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O.B. Iegorov, M.P. Kundenko, O.Yu. Iegorova, V.A. Mardziavko, A.Yu. Rudenko 
 
The influence of the design of the stator winding of a synchronous-reactive generator on 
increasing its energy efficiency 
 
Introduction. Increasing the energy efficiency of electric generators is a pressing task for various areas of energy, in particular 
for autonomous systems and transport. Synchronous-reactive generators (SRGs) are becoming increasingly widespread due to 
their simple design, absence of magnets and mechanical contacts, and high reliability. The task of the proposed work is to study 
the influence of the design of the double winding of the stator of a SRG on its energy characteristics, determine the optimal 
parameters of the mutual arrangement of the windings, and develop recommendations for increasing the generator efficiency. 
Goal. Analysis of the influence of the design of the double winding of the stator of a SRG on the output energy characteristics and 
determine recommendations when designing this type of electrical machines. Methodology. The analysis was carried out using 
numerical modeling by the finite element method in the ANSYS Maxwell environment. Various options for the mutual 
arrangement of the main and excitation windings in the generator stator were considered. Results. The influence of the single-
layer and double-layer winding design on the output characteristics of the generator was studied. It was found that a two-layer 
arrangement with a phase shift of 2 slots provides minimal torque ripple, improves the stability of the generator operation and 
helps to increase the efficiency to 92.5 %. Scientific novelty. For the first time, the effect of the phase shift of the windings on 
electromagnetic processes in the SRG has been studied in detail, which allows optimizing its design and improving operational 
performance. Practical value. The results can be used in the design of new generators with improved characteristics for use in 
wind power, diesel generator sets and autonomous electrical systems. References 19, table 1, figures 12. 
Key words: synchronous-reactive generator, winding, rotor, speed, torque, energy efficiency. 
 
Вступ. Підвищення енергоефективності електричних генераторів є актуальною задачею для різних сфер енергетики, 
зокрема для автономних систем та транспорту. Синхронно-реактивні генератори (СРГ) завдяки простій конструкції, 
відсутності магнітів та механічних контактів, а також високій надійності набувають все більшого поширення. 
Задача даної роботи полягає у дослідженні впливу конструкції подвійної обмотки статора СРГ на його енергетичні 
характеристики, визначенні оптимальних параметрів взаємного розташування обмоток та розробці рекомендацій для 
підвищення ефективності генератора. Мета. Аналіз впливу конструкції подвійної обмотки статора СРГ на вихідні 
енергетичні характеристики та визначення рекомендацій при проєктуванні такого типу електричних машин. 
Методологія. Аналіз проводився за допомогою чисельного моделювання методом скінченних елементів у середовищі 
ANSYS Maxwell. Розглянуто різні варіанти взаємного розташування головної та збуджуючої обмоток у статорі 
генератора. Результати. Досліджено вплив одношарової та двошарової конструкції обмотки на вихідні 
характеристики генератора. Встановлено, що двошарове розташування з фазовим зміщенням на 2 пази забезпечує 
мінімальні пульсації крутного моменту, покращує стабільність роботи генератора та сприяє підвищенню ККД до 92,5 
%. Наукова новизна. Вперше детально досліджено вплив фазового зміщення обмоток на електромагнітні процеси в 
СРГ, що дозволяє оптимізувати його конструкцію та покращити експлуатаційні показники. Практична значимість. 
Результати можуть бути використані при проєктуванні нових генераторів з покращеними характеристиками для 
застосування у вітроенергетиці, дизельних генераторних установках та автономних електричних системах. Бібл. 19, 
табл. 1, рис. 12. 
Ключові слова: синхронно-реактивний генератор, обмотка, ротор, частота обертання, обертовий момент, 
енергоефективність. 
 

Introduction. Currently, there is a growing need to 
create energy-efficient AC electric generators. They are 
widely used in many energy devices and facilities, such as 
wind power plants, diesel generators, as sources of 
electricity in railway, aviation and road transport [1]. 

The most widespread generators are self-excited 
generators, namely synchronous generators with 
permanent magnets, induction generators with dual power 
supply and phase rotor, asynchronous generators with 
excitation capacitors, synchronous generators with 
excitation windings on the armature. 

