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This article examines the influence of the pulse-width 
modulation technique on the total harmonic distortion of electric 
motor currents for an aviation synchronous electric drive with 
excitation from permanent magnets. The feature of the aircraft 
traction drive is the high frequency of the first harmonic of the 
electric motor current. This is due to the fact that aircraft engines 
require high rotation speeds to provide the necessary torque for 
flight. In addition, to minimize the motor current at the required 
torque, electric motor designers design electric motors with a 
large  number  of  pole  pairs,  which  leads  to  a  small  ratio  of  the  
PWM frequency to the first harmonic frequency of the current. 
The study is aimed at finding the optimal PWM technique in 
terms of nonlinear distortion coefficient of the motor current and 
losses in the inverter using a mathematical model of the electric 
drive. CPWM, DPWM and NCDPWM are considered. The 
influence of the applied PWM technique on torque ripple is also 
considered. A two-level three-phase inverter based on SiC 
MOSFET is used as an autonomous voltage inverter. An inverter 
based on SiC MOSFET has higher power density as compared to 
inverters  based  on  Si  IGBT,  which  is  important  for  the  
application in question. The simulation results showed that the 
NCDPWM technique makes it possible to obtain the lowest 
THDi, provided that the switching losses are equal for all PWM 
technique under consideration. 

Keywords: pulse-width modulation, total harmonic distortion, 
voltage source inverter, permanent magnet synchronous motor, 
SiCMOSFET 
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The paper analyzes the quality of current, moment and speed 
adjustment in high-power DC thyristor electric drives (with a 
capacity of more than 2000 kW), that is made with 12-pulse 
thyristor converters (in which valve sections have parallel 
connection through current-limiting inductors) and a three-
winding power transformer. This type of electric drive is widely 
used in the metallurgical and mining industries for the main 
drives of hot and cold rolling mill stands, pipe mills and mine 
lifts. The article researches cases when individual current 
regulators are used for each valve section and while using one 
total current regulator for all valve sections. To analyze the cases, 
the article presents design models for thyristor electric drives 
automatic control systems with one and two current regulators. 
Based on them, the article provides automatic control drives 
block schemes and gives mathematical descriptions and possible 
models required for further experiments. In contrast to the 
traditional two-circuit automatic control speed drive, the schemes 
under consideration are characterized by having cross-links due 
to the mutual influence of the valve sections. Cross-links can 
significantly affect the quality of current regulation and electric 
drives speed. In the model with individual current regulators, the 
mutual influence of valve sections (cross-links) causes a decrease 
in the quality of current and speed regulation. The MATLAB 
/Simulink modeling showed that in this case, the current speed is 
reduced by 2-3 times as compared to traditional automatic control 
drives. Such decrease in speed in the current control circuits leads 
to a 1.5-2 times drop for the automatic control drive speed. In 
case of using one general current regulator, the mutual influence 
of the valve sections (cross-links) is eliminated. As a result, there 
is a possibility to achieve the maximum speed characteristics, 
normally demonstrated in traditional automatic control drives. 

Keywords: control of electric variables, regulation of electric 
current, alternating current to direct current power converters, 
electromechanical systems, variable speed drives, DC electric 
machines, production automation 
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Currently, unmanned aerial vehicles are increasingly used to 
solve various problems. Analysis of the information shows that in 
our country there are a number of problems in the development 
and production of these devices. One of the most important 
problems is that until recently certain elements of drones were not 
produced in our country, but were imported from abroad, but due 
to external sanctions, there was a need to quickly organize the 
production of these components at Russian enterprises. However, 
for this, it is necessary to have techniques that allow the design of 
individual components taking into account the purpose of the 
unmanned aerial vehicle. Considering the fact that all 
components of an unmanned aerial vehicle are interconnected and 
mutually influence each other, as well as the flight performance 
characteristics of the device as a whole, the issue of developing 
requirements and criteria for selecting elements of the device 
depending on its purpose is an urgent task of the day. In order to 
optimally select a propeller and an electric motor for the 
propeller-motor group of an unmanned aerial vehicle, it is 
important  to  know the  features  and  patterns  of  the  processes  of  
their mutual influence; in this regard, we propose a method for 
determining the electric motor parameters of the propeller-motor 
group of an unmanned quadcopter based on the basic principles 
of classical mechanics. During the research, an analysis was 
carried out of the electric motor parameters influence on the flight 
performance characteristics of an unmanned aerial vehicle, taking 
into account the purpose and operating characteristics of the 
quadcopter. The article also presents the results of experimental 
studies aimed at confirming the correctness of the proposed 
method for selecting an electric motor for a propeller pair. 

