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Abstract  
The transition to low-carbon development and decarbonization of the national economy of Kazakhstan, 

including industries related to law enforcement agencies, involves the adoption of drastic measures to improve 

energy efficiency and introduce energy-saving technologies using non-traditional and renewable energy sources 

(hereinafter - NRES). The issues of introducing an energy-efficient low-carbon intelligent thermal module 

(NITM) based on a heat pump unit (HPU) using renewable and alternative energy sources to improve the energy 

efficiency of both industrial facilities in various sectors of the economy and social facilities, housing and 

communal services, agro-industrial complex, etc. Republic of Kazakhstan. 

Over the past few years, the scientists of NJSC “ENU named after L.N. heat of ventilation emissions, heat of 

sewage, excess waste heat of industrial enterprises, etc.), for the modernization of their heat and cold supply 

systems. 
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1. Introduction 

The practical transition of the leading countries of the world to a new technological order based on the 

principles of decarbonization of production and carbon neutrality in the framework of the Paris Climate 

Agreement requires a complete rejection of the use of hydrocarbon raw materials and technologies that 

cause global climate change and the destruction of the planet's ecosystems already in the second half of this 

century [1,2]. 

According to the latest data, Kazakhstan is among the top thirty polluting countries in the global ranking 

[3]. According to The Global Carbon Atlas, Kazakhstan's contribution to global carbon dioxide emissions 

in 2019 amounted to 314 megatons of CO2. In terms of carbon dioxide emissions, Kazakhstan ranked 21st 

among more than 221 countries. 

The transition to low-carbon development and decarbonization of the national economies of the leading 

countries of the world involves the adoption of drastic measures to improve energy efficiency and introduce 

new low-carbon technologies [4], while one of the most effective technologies, as shown by world practice 

in recent years, is PATT [5]. 

Currently, Kazakhstan is in the process of making decisions in the field of substantiating the national 

position in the climate negotiation process, implementing the Concept of low-carbon development and 

achieving low-carbon neutrality until 2060. 
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2. Objects and methods of research 

In recent years, in the Republic of Kazakhstan, at the state level, much attention has been paid to the 

development and implementation of new energy-saving and energy-efficient technologies using renewable 

energy sources. 

In the period from 2012 to 2021, scientists from the Research Institute "Energy Saving and Energy 

Efficient Technologies" of the Eurasian National University. L. N. Gumilyov (hereinafter L. N. Gumilyov 

ENU) developed and patented the foundations of a unique energy-saving "green" technology based on the 

use of vapor compression heat pump technology in a stationary and block-modular layout using various 

NRES [6,7,8]. 

A significant impetus to this direction was given by the holding in 2017 in the Republic of Kazakhstan 

of the International specialized exhibition "EXPO-2017", which widely presented the latest developments 

of the world's leading countries in the field of application of renewable energy sources, including scientists 

of the Republic of Kazakhstan [9,10]. 

This "green" technology in 2017 was demonstrated among the 25 best scientific projects of the country 

in the Nur-Alem National Pavilion of the EXPO-2017 International Exhibition, aroused considerable 

interest among representatives of a number of industrial enterprises of our country, countries of near and 

far abroad. 

In order to study the best practices in the use of alternative energy sources, in accordance with the 

decision of the Minister of Defense of the Republic of Kazakhstan No. KM-7072 of 07/05/2017, a research 

group of the International Specialized Exhibition EXPO-2017 was created, which carried out its work 

during the period of the exhibition from 8 to 11 August 2017. 

The report on the results of a military scientific study [11] noted the installation of "green heating" for 

the energy supply of various objects (RSE "Eurasian National University named after L.N. Gumilyov"). 

The prospects for its application in the interests of the Armed Forces of the Republic of Kazakhstan are 

determined - in the design of heating and ventilation systems for new buildings of the Main Directorate for 

the quartering of troops (GURV). 

For many remote facilities of the Ministry of Defense, the Border Service of the KNB, the Ministry of 

Emergency Situations of the Republic of Kazakhstan (border outposts, technical supervision posts of 

military units, etc.), the issues of their energy supply are relevant, because. often these facilities are located 

at a significant distance from settlements where there are systems of central heat and power supply. 

Domestic military scientists [12,13] considered the use of low-power autonomous hybrid energy 

complexes (up to 30 kW) in conjunction with backup autonomous sources of electricity, in particular, diesel 

generators. 

However, the issues of using energy-efficient technologies based on renewable energy sources for 

solving the issues of heat and cold supply of remote military facilities have not been practically studied. 

Ensuring reliable heat and cold supply to such remote military infrastructure facilities, the issues of 

uninterrupted delivery of the main types of fuel (fuel oil, heating oil, diesel fuel, coal) before the heating 

period are given great attention in law enforcement agencies. 

One of the promising ways to solve this problem of energy supply to remote facilities is the use of new 

energy-saving environmentally friendly technologies of alternative energy, using the above low-

temperature renewable energy sources as a heat source [14,15,16]. 

When developing the proposed technology, both theoretical methods were used (study of various energy 

supply schemes, the use of alternative energy sources using dual-purpose NTMs, calculations using T-S 

diagrams of their thermodynamic characteristics, heat balance diagrams), and computational and analytical 

methods for studying prospects and ways to introduce energy-efficient low-carbon technologies based on 

dual-use NITM in the modernization of heat and power supply systems for remote military facilities of the 

Republic of Kazakhstan. 

When evaluating the effectiveness of NITM based on TTT with the use of various types of low-grade 
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heata special energy conversion coefficient COP ( )is used, indicating how many times more (thermal) 

energy is produced in comparison with the consumed (electrical energy). This coefficient for the proposed 

TTT ranges from 3.6 to 8.0. The value of the coefficient depends on the temperature of the cooled water 

(or other low-potential coolant). 

СОР NITM is determined by the formula [17]:  

 

𝜑 =
𝑄𝑐𝑜𝑛𝑑

𝑁𝑐𝑜𝑚𝑝
= 𝛼 ×

𝑇𝑐𝑜𝑛𝑑

(𝑇𝑐𝑜𝑛𝑑 − 𝑇𝑠𝑝)
 , (1) 

 

where - Qcond - heat removed from the condenser; 

Ncomp - power consumed by the compressor; 

Tcond - temperature of the working fluid at the outlet of the condenser; 

Tsp - temperature of the working fluid at the outlet of the evaporator; 

α is the total loss factor of the device (cycle losses, compressor losses, losses from irreversibility during 

heat transfer, etc.). 

Table 1 below shows the average annual values of the coefficient φ for different temperatures of the 

cooled water: 

 
Table 1 
Values φ for different temperatures of the cooled medium [18] 

(0С) 5 10 15 20 25 30 35 40 

() 3.6 4.06 4.6 5.35 5.98 6.64 7.19 7.93 

 

Studies have been carried out on promising schemes for the use of dual-use NITM with the above various 

types of renewable energy sources for a typical remote military infrastructure facility. A pilot model of a 

dual-purpose ITM with an intelligent monitoring system based on TTT has been manufactured for the 

power supply system of a remote pilot facility of the Border Guard Department of a specific region of the 

country, it is planned to test its operation. 

NITM are metal insulated containers of various sizes with installed equipment (TTT of low and medium 

thermal power, power and communication cabinets, automation equipment, an intelligent control system 

unit (ICS), solar panels, batteries, etc.) (Fig. 1). 

 

   
a)                 b)    с) 

 

Figure 1: General view of NITM of various thermal power 
a) low power (up to 50 kW) b, c) medium power (up to 500 kW) 
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A dual-purpose NITM is designed to operate as an energy source for power supply systems of various 

facilities, in which the sources of heat and electricity and the consumers it serves are located within one 

building, its part, or several closely spaced buildings. 

NITM dual purpose [19,20], locally connected by two pipelines with various sources of low-grade heat 

(supply of coolant with a temperature of +5 to 350C and its removal after cooling), and also connected to 

two pipelines (supply and return lines) of the heat supply system remote object. 

Other practical advantages of dual-purpose NITM are the possibility of using the utilized heat of 

ventilation emissions, waste heat from wastewater, using modern heat recovery systems [21,22].  

This solution will provide maximum (up to 90%) recovery of waste heat of the utilized air and waste 

water heat from the premises, will be fully integrated into the overall building management system, has a 

closed loop, automation 

Conducting research on the use of dual-use NITM using various types of renewable energy sources as a 

source will make it possible [23]: 

• the use of alternative types of energy for the needs of heat and power supply of isolated objects of 

specifically selected regions of the Republic of Kazakhstan; 

• assessment of fossil fuel savings at existing remote facilities using dual-use NITM (according to 

the heat load substitution scheme), which, ultimately, occurs due to the beneficial use of various alternative 

energy sources in specifically studied regions. 

The creation and practical application of intelligent control systems (ICS) in modern energy-saving 

technologies and equipment, which include dual-use NITM, is one of the most important features of the 

proposed technology [24,25]. 

Research and evaluation of the effectiveness of various schemes for the use of NITM using various 

NRES [26]. 

2.1. Results and discussion 

According to the developed calculation method [27] analytical studies of one of the schemes of work 

were carried out NIT Musing the heat of the soil (variant of scheme 6 - using vertical ground heat exchanger 

operating in conjunction with a heat pump - the basic element of the proposed NITM). 

The length of the vertical ground heat exchanger (VGHE) depends on the properties of the ground and 

on the characteristics of the heat pump system. Consider a schematic diagram of the use of VGHE in a heat 

supply system with a heat pump (Fig. 2). 

The VGHE contains a U-shaped polyethylene pipeline, through which an aqueous solution of glycol 

circulates, pumped by the circulation pump 6 through the evaporator 3 of the heat pump. The refrigerant 

boiling in the evaporator is compressed by the compressor 2. The heat of condensation is removed in the 

condenser 4 by the coolant of the heating system 5 supplied by the pump 7. 
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Figure 2: Scheme of a soil heat exchanger - an NITM element: 
1- VGHE, 2 - compressor, 3 - evaporator, 4 - condenser, 5 - heating system, 
6 - circulation pump VGHE, 7 - pump of the heating system 

 
The influence on the intensity of heat transfer in the soil is exerted by its properties such as temperature 

tg in the natural state, density ρ, thermal conductivity λ, thermal diffusivity α and moisture content w. 

An equally important role in determining the length of the heat exchanger LС is played by the value of 

its equivalent diameter De, as well as the heat output Q of the heat pump. In the case of using the VGHE 

for heat removal in the air conditioning mode, it is necessary to take into account the cooling power QX 

and the electric power N. The intensity of heat transfer in the soil is largely determined by the liquid 

temperatures tul and tu2 at the inlet to the VGHE and at the outlet from it, and the temperature at the outlet 

of the condenser tk is decisive in determining the conversion coefficients of the heat pump η and the cooling 

coefficient ε, which characterize the energy efficiency of the system. 

Because it is planned to carry out work on the implementation of NIRM at remote facilities of law 

enforcement agencies in various climatic regions of the Republic of Kazakhstan, including facilities in 

mountainous areas, it is necessary for preliminary studies to have a reliable technique for engineering 

calculations of VGHE in various soils under a wide variety of external conditions. 

The calculation is based on a simple physical dependence [28] 

 

𝑞 = 𝐿𝐶 − (𝑡𝑔 −  𝑡𝑤)/𝑅 , (2) 

 

which includes the value of the heat flow q, the length of the wells LC, the temperature of the soil in its 

natural state tg and the temperature of the fluid circulating in the VGHE tw, as well as the linear (related to 

one meter of the length of the well) resistance to heat transfer R from the soil to the liquid. 

The total length of wells LС, m, used for heat exchange with the ground in heat supply systems with 

heat pumps, is determined by formula (3), where the following symbols are used: 

 

𝐿𝐶 =  
𝑞𝑎 ∙ 𝑅𝑔𝑎 + (𝑞𝐻 − 𝑁𝐻𝑃) ∙ (𝑅𝑏 + 𝑘𝑚 ∙ 𝑅𝑔𝑚 + 𝑅𝑔𝑑 ∙ 𝑘𝐻𝐿)

𝑡𝑔 − 0,5 ∙ (𝑡1И + 𝑡2И) − ∆𝑡
, (3) 
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𝑞𝑎 =
−𝑄𝑐 ∙

𝜀 + 1
𝜀 + 𝑄𝐻

𝜂 − 1
𝜂

31536000
= 31,37(−𝑄𝑐 ∙

𝜀 + 1

𝜀
+ 𝑄𝐻 ∙

𝜂 − 1

𝜂
, (4) 

 

where qa is the yearly averaged value of the heat flux, W, from the soil; 

Rga – linear thermal resistance of soil, m • K/W; 

qH - design thermal power, W, heating systems; 

NHP - electric power, W, heat pump; 

Rb, – linear thermal resistance, m • K/W, wells; 

km is the coefficient averaging the peak heat load; 

Rgm – linear thermal resistance, m • K/W, of soil during the calculation month; 

Rgd – linear thermal resistance, m • K/W, of soil during the calculation day; 

kHL - coefficient taking into account heat losses, which is taken equal to 1.04; 

t2И, t1И – temperatures, °С, of fluid at the well inlet and outlet; 

tg is the natural temperature, °C, of the soil; 

∆t – correction, °C, taking into account the effect on heat transfer of neighboring wells, if the distance 

between them is less than 6 meters. 

The yearly averaged value of the heat flux qa, W, into the soil is determined by formula (4), where QC 

is the annual need for cold, GJ; QH – annual heat demand, GJ; 31536000 is the number of seconds in a 

year. ε and η are the coefficient of performance and conversion coefficient of the heat pump, determined 

from the equipment catalogs at the calculated boiling and condensing temperatures of the refrigerant. 

When discussing the advantages of using a VGHE together with a heat pump, attention is always paid 

to the possibility of using a soil massif in summer when the heat of condensation is removed from the 

refrigeration machines of the air conditioning system. It is obvious that in this case the heat flux from the 

soil increases in winter, but dependence (4) makes it possible to quantify this increase [29]. 

Linear thermal resistance of soil Rga, m • K/W, is determined by the formula: 

 

𝑅𝑔𝑎 = 𝐺/𝜆 , (5) 

 

where λ is the thermal conductivity of the soil, W/(K • m), G is a factor that takes into account the non-

stationarity of heat transfer in the soil during alternating cycles of the direction of the heat flow from the 

cylindrical heat exchanger to the soil and from the soil to the heat exchanger. The value of this factor is 

related to the Fourier criterion Fo: 

 

𝐺 = 𝑓(𝐹𝑜) , (6) 
 

As is known, the Fourier number is one of the criteria for the similarity of non-stationary thermal 

processes, which characterizes the relationship between the rate of change in thermal conditions in the 

environment and the rate of restructuring of the temperature field inside the system under consideration. 

The Fourier number depends on the dimensions of the body and its thermal diffusivity. With regard to the 

problem under consideration: 

𝐹𝑜 =  
ατ

𝑑2
 , (7) 

 

where α is the soil thermal diffusivity, m2/day; 

τ is the cycle in days during which the direction of the heat flow changes; 

d is the equivalent diameter, m, of one VGHE U-shaped pipeline, determined from Table 1 [30]. 