Permanent magnet synchronous generators have 
higher efficiency, higher power density, which does not 
require an additional power source to excite the magnetic 
field, and higher reliability due to the absence of 
mechanical components, such as carbon brushes and slip 
rings [2] and include rare-earth magnetic materials, 
namely neodymium-iron-boron (NdFeB). Recently, the 

increased demand for electric vehicles has led to a sharp 
increase in the demand and cost of such magnets [3]. 

Induction generators with dual power supply and 
phase rotor have good energy characteristics, but the 
presence of a mechanical brush contact for supplying 
excitation to the rotor winding reduces their operational 
characteristics [4]. 

Generators with excitation capacitors have 
advantages over traditional AC generators, which consist 
in the absence of brush contact systems in their design, as 
well as in the simplicity of the design of the machine 
itself [5]. However, the operation of these generators is 
characterized by extreme instability, the dependence of 
the induced voltage on the value of the connected load 
and the frequency of rotation of the generator rotor. 

Synchronous generators with excitation windings on 
the armature are the most studied electric machines today. 
They have good control and external characteristics. 
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However, the main disadvantage is the mechanical brush 
contact for supplying excitation windings. 

A synchronous-reactive generator (SRG) with a 
double stator winding is a promising source of electricity, 
capable of operating effectively in many energy facilities 
and systems.  

The goal of the work is to analyze the influence of 
the design of the double stator winding of the SRG on the 
output energy characteristics and to determine 
recommendations when designing this type of electrical 
machines. 

Literature review. In recent years, the SRG has 
become a major competitor to synchronous generators 
with permanent magnets and induction generators due to 
its reliability, simple rotor design, no losses in the rotor 
winding, no magnets (thus eliminating the problem of 
demagnetization), and lower cost [6]. Numerous research 
works have been devoted to the study of SRG. In [7], the 
results of studies of SRG with a double stator winding 
with different variants of air barriers in the rotor are 
presented. It is shown that the use of SRG with a slotted 
rotor core allows inducing an open-circuit voltage 10 % 
higher than for SRG with a rotor of conventional air 
barriers. In [8], the operation of SRG with a series and 
shunt connection and its influence on transient processes 
in the generator are reported. 

Works [9, 10] present the results of studies of the 
vibration characteristics of synchronous-reactive 
machines depending on the design of the rotor air barriers. 
In [11–13], a dynamic and performance analysis of a 
three-phase SRG was carried out to check the operation of 
the generator under various load conditions. The 
dependencies of the output voltage and power of the 
generator on the excitation current supplied to the 
winding located on the stator are presented. Work [14] 
presents the results of the finite element analysis to 
determine the generator performance depending on its 
design. Modeling the influence of the electromagnetic 
field on structural elements is also considered in [15]. 

The analysis of the literature indicates that the 
interest in SRG is significant, but questions remain 
regarding the influence of the design of the stator winding 
and the mutual influence of the working winding and the 
excitation winding on its energy characteristics. 
Therefore, this issue is devoted to the study, the results of 
which are presented in this work. 

Presentation of the main material. Analytical and 
conditional-analytical dependencies used in the design 
and assessment of the operating properties of an electric 
machine based on its electrical parameters (resistance, 
inductance) and variables (voltages, currents) have 
sufficient convergence of the results of calculations and 
tests. Currently, in the design of SRGs, methods for 
determining the optimal design and energy parameters 
using the finite element method have also become 
widespread [12, 16]. In particular, research using 
multispheroidal models is presented in [17]. When 
modeling SRGs in a fixed coordinate system, difficulties 
arise in taking into account the change in parameters 
(inductance) of the stator phases during rotor rotation. To 

obtain the most acceptable result, it is better to consider 
the equations of synchronous machines in the d-q 
coordinate system rotating with the rotor [18]. The d axis 
is the axis of the highest magnetic rotor conductivity 
(rotor magnetic axis), the q axis is the axis of the lowest 
rotor conductivity (Fig. 1). 