Keywords: unmanned aerial vehicle, quadcopter, flight 
performance, thrust force, propeller group, electric motor 
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In the proposed work, an analysis of known methods for 
selecting basic electrical equipment for autonomous vehicles is 
performed. It is shown that the known methods have certain 
disadvantages: the justification for the power of the electric motor 
of an autonomous vehicle is based on the known power of the 
internal combustion engine for a similar vehicle, which is not 
entirely correct. It is shown that the choice of electric motor 
power should be based on well-known techniques developed in 
the theory of electric drives. The analysis of published methods 
for designing electrical equipment for autonomous vehicles 
shows that they are focused on the design of passenger cars. The 

technical characteristics of electrical equipment of vehicles from 
such manufacturers as Mazda, Peugeot, SsangYong, Toyota, 
Mercedes are analyzed. Based on the well-known test cycle of 
passenger cars, the power of the electric motor and the average 
energy of the battery were calculated using the analytical method 
and the modeling method in the MATLAB Simulink software 
product at given average speeds and given mileage. Equations are 
obtained for a preliminary assessment of the traction electric 
motor power and the energy intensity of the battery for an 
autonomous ground passenger vehicle as a function of speed. It is 
shown that the known methods do not take into account the 
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influence of such parameters as wind speed, quality of the road 
surface, the mass of the transported payload, the angle of the road 
surface elevation, as well as changes in the efficiency of the 
electric motor depending on the load factor. The sensitivity of the 
listed parameters to the power increment overcome by the electric 
motor has been studied. An improved method for selecting the 
main electrical equipment for an autonomous vehicle is proposed, 
taking into account additional factors affecting the power of the 
traction motor and the energy intensity of the battery. The results 
obtained can be recommended for choosing the main electrical 
equipment of an autonomous electric ground passenger vehicle. 

Keywords: electric vehicle, traction electric motor, motion 
cycle, battery, calculation method, simulation and mathematical 
models 
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The discovery of the high-temperature superconductivity 
(HTS) phenomenon has created the possibility of introducing 
electrical devices with unique characteristics. The second 
generation HTS wire based on yttrium ceramics has a layered 
structure, in which the superconducting layer occupies a small 
fraction. In the load mode, the HTS wire has zero resistance, and 
when overcurrent occurs, the superconducting layer goes into the 
normal  state,  in  which  it  has  a  high  resistance.  The  current  
flowing through the wire is forced into non-superconducting 
layers (mainly the copper layer), which in turn can significantly 
limit the current due to the relatively small cross-section. On this 
basis, high-temperature superconducting fault current-limiting 
devices (FCL) of resistive type have been created. In Russia and 
around the world, the development of HTS FCL is actively 
underway, one of the largest projects has been implemented in 
Moscow. It is of interest to study the issue of the influence of 
HTS FCL on the stability of power transmission when installing 
the FCL near the generator. The article examines the influence of 
HTS FCL on stability using the example of the simplest power 
transmission generator - infinite power bus when installing FCL 
at characteristic power transmission points. A criterion for the 
preferred value of active resistance is proposed based on the 
condition of the minimum deviation of the rotor angle at the 
initial moment of a short circuit. Simulation modeling was carried 
out in the Matlab/Simulink software and computing system. The 
positive effect of HTS FCL on the stability of power transmission 
in the event of short circuits is shown. The need to solve 
optimization problems for selecting the optimal active resistance 
of the HTS FCL is noted,  and the vector for further research on 
the topic under consideration is determined. 