It is necessary to calculate the Fourier number three times, since it affects the values of Rga, Rgm and 

Rgd. The authors of the methodology recommend that the values τ = 3650, 30 and 0.25 days, respectively, 
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be set, which corresponds to time intervals of ten years, one month and six hours. 

Data on thermal conductivity and thermal diffusivity of sandy and clay soils are presented in Table 2 

[18]. All other types of soils can be considered on the basis of thermal properties as a combination of sand 

and clay in various proportions, and the corresponding values \u200b\u200bare determined using the data 

in Table 2 [30] by interpolation. 

In Table 3 shows data on soils obtained during surveys at the construction sites in Astana, Almaty. 

Density ρ, moisture content w, coefficients of thermal conductivity λ, and thermal diffusivity α of soils 

typical for Astana. 

After the criterion Fo is calculated, it is necessary to determine the auxiliary value G, the dependence of 

which on Fo is presented graphically in the form of a diagram in logarithmic coordinate axes [30]. Using 

Excel, it is not difficult to represent this empirical dependence analytically: 

 

𝐺 =  0.0756 –  𝑙𝑛(𝐹𝑜)  +  0.0927 , (8) 
 

Linear thermal resistance Rb, m • K / W, of the material filling the well, is taken according to Table if 

the well is filled with soil removed from the well during drilling. To the value of Rb, determined according 

to the table, a correction is introduced if the well is filled with a solution whose thermal conductivity differs 

from that of the soil surrounding the well. 

The value of the coefficient kt, averaging the peak heat load, is determined by the formula: 

 

𝑘𝑚  = 109 ∙
𝑄𝐻

𝑞𝐻 ∙ 𝑧
  , (9) 

 

where z is the number of seconds of the heating period. 

 

The values of effective linear thermal resistance, Rgm, and Rgd, m • K/W, of the soil during the 

calculation month and calculation day are determined by formulas (5)-(7) with the corresponding values τ 

= 30 and τ = 0.25. 

The values of thermal loads qH and qc, as well as soil temperatures tg are taken according to the design 

data. The temperature t2I and the glycol cooled in the evaporator of the heat pump is recommended to be 

calculated according to formula (3), based on the given values of the conversion coefficient and the 

temperature of the coolant in the heating system, and the temperature t1I of the glycol at the outlet of the 

VGHE is assumed to be 5°C higher [31]. 

Thus, all the symbols of the main calculation formula (3) are explained. 

You can verify the reliability of these explanations and the correctness of the dependence itself by the 

example of calculating the application of NIRM for one remote frontier outpost facility in the Southern 

Border District of the Republic of Kazakhstan. 

It is necessary to calculate the field of vertical ground heat exchangers (VGHE) for heating and air 

conditioning of the building of a remote military facility, built on a terrain in which the natural temperature 

of the soil at a depth of more than 6 meters tg = 10 ° C, and the duration of the heating period is 170 days 

(z = 14688000 s). 

VGHE is designed from polyethylene pipes with a conditional bore of 25 mm, installed in wells with a 

diameter of 150 mm. The density of the soil in which the VGHE is installed is ρ = 1318 kg/m3, the humidity 

is 15%, the coefficients of thermal conductivity and thermal diffusivity are, respectively, 2.076 W/(K • m) 

and 0.087 m2/day. 

The project has established that the peak thermal power of the heating system is qH = 500 kW, and the 

refrigeration power of the air conditioning system is qC = 800 kW. Annual heat consumption by the heating 

system is estimated at QH = 3230 GJ, and cold is generated at QC = 1556 GJ during the summer period. 

It is assumed that the conversion factor η should not be lower than 4, and the average cooling factor for 
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the summer period ε = 4.2. 

The heating system of the building is designed taking into account the water temperature at the outlet of 

the condenser t2k = 35°C. 

The yearly averaged value of the heat flux qa from the heat pump into the ground is determined by 

formula (7): 

𝑞𝑎 = 31.71 •  (−1556 •  (4.2 +  1) / 4.2 +  3230 •  (4.0 −  1) / 4.0)  =  15796 W 

 

The Fourier criterion Fo of a ten-year (3650 days) cycle is determined by formula (7): 

 

𝐹𝑜 = (0.087 ∗  3650) / 0.0542 =  106030 

 

Factor G, which takes into account the non-stationarity of heat transfer in the soil, is determined by 

formula (8): 

 

𝐺 =  0.0756 ×  2.3 ×  lg (106030)  +  0.0927 =  0.967 

 

The value of the effective linear thermal resistance of the soil Rga is determined by the formula (8): 

 

𝑅𝑔𝑎 \𝑢003𝑑 0.967 / 2.076 \𝑢003𝑑 0.466 𝑚 •  𝐾 / 𝑊 

 

Let us determine the electrical power of the NHP heat pump engine based on the specified minimum 

value of the conversion factor η= 4.0: 

 

𝑁𝐻𝑃 = 103 ∙ (
𝑞𝐻

𝜂
) =  125000 𝑊, (10) 

 

The value Rb of the linear thermal resistance of the well depends on the velocity of the fluid through the 

pipeline submerged in this well. In order to preliminarily determine this speed, it is necessary to specify the 

number of wells connected in parallel, without going into the subtleties of the hydraulic calculation. 

With a heat pump heat output of 500 kW and a water temperature difference, (the properties of ethylene 

glycol can be ignored in this calculation), at the inlet to the evaporator and at the outlet of 5 ° C, the 

following should circulate through the wells: 

 
(500 −  125) •  0.86/5 =  64.5 t / ℎliquid 

 

If you set the number of VGHEs, for example 80, then 64.5 / 80 = 0.81 t / h will circulate through each 

of them. 

The inner diameter of the Dy25 polyethylene pipe is 27.4 mm. The speed of the fluid in it is: (0.81 / 

3600) / (π • 0.02742 / 4) = 0.382 m/s. 

According to the table, we determine the linear thermal resistance Rb of the well, taking into account its 

filling with heat-conducting bentonite: 

 

Rb =  0.081 −  0.012 =  0.069 m •  K / W, (11) 
 

The value of the coefficient kt, averaging the peak heat load, is determined by formula (12): 

 

109 •  3230 / (500000 −  14688000)  =  0.44 

 

The values of the effective linear thermal resistance, Rgm, and Rgd m • K/W, of the soil are determined 
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by formulas (5)...(9). 

The Fourier criterion for the monthly cycle (30 days) is determined by the formula (7): 

 

𝐹𝑜 = (0.087 ∗  30) / 0.0542 = 871 

 

Factor G is determined by formula (11): 

𝐺 =  0.0756 ×  2.3 ×  lg (871) +  0.0927 =  0.604 

 

The value of the effective linear thermal resistance of the soil is determined by the formula (5): 

 

𝑅𝑔𝑚 =  0.604 / 2.076 =  0.291 𝑚 •  𝐾 / 𝑊 

 

For a six-hour cycle (0.25 days): 

𝐹𝑜 = (0.087 ∗  0.25) / 0.0542 =  7.3 

𝐺 =  0.0756 x 2.3 x lg 7.3 +  0.0927 =  0.242 

𝑅𝑔𝑑 =  0.242 / 2.076 \𝑢003𝑑 0.117 𝑚 •  𝐾 / 𝑊 

 

The glycol temperature at the inlet to the VGHE is determined by the formula (3): 

 

T 𝐼2 =  (4.0 +  0.0755 •  35 −  7.175) / (0.1729 −  0.0026 •  35) \u003d −  6.5 ° С 

 

The glycol temperature at the outlet of the VGHE is assumed to be 5°C higher: 

 

T 𝐼1 = −6.5 + 5 = −1.5 ° С 

 

The total length of the wells is determined by the formula (6): The glycol temperature at the outlet of 

the VGHE is assumed to be 5°C higher: 

 

LC =  [15796 •  0.466 + (500000 −  125000)  •  (0.069 +  0.44 •  0.291 +  0.117 •  1.04)] /[10 
−  0.5 •  (−1.5 −  6.5)]  =  9055 m 

 
The total length of the wells is determined by the formula (6): 

The heat flow from the ground to the VGT is determined by the difference in the values of the thermal 

and electrical power of the heat pump, that is: 

500000 - 125000 = 375000 W, and the specific value of the heat flux, referred to one meter of the VGHE, 

is equal to: 375000/9055 = 41.4 W / m. 

The specific thermal power of the heat pump, referred to one meter of WHC, is: 500000/9055 = 55.2 

W/m. 

As we can see, the result is close to the expected one, which makes it possible to treat this technique 

with confidence, despite the fact that some of its provisions do not follow directly from the structure of 

simple concepts formed by primitive logic. 

2.2. Influence of initial data on the calculation result 

Let us consider how its thermal conductivity affects the magnitude of the heat flux to the VGHE from 

the soil [32]. 

Our calculation example was performed for soil with thermal conductivity λ = 2.076 W/(K • m), and the 

specific heat flux was qyd = 41.4 W. On shows the function qyd = ƒ(λ) with other calculation conditions 

unchanged. 
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When using VGHE in summer in the mode of removing heat from the refrigerating machines of the air 

conditioning system, the efficiency of ground heat exchangers operating in winter together with a heat 

pump increases. The curve in Fig. 3 shows the nature of the dependence of the specific heat flux from the 

ground to the VGT in winter on the ratio of the building's annual need for cold to its annual need for heat 

for heating [33]. 

In practice, in the construction of ground source heat pumps, a VGHE with two U-shaped polyethylene 

pipes installed in one well is usually used. The mathematical model makes it possible to evaluate the 

effectiveness of such a technical solution (Fig. 4). The values of the specific heat flux in the left and right 

columns of the diagram are calculated for the values of the equivalent diameter of the VGHE, corresponding 

to the design of the heat exchanger with one and two U-tubes [34]. 

 
Figure 3: The nature of the change in the value of the specific flux to the from soils with different thermal 
conductivity 
 

 
Figure 4: The nature of the change in the value of the specific heat flux, W / m, from the number of U-
shaped pipes installed in the VGHE: 1 - one U - shaped pipe; 2 - two U - shaped pipes 
 

It should be noted that Figures 3-4 do not display the absolute values of the specific heat flux from the 

soil to the VGHE, but the nature of the change in these values from one of the arguments. It is recommended 

to determine the length of vertical ground heat exchangers using formula (3). 

Carrying out a comparative analysis of the use of dual-use VGHE with the use of renewable energy 

sources with the existing power supply system of a remote pilot facility, assessing the effectiveness of using 
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dual-use VGHE [35]. 
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Abstract 
This article discusses the use of composite materials in the design of ultralight launch vehicles using the 

example of the «Pegasus launcher» «air-to-air» cruise launch vehicles. Using CAD «SolidWorks», dynamic and 

statistical calculations of the rocket fairing were carried out, presumably made of a traditional material –

aluminum alloy 6063-T1 and СM based on carbide-silicon fiber and titanium matrix, which made it possible to 

visualize the advantages of СM for stress, deformation and displacement in the stress-strain state of the head 

fairing. 

 

Keywords 
Launch vehicles, existing fairings, composite materials, payload optimization, design 

1. Introduction 

Modern aircraft tend to decrease in weight and strength, for this purpose modern technologies, 

composite materials for their production are used. Pegasus-XL is an American light-class cruise launch 

vehicle developed by Orbital Sciences Corporation. The launch is carried out using a specially equipped L-

1011 Stargazer aircraft from Lockheed Corporation. The separation of the launch vehicle from the carrier 

aircraft occurs at an altitude of 12 CM. The launch vehicle consists of three solid-fuel stages, in the Pegasus 

HAPS variant, the launch vehicle is also equipped with a maneuvering unit powered by hydrazine. The 

mass of the payload launched into a sun-synchronous orbit with a height of 500 CM ~ 250 kg. 

This work implies the use of the software "SolidWorks" to improve and optimize the geometries and 

topologies of the aircraft, the formation of comparative calculations to demonstrate the capabilities and 

results of the elective method. 

Software "SolidWorks" to conduct a study of methods, we use composite material for the calculation of 

the Pegasus XL aircraft. 

Modern aerospace technology is unthinkable without polymer СM. New СM for the space industry can 

withstand the loads of space flights (high temperatures and pressures, vibration loads at the launch stage, 

low temperatures of outer space, deep vacuum, radiation exposure, exposure to microparticles, etc.) and 

have a fairly low specific density. Most carbon CM are lighter and stronger than the most suitable metal 

(aluminum and titanium) alloys in their physical properties.  

The result of the study of the Pegasus XL aircraft and the integration of changes will lead to 

improvements in the form of: 

1. reduce the weight of the final products; 

2. reduce fuel consumption; 

3. improve flight safety; 

4. reduce operating costs. 

2. Literature review 

For the design of the Pegasus XL air-to-air launch vehicle, this project used the capabilities of virtual 
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calculation and SolidWork software, as well as add-ons such as Solidworks Flow Simulation, Solid 

Simulation Premium, which includes such calculation tools as: 

• Statistical calculation; 

• Aerodynamic calculation; 

• Optimization of the product topology. 

In this work, a system computer simulation of the "Pegasus launcher" launch vehicle has been 

performed. The purpose of this calculation was to demonstrate the great possibilities of virtual calculation 

and its advantage in the field of designing and improving existing structures to use improved components 

and materials for specified purposes.  

For the design of the LV in this project, the software "SolidWorks" was used, as well as additions such 

as "Solidworks Flow Simulation", "Solidworks Simulation Premium", which includes such calculation 

tools as "Static Calculation", "Optimization of product topologies" and "Aerodynamic calculation". 

3. Methods and technologies 

The algorithm of actions for performing this task is presented in the following sequence: 

1. Designing the "Pegasus Launcher" PH in a virtual CAD environment using the solid-state modeling 

method.  

2. Using all available tools for the analysis of this assembly, the calculation was carried out in the 

"SolidWorks Flow Simulation" environment. By entering the input data, the required results are obtained 

at the output, such as pressure, force and temperature from the effects of friction.  

3. Next, using the output data, we go to the tool called "Optimization of product topologies". In this 

analysis tool, an analysis of the combination of mass for strength was carried out. Thus reducing the mass 

while the required strength remains unchanged.  

4. To verify the accuracy of the designed product in terms of strength characteristics, another 

operation was performed in the "SolidWorks Simulation Static Calculation" environment based on the data 

obtained during the calculation of "SolidWorks Flow Simulation". 

This package allows you to build an aircraft model and calculate aerodynamics using "Flow Simulation", 

which is a hydro-gas dynamic analysis module in the "SolidWorks" environment, minimizing errors that 

depend on the human factor. 

Thus, a comparative analysis of the product with different materials used was carried out by visualizing 

all the data of plots, graphs, etc.  

3.1. 3D modeling method in the SolidWorks virtual environment on Pegasus XL 

These results are presented below in the form of tables, graphs and illustrations. 

For the first calculation, using data obtained from Ukrainian sources about the PH "Pegasus Launcher", 

a 3D modeling process of this product was carried out, which was carried out according to the drawings 

presented (Fig.1.), computer-aided design methods were taken from this source [5,12], the results are given 

below: 

 

 



7th International Conference on Digital Technologies in Education, Science and Industry, DTESI 2022 

October 20-21, Almaty, Kazakhstan 

277 

 
 
                    Isometry view Pegasus 

 
 
                Front view Pegasus 

 
                       Side view Pegasus 

 
Back view Pegasus 

Figure 1: The PH parameters of the "Pegasus Launcher" used in the calculation 
 

The method of solid-state modeling and assembly/combination of bodies in the SolidWorks modeling 

environment is used. 