 

win dings 

stator 

rotor 
air 
barriers 

 
Fig. 1. Determining the relationship between angles , ,  

 
When writing the equations of the steady-state mode 

of the SRG, it is necessary to determine the electrical load 
factor, which should determine the external torque, for 
example, from a wind turbine or a diesel internal 
combustion engine. The angle  or the angle  is used as 
the load factor. The balance of the generator phase angles 
can be represented as: 

 = /2 –  + ,                             (1) 

where  is the phase angle between the current and 
voltage vectors;  is the phase angle between the q axis 
and the voltage vector;  is the phase angle between the d 
axis and the current vector. 

The energy parameters of the SRG depend on the 
value of the angle . An increase in the electrical load 
connected to the generator stator winding leads to an 
increase in the value of this angle. 

In [6], the influence of the phase angle between the 
magnetic axis of the rotor and the current vector of the 
stator winding on the characteristics of a synchronous-
reactive motor was considered. Since a synchronous-
reactive machine is a reversible machine, even when it 
operates in generator mode, we can talk about the 
dependence of the generator parameters on the angle . In 
the nominal mode of operation of the motor, the equations 
of longitudinal and transverse voltages have the form: 

  qqdd ijLijxrU  ;                    (2) 

  ddqq ijLijxrU  ,                     (3) 

where Ld, Lq are the total stator inductances along the d 
and q axes; id, iq are the stator winding currents along the 
d and q axes; r is the stator phase resistance; x is the stator 
phase leakage resistance;  is the generator shaft angular 
frequency. 

In the operating mode, the electrical equilibrium 
equation at synchronous frequency for one phase of the 
SRG stator can be written as: 
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  qqdd xjIxjIjxrIU  .               (4) 

The dependence of the longitudinal and transverse 
resistances on the inductances Ld an Lq can be expressed 
as follows: 

xd = 2 f Ld;                                (5) 

xq = 2 f Lq.                                (6) 
The currents of the longitudinal and transverse 

components of the generator winding can be found as: 

cos
d

i
d x

U
I  ;                             (7) 

cos
q

i
q x

U
I  .                              (8) 

The expression for the stator current can be written 
[6] as: 

 





jx
r

U

xxjr

U
I i

d

i







tg

 .             (9) 

Variable values of the angle  can be simulated by 
rotating the rotor relative to the stator at a constant value 
of the load on the stator winding in a fixed coordinate 
system, which corresponds to a constant amplitude of the 
phase current. At the same time, in a stationary coordinate 
system, the direction and value of the stator MMF vector 
will remain unchanged, and the position of the d axis will 
change. This was the basis for research on the SRG with 
different design options and mutual arrangement of the 
working winding and the stator excitation winding.  

The research was carried out when designing a SRG 
with a power of 160 kW with a rotor speed of 1500 rpm 
and linear voltage at the output of 380 V for a diesel 
generator set. The diesel engine, which is supposed to be 
used with the SRG, develops a torque of 1100 Nm, at a 
shaft speed of 1500 rpm. The mechanical output power 
from the diesel engine will be 172.8 kW. Therefore, the 
useful electric power of the generator, taking into account 
losses, will be 160 kW. The outer diameter of the stator 
is 450 mm, of the rotor is 299 mm, the length of the stator 
and rotor packages is 265 mm. The geometry of the rotor 
air barriers and the electrical symmetrical load on the 
phases of the main winding, which was purely active, 
remained unchanged. This allowed us to conduct a 
comparative assessment of the options and select, in the 
opinion of the authors, the most optimal generator in 
terms of efficiency and dynamic characteristics. Of 
course, the dimensions of the rotor air barriers, the 
geometry of the rotor and stator, the materials of the stator 
or rotor affect the characteristics of the SRG, but the goal 
of this study is to determine the influence of the stator 
windings and their location on the output characteristics. 
Therefore, SRGs with the same geometry of the stator, 
rotor and unchanged magnetic core materials were 
studied. 

In the first case, the design of the SRG with an equal 
distribution of the main winding and the excitation 
winding in 48 stator slots was considered (Fig. 2). 

 

Excitation winding

phase А

phase B

phase C

Main winding 

phase А

phase B

phase C

 
Fig. 2. Single-layer arrangement of the main and excitation 

windings of the SRG stator 
 

Simulation and results. As mentioned above, by 
changing the angle , i.e., rotating the rotor relative to the 
stator, it is possible to simulate a change in the operating 
mode of the SRG at constant values of load and 
excitation. The results of this study are shown in Fig. 3. 