Keywords: HTS FCL, fault current limiting, power systems 
stability, power systems 
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The article is devoted to the development and research of an 
original excitation system for synchronous generators (SG) 
operating as a part of low-power autonomous diesel and gasoline 
generator  units  (DGU  and  GGU).  A  review  and  analysis  of  
existing static excitation systems was carried out, during which 
requirements were set for the power unit and the excitation 
automatic control system (EACS) of the designed device. In this 
case, the most rational and justified solution was the use not of a 
standard thyristor DC exciter, but of a transistor voltage 
controller (TVC), receiving power from an unregulated diode 
rectifier. To control the TVC and regulate the stator voltage, it is 
proposed to use an analog PWM controller with an internal 
operational amplifier. The article describes in detail the principle 
of constructing this excitation system; functional and structural 
diagrams are given to explain the features of its operation. A 
schematic electrical circuit of the exciter has been developed, in 
which the TVR is based on powerful MOSFET transistors 
connected in a push-pull circuit. Forming of PWM and control of 
the  stator  voltage  is  entrusted  to  a  specialized  TL494  PWM  
controller. An experimental sample of the device was 
manufactured, intended for powering the excitation winding and 
regulating the stator voltage of the SG with a rated excitation 
current of up to 50 A. Laboratory and industrial tests of the 
developed excitation system were carried out, which confirmed 
the high efficiency of the adopted technical solution, in particular, 
maximum stator voltage drop at the rated load current of the 

generator does not exceed 5%, and the dynamic characteristics of 
the system are close to optimal. Directions for further research 
and development in the field of low-power SG excitation systems 
with TVC are proposed. 

Keywords: excitation systems, automatic excitation control, 
autonomous power plants, synchronous generator, transistor 
voltage regulator, pulse width modulation, MOSFET transistor 
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The modern development of the component base makes it 
possible to implement in practice and use in precision devices 
relatively new types of electric machines, the rotor of which has 
not one, but three degrees of freedom relative to the stator. Such 
machines, like classical ones, can be of various types 
(synchronous, asynchronous, valve), have various design features 
that  have  a  key  effect  on  their  functioning.  The  process  of  
deriving mathematical models of three-stage machines (usually 
based on the Lagrange equation of the second kind) is quite time-
consuming and the mathematical models themselves are quite 
complex, since the movement of the rotor along any of the three 
axes has a significant impact on its movement along the 
remaining two axes. At present, mathematical models of the main 
types of three-stage electric machines have been obtained and, 
(by analogy with classical electric machines), the concept has 
been introduced and the equations of motion of a generalized 
three-stage electric machine with mutually movable stator and 
rotor windings have been obtained. Therefore, from the point of 
view of the development of the theory of electromechanics, it is 
of interest to obtain mathematical models for some types of such 
machines based on a mathematical model of a generalized three-
stage electrical machine. In addition, this makes it possible to 
obtain a mathematical description for any types of three-stage 

electric machines without much effort, taking into account their 
design features and operating modes. 

Keywords: electric machine, rotor, stator, winding, induct-
ance, voltage, current, flow coupling, electromagnetic moment 
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The issues of assessing the effectiveness of using automated 
adaptive energy saving systems at industrial enterprises are 
considered. The difficulty of solving this issue for adequately 
assessing the effectiveness of energy saving devices of various 
types is shown. It is not correct to compare meter readings when 
energy saving devices are on and off due to rapidly changing 
loads. In addition, it is advisable that the process of assessing the 
effectiveness of using such devices be automated. This paper 
presents an algorithm for conducting efficiency tests by selecting 
sections of identical loads, focusing on the current values when 
the energy saving device is turned on and off. When an energy 
saving device is turned on or off, the current in the network 
changes due to reactive power compensation. Since when the 

device is turned on, the mode is reached gradually (therefore the 
load can change significantly), it is recommended to record the 
change in current when the device is turned off, since it is 
unlikely that the load will change significantly. Next, the power 
consumption values are compared, but when the device is turned 
on, the current should be lower by a previously determined value. 
To assess the effectiveness of using energy-saving devices at 
remote enterprises without physically connecting energy-saving 
devices, formulas have been developed to evaluate their 
effectiveness. As a result, in this article, a methodology has been 
proposed for assessing the effectiveness of using energy-saving 
devices at enterprises at the stage of preliminary tests using 
analyzers of energy network quality parameters; an algorithm has 
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been developed for automated assessment of the current 
efficiency of using energy-saving devices in the process of their 
constant operation with the transfer of information to terminal 
devices of enterprises; relationships have been developed to 
assess the efficiency of using energy-saving devices based on 
data on network parameters received from enterprises; an 
algorithm has been proposed for automated assessment of the 
effectiveness of using energy-saving devices based on the use of 
developed relationships with the transfer of information to 
terminal devices of enterprises. 