3.2. Method of aerodynamic calculation on Pegasus XL 

To calculate the flow and obtain data on the received loads at this PH, the following input data were 

used. 

 

Table 1 
External conditions 

Thermodynamic parameters Speed Parameters 
Velocity vector 

Speed in the direction of X: 0 m/s 
Speed in the direction of Y: (-240.000) – (-2800) m/s 

Speed in the direction of Z: 0 
m/s 

Turbulence Parameters 
Intensity and scale of turbulence 

Intensity: 0.10 % 
Length: 0.019 m  

 

Calculation results. The following parameters are accepted within their limits Min/Max. 
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Table 2 
Min/Max values 

Name Minimum Maximum 

Presure [Pa] 13183.51 48262.64 
Density (fluid environment) [kg/m^3] 0.19 0.74 

Speed [m/s] 0 314.115 
Speed (X) [m/s] -177.615 179.328 
Speed (Y) [m/s] -311.109 104.643 
Speed (Z) [m/s] -138.102 124.781 

Temperature [°C] -76.33 -27.63 
Temperature (fluid environment) [°C] -76.33 -27.63 

Vorticity [1/s] 0.02 23793.70 
Velocity in a rotating coordinate system [m/s] 0 314.115 

Velocity in a rotating coordinate system (X) [m/s] -177.615 179.328 
Velocity in a rotating coordinate system (Y) [m/s] -311.109 104.643 
Velocity in a rotating coordinate system (Z) [m/s] -138.102 124.781 

Mach number [ ] 0 1.11 
Tangential stress [Pa] 0 268.59 
Relative pressure [Pa] -6215.77 28863.37 

Indicator of non-collinearity of heat flow [ ] 3.1857118e-13 1.0000000 
Thermal resistance indicator [ ] 5.2437495e-14 1.0000000 

Acoustic power [W/m^3] 0 111.524 
Acoustic power level [dB] 0 140.47 

 

The pressure result in the "Flow Simulation" was visualized in a gradient of colors and a time-based 

visualization of the flow movement was obtained, for example, Figure 2 shows for a time of 4.1 seconds. 

The calculation of the flow was in dynamic terms, since the "SolidWorks" software allows you to enter 

dynamic input data with the ratio of height to time. So, for the calculation of this project, data from 

Ukrainian studies were used as input data. The PH "Pegasus" of the air-to-air class rises and starts from 12 

kilometers and rises to 100 kilometers, respectively, the speed is from 240 meters per second to 2,800 

meters per second. The results are presented in the tables below. The methods of aerodynamic calculation 

for this work were taken from the list of references [2, 14]. 

 
Figure 2: Results of visualization of the flow of the virtual environment at 4.1 seconds 
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Material - Aluminum, Path: Material Predefined\Metals; Density: 4505.00 kg/m^3 
 

Specific heat capacity 
 

 
Figure 3: Type of Conductivity: Isotropic 

Coefficient of thermal conductivity 
 

 
Figure 4: Electrical Conductivity: Conductors 

 
Radiation properties: No, Melting Point: Yes 

Temperature: 1608.05 °C 
 

Figure 5: Resistivity 

 
 

Figure 6: Coefficient of thermal conductivity 

 

Gases-Air, Path: Gases are Predefined; Adiabatic index (Cp/Cv): 1.399, Molecular weight: 0.0290 

kg/mol 
 

 
Figure 7: Dynamic viscosity 

 
Figure 8: Specific heat capacity (Cp) 
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Further, based on the data obtained from "Flow Simulation", in particular, the result of pressure in Pa. 

The maximum value was equal to Pa(max) = 48262.64; This value is equal to the data presented in the 

research papers of Ukraine.  

3.3. Method of static calculation in the CAE environment of SolidWorks 

Based on these data, work was carried out in the "Solidworks Simulation" environment, static 

calculation and comparison of materials. 

Static calculation in this software makes it possible to virtually calculate the product for stress, 

displacement and deformation. Using the data obtained, we will be able to optimize the topology of the 

product-structures to obtain the optimal ratio of mass to strength. From this literature, design and calculation 

methods were used [10,13]. 

Below are the input and output data from the calculations: 
 

   
 

Figure 9: Composite material input data 
 

The above shows the properties of the 6063-Ti aluminum alloy material and the input data. 
 

   
 

Figure 10: The result of the static calculation 
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Figure 11: Output data from the composite material study 

 

Comparative analysis of the above static calculation results. 

4. Results 

This calculation makes it possible to maintain the conditions of external VAT with additional loads, 

update and improve the design of the aircraft. Due to the exclusion of excessive technical characteristics, 

the efficiency of the aircraft increases to exorbitant coefficients. 

 

Table 3 
Comparison table 

 
Designations Aluminum Alloy 6063-Т1 

Silicon carbide fiber 
and titanium matrix 

Voltage 
max 

4,590e+07N/m^2 
Knot: 1136 

7,648e+05N/m^2 
Knot: 19545 

min 
5,636e-01N/m^2 

Knot: 461541 
5,205e+00N/m^2 

Knot: 5328 

Deformation 
max 

1,582e-04 
Element: 66508 

3,554e-06 
Element: 509 

min 
4,667e-12 

Element: 238293 
1,429e-11 

Element: 20587 
Weight mid 11 158 kg 4 311,39 kg 

Ultimate strength mid 4,48083e+08 N/m^2 9e+08 N/m^2 

 
The results of comparing the output data from the static calculation. 

To optimize topologies, the "Topology Research" supplement was used in this software. 

4.1 Pegasus XL topology optimization method in the SolidWorks environment 

Topology research implements nonparametric optimization of the topology of parts. Starting from the 

maximum space of the original project (which is the maximum allowed size of the component) and taking 
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into account all the applied loads, fasteners and production constraints, topology optimization is looking 

for a new layout of the material within the boundaries of the maximum allowable geometry due to the 

redistribution of the material. The optimized component meets all the required mechanical and 

manufacturing requirements. The literature indicates the source that was used to test the optimization 

method [7]. 

Input data: 

• Material: Silicon carbide fiber and titanium matrix; 

• Loads: 0,6 N/mm^2 (MPa). 

 

Goal: 

• Mass limitation; 

• Optimal weight-to-strength ratio. 

According to the results of this analysis, the following were obtained: 

As a result of the entire analysis, it was calculated that the optimal thickness of this fairing is 35 mm. 

 

 
 

Figure 12.1:Optimization of topologies input data 
 

Figure 12.2: Topology optimizations 
visualization of the result 

5. Discussion 

Topology research implements nonparametric optimization of the topology of parts. Starting from the 

maximum space of the original project (which is the maximum allowed size of the component) and taking 

into account all the applied loads, fasteners and production constraints, topology optimization is looking 

for a new layout of the material within the boundaries of the maximum allowable geometry due to the 

redistribution of the material. The optimized component will meet all the required mechanical and 

manufacturing requirements. 

6. Conclusion 

Using the above research methods, the improvement and optimization of all parameters of the Pegasus 

XL aircraft in the SolidWorks design environment was demonstrated. The data obtained were used to 

demonstrate the capabilities of the SolidWorks software as a recommended CAD system for further product 

design. 

Summing up the consideration of the issue of the use of CM in ultralight class rockets based on the 

analyses carried out in the SolidWorks software, we can say that CM, in many cases, are the best 

replacement for traditional materials in the modern space industry, because:   

• CM based on silicon fiber carbide and titanium matrix, with a lower weight and a greater margin 

of safety exceeds the performance of aluminum alloy 6063-T1; 
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• with the same input data, CM is on average stronger and lighter by almost 5 tons compared to the 

initial materials, which allows a reasonable increase in payload; 

• nominal values of stress, deformation and displacement exceed, on average, by 98% compared to 

those used by aluminum alloy; 

• the CM structure is not susceptible to destruction when mechanical loads are applied to the fairing 

at sufficiently high pressures arising from the influence of turbulent flows and other possible conditions, 

given that the loads were taken with a large margin to exclude other factors; 

• the calculations carried out showed the prospects of using CM in the field of building spacecraft, 

both for experimental study of the technology of constructing structures from such materials, and for 

expanding the scope of application of CM and software "SolidWorks"; 

• based on the above results of the optimization of the product topologies, using all the data obtained, 

a calculation was carried out to optimize the mass-strength ratio. Thus, it was possible to reduce the specific 

thickness to 35 mm. Keeping all priority assigned loads. 

According to the results of the study, two materials were used in the SolidWorks software in the form 

of "Aluminum alloy 6063-T1" and "Silicon fiber carbide and titanium matrix". The table below shows the 

minimum and maximum values of the analysis performed. The difference is visible in the stress graph, 

where the values of the composite material significantly exceed the alloy, as well as in other sections. A 

significant difference is shown in the mass column, almost 3 times the reduced mass will allow this device 

to be more aggressive and the ability to load a larger payload. Also, the graph of the ultimate strength 

indicates that the composite material has a large margin of safety compared to aluminum alloy. This proves 

that the use of CM is advisable to use for the replacement of the housing and non-supporting structures.  

This software makes it possible to explore more complex designs to improve design and reduce factors 

for errors. Also, demonstration at the design stages of all possible design errors and improvements. 

Demonstrating the capabilities and skills of designing and operating this software allows you to better 

prepare future design engineers and designers. 
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Abstract  
This article discusses the methods of creating a drone against a drone using a computer program. The article 

provides a picture of the virtual programs used and the dimensions of the aircraft, as well as hardware and 

software systems and launch tests. CRITICISM: A 3D model of an unmanned aerial vehicle was developed, the 

effect of aerodynamic forces on the wings was calculated in a virtual program, and a special accurate compact 

model was obtained by studying the animation model of the aircraft. Then the program was written in a computer 

program with a microcontroller control software system. The frame of the unmanned aerial vehicle was prepared 

by hand: the written software code was transferred to the microcontroller, a special flight test of the complete 

aircraft was conducted in the field, the results of examinations and tests were discussed and the application 

environment was determined.  
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1. Introduction 

In the process of training a model of unmanned aerial vehicles in the learning process in a set of computer 

programs - 3D modeling, sampling of the wings of the aircraft in question, programming of the 

microcontroller system in the development of the onboard system of the aircraft. When designing a drone, 

using 3 different virtual programs, we were able to see from simulation to animation and visualization 3D 

images, microcontroller programming and GPS flight of the aircraft on central control computers. The 

results obtained in the computer software were used in the manual assembly of a special aircraft. In the 

design of unmanned aerial vehicles, effective samples of the wings were obtained to determine the 

endurance and flight flexibility of the wings under the influence of aerodynamic forces and 3D modeling 

complexes. In addition, a prototype model of the aircraft was taken and special launch experiments were 

performed. 

2. Obtaining a geometric model of the wings of an unmanned aerial vehicle 

The cross section of an aircraft wing is the most important part of an aircraft. The cross-section of the 

wing of the aircraft consists of geometric parameters such as front edge, rear edge, maximum thickness, 

circumference (chord) and curvature [1]. The main part of the aircraft wing and the parameters of the aircraft 

will depend on the choice of its geometrically efficient model. The geometry of the wings depends on the 

following parameters: wing area-S, cover-I, chord -C, constriction-η, relative thickness-b we calculate the 

model of the wings of the aircraft [2, 3]. In a special virtual complex, as you can see in Figure 1 below, we 

modeled the arrow-shaped wings on the drone we wanted to make. The wings have been shown solely to 

give a sense of proportion and speed. 

If the technical task requires good take-off and landing performance to achieve speed, the following 
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types of wing landing mechanisms should be used. These include the closed wing, the front wing and the 

fan wing. Closed wings can be simple, single-hole, and multi-hole, movable. Ventilation covers on small 

light aircraft are not used due to sudden changes in the aerodynamic properties of the wings when the wing 

lift is relatively low.  

This is good for maneuvers such as lifting and braking, but increases the weight of the controls and is 

often unsuitable for operator control. The above are some examples of common wings in a virtual program. 

 

 
Figure 1: Parametric calculations of wing samples in a virtual program 

2.1. Calculate the center of gravity 

The center of gravity of the aircraft plays an important role in balancing the direct flight and 

maneuvering in the air. Flight models and small drones adjust the center of gravity to no more than 25% of 

the leading edge of the wing section. Because the center of gravity cannot find the most suitable location, 

there is a risk of increased efficiency, increased energy consumption, and loss of control. 

 

 
 
Figure 2: Gravity balancing center for unmanned aerial vehicles 
 

The stability of the aircraft depends on its center of gravity and how far the stabilizer is from the main 
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wing. Many aircraft are unstable without a horizontal stabilizer [4, 5]. Asymmetrical aerodynamic surfaces 

have a sufficient lifting factor, but have the disadvantage of directing the tip of the plane downwards, which 

makes it statically unstable. Vertical stabilizers are required for sufficient stability. A symmetrical 

aerodynamic surface occurs during normal motion, and as a result of stability, the plane flies to the location 

you specify [6, 7]. 

The upward sloping wing has the right movement, stabilizes it and is used for flying wings (without 

vertical stabilizer). It is important that the center of gravity (CG) of the aircraft be in the correct position. 

This can lead to stable and manageable flight results. The center of gravity (CG) must be in front of the 

neutral point to ensure stability. The neutral point (NP) is the aerodynamic center (AC) of the entire aircraft. 
 

 
 

Figure 3: You can see that the torque and attack angles of the aerodynamic point and the aerodynamic 
center are not excavated 
 

The angle of the body in the direction of flight affects its endurance, but if the angle of projection of the 

body and the angle of its direction is not large, the balancer has little effect. The tail is sensitive and unstable 

when a heavy aircraft lands at low speeds. The tip is that heavy planes rise from the ground and are difficult 

to reach, and when the control is lowered, the nose of the aircraft lowers. It also requires high speed to land 

safely. The angle between the wing strap and the 2 lines of the stabilizer is called the Longitudinal Dihedral 

(LD), otherwise known as the decalage. Velocity and altitude change as the LD angle increases and 

decreases [8,9,10]. 

At normal speed of sound, there is an aerodynamic force point at a distance ¼ from the front edge of the 

wing, and the aerodynamic moment does not change when the angle of attack changes. This has been proven 

experimentally and theoretically [11]. This position is called the wing aerodynamic center. (At high speed 

of sound, the wing has ½ at the aerodynamic center point). For wings other than rectangles (triangular, 

trapezoidal, etc.), the Mean Aerodynamic Center (MAC) is the center of the wing. We need to find the average 

aerodynamic MAC center of all wing types. 

 

 
 

Figure 4: The center of gravity, as shown above, shows the location of the aerodynamic point of the wing 
of the aircraft in front of the AC 10% center of gravity CG 

 

MAC is calculated mathematically [12, 13]. This calculation is called 'Geometric Mean Chord' GMC or 

'Standard Mean Chord' SMC as shown in the figure below. For arrow-shaped wings, MAC differs from 

GMC, Taper ratio = Low chord / High chord. 
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Table 1 
Parametric dimensions of the MAC model for arrow-shaped wings are given 

Technical characteristics Size 

Chord - 𝑐 0.25 м 
Cover - 𝑏 1.2 м 

Wing area - 𝑆 0.3 м2 
Aspect Rario - The ratio of the square of the 

wing to the area of the wing - 𝐴𝑅 

4.8 

Lifting force factor - 𝐶𝑙 1.15 
Attack angle - 𝑖𝑤 10.250=0.263 rad 

Density - 𝜌 1,225 kg/м3 
Speed - 𝑉 16.58 м/s 

 

2.2. Designing the wings of unmanned aerial vehicles 

The first step is to make the surface of the wings and other static and analytical calculations to select the 

engine. 