 

 M, kNm 

, rad

Uph, V

M Uph 

 
Fig. 3. Dependencies of external torque and output phase 

voltage on the angle  
 

Lines 1 and 2 show the values of the angle  for the 
maximum value of the torque (and, therefore, for the 
maximum input power of the generator) and for the 
maximum value of the output voltage. It can be seen that 
the values of these maxima do not coincide, which 
reduces the characteristics of the generator. 

Figure 4 shows the distribution of magnetic flux 
density in the magnetic core with a single-layer 
arrangement of the main and exciting stator windings. 
The value of magnetic flux density in the stator tooth 
zones is 2 T, which leads to an increase in losses in the 
magnetic core. A similar analysis of the distribution of 
currents in the winding is presented in [19]. 

Figure 5 shows the graphs of the SRG torque and the 
output phase voltage. 
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B, T 

 
Fig. 4. Distribution of magnetic flux density in the magnetic 

core with a single-layer arrangement of the main and exciting 
windings of the SRG stator 
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Fig. 5. Torque (a) and output phase voltage (b) 

 

The «–» sign of the torque indicates that it is an 
external torque from the diesel engine rotating the 
generator rotor. Large torque pulsations can be observed, 
which indicate a significant change in the stator 
inductances along the d and q axes during rotor rotation. 

The bearings of the generator mechanical system 
will experience large pulsating loads, which will affect 
their performance. The rated value of the output phase 
voltage is 222 V, which corresponds to 385 V of line 
voltage at an electrical load of 158 kW. The efficiency of 
the generator with such a stator winding was 91.2 %. 

The option of a two-layer stator winding was 
considered (Fig. 6). Two-layer windings are very widely 
used as stator windings in modern production of high-
power electric motors and the process of their 
manufacture is technologically advanced. 

The main three-phase winding is located closer to 
the outer diameter of the stator, and the excitation 
winding is closer to the rotor surface. A study was 
conducted of four options for the mutual arrangement of 
the phases of the main and exciting windings with their 
two-layer arrangement (Fig. 7,a–d). 

Main winding 

phase А

phase B

phase C

Excitation winding 

phase А

phase B

phase C

 
Fig. 6. Two-layer arrangement of the main and excitation 

windings of the SRG stator 
 

 

a)

 
 
 

 

b)

 
 
 

 

c)

 
 
 

 

d)

 
Fig. 7. Variants of the mutual arrangement of the phases 

of the main and exciting windings of the stator of the SRG: 
a) without phase shift; b) shift by 1 slot; 

c) shift by 2 slots; d) shift by 3 slots 
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The results of studies of the characteristics of the 
SRG with a two-layer arrangement of stator windings are 
shown in Fig. 8,a–d. 
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Fig. 8. Dependencies of external torque and output phase 
voltage on the angle  at different mutual arrangements 

of the windings: a) without phase shift; b) shift by 1 slot; 
c) shift by 2 slots; d) shift by 3 slots 

 

The SRG with a phase shift of the main and exciting 
windings by 2 slots practically has the coincidence of the 
maximum induced voltage and torque by the angle   
(Fig. 8,c). With this design of the stator windings, the 
largest phase voltage is also observed at the generator 
output (221.7 V) compared to other options. 

The distribution of magnetic flux density in the 
magnetic core with a phase shift of the main and exciting 
windings by 2 slots is shown in Fig. 9. 

The reduction in magnetic flux density in the tooth 
zones and the stator yoke compared to the single-layer 
winding option reduces losses in the magnetic core by 
24 % (Fig. 10). 

