʘʧʠʪʚʘʱ 

ʥʘʩʦʯʝʥ ʩʠʛʥʘʣ ʥʘ ʯʝʩʪʦʪʘ 1030 MHz, ʘ ʪʨʘʥʩʧʦʥʜʝʨʲʪ ʠʟʧʨʘʱʘ ʚʩʝʥʘʩʦʯʝʥ ʦʪʛʦʚʘʨʷʱ ʩʠʛʥʘʣ ʥʘ ʯʝʩʪʦʪʘ 

1090 MHz, ʩʲʜʲʨʞʘʱ ʠʥʬʦʨʤʘʮʠʷ ʟʘ ʚʲʟʜʫʭʦʧʣʘʚʘʪʝʣʥʦ ʩʨʝʜʩʪʚʦ (ɺʉ) [4]. ʆʙʝʤʘ ʦʪ ʠʥʬʦʨʤʘʮʠʷ ʟʘʚʠʩʠ 

ʦʪ ʨʝʞʠʤʘ ʥʘ ʦʧʝʨʠʨʘʥʝ ʥʘ ʪʨʘʥʩʧʦʥʜʝʨʘ. ʀʟʧʦʣʟʚʘʥʠʷ ʟʘ ʪʦʟʠ ʧʨʦʝʢʪ ʪʨʘʥʩʧʦʥʜʝʨ ʝ ʤʘʨʢʘ ĂTrig 

Avionics Limitedñ, ʢʦʡʪʦ ʧʨʝʜʘʚʘ ʚ ʨʝʞʠʤ ĂSñ, ʩʲʜʲʨʞʘʱʘ ʥʘʡ-ʛʦʣʷʤ ʦʙʝʤ ʠʥʬʦʨʤʘʮʠʷ ï 

ʨʝʛʠʩʪʨʘʮʠʦʥʝʥ ʥʦʤʝʨ ʥʘ ɺʉ, ʚʠʩʦʯʠʥʘ ʥʘ ʧʦʣʝʪʘ ʠ ʜʨ. 

ʊʦʚʘ ʫʩʪʨʦʡʩʪʚʦ ʝ ʟʘʜʲʣʞʠʪʝʣʥʦ ʜʘ ʙʲʜʝ ʠʥʩʪʘʣʠʨʘʥʦ ʥʘ ʚʩʠʯʢʠ ɺʉ ʦʧʝʨʠʨʘʱʠ ʚ ʪ.ʥ. ʢʦʥʪʨʦʣʠʨʘʥʦ 

ʚʲʟʜʫʰʥʦ ʧʨʦʩʪʨʘʥʩʪʚʦ (ʂɺʉ), ʚ ʢʘʢʚʦʪʦ ʩʝ ʠʟʧʲʣʥʷʚʘʪ ʚʩʠʯʢʠ ʧʦʣʝʪʠ ʦʪ ʛʨʘʞʜʘʥʩʢʘʪʘ ʘʚʠʘʮʠʷ. 

ʅʘʣʠʯʠʝʪʦ ʥʘ ʪʘʟʠ ʩʠʩʪʝʤʘ ʩʧʦʤʘʛʘ ʟʘ ʨʘʟʧʦʟʥʘʚʘʥʝʪʦ ʥʘ ɺʉ ʥʝ ʩʘʤʦ ʦʪ ʥʘʟʝʤʥʠ ʩʪʘʥʮʠʠ, ʘ ʠ ʦʪ 

ʦʪʜʝʣʥʠʪʝ ʣʝʪʘʪʝʣʥʠ ʘʧʘʨʘʪʠ (ʃɸ). ʊʨʘʥʩʧʦʥʜʝʨʲʪ ʝ ʯʘʩʪ ʦʪ ʜʨʫʛʘ ʩʠʩʪʝʤʘ Traffic Collision Avoidance 

System (TCAS), ʢʦʷʪʦ ʛʝʥʝʨʠʨʘ ʧʨʝʜʫʧʨʝʜʠʪʝʣʥʠ ʩʲʦʙʱʝʥʠʷ ʢʲʤ ʧʠʣʦʪʠʪʝ ʥʘ ʜʘʜʝʥʦ ɺʉ, ʢʦʛʘʪʦ ʠʤʘ 