The second step is to combine the final calculations of the above elements and determine other 

parameters of the fan diameter relative to the engine power [14, 15]. 

The third step is to calculate the wings and determine the aerodynamic properties of the hull fasteners, 

cross-sections and surface sections. The fourth step is to determine the properties and dimensions of the 

horizontal stabilizer and perform calculations. The general design of the device was made using the 

following information. Depending on the role of unmanned aerial vehicles (UAV), it is necessary to 

determine whether it is stable or unstable and to obtain the exact dimensions required for the model. These 

include the position of the wings, the fuselage, the type of wings, the position of the center of gravity, and 

the general shape of the aircraft. When designing the model, it is necessary to theoretically study the 

stability that must be present in the aircraft and the direction of movement that occurs when the main control 

surface changes [16, 17, 18]. 

2.3. Simulation results in computer software complex ANSYS 

Recent trends in research have led to a culture of analysis and inference using scientific methods using 

various computer simulation programs before the model was invented [19]. 

We observed the results of modeling an unmanned aerial vehicle (UAV) used to calculate pressure, flow 

dynamics and lift in the wing section. The simulation simplifies the design of unmanned aerial vehicles, 

taking into account the deformation of the body and the stiffness of the material [20].  

Airflow was modeled and turbulent flow in the fuselage and wings was calculated. From the simulation 

results, it can be seen that the airflow is uniform and the turbulent flow is relatively small. This demonstrates 

the excellent aerodynamic properties of a UAV. 
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Figure 5: Results of the analysis of deformation and refraction in determining the effect of aerodynamic 
forces in the software complex simulation ANSYS 

 

Deformation modeling was performed to see the most loaded part of the unmanned aerial vehicle [21, 

22].  From the simulation, it can be seen that the maximum load on the wing unit is applied, so the wing 

lock must be good. When selecting a fan, the MAX determines the RPM value according to the following 

formula: 

𝑚𝑎𝑥𝑃𝑅𝑀 =
105000

𝑑
= 175000                                                        (1) 

 

 
Figure 6: Trunk engine shaft and wings 
 

Table 2 
Parametric dimensions of the prototype model of unmanned aerial vehicles are shown 

№ Name Size 

1 Diameter 20.32 mm 
2 Edge 2 
3 Width 6E 
4 Weight 28.06 rp 
5 Maximum turnovers 10335 RPM 
6 Lifting force factor - CT 0.0687 
7 Power factor – CP 0.0389 

 

Unmanned aerial vehicle microcontroller system AutoDesk, we develop Tinkercard software and 

implement Arduino UNO microcontroller. We perform launch tests by connecting the drone to the central 
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control system [23]. 

 

 
Figure 7: Unmanned aerial vehicle prototyping and field launch and remote control 

3. Conclusion 

The results of the analysis of the design and launch of unmanned aerial vehicles, as well as remote 

control, determined the scope and environment of application. According to the results of the above virtual 

and realistic expert calculations and studies, the drone model is fully resistant to aerodynamic forces, and 

thewings of the manned aircraft model had high brittleness and flexibility, material density of the wings 

when maneuvering. 

The Republic of Kazakhstan has developed a fully unmanned aerial vehicle model suitable for extreme 

climates. It can be used in cold temperatures - up to 25-45 0С and is designed with the need to maneuver 

in winds of 4-8 m / s. In order to determine the most commonly used unmanned aerial vehicle model in 

Solidworks software and computer software simulation ANSYS, AutoDesk, Tinkercard and Arduino UNO 

microcontrollers were developed. 
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Abstract  
The article considered the movement of the rocket in the starting part of the trajectory. In the course of the 

work, motion parameters were studied and a calculation program was created. The generated program is used to 

ensure the passage of the aircraft's trajectory from initial violations and deviations, or to ensure the programmatic 

rotation (deviation) of the aircraft in the trajectory during Vertical Takeoff 
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1. Introduction 

Ballistic missiles are launched vertically above the missile table. The purpose of control in the launch 

compartment is to maintain the missile's vertical position and not violate its trajectory's straightness. In 

contrast to guided flight, which, according to a certain law, provides for changes in trajectory parameters 

over a wide range, trajectory correction is used to ensure deviations of the trajectory of unmanned missiles 

from calculated missiles resulting from initial violations, aerodynamic asymmetry of the missile, or to 

ensure the software rotation (deviation) of the aircraft in the trajectory during vertical launches, often used 

in anti-aircraft missile complexes. 

The article aims to describe mathematical and physical models of a vertically launched rocket. 

Preparation of a program for calculating the flight trajectory of the aircraft. This calculation program was 

solved for a rocket with a mass of 470 kg and 350 kg. 

2. Forces acting on a guided missile 

We consider the rocket as a mechanical system, that is, a set of masses contained in a volume limited by 

the outer surface of the hull, the plane of the output cross-section of the rocket rudders and the engine 

nozzle. When studying the movement of a rocket with its engine turned on, 3 groups of forces are 

considered. These are: reactive forces; mass forces; surface forces. As a result of the action of all these 

forces, acceleration occurs. At the same time, there is a concept of volumetric forces. Calculations of the 

flight trajectory indicated in the list of references were obtained [1]. These forces affect the entire volume 

of the rocket, that is, each point (molecule and Atom). As a result of the action of all these forces, 

acceleration occurs. At the same time, there is a concept of volumetric forces. These forces affect the entire 

volume of the rocket, i.e. each point (molecule and Atom). 
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Figure 1: Location of the center of mass 
 

The following are aerodynamic forces. They affect the rocket, as a rule, as three components. A 

description of the components of aerodynamic forces is obtained from the article in the list of references 

[2]:  

Direct resistance force 

xX c Sq=                                                           (1) 

Lifting force: 

yY c Sq=                                                           (2) 

Lateral force: 

zZ c Sq=                                                             (3) 

2.1. Starting part of the trajectory 

There are two main parts of the trajectory: active and inactive. Figure 2 shows the active ОсК and the 

inactive KC.    

 

 
 

Figure 2: Flight trajectory of the rocket 
 

Part of the trajectory we need is the active part. It breaks it down into smaller, more important parts. 

These are start (OcA), program turn (AB) and guidance parts (BK). Taken from the article in the list of 

references on the main parts of the trajectory [3]. 

Ballistic missiles are launched vertically above the missile table. The purpose of the control in the launch 

compartment is to maintain the vertical position of the rocket and not violate the straightness of its trajectory 

features of the trajectory of a vertical launch rocket are obtained in the article in the list of References [12]. 

There are reasons for choosing the vertical high launch method. 

First, vertical launch allows the rocket to pass through the densest layers of the atmosphere at relatively 
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low speeds over short distances, which reduces the aerodynamic resistance and heating of the rocket. In 

addition, during vertical launch, the lateral movement of the rocket decreases, which can occur during 

inclined start-ups in the first seconds of flight. The advantages and disadvantages of inclined start are 

obtained in the article in the list of References [7].  

Secondly, the vertical start of the rocket is mainly accompanied by axial loads on the structure, so the 

structure of the rocket does not have a large horizontal rigidity, and this helps to reduce its mass. The 

importance of fuel consumed on a vertical launch rocket in the article in the list of references is taken [10]. 

Third, it is simplified to design and manufacture a launch device that holds the rocket before launch only 

with the help of supports on the back.  

Fourth, during an inclined start, a very powerful engine unit will be required, since the vertical 

component of the thrust force, being the supporting force, must be greater than the force of gravity acting 

on the rocket. Figure 3 shows the parts of the trajectory of the vertical launch of the trihu apparatus. 

 
 
The 1-permissible speed limit in the coordinates of speed and altitude; 2-permissible heat flow limit 

 
Figure 3: Parts of the trajectory of a vertical launch aircraft 
 

In part I of the trajectory - in the vertical ascent part – the height is raised to a height of about 100 meters, 

which is necessary for maneuvering outside the starting unit. During the flight up to the speed of sound – 

in Part II – the curvature of the trajectory begins. It determines the movement of the active part of the 

aircraft in the atmospheric area in parts I-III. The speed limit reaches its maximum in Part III. Here the 

movement is carried out at a zero angle of attack The description of the impact of the angle of attack on the 

trajectory is taken from the textbook in the list of References [4-6]. Although there are many requirements 

for the movement of the aircraft in the atmospheric area of the active part, the bending of the velocity vector 

θ and the bending of the attraction vector θ can be approximated by this dependence: 

arcsin   =                                                           (4) 

2.2. Turning methods 

For the rocket to gain a certain altitude and enter orbit, it is necessary to make a programmatic turn. 

During the vertical launch, the rocket gains a speed of 30-40m/s. at this point, the angle of attack remains 

zero. at the time of t1, the program rotation begins. 
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Figure 4: Change in the flywheel angle and tangage angle over time 
 

In order to implement the program, turn, it is necessary to organize a negative value of the angle of 

attack. It leads to the emergence of normal forces. BL forces: component of the force of attraction and 

lifting force. 

Component of the force of attraction: 

' sinP P =                                                       (5) 
 

Lifting force: 

yY C qS=                                                           (6) 

 

where 

q – speed pressure; 

S – characteristic area; 

Сy – aerodynamic coefficient. 

2.3. Algorithm for calculating the trajectory of a vertical launch rocket 

Let us divide the flight trajectory of the sign into 3 stages. This: 

I – vertical launch part; 

II – torque turning part: 

III – part of the descent to the ballistic ground. It is shown in Figure 5. 

 

 
 

Figure 5: The trajectory of the aircraft's movement 
 

In the active part of the trajectory, the rocket is affected by the force of attraction, aerodynamic force 

and gravity. The process of modeling forces was discussed in the article in the list of references [13]. The 
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force of attraction coincides with the velocity vector, and it is also directed indirectly along the trajectory. 

And the aerodynamic force is directed indirectly along the trajectory opposite to the velocity vector. 

 
Figure 6: Force diagram in the ballistic part 
 

It is necessary to obtain projections drawn on the axes of the moving earth coordinate system of forces. 

cos cos ,

sin sin .

а

а

ХP
x

m m

ХP
y g

m m

 

 

= −

= − −

                                              (7) 

Where 

𝑥̈ -  the derivative of the 𝑉𝑥 speed obtained over time; 

𝑦̈ – the derivative of the - 𝑉𝑦 speed obtained over time; 

P – traction force; 

𝑋𝑎- aerodynamic force; 

θ – angle of inclination of the trajectory; 

m – rocket mass. 

Aerodynamic force: 

a xX C Sq=                                                                 (8) 

 
Cx - is the coefficient of direct resistance force. 

S - is the midline cross-sectional area. The midline section is the largest cross section of a body with a 

plane perpendicular to the direction of movement 

q - speed ratio. Formula: 
2

2

V
q


=                                                             (9) 

 

where 

V – speed: 

2 2

x yV V V= +                                                         (10) 

 

ρ – air density: 

0 ( )H y =                                                           (11) 
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And the angle of inclination of the trajectory: 

arcsin
yV

V
 =                                                            (12) 

 

The torque is determined by the following formulas: 

cos sin sin ,

cos sin cos ,

a a

y a

X YdV
g

dt m m

P Xd g

dt mV mV V

  


  

= − − −

= − + −

                                     (13) 

 

Using these equations, the program is written in the Matlab program environment. In the next chapter, 

the results will be analyzed. 

3. Creating a program in Matlab 

A system of differential equations implemented in the MATLAB system: 

 

( )*cos *sin
*sin ;

( )*sin *cos *cos
;

*

*cos ;

*sin ;

c a c

c a c

P X X Y
V g

m

P X Y Y g

m V V

x V

y V

 


  






− − −
= −

− + +
= −

=

=

                                (14) 

 
This system of differential equations is solved by the Runge-Kutta method. 

 

The following values were used in the calculation: 

P = 7500 N – engine traction force; 

r=6356767 m – Conditional radius of the Earth. 

Ya = 28 N – lifting force; 

Yc = 5 N; 

Xc = 15 N; 

ṁ – 0.23 kg/sec;  

ρ0=1.29 kg/m3; 

υ0=90° 

сх=0.07. 

 

Initial values: 

0

0

0

0

0;

0;

10;

90 .

x

y

V



=

=

=

= 
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3.1. Mathematical model of the computational process 

The calculation process is stopped as soon as the angle of inclination of the trajectory reaches 25°. 

Methods of computer modeling and aerodynamic research are obtained in the article listed in the literature 

[8]. The program executed in the Matlab environment is provided in Appendix A.  The calculation was 

made by the Runge-Kutta method. The program resulted in these graphs: 

 

 
Figure 7: Change in the speed of the launch part of the rocket over time 
 

 
 

Figure 8: Changes in the angle of attack on the launch part of the missile over time 
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Figure 9: Change in the tangage angle in the launch compartment of the rocket over time 

 

Lower graphs are constructed to see the degree of deviation: 

 
Figure 10: Change in the X coordinate of the rocket at different masses over time 
 

 
Figure 11: Change in time of the Y coordinate of the rocket's trajectory at different masses 
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Figure 12: Changes in the speed of a rocket over time at different masses 
 

These results prove that the mathematical model for calculating the motion parameters of a vertical 

launch rocket works correctly and systematically. The main methods of the simulation were obtained in the 

article in the list of References [11]. The program can be used to simulate various launch modes. At the 

same time, it can be used to design the operation of a rocket on a trajectory. Thus, the advantages of the 

vertical launch were noted. 

1. Vertical launch allows the rocket to pass the densest layers of the atmosphere over short distances 

at relatively low speeds, which reduces the aerodynamic resistance and heating of the rocket.  

2. During a vertical launch, the lateral movement of the rocket decreases, which can occur during an 

inclined start in the first seconds of flight. Possible errors were taken into account from the article in the list 

of references [14]. 

3. Vertical launch of the rocket is mainly accompanied by axial loads on the structure, so the structure 

of the rocket does not have a large horizontal rigidity, and this helps to reduce its mass. From the article 

taken from the list of references, coffee filters for verification errors were obtained [9]. The design and 

manufacture of the launch device, which holds the rocket before launch only with the help of supports on 

the back, is simplified. 

The generated program is used to ensure the passage of the aircraft's trajectory from initial violations, 

and deviations, or to ensure the programmatic rotation (deviation) of the aircraft in the trajectory during 

Vertical Takeoff. 

4. Conclusion 

By introducing a system of differential equations describing the movement of an aircraft, a numerical 

solution program was written in the MATLAB software environment, and a rocket with a numerical 

calculation mass of 470 kg and 350 kg was taken as an example. But the prepared computer code can be 

used for any aircraft. It is only necessary to enter a particular aircraft's technical parameters and dimensions. 