 

B, T 

 
Fig. 9. Distribution of magnetic flux density in the magnetic 
core when the phases of the main and exciting windings are 

shifted by 2 slots 
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Fig. 10. Losses in the stator magnetic core with a single-layer 

stator winding (1) and with a double-layer winding with a phase 
shift of the main and excitation windings by 2 slots (2) 

 
The conducted studies of the torque on the SRG 

rotor and the shape of the output voltage for the best 
option of a two-layer design of the stator windings show a 
reduction in pulsations compared to a single-layer design 
(Fig. 11). 
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Fig. 11. Torque (a) and output phase voltage (b) for a SRG with 

a two-layer arrangement of the main and excitation windings 
and a mutual displacement of 2 slots 

 

To compare the oscillations of the torque of the SRG 
with a single-layer stator winding and with a double-layer 



8 Electrical Engineering & Electromechanics, 2025, no. 5 

winding when the phases of the main and exciting 
windings are shifted by 2 slots, spectrograms were created 
with the determination of amplitudes in the frequency 
range of 0–1 kHz (Fig. 12). 
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Fig. 12. Spectrograms of the torque with a single-layer stator 

winding (a) and with a double-layer winding with a phase shift 
of the main and exciting windings by 2 slots (b) 

 
Comparison of the spectrograms of the SRG with a 

single-layer winding and a double-layer stator winding 
showed a decrease in amplitude at a frequency of 100 Hz 
by 26 %; for a frequency of 150 Hz – by 14 %. For both 
variants at a frequency of 300 Hz, a sharp increase in 
amplitude is observed, but for the SRG with a double-
layer winding the amplitude is 53 % less than for the SRG 
variant with a single-layer winding. Reducing torque 
ripples will have a positive effect on the performance of 
bearing units and will lead to a decrease in vibrations 
during the operation of the SRG. 

The results of determining losses and efficiency for 
the selected variant of the SRG with a double-layer stator 
winding with a phase shift of 2 slots are given in Table 1. 

 
Table 1 

Losses and efficiency of the SRG with a two-layer stator 
winding with a phase shift of 2 slots 

No. Parameter Values 
1 Electrical losses in stator windings, W 7152 
2 Losses in the magnetic core steel, W 1621 
3 Mechanical losses, W 2600 
4 Additional losses, W 1600 
5 Total losses, W 12973 
6 Efficiency, % 92,5 

 
Conclusions. The conducted studies of the SRG 

with the main and excitation windings of the stator 
showed that there is a significant dependence of the 
characteristics on the design of these windings. The 
considered variant with a single-layer arrangement of 
both windings in the stator slots is characterized by the 
fact that there are large torque pulsations (with an 
amplitude of 0.6 kNm) and lower efficiency than in the 
other considered variants. 

The two-layer arrangement of the main and exciting 
windings of the stator showed the best results in the 
analysis of the SRG. However, the research has 
established that the mutual arrangement of the phases of 
the main and exciting windings also has a significant 
impact on the SRG parameters. The results of the 
calculation experiments have determined the best option 
for the implementation of the two-layer SRG winding, 
namely with a phase shift of 2 slots from each other. This 
provides a significant reduction in torque fluctuations and 
an increase in the energy characteristics of the SRG and 
allows to obtain high efficiency (92.5 %) with a useful 
electric power of 160 kW at the SRG output. 
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Wind farms integration into power system with improved location and stability problem solving 
 

Problem. This article investigates as a consistent supply to satisfy rising world energy consumption, wind energy is becoming more and 
more important. Correct evaluation of the stability and performance of wind induction generators inside power systems remains difficult, 
particularly in regard to ensuring compliance with grid rules and best location. Goal. To evaluate and compare the dynamic behavior 
and grid compatibility of the squirrel cage induction generator (SCIG) and the doubly fed induction generator (DFIG) wind generators 
in various locations within the IEEE 14 bus network, and to determine the improved generator type and location. Methodology. The 
investigation adopts the small signal stability analysis for modeling the wind induction turbines due to its capability to assess system 
stability, controllability and observability. The IEEE 14 bus distribution network is modeled with wind generators interconnected at 
buses 10 through 14. Several parameters are analyzed under different operating conditions, including voltage, rotor angle, active power, 
reactive power and frequency. Results. DFIG exhibits superior performance across all analyzed parameters, particularly in maintaining 
grid stability and meeting grid code requirements. Bus 13 was identified as the improved integration point for wind farms using DFIG 
technology. Scientific novelty. The study offers a structured comparison of SCIG and DFIG using state space modeling rarely applied in 
a direct bus by bus comparative study within a standard distribution network. Practical value. The results help system planners choose 
the right wind turbine type and location, which promotes a more reliable and effective integration of renewable energy sources into 
power networks. References 51, tables 5, figures 7. 
Key words: squirrel cage induction generator, doubly fed induction generator, best location of wind farms, IEEE 14 bus network. 
 