ʦʧʘʩʥʦʩʪ ʦʪ ʩʙʣʲʩʲʢ ʩ ʜʨʫʛʦ ɺʉ. ɿʘ ʜʘ ʥʝ ʧʨʝʜʠʟʚʠʢʚʘ ʬʘʣʰʠʚʠ ʩʠʛʥʘʣʥʠ ʩʲʦʙʱʝʥʠʷ ʥʘ ʧʨʝʣʠʪʘʱʠʪʝ 

ʥʘʜ ʩʠʩʪʝʤʘʪʘ ʩʘʤʦʣʝʪʠ, ʪʷ ʪʨʷʙʚʘ ʜʘ ʙʲʜʝ ʢʦʨʝʢʪʥʦ ʢʘʣʠʙʨʠʨʘʥʘ, ʢʦʝʪʦ ʱʝ ʩʝ ʨʘʟʛʣʝʜʘ ʚ ʪʦʟʠ ʜʦʢʣʘʜ. 

 

 

ʌʀɻʋʈɸ 2. ʇʨʠʥʮʠʧ ʥʘ ʨʘʙʦʪʘ ʥʘ ʘʚʠʘʮʠʦʥʝʥ ʪʨʘʥʩʧʦʥʜʝʨ (ʚʪʦʨʠʯʥʘ ʨʘʜʠʦʣʦʢʘʮʠʷ) [4]. 
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Automatic Dependent Surveillance ï Broadcast (ADS-B) 

ʉʠʩʪʝʤʘʪʘ ADS-B ʝ ʩʲʱʝʩʪʚʝʥ ʥʘʧʨʝʜʲʢ ʚ ʥʘʙʣʶʜʝʥʠʝʪʦ ʠ ʢʦʥʪʨʦʣʘ ʥʘ ʚʲʟʜʫʰʥʦʪʦ ʧʨʦʩʪʨʘʥʩʪʚʦ. ʊʷ 

ʦʩʠʛʫʨʷʚʘ ʤʥʦʛʦ ʧʦ-ʪʦʯʥʦ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʢʦʦʨʜʠʥʘʪʠʪʝ ʥʘ ɺʉ, ʢʘʪʦ ʠʥʬʦʨʤʘʮʠʷʪʘ ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʜʘʚʘ 

ʦʩʚʝʥ ʥʘ ʥʘʟʝʤʥʠ ʩʪʘʥʮʠʠ, ʪʘʢʘ ʠ ʥʘ ʜʨʫʛʠ ɺʉ ʦʙʦʨʫʜʚʘʥʠ ʩ ʪʘʟʠ ʩʠʩʪʝʤʘ [3]. ʇʨʝʜʠʤʩʪʚʘʪʘ ʥʘ ʪʘʟʠ 

ʩʠʩʪʝʤʘ ʧʨʝʜ ʚʪʦʨʠʯʥʘʪʘ ʨʘʜʠʦʣʦʢʘʮʠʷ, ʝ ʯʝ ʟʘ ʥʝʷ ʝ ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʧʦʣʘʛʘʥʝ ʥʘ ʜʦʩʪʘʪʲʯʥʦ ʛʦʣʷʤ ʙʨʦʡ 

ʥʘʟʝʤʥʠ ʨʘʜʘʨʥʠ ʘʥʪʝʥʠ ʟʘ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝʪʦ ʥʘ ɺʉ, ʜʦʢʦʣʢʦʪʦ ADS-B ʩʠʩʪʝʤʘʪʘ ʤʦʞʝ 

ʜʘ ʧʨʝʧʨʝʜʘʚʘ ʠʥʬʦʨʤʘʮʠʷ ʧʦ ʥʘʟʝʤʥʠʪʝ ʩʪʘʥʮʠʠ ʜʦ ʢʦʥʪʨʦʣʥʘʪʘ ʩʪʘʥʮʠʷ, ʦʙʨʘʙʦʪʚʘʱʘ ʩʠʛʥʘʣʘ. 

 

 

ʌʀɻʋʈɸ 3. ʇʨʠʥʮʠʧ ʥʘ ʧʨʝʜʘʚʘʥʝ ʥʘ ʩʠʛʥʘʣʠ ʯʨʝʟ ADS-B ʩʠʩʪʝʤʘ [3]. 