We analyzed the changes in the parameters of the aircraft's movement V, θ, x and y over time with changes 

in air density, mass, and tangent angle. Comparing the two missiles, the results of such calculations were 

obtained: 

• The change in the projection of the trajectory x, y over time makes a difference of 15% ; 

• The change in velocity projection over time makes a difference of 11.5% ; 

• Changing the angle of inclination of the trajectory over time creates a difference of 6.9% ; 

• The tangent angle fluctuates by 2.5 times; 

• The angle of attack varies by 1.2 times. 

The prepared computer code can be used for any aircraft. It is only necessary to enter a particular 

aircraft's technical parameters and dimensions. 
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Abstract 
Sustainable and stable growth in the well-being of the population in Republic of Kazakhstan is the 

development of the healthcare industry – is one of the main priority. In Kazakhstan, the digitization of the 

healthcare system and the use of AI elements within the framework of the Digital Kazakhstan program were 

already underway [1]. Moreover, certain elements of AI have already been introduced and are working in the 

field of medicine, and some have just begun to be tested in the field of medicine. The object of the study is an 

automated system for diagnosing diseases of internal organs. The subjects of research are the methods and 

algorithms of the theory of decision making. Particularly, the study carried out have shown that for the 

differential diagnosis of benign and malignant gastric ulcers, a mathematical model, previously developed, is 

applicable, based on a decision-making method with qualitative and probabilistic uncertainty. 

 

Keywords 
IT in medicine, automated system for diagnosing diseases, theory of decision making, math modeling 

1. Introduction 

Nowadays, there is a global move from the treatment of consequences to a preventive health care system 

based on early diagnosing. Each medical protocol and history of the patient contains information that allows 

doctor to accurately diagnose and prescribe treatment. But sometimes unfortunately, even experienced 

treatment center does not always see the full picture of the disease, because the data in the medical 

documentation is not structured, and the medical history can be too large. Medicine is a very important part 

of the life of our entire society. Unfortunately, every day a person is in danger and associated with a threat 

to their fate. Most often, such cases are associated with a medical issue. In essence, all life is under some 

kind of protection by people in white coats. But the work for medical staff is equally important to properly 

building communication with patients. 

Their performance is also affected by fatigue and, in some cases, lack of knowledge in narrow areas. 

Some diseases, for example, oncological ones, can be defeated if non-obvious symptoms are recognized in 

time and treatment is started. In Kazakhstan, the digitization of the healthcare system and the use of AI 

elements within the framework of the Digital Kazakhstan program were already in progress. 

"Digital Kazakhstan" is very vital project which aims to improve the standard of living of every person 

[1]. Program has major goals, which are to accelerate the development of the economy of the Republic of 

Kazakhstan and improve the quality of life of the population, as well as to create conditions for the transition 

of the economy to a fundamentally new trajectory - the digital economy of the future [1]. 

Digitalization in the healthcare system of Kazakhstan has been going on since 2005. Today, since 2005, 

the information systems of the ministry have accumulated 14 terabytes of data, which is comparable to 5.8 

billion pages of text. This is a significant amount of data that needs to be processed using Big-data 

technologies and artificial intelligence, which allows deep machine analysis of the problems and needs of 

the healthcare system [1].  
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In Kazakhstan, certain elements of AI have already been introduced and are working in the field of 

medicine, and some have just begun to be tested in the field of medicine. Moreover, both with global 

corporations and with domestic developers. According to on statistical data reports collected by the Ministry 

of Health of Kazakhstan from 2009 till 2020, namely “Statistical digest" Health of the population of the 

Republic of Kazakhstan and the activities of healthcare”, there was an estimated 18 million people [3]. Data 

reported by rate per 100 000 populations per year. The bar chart below represents how data has changed 

over two years’ period among main regions of Republic of Kazakhstan (see Fig. 1).  

 

.  

 

Figure 1: Rate of illnesses of internal organs in Kazakhstan by region 
 

There is a rate (average number of people) per 100 000 person for all regions about all diseases among 

country. By the graph it is visible that in Astana region general incidence rate is highest, and the trend is 

increasing for 11%. The lowest average number of people seems to be in Shymkent and Almaty region and 

trend is relatively stable compared with others. Regarding to the bar graph sharpest tendency observed in 

Kostanay region, for the two years increased for 18%. It might show the epidemic of some kind of disease 

during this period. 

2. Role of IT in medicine  

It has been proved that the use of IT in the tasks of medical diagnostics can reduce the examination time. 

When making a diagnosis, the doctor has to process a large array of biomedical information: examination 

data, individual characteristics of each patient (past diseases, hereditary reactions). Along with this, the 

increasing increase in the information load leads to physical and psychological fatigue of the doctor, an 

error in the choice and implementation of treatment and diagnosis [4]. However, it is known that making 

an accurate diagnosis at an earlier stage of the development of the disease and initiating treatment of the 

disease will help to avoid complications that can harm the body. Therefore, today there is a tendency of 

increasing the number of developed diagnostic medical automated systems.  

Most of the existing modern systems are narrowly focused. In this regard, the development of an easily 

customizable system aimed at improving the accuracy and efficiency of obtaining a diagnostic solution is 

relevant and in demand in the modern medical technology market. 

The object of the study is an automated system for diagnosing diseases of internal organs. The subjects 
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of research are the methods and algorithms of the theory of decision making. The aim of the work is to 

improve the accuracy and efficiency of diagnosing a patient using an automated system for medical 

diagnosis of diseases of internal organs. Due to the processing of a large amount of medical biological 

information processed by the system according to algorithms and methods based on decision theory. More 

specifically, the purpose of this article is 

• Application of developed mathematical methods and models for diagnosing diseases of internal organs; 

• Formulation of the problem of medical diagnosing; 

• Determine the requirements for methods of constructing models for describing the object of diagnostics 

of execution, which will ensure the achievement of objectivity and accuracy of decisions made; 

• An approach to building a system based on a patient's health state model and a diagnostic model was 

formulated using a multilevel model for describing all possible diseases of the patient. 

It should be noted that in practice, the diagnosis significantly depends on taking into account the coherent 

features of the patient's health status. While most intelligent diagnostic systems are focused on the "average" 

patient. Informative variables for the formation of a model of the patient's state of health suggest taking two 

variables[2]: 

• Patient's medical records; 

• Questioning the patient in order to identify their individual characteristics. 

Recent years, the use of electronic patient records in hospitals has been actively developing in the 

Republic of Kazakhstan. Thanks to such records, the time for generating data is significantly reduced [5]. 

2.1. Features of medical diagnosing 

Human - is a complex organism in which many processes take place. According to the International 

Classification of Diseases [2], over 20,000 diseases and over a million symptoms are currently identified. 

Symptoms characterize a particular disease. Therefore, it is very important that modern diagnostic systems 

can work with a large data set. And moreover, they gave the correct solution to the task of diagnosing 

diseases. 

Furthermore, diagnosing and making a correct diagnosis is a complex process even for the most 

experienced doctor. Many different factors must be taken into account: 

• External symptoms body temperature, pressure, coughs, etc.; 

• Complete examination in the form of X-ray tomography analyzes, etc.; 

• It is also important to take into account previous diseases, genetically transmitted diseases; 

• Blood type and heredity. 

Taking into account the above will allow achieving a more accurate result. Therefore, the patient's 

recovery period will be much reduced and additional harm to the body caused by improper treatment will 

not be caused. The diagnostic object is characterized by a large set of properties (symptoms). This leads to 

the fact that the object has to be considered as a complex system [3]. 

We can distinguish the following main properties, specific for complex systems: 

1. The system consists of subsystems; 

2. Data diversity. Data can be quantitative, fuzzy, interval, etc.; 

3. Some parameters are not available for measurement or evaluation; 

4. The structure of the system is multi-connected (many-to-many connection); 

5. The constant impact of the environment leads to the fact that the state of the object is constantly 

changing. 

Based on the analysis above, it can be concluded that the main problem of medical diagnostics is to 

achieve the accuracy of the diagnosis. As well as reducing the time and material costs of the patient. And 

give the doctor better tools, for example, a system for diagnosing diseases. One of the most effective ways 
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to solve problems is the create algorithm for the process. 

Algorithm for determining the most probable state of the patient according to a given symptoms: 

 
Figure 2: Algorithm for the process 

3. Differential diagnosis of benign and malignant gastric ulcer using a 
mathematical method 

The studies carried out have shown that for the differential diagnosis of benign and malignant gastric 

ulcers, a mathematical model, previously developed, is applicable, based on a decision-making method with 

qualitative and probabilistic uncertainty [6]. Let’s consider the differential diagnosis of benign and 

malignant gastric ulcers. There is a diagnostic table [6] indicating signs and corresponding qualitative 

descriptions of utilities (weight) regarding the listed diseases.  

 

Let’s consider two cases: Case 1 

The patient has constant aching pain, aggravated by eating. The patient turned gray and lost a lot f 

weight. His anemia progresses, Gregersen's reaction is observed, the acidity of gastric juice is reduced. 

Furthermore, apply the developed mathematical model of diagnosis, based on the methods of fuzzy set 

theory, to diagnose these diseases, which will correspond to the problem of finding the optimal alternative. 

Supposably, we have many alternatives (diseases):  

 

А = {A1, A2, ...,Am}, 

 

belonging to the same nosological class. The selection of the optimal alternative (diagnosis) depends on the 

weight of the symptoms (utility), presented as a matrix for possible conditions and different alternatives 

(diseases). 

Using the diagnostic table [6], we compile a utility matrix for the listed diseases. Utilities are presented 

qualitatively: often (Ч), rarely (Р), extremely rarely(КР), and therefore it is advisable to apply the 

mathematical method of decision making with qualitative and probabilistic uncertainty.   

 

the patient's symptoms 
are indicated;
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the probability of the 
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total probability is 
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the probability of 
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symptomatic complex 
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There are two variants: 

• Fuzzy features and clear state (diagnosis is based on one known factor); 

• Fuzzy features and unclear state (observed symptoms is taken into account). 

Then, there is clear state: 

хj =  X 
 

Let the state be known: Х3 (pain is constant).  

Let’s diagnosing correctly (choosing the best alternative). Let's find fuzzy utilities for a given state: 

 

U 1=[В]={0.5/3; 1.0/4; 0.5/5}; 

U 2=[С] ={0.5/9; 1.0/10}; 
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umax=sup Y,where  Y=S(U 1) S(U 2) = {3,4,5,9,10};   umax=10; 

The maximizing set will be respectively: 

U1m= {3:10/3; 4:10/4; 5:10/5} = {0.3/3; 0.4/4}; 0.5/5; 

U2m= {0.9/9; 1.0/10}. 

And the optimizing set can be found as: 

U1o= {min (0.5, 0.3)/3; min (1.0, 0.4)/4; min (0.5,0.5)/5)} = {0.3/3; 0.4/4; 0.5/5}; 

U2o= {0.5)/9; 1.0/10}, 

then the set defining the best alternative: 

   ~(А1) = max (0.3, 0.4,0.5) = 0.5; 

  ~(A2) = max (0.5, 1.0) = 1.0, 

А (*)= max (0.5, 1.0) = 1.0(А2). 

Diagnosis: in this condition, the most likely disease is a malignant stomach ulcer. 

Consider the second variant, namely: 

• the state of the system is given by a fuzzy set 

Х =  ~ ( ) /Xk Xk
k

  

The state of the system is imprecisely specified and, moreover, the utilities are imprecisely defined. 

Inaccurate condition means: the severity of diagnostic signs may be different, which is more consistent with 

reality. So, the patient's condition, listed above, is represented by the following set: 

 

 0.5/X12 0.7/X11;    0.5/X10;  0.6/X9;   0.7/X7;   0.5/X5;   ;3/7.0 X  

The severity of symptoms is set and should correspond to the real condition of the patient at the moment. 

And the fuzzy utilities of the alternatives for a given state are taken from the matrix compiled on the basis 

of statistical data. Taking into account the utility, we find for various alternatives (diseases): 

kk

k

uij uuU
ij

/)(
~

=  ,   where  )(~ kk xu =  

and          umax=sup Y, where  Y=S(U 1) S(U 2) = {3,4,5,9,10};   umax=10; 

Let’s present the set with fuzzy utilities for the given state: 

U1 =   ;/КК0.8/P;0.85 ;/9.00.5/К. 0.7/KP; 0.5/KP; 0.6/P; 0.7/B; 0.5/P; ;/7.0 BB =  

U2 =   ;/ОО0.9/Х.9/Х; ;/9.00.5/Х 0.7/О.7 0.5/О.5 0.6/Х. 0.7/С. 0.5/Х. ;/7.0 СС =  

then,  

U*1 =
 

 ;9/15;0.9/2;0.0.5/4;0.5/ ;3/75.0

2;1.0/1]0.85/[0.5/ /3];;1.0/2;0.50.8/[0.5/1 ;]5/5.0;4/0.1;3/5.0/[9.0 =
 

U*2 =
 

 ;/70.5/6;0.85 75/8;0.95/10;0. ;9/95.0

5/8];6;1.0/7;0.0.85/[0.5/ /10];;1.0/9;0.50.9/[0.5/8 ;]10/0.1;9/5.0/[9.0 =
 

U1m = ;10/1:10/2;1:10/5;2:10/4;5:4 ;3/10:3  
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U2m = ;70.6/6;0.7/ /8;1.0/10;0.8 ;9/9.0  

Finding an optimizing set 

U1о = ;1/15;0.2/2;0.0.4/4;0.5/ ;3/3.0  

U2о = ;70.5/6;0.7/ 75/8;0.95/10;0. ;9/9.0  

Finally 

   ~(А1) = max (0.3, 0.4,0.5,0.2,0.1) = 0.5; 

  ~(A2) = max (0.9, 0.95,0.75,0.5,0.7) = 0.95 

А (*) = max (0.5, 0.95) = 0.95(А2). 
 

Diagnosis: in this condition, the most likely disease is a malignant stomach ulcer. 

 

Let’s consider second case: Case 2 

Anamnesis: the patient is quite old, long (more than 2 years). There is local pain in the epigastria on 

palpation (Mendel's symptom), appetite is normal, and fluoroscopic studies of the stomach showed that the 

"beggar" has the correct shape. 

Again, there are two variants might be: 

• clear state; 

• fuzzy features and unclear state. 

хj =  X 
 

Let the state be known: Х4 (local tenderness in the epigastria during palpation).  Using the data of the 

diagnostic table for diseases of the digestive system, we will make a diagnosis. Let's find fuzzy utilities for 

a given state: 

                

U 1=[Х] = {0.5/8; 1.0/9; 0.5/10}; 
U 2=[Р] = {0.5/1; 1.0/2; 0.5/3}; 

umax=sup Y, where  Y=S(U 1) S(U 2);   umax=10; 
 

The maximizing set will be respectively: 

 

U1m = {8:10/8; 9:10/9; 10:10/10} = {0.8/8; 0.9/9; 1.0/10}; 
U2m = {0.1/1; 0.2/2; 0.3/3}. 

 

And the optimizing set can be found as: 

 

U1o = {min (0.5, 0.8)/8; min (1.0, 0.9)/9; min (0.5, 1.0)/10)} = {0.5/8; 0.9/9; 0.5/10}; 
U2o = {0.1)/1; 0.2/2; 0.3/3}, 

Finally: 

   ~(А1) = max (0.5, 0.9,0.5) = 0.9; 
  ~(A2) = max (0.1, 0.2, 0.3) = 0.3, 

А (*) = max (0.9, 0.3) = 0.9(А1). 
       