Проблема. У статті розглядається вітряна енергія як джерело безперебійного живлення для задоволення світового 
споживання енергії, що зростає, і її роль у цьому процесі. Коректна оцінка стабільності та продуктивності 
вітрогенераторів в енергосистемах залишається складним завданням, особливо з точки зору забезпечення відповідності 
вимогам електромережі та вибору оптимального розташування. Мета. Оцінка та порівняння динамічної поведінки і 
мережевої сумісності вітрогенераторів з короткозамкненим ротором (SCIG) та асинхронним генератором з подвійним 
живленням (DFIG) у різних місцях мережі IEEE 14, а також визначення покращеного типу та міста розташування 
генератора. Методологія. У дослідженні для моделювання вітрогенераторів використовується аналіз стійкості при 
малих сигналах завдяки його здатності оцінювати стійкість, керованість та спостережливість системи. Розподільна 
мережа IEEE 14 моделюється з вітрогенераторами, з’єднаними між собою на шинах 10-14. Аналізуються різні параметри 
за різних робочих умов, включаючи напругу, кут ротора, активну потужність, реактивну потужність та частоту. 
Результати. DFIG демонструє кращі характеристики за всіма проаналізованими параметрами, особливо щодо підтримки 
стабільності мережі та відповідності вимогам мережевого кодексу. Шина 13 була визначена як покращена точка 
інтеграції для вітропарків, які використовують DFIG. Наукова новизна. Дослідження пропонує структуроване порівняння 
SCIG та DFIG з використанням моделювання простору станів, що рідко застосовується при прямому порівняльному 
дослідженні шин у стандартній розподільній мережі. Практична значимість. Результати допомагають системним 
планувальникам вибрати правильний тип та місцезнаходження вітрогенератора, що сприяє більш надійній та ефективній 
інтеграції відновлюваних джерел енергії в енергомережі. Бібл. 51, табл. 5, рис. 7. 
Ключові слова: асинхронний генератор з короткозамкненим ротором, асинхронний генератор з подвійним 
живленням, найкраще розташування вітряних станцій, шина живлення IEEE 14. 
 

Introduction. Wind energy is seen as an endless 
supply of clean energy as compared to other energy 
sources like nuclear, coal, gas and oil. When it was 
adopted, the use of fossil fuels greatly decreased. 
Globally, wind power plant construction has increased 
dramatically during the last twenty years [1–4]. 

Globally, installed wind energy capacity exceeded 100 
GW by the end of 2023, as stated by the Global Wind 
Energy Council [5]. This is a 15 % increase globally over 
2022 in installed capacity [6]. It’s also the year with the most 
wind energy of all time. As of 2022, there were 906 GW of 
installed capacity for wind energy globally, a 9 % growth. 
One major problem for wind energy is the constant 
variations in temperature, density, and wind speed. To 
prevent unfavorable effects on grid electricity, the 
integration of wind turbines into the grid must be supervised 
by specific laws or grid codes [1, 7–9]. The operational 
restrictions and environmental variables of different 
countries influence the grid codes produced [10, 11]. Like a 
traditional power plant, wind farms need a connection to 
the grid that minimizes interruptions. 

In wind turbines, 3 different kinds of power 
generation devices are typically utilized to transform 
electrical energy from wind: doubly fed induction generator 
(DFIG), permanent magnet synchronous generator 
(PMSG), squirrel cage induction generator (SCIG). Among 
these generators, DFIG has stayed connected to the power 
system and has demonstrated good performance in low 

voltage ride through incidents [12]. Because of their 
significant advantages, such as increased energy 
efficiency, improved power quality, ease of control and 
variable speed handling, DFIGs are frequently utilized in 
systems that convert wind energy [13]. However, due to 
their robustness, affordability and ease of use [14], wind 
power conversion systems equipped with SCIGs also use 
reactive power compensators. 

Consequently, precise modeling of induction 
generator is needed for research utilizing computer 
simulations, investigations, and research in order to 
effectively handle their major issues, especially with 
relation to the grid installation of wind energy conversion 
technologies. Understanding the utilization of wind power 
and how it integrates with the grid has thus become 
crucial research [15]. 