ʇʨʠʝʤʥʠʢ ʥʘ ʩʧʲʪʥʠʢʦʚʘ ʥʘʚʠʛʘʮʠʦʥʥʘ ʩʠʩʪʝʤʘ (GNSS) 

ʉʧʲʪʥʠʢʦʚʠʪʝ ʥʘʚʠʛʘʮʠʦʥʥʠ ʩʠʩʪʝʤʠ (ʉʅʉ) ʧʨʝʜʦʩʪʘʚʠʭʘ ʥʦʚʠ ʠʟʤʝʨʝʥʠʷ ʚ ʪʦʯʥʦʩʪʪʘ ʥʘ 

ʥʘʚʠʛʘʮʠʦʥʥʠʪʝ ʩʠʩʪʝʤʠ, ʩ ʪʦʯʥʦʩʪ ʚ ʦʧʨʝʜʝʣʷʥʝ ʥʘ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝʪʦ ʥʘ ɺʉ ʧʦʜ ʝʜʠʥ ʤʝʪʲʨ [4]. 

ʉʲʱʝʩʪʚʫʚʘʪ ʥʷʢʦʣʢʦ ʪʘʢʠʚʘ ʩʠʩʪʝʤʠ, ʢʘʪʦ ʥʘʡ-ʠʟʧʦʣʟʚʘʥʘʪʘ ʝ ʪʘʟʠ ʨʘʟʨʘʙʦʪʝʥʘ ʦʪ ʄʠʥʠʩʪʝʨʩʪʚʦ ʥʘ 

ʦʪʙʨʘʥʘʪʘ ʥʘ ʉʲʝʜʠʥʝʥʠʪʝ ʘʤʝʨʠʢʘʥʩʢʠ ʱʘʪʠ ï Navigation Signal Timing and Raging Global Positioning 

System (NAVSTAR GPS), ʢʦʷʪʦ ʩʝ ʠʟʧʦʣʟʚʘ ʠ ʚ ʨʘʟʨʘʙʦʪʚʘʥʘʪʘ ʦʪ ʥʘʩ ʩʠʩʪʝʤʘ. 

ʉʅʉ ʩʝ ʩʲʩʪʦʷʪ ʦʪ ʪʨʠ ʩʝʛʤʝʥʪʘ: 

¶ ʢʦʩʤʠʯʝʩʢʠ ʩʝʛʤʝʥʪ; 

¶ ʢʦʥʪʨʦʣʝʥ ʩʝʛʤʝʥʪ; 

¶ ʧʦʪʨʝʙʠʪʝʣʩʢʠ ʩʝʛʤʝʥʪ. 

ʇʦʪʨʝʙʠʪʝʣʩʢʠʷʪ ʩʝʛʤʝʥʪ ʝ ʪʦʟʠ, ʩ ʢʦʡʪʦ ʝ ʩʥʘʙʜʝʥʘ ʠ ʥʘʰʘʪʘ ʩʠʩʪʝʤʘ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ʥʘ ʚʲʟʜʫʰʥʠʷ 

ʪʨʘʬʠʢ. 

 

 

ʌʀɻʋʈɸ 4. ʊʨʠʪʝ ʩʝʛʤʝʥʪʘ ʥʘ ʩʧʲʪʥʠʢʦʚʠʪʝ ʥʘʚʠʛʘʮʠʦʥʥʠ ʩʠʩʪʝʤʠ [4]. 
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ʇʆɿʀʎʀʆʅʀʈɸʅɽ ʀ ʀʅʉʊɸʃʀʈɸʅɽ ʅɸ ʉʀʊɽʄɸʊɸ 

ʉʠʩʪʝʤʘʪʘ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ʥʘ ʚʲʟʜʫʰʥʠʷ ʪʨʘʬʠʢ ʝ ʨʘʟʧʦʣʦʞʝʥʘ ʚ ʝʜʥʘ ʦʪ ʫʯʝʙʥʠʪʝ ʣʘʙʦʨʘʪʦʨʠʠ ʥʘ 

ʢʘʪʝʜʨʘ Ăɺʲʟʜʫʰʝʥ ʪʨʘʥʩʧʦʨʪñ, ʫʯʝʙʝʥ ʙʣʦʢ 10 ʥʘ ʊʝʭʥʠʯʝʩʢʠ ʫʥʠʚʝʨʩʠʪʝʪ ï ʉʦʬʠʷ. ʂʦʦʨʜʠʥʘʪʠʪʝ ʥʘ 