Diagnosis: in this condition, the most likely disease is a benign stomach ulcer, which corresponds to the 

conclusions of experts. 

Now, let’s consider second variant of the second case: 
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Fuzzy features:      Х =  ~ ( ) /Xk Xk
k

  , which corresponds: the state of the system is not precisely 

specified (the severity of diagnostic features is different for the corresponding patient) and, in addition, the 

utilities are not precisely defined.  So, the patient's condition, listed above, is represented by the following 

set                              

 0.9/X13 0.2/X10;    0.3/X7;  0.9/X6;   0.8/X4;   0.7/X2;   ;1/5.0 X  

The severity of the symptoms is given and corresponds to the patient's condition, and the fuzzy utility 

of the alternatives for this condition are taken from the diagnostic table [6]. 

kk

k

uij uuU
ij

/)(
~

=  ,   where  )(~ kk xu =  

Let’s present the set with fuzzy utilities for the given state: 

U1 =
 

 ;0.6/КР  0.75/В; ;/99.0

0.7/В 0.5/KP; 0.9/Х; 0.2/КP; 0.3/B; 0.9/X; ;/8.0

Х

X =
 

U2 =
 

 0.7/К. 0.2/О.2 0.5/В. 0.3/Х. ;/98.0

/7.0;/5.0;/9.0;/2.0;/3.0;/9.0;/8.0

Р

KPBKPОЧXPP =
 

 
then, 

 

U*1 =
 

 ;.6/1/5;0.5/2;00.75/4;0.5/10;0.5/3;0.99/9;0.5 ;8/5.0

;1.0/1]0.6/[0.5/2 5/5];3;1.0/4;0.0.75/[0.5/ ;]10/5.0;9/0.1;8/5.0/[99.0 =
 

U*2 =

;
5/2;0.7/17;0.2/8;0.0.2/6;0.2/

;0.5/5;.5/3;0.5/49;0.3/10;00.3/8;0.3/ /3;0.98/2;0.5 ;1/5.0

].5/2;1.0/1/8];0.7/[0;1.0/7;0.50.2/[0.5/6

/5];;1.0/4;0.50.5/[0.5/3 /10];;1.0/9;0.50.3/[0.5/8 ;]3/5.0;2/0.1;1/5.0/[98.0









=








 

umax=sup Y, where  Y=S(U 1) S(U 2) = {3,4,5,9,10};   umax=10; 

U1m =
 

 1/1.0;2/2.0;5/5.0;4/4.0;3/3.0;10/0.1;9/9.0;8/8.0

10/2:10/5;2:5 10/4;:10/3;4:10/10;3:10/9;10:9 ;8/10:8 =
 

U2m = ;
.1/18/8;02/2;06;0.7/7;0.0.5/5;0.6/

;.3/3;0.4/49;0.1/10;00.8/8;0.9/ 3;0.2/2;0.3/ ;1/1.0









 

 
Finding an optimizing set 

 

U1о = ;/1;0.2/2;0.1.4/4;0.5/510;0.3/3;00.9/9;0.5/ ;8/5.0  

U2о = ;
0.1/12/8;0.2/2;6;0/2/7;0/0/5/5;0.2/

;.3/3.0.4/49;0.1/10;00.3/8;0.3/ 3;0.2/2;0.3/ ;1/1.0









 

Then, 

   ~(А1) = max (0.5, 0.9,0.5,0.3,0.4,0.5,0.2,0.1) = 0.9; 

  ~(A2) = max (0.5, 0.2,0.1) = 0.5 

А (*) = max (0.5, 0.9) = 0.9(А1). 
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Diagnosis: in this condition, the most likely disease is a benign stomach ulcer, which corresponds to the 

conclusions of experts.  

The following Table 1 represent the results of computations.  

 
Table 1 
Result of computations 

Cases Anamnesis Diagnosis 

Case 1 
variant 1 

The patient has constant aching pain, aggravated by eating. The 
patient turned gray and lost a lot of weight. His anemia progresses, 
Gregersen's reaction is observed, the acidity of gastric juice is reduced 

a malignant 
stomach 
ulcer 

Case 1 
variant 2 

The patient has constant aching pain, aggravated by eating. The 
patient turned gray and lost a lot f weight. His anemia progresses, 
Gregersen's reaction is observed, the acidity of gastric juice is reduced 

malignant 
stomach 
ulcer 

Case 2 
variant 1 

Anamnesis: the patient is quite old, long (more than 2 years). There is 
local pain in the epigastria on palpation (Mendel's symptom), appetite 
is normal, and fluoroscopic studies of the stomach showed that the 
"beggar" has the correct shape 

benign 
stomach 
ulcer 

Case 2 
variant 2 

Anamnesis: the patient is quite old, long (more than 2 years). There is 
local pain in the epigastria on palpation (Mendel's symptom), appetite 
is normal, and fluoroscopic studies of the stomach showed that the 
"beggar" has the correct shape 

benign 
stomach 
ulcer 

 

According to the table above, it can be concluded that the main advantage of making a diagnosis using 

a mathematical model is its objectivity, which can eliminate over diagnosis during the initial patient ‘survey 

[6]. As can be seen from the results obtained, it follows that the severity of symptoms (the state of the 

system) affects the diagnosis (the most likely disease in a given symptoms). Such combinations of the 

severity of symptoms are also possible, when the symptoms characteristic of both disease of case 1 and 

disease of case 2 are pronounced. As a result, we obtain the probabilities of the disease listed above, the 

same in value. 

3.1. Current diseases diagnosing methods 

The process of diagnosing a disease is the process of obtaining, processing and analyzing various types 

of information about a patient. The following steps can be distinguished in the diagnostic process: 
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Figure 3: Diagnosing steps  

 

The main problem is the third and fourth stages, illustrated on Figure 3, because: 

• Not enough outgoing data to analyze the object; 

• Difficulty in processing a large amount of data. 

Processing such data can take a long time. And an automated diagnostic system can solve this problem. 

Specialists need to take into account indications and contraindications, patient characteristics, known cases 

of diseases. To work effectively, you need to process an avalanche of information. Automation of all part 

of these tasks can truly save resources and improve the quality of services. Also the development of such a 

system helps to solve the problem with a shortage of medical workers. A district hospital doctor may not 

have sufficient expertise or experience to determine at an early stage oncology or ischemic stroke, digital 

technologies will help him make the correct primary diagnosis and make a decision on the urgent referral 

of the patient to a specialized medical institution. Tasks that should be solved during project are: 

 

 
Figure 4: Tasks  

 

Determination of a set of informative characteristics that 
characterize the patient at the present time (also special features)

Get settings. value can be obtained by asking the patient about 
his symptoms. Results of laboratory studies

Processing and analysis of an array of informative applications

Making a diagnostic decision based on the results of data 
processing

Identification of the main problems of 
the project;

Analytical review - determination of 
the current state and the degree of 
development of the topic research;

Theory and analysis of learning 
algorithms that will be used to 

build the model;

Analysis and preliminary processing of 
initial data;

Usage of initial data in the selected 
algorithm in order to develop the model;

Determination of the best and 
suitable algorithm 
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Moreover, the Figure 4 illustrates the tasks to analyze and study materials on modern medicine, choose 

actual field in healthcare sphere. Second task is to make analytical review researches related to automated 

diagnosing systems, which are in world and in Kazakhstan. Third task is to study the algorithms and 

methods used for current topic. The fourth task is to create dataset in order to use in developing model. The 

fifth task is to develop a several models for diagnosing and prediction of disease using mathematical 

methods. The sixth task is to choose the best and suitable model, then create user interface, which will 

integrate with created model. 

4. Conclusion  

Finally, it can be argued that new technologies make it possible to quickly analyze huge amounts of 

information on a specific task, on the basis of which make predictions and issue recommendations to 

doctors. AI is especially in demand in the field of diagnostics this kind of innovation frees people from 

routine processes. A computer assistant, for example, can help a doctor analyze visual information. 

Differential diagnosis of diseases of the digestive system is based on the available diagnostic tables [6], 

which contain modern data on the etiology and pathogenesis of diseases of the internal organs. Timely 

nosological diagnosis is facilitated by the correct choice of approaches leading to the solution of the 

problem. One of these approaches is the use of mathematical methods of diagnostics, leading to objective 

decision-making. To analyze the existing symptoms, as well as laboratory and instrumental data, allows 

modern automated information technology diagnostic systems, based on the developed mathematical 

models. People should always concern about early diagnosis and prompt treatment as it is fundamental to 

control and need to be available wherever an epidemic occurs. In this paper, mathematical method proves 

to be one of the methods that could be used to estimate the relative risk of disease. Nevertheless, further 

research must be done to improve the current method. 
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Abstract  
Improvement directions of the adjustable power line conditioners (APLC) intended for an autonomous 

electric power system (EPS) with semiconductor converters (SC), which contains a resonant LC filter (RF) and 

a reactor compensator (RC) with pulse width regulation (PWR) are considered. The conditions for alignment the 

frequency characteristics of electric power systems with the spectra of harmonics generated in the power network 

by both semiconductor converters and reactor compensators are defined. The possibility and expediency of using 

the proposed improved structure of the controllable filter-compensating device, in which the main reactor filter 

is also interference-proof in relation to the reactor compensator with pulse-width regulation, have been proven. 

Theoretical conclusions are confirmed by a model experiment.  

 

Keywords 
Controlled filter compensating device, reactor compensator with pulse-width control, non-sinusoidal 

coefficient, model experiment. 

1. Introduction 
1.1. The problem of electric power quality in the autonomous electric power 
systems  

The problem of electric power quality assurance and electromagnetic compatibility in autonomous 

electric power systems (EPS) in modern marine vessels and platforms is very relevant in connection with 

use of powerful semiconductor converters (SC) on them as part of electric propulsion systems, propulsion 

devices and various technological electric drives. In such power systems the decrease of electric power 

quality is due to two reasons: presence of higher harmonics in consumption current and main harmonic of 

this current phase shift relative to the mains voltage. 

The development of effective adjustable power line conditioners (APLC) for autonomous (ship) electric 

power systems with SC is associated with specific, often contradictory requirements, fulfillment: reactive 

power compensation accuracy in statics and dynamics, high speed, higher harmonics effective reduction in 

a wide frequency range to limit non-sinusoidal coefficients of network voltage and consumption current, 

minimum number of adjustable circuits. 

The task is complicated by the fact that modern active or hybrid adjustable power line conditioners 

themselves are sources of higher harmonics, due to the presence of semiconductor switches in their 

composition [1,2,3,4,5,6]. 

Ensuring power quality and conditions of electromagnetic compatibility by improving adjustable power 

line conditioners structure and control principles, by using a high-speed reactor compensator (RC) and also 

by matching electric power systems frequency characteristics with harmonics spectra generated by both SC 

and RC. 

1.2. Research tasks and objectives 
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1. Power unit improved structures construction principles development and high-speed adjustable 

power line conditioners control methods substantiation. 

2. Electric power systems equivalent resistances frequency characteristics analysis and current 

harmonics, which are generated by SC and RC, reduction coefficient analysis, with adjustable power line 

conditioners different versions. Harmonics resonant increase exclusion conditions determination. 

3. Analysis results and practical recommendations verification by means of a model experiment. 

2. The autonomous electric power system structure with SC and APLC 

An autonomous electric power system with SC and adjustable power line conditioner generalized 

scheme is shown in Fig. 1, a. The generator (supply network) is represented by a sinusoidal EMF with an 

amplitude and short-circuit resistance, a transformer or an input reactor SC – by resistance. The adjustable 

power line conditioners include a resonant series LC filter (RF) consisting of resistances 0LX , 0CX  and a 

reactor compensator conditionally indicated by an adjustable equivalent resistance at the fundamental 

harmonic RCEX . 

 

  
a) b) 

  
c) d) 

Figure 1: The autonomous electric power system structure with SC and APLC: 
a) generalized scheme; b) APLC1 – with RC phase control; c) APLC2 – with RС pulse-width regulation and 
its own anti-interference filter; d) APLC3 – with RC pulse-width regulation and RF use as an anti-
interference filter 
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RF tuning frequency order corresponds to zero of the system frequency characteristics and is selected 

from the condition 1ν 0000 −=== pXX LCRFRF  , where 0RF  – the filter resonance frequency,   

– the network frequency, and p  – SC pulsation. 

Reducing higher harmonics, RF is simultaneously a reactive power generator at fundamental harmonic 

( )00
23 РCphRF XXUQ −= , where phU  – effective value of the phase voltage of the network (

2mph EU  ). 

RC consumes reactive power RCEphRC XUQ 23= . The RC scheme with phase regulation on the basis of 

counter-parallel connected single-operation thyristors (APCL in Fig. 1, b) was widely used [4]. The main 

disadvantages of this scheme are low-frequency harmonics generation in the input network, as well as a 

significant regulation delay time, which is half of the network period ωπT =2 . 

The listed shortcomings are limited to the high-speed reactor compensator with pulse-width regulation 

(PWR) at high frequency (Fig. 1, c, d). 

The three-phase reactor compensator with a semiconductor pulse-width regulator based on alternating 

current keys main structures are shown in Fig. 2.a,b. Thanks to  connectedness properties  of three-phase 

circuits without a neutral wire, simplification is achieved in these schemes compared to the direct 

combination of single-phase regulators. For example, four and five keys are used instead of six in the 

diagrams in Fig. 2a, b, respectively. Semiconductor alternating current switches made on the basis of 

transistors and diodes are presented in Fig. 2, c, d. Two-operation thyristors can be used instead of 

transistors. The key version in Fig. 2, c is preferable, as it contains a smaller number of controllable 

elements. 

 

 
 

 

a) b) e) 

 
 

 

c) d)  
Figure 2: Three-phase RC with a semiconductor PWR: a, b – RC basic structures, c, d – alternating current 
semiconductor switches, e – short circuit on one direct current semiconductor switch 

 

Switches S1 and S2, periodically switched at the same time, connect the reactor 
LCХ  to the three-phase 

voltage during the time interval 1t . Switches S3, S4, and S5 are switch on only when S1 and S2 are switch 

off and serve to short the reactor phases for a time 2t . Thus, the PWR commutation period 21 ttTC += . RC 
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inductance control is carried out by changing the conductive state relative time of the keys S1, S2 (duty 

cycle) ( ) CTtt 21 += . During the pulse-width regulator operation, there is a periodic alternation the reactor 

connecting modes to three-phase voltage the and the modes of its three-phase short circuit. Variable RC 

phase equivalent resistance 
2/LCRCE ХХ = . 

In contrast to Fig. 2a, in the diagram in Fig. 2b, instead of shorting the reactor phases with three parallel 

switches, interphase shorting with two switches S3 and S4 is used. 

In the diagram in Fig. 2, b, instead of two AC switches S3 and S4, a short-circuit breaker with one DC 

switch, shown in Fig. 2, d, can be used. 

Fig. 3 shows a modified three-phase RC circuit with PWR. Here, the serial switches made on transistors 

and diodes connected in opposite parallel. The current and voltage forms in phases of the regulators made 

according to the schemes of Fig. 2, a, b and Fig. 3 are the same and are presented in Fig. 4. 