It is vital to do in depth research to comprehend how 
wind farms and the power grid interact. A wind farm in the 
design phase involves a number of research projects, which 
are carried out in a manner akin to that of other new 
technological facilities [13, 15]. Model planning, which 
takes into account variables like voltage, electricity flow, 
reactive power capability, short-circuit currents and the 
transient stability, is typically used to assess the effects of 
wind technology [16–19]. It is common practice to take 
into account a thorough depiction of every single unit as 
well as the relationships between units and the system.  
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As an alternative, when considering the wind farm 
from the standpoint of the system, it can be treated as a 
lumped equivalent model [17]. Additional related research 
focuses on improving transient stability and dispatching 
spinning reserves in wind-thermal power systems [20, 21]. 

The authors of [22] examined the differences in 
performance between wind turbines connected to the 
power system that were induction generators, DFIG and 
PMSG. By taking into account a 3-phase defect at the end 
of a transmission line, the machines efficiency are 
assessed. Using MATLAB software, the performance of 
grid connected 5-phase modular PMSG with various slot 
and pole number combinations is assessed in [23]. 

Additionally, the technological difficulties of 
integrating wind were covered in earlier studies [24] energy 
into the grid. The primary obstacles to wind energy grid 
integration are discussed in [4], including the consequences 
of power quality, power imbalances, wind power on the 
power system and operating costs. The comparison of the 
grid integration impact of DFIG and SCIG is examined in 
[25]. This research [26] compares the performance of SCIG 
and DFIG wind turbines under various conditions through 
MATLAB/Simulink. The results indicate that DFIG is 
more efficient, especially in variable speed generation and 
power regulation, making it more compatible with large 
wind farms connected to weak grids. 

The goal of this work is to evaluate and compare the 
dynamic behavior and grid compatibility of SCIG and DFIG 
wind generators in various locations within the IEEE 14 bus 
network, and to determine the improved generator type and 
location. The working conditions for producing reactive and 
active power, as well as voltage, angle theta, industrial 
frequency, and stability, were the primary subjects of the 
analysis. Numerous simulation programs have been 
examined for the analysis and modeling of wind farms, as 
well as for improved location and stability problem solving. 
The Power System Analysis Toolbox (PSAT) was selected 
because it offered sophisticated simulation tools and could 
be used for the necessary analysis. 

1. Modeling of wind energy. The wind turbines 
capture wind energy through their blades and convert it into 
mechanical power. This process is influenced by various 
factors such as wind speed, blade design, and the area swept 
by the blades. To assess the efficiency of energy conversion, 
specific mathematical models that incorporate these elements 
can be applied. By optimizing turbine performance, wind 
energy can be effectively harnessed and used for power 
generation. Through the turbine blades, wind energy is 
converted to power, which is given as follows: 

Pwi = Tmem;                                (1) 
Tme = Pwi / m,                               (2) 

where Pwi, Tme are the generated power and mechanical 
torque respectively; m is the rotor angular speed. 

The power generated by the wind is expressed as 
follows [27–30]: 

Pwi = 0.5p(, )R2V 3,                        (3) 
where p is the power coefficient; ,  are the blade pitch 
angle and the tip speed ratio respectively;  is the air density; 
R is the radius of the turbine blades; V is the wind speed. 

The tip speed ratio  is determined as: 
 = m R / V.                                (4) 

The rotor angular speed m is: 
m = 2n / 60,                                (5) 

where n is the rotational speed. 

The power coefficient p is [5]: 
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where j is the tip speed ratio coefficient at the jth element 
of the turbine blade: 
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2. Configuration induction generator. Wind 
turbines can be classified into different types, with 2 
common ones using induction generators. These turbines 
use induction generators to convert wind energy into 
electrical power. In an induction generator, the rotor is 
driven by the wind, creating a rotating magnetic field that 
induces electrical current in the stator. The key advantage 
of these turbines is their simplicity and cost effectiveness, 
as they can operate asynchronously with the grid. They are 
reliable and require minimal maintenance, making them 
suitable for various wind conditions and widely used in 
both small and large scale energy projects. In this section, 
the configurations of these turbines will be explored, 
detailing their design and operation. Additionally, the 
mathematical models associated with each type will be 
presented. A comparison will then be made, evaluating 
their performance, power quality, and reliability. 