ʩʠʩʪʝʤʘʪʘ ʩʘ 42.65316Á ʩʝʚʝʨʥʘ ʛʝʦʛʨʘʬʩʢʘ ʰʠʨʠʥʘ ʠ 23.35435Á ʠʟʪʦʯʥʘ ʛʝʦʛʨʘʬʩʢʘ ʜʲʣʞʠʥʘ. ɼʘʥʥʠʪʝ 

ʧʦʣʫʯʘʚʘʤʝ ʦʪ ʧʨʠʝʤʥʠʢʘ ʥʘ ʉʅʉ, ʧʦʢʘʟʘʥʦ ʥʘ ʌʠʛ. 5. ɺʠʞʜʘ ʩʝ ʩʲʱʦ ʙʨʦʷʪ ʥʘ ʥʘʙʣʶʜʘʚʘʥʠʪʝ ʩʘʪʝʣʠʪʠ, 

ʩʠʣʘʪʘ ʥʘ ʩʠʛʥʘʣʘ, ʢʦʡʪʦ ʩʝ ʧʦʣʫʯʘʚʘ ʦʪ ʪʷʭ ʠ ʦʪʯʠʪʘʥʝ ʥʘ ʛʨʝʰʢʘʪʘ ʥʘ ʠʟʤʝʨʚʘʥʝʪʦ. 

 

 

ʌʀɻʋʈɸ 5. ʂʘʨʪʠʥʘ ʦʪ ʧʨʠʝʤʥʠʢʘ ʥʘ ʉʅʉ ʥʘ ʠʟʛʨʘʜʝʥʘʪʘ ʩʠʩʪʝʤʘ. 

 

ʉʠʩʪʝʤʘʪʘ ʩʝ ʥʘʤʠʨʘ ʚ ʨʘʡʦʥʘ ʥʘ ʂɺʉ ʥʘ ʣʝʪʠʱʥʘʪʘ ʢʫʣʘ ʥʘ ʣʝʪʠʱʝ ʉʦʬʠʷ. ʊʦʚʘ ʦʟʥʘʯʘʚʘ, ʯʝ ʠʤʘ 

ʥʠʩʢʦ ʧʨʝʣʠʪʘʱ ʚʲʟʜʫʰʝʥ ʪʨʘʬʠʢ, ʧʦʨʘʜʠ ʠʟʧʲʣʥʷʚʘʥʝʪʦ ʦʪ ɺʉ ʥʘ ʪ.ʥ. ʠʥʩʪʨʫʤʝʥʪʘʣʥʠ ʧʦʜʭʦʜʠ ʟʘ 

ʦʪʣʠʪʘʥʝ ʠ ʜʦʣʠʪʘʥʝ ʜʦ ʣʝʪʠʱʝʪʦ [1]. 

 

 

ʌʀɻʋʈɸ 6. ʈʘʟʧʦʣʦʞʝʥʠʝʪʦ ʥʘ ʩʠʩʪʝʤʘʪʘ ʚ ʊʋ-ʉʦʬʠʷ ʩʧʨʷʤʦ ʢʦʥʪʨʦʣʠʨʘʥʘʪʘ ʟʦʥʘ ʥʘ ʣʝʪʠʱʝ ʉʦʬʠʷ 

(ʦʪʙʝʣʷʟʘʥʘ ʩʲʩ ʟʝʣʝʥ ʫʜʝʙʝʣʝʥ ʢʦʥʪʫʨ). 

 

ʊʦʚʘ ʧʨʘʚʠ ʪʦʯʥʘʪʘ ʥʘʩʪʨʦʡʢʘ ʠ ʢʘʣʠʙʨʠʨʘʥʝ ʥʘ ʩʠʩʪʝʤʘʪʘ ʦʪ ʠʟʢʣʶʯʠʪʝʣʥʦ ʛʦʣʷʤʘ ʚʘʞʥʦʩʪ ʟʘ 

ʚʲʚʝʞʜʘʥʝʪʦ Ⱬ ʝ ʝʢʩʧʣʦʘʪʘʮʠʦʥʥʘ ʛʦʪʦʚʥʦʩʪ. ʊʦʚʘ ʩʝ ʠʟʚʲʨʰʚʘ ʧʦ ʫʢʘʟʘʥʠʷʪʘ ʥʘ ĂDoc 9684 AN/951ò [2] 