 

 
Figure 3: Modified scheme three-phase RC with PWR 
 

So that the phase currents and voltages of system with RС and PWR do not contain constant components, 

it is necessary to ensure the switching frequency /2/1 ккк пТf == , where kпк 6= , ...3,2,1=k . Under 

these conditions, in steady states, the voltage and current curves will be periodic, and their spectra have a 

discrete character. For modern power modules based on IGBT keys, the switching frequency can reach 20 

kHz. 

Each branch of the RC with a serial switch in relation to the external circuit is a source of pulsed quasi-

sinusoidal current. These current higher harmonics (interference) have orders of 1= кkп , where 

...3,2,1=k . RMS values of these harmonics. 

 






sin22

LC

ph

)CC(
X

U
I =  (1) 

 

To protect supply network from HF interference created by the PWR, it is possible to include an L-

shaped low-frequency anti-interference filter (LFF) formed by elements СFLF ХХ ,  (Fig. 1c) at the input of 

the RC. 

It is recommended to choose LCLF ХХ   (for example LCLF ХХ 05,0= ). The value CFХ  is selected 

from the ensuring the necessary filtration coefficient condition, which shows how many times the final 
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interference amplitude in the composition of the compensator phase current РCi  at the switching frequency 

is less than the initial one in the current composition CCi . 

Filtration coefficient 

( )
2

0

2
2≈

IFКF fK  , (2) 

 

where ( )FFIF CL10 =  – own resonant frequency of anti-interference filter. Therefore, 

 

LFкCF ХпХ 2 . (3) 

 

It follows from (3) that, for example, when 100=FK , ( )CКIF f 21,01,0≈0 = . 

 

 
 

a) b) 

 
c) 

Figure 4: RC with PWR phase voltages and currents time diagrams : a) voltage on the reactor uLC; b) reactor 
current iLC; c) series switch branch current iCC and the input phase current of the RC iRC 
 

When choosing a sufficiently high switching frequency ( 20Cf kHz), in contrast to the power 

resonance filter included in the PKU, the RC anti-interference filter is "light" [7]. 

Due to the anti-interference filter presence, the RC input current RCi  has an almost sinusoidal shape. Its 

RMS value 

( ) LCphCCRC XUγII 2
1 == . (4) 

 

RC reactive power consumption 

LCФRCphRC XUIU 2233Q == . (5) 

 

RF parameters are selected based on two conditions: limiting the supply voltage non-sinusoidal nature 

and SC reactive power compensation. The condition for full reactive power compensation for any SC-

APLC system mode is the ratio 

0=−− SCRCRF QQQ . (6) 
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Here and further, we will assume that a thyristor converter (TC) is considered as a SC. Reactive power 

consumed by SC 

22
0 dddSC UUIQ − , (7) 

where 0dU  is the maximum rectified voltage corresponding to the control angle 
0= ; dd IU ,  – current 

values of rectified voltage and current. 

If the rectified current is equal to the nominal ( dnomd II = ) in the entire regulation range of the SC, then 

SCQ  takes the maximum value at the minimum value mindd UU =  corresponding to the maximum control 

angle max : 

2
min

2
0maxQ dddnomSC UUI −

. 
(8) 

 

In this case, the necessary RF and RC reactive powers are determined from the ratio 

 

maxmaxmax SCRCRF QQQ == . (9) 

 

In accordance with [8,9,10], it is necessary to determine the system voltage non-sinusoidal coefficient 

value USК  with the APLC parameters found in (9). It may turn out that condition (9), necessary for reactive 

power compensation, will be insufficient to limit USК , i.e. to compensate for the distortion power. In this 

case, at the next stage of the calculation, the initial values will assumed 

 

QQQQ SCRCRF +==
maxmaxmax , (10) 

 

where Q  is the step of iteration. 

The final RF and RC parameters selected values must ensure the limitation of the non-sinusoidal system 

voltage coefficient in the most intense mode at the permissible level, i.e. the condition must be met 

 

limmax ≤ USUS КК , (11) 

 

In order to develop recommendations for the APLC schematic solution as part of autonomous electric 

power systems with SC, it is necessary to consider the system's resistances frequency characteristics 

[11,12,13,14,15]. 

Proceeding from the superimposition principle, it is advisable to perform an equivalent circuits analysis 

of system with APLC2 for higher harmonics brought to the inputs of SC and RC, which are shown as higher 

harmonics currents sources SCІ  and RCІ  (Fig. 5, a, c). The corresponding equivalent reactive resistances 

frequency characteristics are determined from the expressions 

 
111

СF
1

RCELF
1

C0L0
1

S ))))((()()(( −−−−−− −++−+= XXXXXXXESC  , (12) 
1

СF
1

LF
11

C0L0
1

S ))))()(((( −−−−− −+−+= XXXXXXERC  . (13) 

 

The frequency characteristics have zeros and poles corresponding to voltage and current resonance 

modes. It is of interest to determine poles frequencies order at which an undesirable higher harmonic 

generated by the source’s resonance increase is possible. 
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a) c) 

  
b) d) 

Figure 5: System SG-SC-APLC equivalent replacing schemes, given respectively to the SC and RC inputs: a, 
c – for the system with ALCC2; b, d – for system with APLC3 
 

The analysis shows that frequencies order of two poles 1  and 2 , which each of the characteristics has 

ESCX  and ERCX , turn out to be the same and weakly depend on the RC equivalent resistance value. When 

=RCEX  they are defined as positive real roots of biquadratic equation 

 

024 =++ CBA , (14) 

 

Where 

 

00 LSLFSLFL XXXXXXA ++= ,  

000 CSCFSLFCCFL XXXXXXXXB +++= ,  

CFC XXС 0= .  
 

Consequently 

 
21212

1 )2)4((( AACBB −−= , (15) 

21212
2 )2)4((( AACBB −+= . (16) 

 

On the basis of (15) and (16) it is possible to establish that 

 

01 RF  ; 020 RFRF   , (17) 
 

where  /00 IFIF = . 

The smallest higher harmonics generated by SC and RC orders are respectively equal 

 
1min −= рνSC  и 1min −= кRC пν . (18) 

 

In order to exclude the resonant harmonics, increase in the system the following matching the frequency 

characteristics of the equivalent resistors with the spectra of SC and RC harmonic condition must be 

fulfilled. 
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)&()&( minmin21 КП  . (19) 

 

It is not difficult to make sure that for the system with APLC2 (Fig. 1, c), this condition is almost always 

not observed in relation to SC harmonics. For example, at 6p =  and 396=кп  ( 19800=кf  Hz) in 

accordance with (20) 5min =SC  and 395min =RC . The orders of RF and IF tuning frequencies are made 

50 =RF  and 391,0≤ min0 =кIF   in accordance with the above. 

At the same time, according to (19), 51   and 395 2  . Thus, the separate "light" anti-interference 

filter for RC use creates an additional system frequency characteristic pole, the order of which is min2 SC 

. Therefore, in the APLC2 scheme, presented in Fig. 1, c and providing effective reduction of high-

frequency harmonics generated by RC, conditions arise for resonant increase of relatively low-frequency 

harmonics generated by SC. The specified shortcoming can be eliminated using an improved the APLC3 

scheme (Fig. 1, d), in which the RC is connected directly to the RF at the connection point 0LX  and 0CX . 

With such a schematic solution, the RF with the tuning frequency order min0 SCRF  =  the simultaneously 

performs two functions: a power resonant system filter in relation to the SC and an L-shaped low-pass filter 

in relation to the RF. 

Thus, the additional second pole of system resistance frequency characteristics and the resonant 

harmonics increase are excluded, as well as the simplification of the APLC is achieved. The frequency 

characteristics of the system equivalent reactive resistances with the improved APLC3 relative to the SC 

and RC are determined in accordance with the substitution schemes (Fig. 5, b, d) from the expressions 

 
111

0
1

0
1 ))))((()(( −−−−− −−+= СRFELSESC XXXXX  , (20) 

1
0

1
0 )))((( −− −+= CLSERF XXXX  . (21) 

 

Additional analysis shows that when switching from APLC2 to APLC3 and unchanged RF parameters, 

based on the full reactive power compensation condition, the value LCХ  should be reduced by 

)(2
0 1ν/ 2

RF0RF −  times (by 4%). At the same time, the order of the zero frequency of the system resistance 

characteristic increases compared to 0RF  by 2
0/11 RF+  times (by 2%), which practically does not affect 

the higher harmonics reduction efficiency. Therefore, the APLC2 main parameters determining method 

described above is also applicable for APLC3. 

Using the obtained frequency characteristics expressions ESCX , ERCX  – (12), (13) and (20), (21), it 

is possible to determine the SC and RC currents harmonic reduction coefficients frequency dependences of 

the systems with the investigated APLC: 

 

  ESCSSSCISC XXIIК == , (22) 

  ERFSRFIRC XXIIК S== . (23) 

3. The results of calculation and modeling of the autonomous electric power 
system (taking into account APLC) 

Autonomous electric power system with SC harmonic distorted voltages and currents frequency 

characteristics comparative analysis was performed based on the corresponding analytical calculations and 

modeling for various variants of the APLC results. The following circuit and mode parameters 220=phU
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V, 020,X S = Ohm, 01,0=SCX Ohm, 6=р , 301 = , 602 = , 1400I =dnom А const=  with 90..0=  are 

accepted as initial parameters. 

The APLC with the PWR calculated parameters are determined in accordance with the above 

methodology. 22700 ,X C = Ohm, 3
0 1007,9 −=PX  Ohm, 218,0=LCX Ohm, 19800=кf Hz, 7,15=CFX

Ohm, 011,0L =FX Ohm. 

Calculated equivalent reactive resistances frequency characteristics for systems with APLC2 and 

APLC3 are presented in Fig. 6, a, b and Fig. 6, c, d, respectively. SC currents harmonics reduction 

coefficients frequency dependences graphs are shown in Fig. 7. The characteristics (curves 1, 2) limiting 

positions of the corresponding to the values LCRCE XX =1  and =2RCEX  are shown. 

For the system with APLC2, the characteristic has 2 poles: 821 ,=  and 75316530 2 ,,  , and the 

harmonics reduction coefficient in the range 333927 ,,  . Consequently, when using APLC2, a the 29th 

and 31st harmonics orders resonant increase generated by SC is possible. In the system with APLC3, the 

only characteristic pole ESCX  821 ,  is on the left 5min =SC . Therefore, for this variant, the resonant 

harmonics increase is impossible. 

Follows from Fig. 7b that at 5=  →ISCK , and in the range 5  33,3K ISC  , i.e. APLC3, 

completely eliminating the 5th harmonic, provides effective reduction of all other higher harmonics 

generated by SC. The calculation IRCK  according to (23) shows that APLC3 also provides a RC generated 

high-frequency harmonics reduction by more than 20,000 times. To compare the APLC efficiency, the 

summary MATLAB package (Simulink) modeling results of the specified options and modes are presented 

by the generator (network) voltage and current non-sinusoidal coefficients values in the table. 1, as well as 

the corresponding time graphs and spectra in Fig. 8. The model experiment corresponds to the theoretical 

analysis results. 

 

  
a) c) 

  
b) d) 

Figure 6: System equivalent reactive resistances frequency characteristics ESCX  and ERKX : a, b – for the 

system with APLC2; c, d – for the system with APLC3 
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а)  b) 

Figure 7: Current harmonics reduction coefficients frequency characteristics IПК : a) for APLC2; b) for 

APLC3 
 

Table 2 
Voltage and current non-sinusoidal coefficients in an autonomous electric power system with SC 

Thyristor 
control 
angle 

Without APLC APLC1 APLC2 APLC3 

USK , % ISK , % USK , % ISK , % USK , % ISK , % USK , % ISK , % 

301 =  17,84 24,32 6,29 4,99 27,74 11,39 5,97 4,79 
602 =  23,47 26,55 8,96 9,95 34,28 24,06 8,61 9,54 

 

 

a) 

 

 

b) 

 

 

c) 
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d) 

 

Figure8: Electric power system with SC modeling results: a) without APLC; b) APLC1 (RC phase regulation); 
c) APLC2 (PWR with a separate low-pass filter for RC); d) APLC3 (PWR using RF as low-pass filter for RC) 

4. Conclusions 

1. The use of all considered variants of APLC provides almost complete reactive power compensation, 

that is, the mains voltage and current consumption main harmonics phase shift elimination ( ( ) 1cos 1 = ). 

2. The APLC1 and APLC3 use provides a significant generator (mains) voltage non-sinusoidal 

coefficients reduction in the compared to the option without compensation (by 2.84 and 2.98 times, 

respectively). However, APLC3 has an undoubted advantage – a 200-fold reduction in the regulation delay 

time. 

3. The RC with the PWR and a separate anti-interference filter use in the composition of the APLC2 

leads to a significant increase in the non-sinusoidal voltage coefficients (by 1.55 times) compared to the 

case without compensation due to the resonant increase of the 31st order harmonic. This phenomenon is 

explained by the fact that a separate low-frequency interference filter, effectively reducing the generated 

by the PWR RC harmonics, simultaneously causes the system resistance frequency characteristic pole occur 

at the frequency of the 31st order, that is, the resonance mode of corresponding current harmonics generated 

by the SC. Thus, the use of the APLC2 schematic version is inappropriate. 

4. The modeling results confirm the correctness of the obtained conditions for matching the SC and 

RC system frequency characteristics harmonic spectra, according to which the most effective version of the 

improved APLC3, in which the RC with PWR is connected to the reactor and RF capacitor connection 

point, is the most effective. In this case, there is no need to use a separate anti-interference filter, since the 

branch with resistance 0LX  and 0CX  simultaneously performs the functions of both a resonant filter for 

harmonics generated by SC and an L-shaped low-pass filter for harmonics generated by RC with PWR. 

5. This scheme, being approximately the same in configuration complexity as APLC1 (with RC phase 

regulation), is 4% superior to the latter in terms of the reducing non-sinusoidal voltage and current of SG 

(distortion power compensation) efficiency. 
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Abstract  
The article discusses the features of computer simulation of flight vehicles in teaching technical specialties 

in the field of the aviation industry in the Republic of Kazakhstan. With the help of a computer program, a 

student learns to find and explore new products by designing an unmanned aerial vehicle (UAV), as well as 

modeling. Digital education emphasizes the importance and usefulness of a computer program. The combat 

UAV "Berkut" used in the military sphere was designed as an object of study. A ZD UAV model and an effective 

UAV model are obtained. The use of a computer software environment will allow the student to become a strong 

engineer, designer, programmer. When designing the UAV "Berkut" in the environment of the SolidWorks 

computer program, the student must learn mathematical, physical, UAV ballistics, and ergonomic assembly of 

the UAV. The most effective aspects of the use of computer technologies are outlined in the education system. 

 

Keywords 
Digital educational system, training, development, virtual laboratory, research facility, SolidWorks program, 

design of Berkut combat unmanned aerial vehicle (UAV), computer software environment, computer research, 

modeling, aerodynamics, static, ergonomic assembly, 2D and 3D model, student, teacher 

1. Introduction 

Eurasian National University named after L.N. Gumilyov in the Republic of Kazakhstan has a special 

specialty - space technology and technology, which trains specialists in the field of the aviation industry. 