Keywords: energy saving, current, power, voltage, 
automation, compensation, reactive power, distortion, harmonics, 
power quality analyzers, power factor, correlation 
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TIME LAG ASSESSMENT DURING INFORMATION INTERCHANGE WITHIN THE DIGITAL TWINS STRUCTURES 
OF ELECTROMECHANICAL AND HYDRAULIC SYSTEMS  

Boris M. Loginov 

Ph.D. (Engineering), Department of Industrial Electric Power Supply, Nosov Magnitogorsk State Technical University, 
Magnitogorsk, Russia, lb18@yandex.ru, https://orcid.org/0000-0003-3337-3148 

The development of object-oriented digital twins (DTs) is 
relevant for the virtual commissioning and adjustment of 
electromechanical and hydraulic systems of rolling mills. An 
important task solved with the use of digital data is the 
configuration of control systems. A comparison is given of 
information transmission structures in digital models, digital 
shadows and DTs. Options for placing a virtual model of an 
object and a control system algorithm on a personal computer 
(PC) or in a programmable logic controller (PLC) resource are 
considered. The relevance of assessing signal delays when 
placing a control program in a PLC and an object model in a PC 
is emphasized; insufficient knowledge of this issue is noted. It is 
shown that additional delay is introduced by the difference 
between PLC and PC interfaces. This results in distortion of 
information exchange between the object and the control system 
and disruption of the twinning process. A study of the central 
dynamics of a conditional discrete object with a proportional 
controller was carried out. The virtual model is implemented in 
the Matlab Simulink Desktop Real Time environment on a PC, 
the control system is implemented in the PLC programming 
language. By comparing oscillograms obtained at different 
regulator gains, it is proven that the delay in signal transmission 
results in its distortion and in an increase in the oscillatory 
properties of the system. A method is proposed for determining 
delays that occur during the exchange of information in the 
structure of a digital twin, including transmitting a test signal via 
the  UDP  interface  to  a  virtual  model  program  on  a  PC  and  
“returning” to the PLC, recording both signals at the PLC output 
and calculating the time delay. The definition of the delay is 
considered by estimating the time shift of the sawtooth signal 
entering the PLC input and its response after “returning” from the 
PC. In order to simulate delays when developing a control 
algorithm, it is proposed to include additional discrete links in the 
structure of the system. An assessment is made of the influence of 
the discrete nature of the PLC program on the delay of signals. It 
has been proven that delays due to this reason are insignificant 
and can be neglected. The results obtained and the method for 
determining delays are recommended for use in creating object-
oriented digital twins of mechatronic rolling mill complexes. 

Keywords: electromechanical system, digital twin, 
development, controller, personal computer, placement, data 
exchange, delay, definition, method, modeling, recommendations 
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In order to eliminate false alarms of the arc fault detection 
device (AFDD), a research was conducted and combinations of 
existing methods of processing data entering the microcontroller 
were considered, which may differ significantly from the type of 
load connected to the network. As a result of the research, a new 
method for identifying sequential arc circuits in the electrical 
network of residential buildings based on discrete wavelet 
transform (DWT) has been developed. The method includes a 
discrete-time analysis of experimental current curves with arc 
breakdowns in the mathematical package Matlab, as well as the 
extraction of signs of arc breakdown using a signal processing 
method called wavelets of the Daubechiesdb4 family. 
Verification and comparative analysis of the sequential arc 
breakdown detection model is considered on the example of two 
typical household electrical network loads: a 2.2 kW heater and a 
vacuum cleaner with a triac power regulator. It is established that 
arc breakdowns have unique features in their current curves, 
namely: the level of detail coefficients normalized in relative 
units of CDDWT in the time domain at a sampling frequency of 
10 kHz shows the values: 1 level is from 0.2 to 0.5 and higher, 2 
level is from 0.05 to 0.2 and higher. It has been established that 
the level of detail coefficients normalized in relative units in the 
time domain at a sampling frequency of 10 kHz at normal 
operation at each scale relative to the scale is level 1 < 0.1 and 
level  2< 0.04.  This will  allow us to characterize the intensity of 
sparking by the SAF matrix, the rows of which correspond to the 
level of normalized cd1, and the columns correspond to the half–
period number 1..10. 

Keywords: arc fault, electrical network, electric power 
consumer, wavelet transform, transient, current strength, 
sampling rate, microcontroller 
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