ʥʘ ʄʝʞʜʫʥʘʨʦʜʥʘʪʘ ʦʨʛʘʥʠʟʘʮʠʷ ʟʘ ʛʨʘʞʜʘʥʩʢʦ ʚʲʟʜʫʭʦʧʣʘʚʘʥʝ (International Civil Aviation Organisation 

ï ICAO). ʀʟʠʩʢʚʘʥʠʷʪʘ ʩʘ ʯʝʪʠʨʠʮʠʬʨʝʥʠʷʪ ʢʦʜ ʥʘ ʥʘʟʝʤʥʠʷ ʘʚʠʘʮʠʦʥʝʥ ʪʨʘʥʩʧʦʥʜʝʨ ʜʘ ʝ ʩ ʚʠʜ 

ʠʟʦʙʨʘʟʝʥ ʥʘ ʊʘʙʣʠʮʘ 2, ʢʘʪʦ ʩʪʦʡʥʦʩʪʪʘ ʥʘ ĂXñ ʜʘ ʝ ʤʝʞʜʫ 0 ʠ 7. ɿʘ ʥʘʰʠʷ ʩʣʫʯʘʡ ʠʟʙʠʨʘʤʝ ʢʦʜʲʪ ʜʘ ʝ 

7777. ɼʨʫʛʦʪʦ ʚʘʞʥʦ ʠʟʠʩʢʚʘʥʝ ʝ ʚʠʩʦʯʠʥʘʪʘ, ʢʦʷʪʦ ʧʨʝʜʘʚʘ ʥʘʟʝʤʥʠʷʪ ʪʨʘʥʩʧʦʥʜʝʨ ʜʘ ʝ ʧʦʥʝ 150 m (500 

ft) ʧʦʜ ʠʩʪʠʥʩʢʘʪʘ ʚʠʩʦʯʠʥʘ ʥʘ ʪʨʘʥʩʧʦʥʜʝʨʘ. ʊʦʡ ʦʧʨʝʜʝʣʷ ʚʠʩʦʯʠʥʘʪʘ, ʥʘ ʢʦʷʪʦ ʩʝ ʥʘʤʠʨʘ, ʯʨʝʟ 

ʠʟʤʝʨʚʘʥʝ ʥʘ ʩʪʘʪʠʯʥʦʪʦ ʥʘʣʷʛʘʥʝ ʥʘ ʦʙʛʨʘʞʜʘʱʘʪʘ ʛʦ ʚʲʟʜʫʰʥʘ ʩʨʝʜʘ ï ʩ ʧʦʢʘʯʚʘʥʝ ʥʘ ʚʠʩʦʯʠʥʘʪʘ 

ʥʘʣʷʛʘʥʝʪʦ ʥʘʤʘʣʷʚʘ. ʉ ʧʦʤʦʱʪʘ ʥʘ ʝʪʘʣʦʥʝʥ ʚʠʩʦʪʦʤʝʨ, ʢʦʡʪʦ ʩʝ ʚʢʣʶʯʚʘ ʢʲʤ ʧʨʠʝʤʥʠʢʘ ʥʘ ʩʪʘʪʠʯʥʦ 

ʥʘʣʷʛʘʪʝ ʥʘ ʪʨʘʥʩʧʦʥʜʝʨʘ, ʧʦʢʘʟʘʥʦ ʥʘ ʌʠʛ. 7, ʪʦʡ ʩʝ ʢʘʣʠʙʨʠʨʘ ʥʘ ʞʝʣʘʥʠ ʦʪ ʥʘʩ ʩʪʦʡʥʦʩʪʠ, ʧʦ ʫʢʘʟʘʥ 

ʦʪ ʨʲʢʦʚʦʜʩʪʚʦʪʦ ʟʘ ʝʢʩʧʣʦʘʪʘʮʠʷ ʥʘ ʪʨʘʥʩʧʦʥʜʝʨʘ ʥʘʯʠʥ [5]. ʉʣʝʜ ʠʟʚʲʨʰʝʥʘʪʘ ʥʘʩʪʨʦʡʢʘ, ʚʠʩʦʯʠʥʘʪʘ 

ʢʦʷʪʦ ʪʨʘʥʩʧʦʥʜʝʨʲʪ ʠʟʣʲʯʚʘ ʝ 170 m ʧʦʜ ʠʩʪʠʥʩʢʘʪʘ ʤʫ ʚʠʩʦʯʠʥʘ. 

  