It considers the place and features of computer simulation of flight vehicles in teaching a profession. The 

significance features and effectiveness of teaching students of technical specialties in the environment of a 

computer program are given. Students study a combat UAV and are offered a task to design a 3D model 

[1]. The UAV design process was very helpful for the students, they learn a lot. On the basis of effective 

UAV samples available in the research method, the fighter designed the unmanned aerial vehicle "Berkut" 

(UAV). Effective aspects of determining the goals and use of the UAV are given. An effective model of 

aerodynamics, static and ergonomic assembly of the UAV in flight has been developed in the SolidWorks 

computer program. In addition, it is very useful in the field of education to use a large number of computer 

programs. Computer research is of great importance in special disciplines studied in technical and 

engineering specialties. In the educational process, the technical base, research sites, engineering design 

laboratories and outer space, nuclear research are very expensive - nanotechnology centers, remote 

reconnaissance, military ranges, the study of aircraft ballistics. Even inaccessible becomes impossible in 

the learning process. Therefore, to solve these problems, special software environment. The article teaches 

students to find new products when designing UAVs using a computer program, get 3D models and conduct 

ballistic studies and explore complex objects. 

When designing air transport, students studying in the specialty of space engineering and technology 

provide for the design of a special fighter unmanned aerial vehicle (UAV) "Berkut". Students learn the 

importance of creating new products and qualified service in their field as a future specialist. Also, the 

student must understand what the UAV must learn. What you need to know in the specialty. Constant UAV 
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readiness for global competition in war conditions. When using a UAV, it is important to know the most 

effective points and features. A fighter, designed together with students, must have a remote automatic 

control of the UAV "Berkut" [2]. In addition, it must perform the task in real time and quickly. In any 

case, a Berkut UAV fighter must conduct reconnaissance of an object marked from above and 

independently make a decision during the flight. A method of hardware input of numbers in a random 

situation of the drone was obtained [3, 21]. Terms of reference for the fighter UAV "Berkut" are prepared 

in the environment of a computer program. Ballistics is studied taking into account the effective net mass 

of the UAV and the load weight of the weapon used. The fighter simulated the aerodynamics and static in 

flight of the Berkut UAV, as well as the ergonomic assembly of the Berkut UAV fighter in a computer 

program. The student must complete tasks in the process of work and fully design the Berkut UAV. To 

complete the tasks, the student must master the SolidWorks computer software environment. Technical and 

engineering disciplines are also important - physics, mathematics, computer science, mechanics, aircraft 

ballistics, aircraft design, design in the environment of computer programs, knowledge of microprocessor 

systems and digital devices. 

2. Theoretical part 

With the help of a computer program, the student conducts a review and research of information about 

the UAVs of the whole world when designing the Berkut UAV. Based on the achievements of the world 

UAVs, it is necessary to choose an effective UAV architecture. We get the result that the UAV has been 

repeatedly used in practice and fully fulfilled its target tasks [3]. Based on the result obtained, the student 

should be able to design the Berkut UAV. 

We consider the UAV device existing in the world - "Baykar Makina UAV. It was designed and 

engineered in the Turkish state. The Baykar Makina UAV has an internal combustion engine and a pusher-

type propeller. "The strike speed of the Baykar Makina UAV is a tactical average altitude of 4 km, s guided 

weapons. Bayraktar TB2 operates in the air from 12 to 24 hours. The maximum control range is up to 150 

km. This allows you to conduct constant duty in the air and fully fulfill your goals. At the same time, the 

Turkish industry was not able to fully equip the UAV, so it purchased foreign components, mostly 

Canadian-made. The main ones are the 100 horsepower Rotax 912 piston engine and the company's 

L3HARRIS WESCAM stabilized infrared device. "The inter-archive parametric parameters of the Baykar 

Makina UAV and the 3D model [4]. 
 

 
 

Figure 1: In-flight vision of UAV "Baykar Makina" 
 

The Office of Naval Research (ONR) of the US Department of Defense has announced a major project 

to use UAV groups for military purposes. The project was named Low Cost UAV Swarm Technology - 

LOCUST ("grasshopper"). According to the developers of the project, the autonomous Roy of the UAV 

allows the control system to receive significant tactical advantages on the battlefield [5]. In the case of 

flying a swarm control system, UAVs interact with each other based on a decentralized architecture. In this 

case, the launch of drones can be carried out from a variety of platforms installed on various vehicles, ships 

and aircraft. The flight of the UAV is controlled by the operator, monitoring the implementation of the 

mission and making the necessary adjustments in the course of its implementation [6]. 
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Figure 2: After the flight of the UAV, the tail and wings open 
 

One of the latest solutions with UAV control system around the world. One of the tasks solved with the 

help of group control is automatic refueling in the air. A complex scientific and technical problem has been 

solved. UAV flights in formations are studied by many scientific centers of the world [7, 8]. As one 

example, a research team from the University of Sydney (Australia) has done a lot of work on the creation 

and management of UAVs, which in their project has developed not only autonomous refueling between 

two U&A, but also a navigationsystem based on computer vision, intelligent control for these goals (Fig. 

2). In the article, the system of capturing intelligent tasks and methods of solution development were 

obtained [7,20]. 

3. Practical part 

The student must learn and be convinced of the efficiency and features when designing in the 

environment of the SolidWorks computer program, attaching importance to the structural characteristics of 

the Berkut UAV. 

A fighter with a shock operational-tactical, turbofan engine is provided for by the Berkut UAV. 

The frame of the projected UAV "Berkut" consists of a composition of bluish color, combined with the 

blue color of the sky, built to visually deceive the enemy from the opposite direction. The connecting 

armature of the UAV is made of aerospace aluminum alloy composite material, it is light in flight and has 

high strength. The total mass and length are developed in the environment of the SolidWorks computer 

program for an effective model of the Berkut UAV for use with obtaining special aerodynamic complex 

mathematical calculations. Figure 3 Below is a 3d view of the Berkut unmanned aerial vehicle (UAV) [9]. 

 

 
a) UAV isometric view 

 
b) Right view of the 

UAV 

Figure 3: Fighter isometric view of UAV "Berkut", overall size and weight, right view 
 

The description of the combat UAV "Berkut" is given below: 

• Weight: 142 kg UAV net weight; 

• Wingspan: 2.83; 

• Total length of the lake: 1.74 meters; 

• Maximum flight altitude: 4.1 km; 

• Travel speed: 200 km; 

• Control ranges from ground station -123 km; 

• Operational-tactical with shock engine, turbofan engine -1; 
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• Fuel-aviation kerosene; 

• A microprocessor system is applied to the on-board control system; 

• Material used - aviation aluminum alloy 7075-T6. 

The student is equipped with 6 missiles as weapons for the UAV "Berkut" when designing in a computer 

program. We place the missiles equally, observing the laws of stabilization. The center of gravity of the 

combat UAV "Berkut" plays an important role in the alignment of direct flight and maneuvering in the air. 

Since the center of gravity cannot find the most suitable place, we must eliminate the risk of increased 

morbidity and increased energy consumption and loss of control [10]. (Made from an explosive fragment 

or armor-piercing warhead) - 2.5 kg In Fig. 2 below, the total size of the Berkut combat unmanned aerial 

vehicle (UAV) and the total weapon weight of 157 kg were obtained. 

The fighter is represented by an unmanned aerial vehicle (UAV) "Berkut" with a total size and a total 

weight of 157 kg in service. 

The Berkut UAV fighter must have a high sense of proportion and speed [11]. The winglet is simple, 

one-color, the internal structure of the wing consists of many cells, thanks to which the entire design is 

optimized. On a small light aircraft, a turbofan engine regulates thrust witha proportional coefficient of lift 

and flight This is good for maneuvers such as increasing lift and braking but adds weight to controls and is 

often not suitable for operator control. 

4. Input data 

Global Mesh Options Automatic starting grid: enabled Problem solution level: 3 

Narrow Channel Resolution Enhancement: Disabled Geometry Resolution 

Determination of the minimum cleaning: automatic mode Minimum wall thickness determination: 

automatic mode 

 

 
a) fig. GG average static pressure 

 
b) fig. GG average temperature (liquid 

medium) 

 
c) fig. GG average speed 

 

Figure 4: The fighter will learn how to build parametric graphs of the impact on the launch of the Berkut 
UAV and explore the graphs 
 

Figure 5: Graph of ribs attached to the wings and stabilizers of ROV "Berkut" 

 

 

 
 

d) relative pressure [Pa] 

 
e) indirect stress [Pa] 

 
f) Temperature (fluid) [Cº] 
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a) 

 
b) 

 
c) 

Figure 6: Aerodynamic flow and fluidity of the aircraft in flight combat ROV "Berkut" learn how to design 
in the CAE environment 

 

All of the above UAV design processes should be fully mastered by the student. The angle of the hull 

in the direction of flight affects its stability, but if the projection area of the hull and the angle of its direction 

are not large, then the balance bar has a lesser effect [12, 13]. The stabilizer is stable when the light aircraft 

is moving at low speed. Tip - light aircraft rise from the ground and gain altitude is not difficult, and 

when the regulator is reduced, the nose of the aircraft stabilizes. In addition, high speed is not required for 

a safe landing. A special program in the middle of the computer. In addition, the quality and durability of 

the aircraft is very important. Using the program, we can observe the area where the air flow strongly affects 

the aircraft. In the future, we will take into account the strength of that area when creating a 3D image. 

In this program, we will create a 3D design of the aircraft and make a model. As you can see in the 4 pictures 

above. 
 

Table 1 
Min / Max indicators of studies according to the SolidWorks program in flight of the UAV "Berkut" 

Name Minimum Maximum 

Pressure [Pa] 87582.44 92228.45 
Density (liquid medium) [kg / m^3] 1.08 1.14 

Speed [m/s] 0 68.193 
Speed (X) [m/s] -14.321 12.168 
Speed (Y) [m/s] -28.819 31.922 
Speed (Z) [m/s] -67.731 3.331 

Temperature [°C] 7.52 11.65 
Temperature (liquid medium) [°C] 7.52 11.65 

Torsion [1/s] 8.09e-03 779.96 
Speed in rotating coordinate system [m/s] 0 68.193 

Speed in rotating coordinate system (X) [m/s] -14.321 12.168 
Speed in rotating coordinate system (Y) [m/s] -28.819 31.922 
Speed in rotating coordinate system (Z) [m/s] -67.731 3.331 

Mach number [ ] 0 0.20 
Shear stress [Pa] 0 12.37 

Relative pressure [Pa] -13730.55 -9084.54 
Non-collinear heat flow indicator [] 2.2683383e-06 1.0000000 

Thermal resistance indicator [] 1.4559651e-07 1.0000000 
Heat transfer coefficient [W / M^2 / K] 0 0 

Surface heat flux density [W / M^2] 0 0 
Surface heat flux density (convection) [W / M^2] 0 0 

Acoustic power [W / M^3] 0 1.833e-06 
Acoustic power level [dB] 0 62.63 
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At normal speed of sound, at a distance of ¼ from the leading edge of the wing, there is a point of 

aerodynamic force, and when the angle of attack changes, the aerodynamic moment does not change. The 

student was convinced experimentally and theoretically in the process of designing the UAV "Berkut". This 

position is called the aerodynamic center of the wing. At a high speed of sound, the wing span occurs at the 

aerodynamic center point. For wings other than rectangular (triangular, trapezoidal, etc.), Mean The 

Aerodynamic Center (MAC) is the middle center of the wing [14, 15]. Taking into account all the above 

tasks, the "Berkut" ROV received a complete set in the SolidWorks program, with the help of a manual and 

an instructive manual for special education teachers. 

5. Discussion 

In the article, the student will learn to find and explore, as well as to model new products, designing 

UAVs using a computer program. For students of technical and engineering direction, computer modeling 

and design is important. The formation of a specialist provides great opportunities. A computer program 

develops the thinking of students. In addition, new technologies allow to invent modern products. The 

computer program will fully teach you how to do scientific research, investigate complex objects, and 

perform engineering design. So, in the SolidWorks program, you can design products and get 2D and 3D 

models of products and determine the strength and quality of products. Thus, it is possible to improve digital 

educational competencies with the help of computer programs, increasing technological, engineering, and 

information literacy [16, 17]. Allows you to compare, evaluate the concepts and results of work performed 

in a computer environment, as well as analyze the differences in the results. Educational scenarios in the 

technical and engineering areas should be well planned by the teachers-student. In the processes of 

development and advanced training of future young professionals, as well as the formation of new 

technologies. In computer modeling, research, the teacher must increase the interest and qualifications of 

the student through the correct task. It is important to educate learners by offering a wide range of digital 

learning methods. The development of engineering and technology is growing rapidly in the 21st century. 

To do this, the teacher must constantly seek and improve himself in education. Digital educational 

innovations: the evaluative perspective of digital learning and computer technology training increase the 

interest of students [18, 19]. The effective use of a computer program provides great opportunities for 

studying the topics of scientific research undergraduates and PhD students. The conditions for the formation 

of the physical worldview were considered in the solution of aerodynamic calculation methods [22] Can 

complete scientific research topics with results. Differentiators in the development of science and education 

are computer research and the development of digital competencies. Computer modeling and research can 

use virtual structures and devices with different sizes. In conclusion, a series of reflections is formed on 

the importance of the development of computer design and modeling, research. Also important is the 

constant provision of institutional guidelines and transversal training and updating of educational programs 

(bachelor's, master's and PhD) in higher education institutions. 

6. Final part 

Together with students and teachers, the Berkut combat UAV was developed in the environment of 

the SolidWorks computer program. In the process of application, research methods were studied. As a 

result of the calculation, an optimized 3D model of the product was obtained. 
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Figure 7: Photo of the teacher and students who took part in the design of the Berkut UAV 
 

In the process of training, he learned how to work in the SolidWorks complex of complex objects in the 

environment of a virtual computer program. He also mastered the design, calculations, research and 

invention of a new product. 

In SolidWorks in a CAE application, calculate aircraft pressure force, fluid density, aerodynamic force, 

aircraft speed change rate, and aircraft fluidity, as well as aircraft center of gravity, average speed, and 

force. 

In addition, the quality and durability of the aircraft were studied in SolidWorks in a CAE application. It 

is very important to increase the strength of areas that are heavily affected by air flow. Therefore, in the 

future, it is better to make a mixture of high-quality materials when making a full-fledged model of an 

aircraft. 

The system of topological optimization of the relative parameters and stress-strain states of the combat 

UAV "Berkut" has been improved in the SolidWorks complex. The fighter was awarded the technical units 

of measurement of the UAV "Berkut" and a 3d architectural sample was prepared. The fighter considered 

specific patterns based on the additional weapon load during assembly and launch UAV Berkut. 

In conclusion, students of the specialty "space engineering and technology" received the technical 

parameters of the combat UAV "Burkit" in the environment of a computer program and were examined in 

a vertical simulation. 

The SolidWorks computer-aided design program has learned the basics of using mathematical and other 

models, computer-aided design procedures and computer technology. Distinguish features and 

effectiveness of computer-aided design of technical objects and their components. The use in the process 

of practice in the education system of a large number of types of computer programs related to the profession 

develops the quality of education. In addition, students develop interest in the profession and professional 

knowledge. 
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