2.1. Modeling of induction generator. Induction 
generators are commonly used in wind energy systems due 
to their simplicity and reliability. These generators convert 
mechanical energy from the turbine into electrical power 
through electromagnetic induction. Modeling an induction 
generator involves understanding key parameters like rotor 
and stator voltages, which directly impact performance and 
efficiency. The mathematical formulas for modeling an 
induction generator by the rotor and stator voltage in d-q 
(direct and quadrature) axis [17–19] are: 
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where vdr, vds, vqr, vqs are the rotor and stator voltages 
respectively; idr, iqr are the current of the rotor; ids, iqs are 
the current of the stator; dr, qr are the flux of the rotor; 
ds, qs are the flux of the stator; vs, vr are the voltage of 
stator and rotor respectively. 

The equations below present the flux linkage and 
electromagnetic torque: 
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                     (9) 

Tel = qr idr – dr iqr,                    (10) 
where Lm is the mutual inductance; Lso, Lro are the stator 
and rotor leakage inductance respectively; Tel is the 
electrical torque. 
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The mechanical equations are as follows: 
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where Ωme is the angular acceleration; dΩme is the angular 
velocity; f is the setting in the system; J is the inertia 
moment of the rotor. 

These equations are used to limit how powers 
variation affects voltage amplitude and frequency [31–33]: 
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where P is the active power; P0 is the reference active 
power; Dp is the active power sensitivity factor; V0 is the 
voltage amplitude;  may indicate a load model parameter, 
potentially connected to the active power and another 
parameter, possibly related to the load dependency on 
voltage or frequency respectively. 

Table 1 shows the different values of the constants 
for each load category. These load category parameters 
vary depending on the network. The coefficient Dp is used 
to illustrate the frequency bearing evolution of each 
electrical bus. Therefore, it is essential to introduce (12) 
to show the development of a significant dynamic grid 
element. In reality, there is a close connection between 
these variables and the installed loads.  

Table 1 
Parameters of the different load category 

Load category  Dp 
Winter 1.02 1.000 

Summer 1.20 0.999 
Industrial 0.80 1.000 

 

2.2. The squirrel cage induction generator. The SCIG 
running at a steady pace is used in wind energy turbines that 
are directly linked to the grid [34, 35]. The generator is 
connected directly to the grid, much like in other wind energy 
conversion systems, while the turbine is associated with the 
SCIG through a gearbox to reach the necessary speed for 
power generation (Fig. 1). Since rotor slip is the primary 
cause of speed variations, variations in rotor speed are 
minimal, wind turbines usually run at a set speed. The SCIG 
absorbs reactive power by acting as an induction motor 
during changes in grid voltage. Pitch angle control is used to 
adjust generator rotor speed instabilities when wind speeds 
change, maximizing wind power output. Wind energy 
systems with varying speeds also use squirrel cage 
technology [36–42]. The SCIG data are presented in Table 2. 

 

 
Fig. 1. The classic method of integrating SCIGs with the grid 

 

Table 2 
Wind turbine data for SCIG 

Parameters Value Parameters Value 
Rated power, MVA 10 Stator reactance, p.u. 0.01 
Rated voltage, kV 13.8 Rotor reactance, p.u. 0.08 
Rated frequency, Hz 50 Mutual reactance, p.u. 3 

Stator resistance, p.u. 0.01 
Inertia constants 
[kW/kVA, kW/kVA, p.u.]

2.5, 0.5, 0.3

Rotor resistance, p.u. 0.1 Number of poles pairs 4 

2.3. The double fed induction generator. Figure 2 
shows the integrating DFIGs into the grid. 

 
Fig. 2. Traditional integration of a DFIG with the grid 

 

The rotor of the DFIG is associated with the wind 
turbines low speed shaft by a gearbox, which increases the 
speed to the necessary level so that the generator can 
generates electricity [34]. With 2 voltages source 
converters placed back-to-back and using a wound type 
rotor, the DFIG configures a grid-connected AC-DC-AC 
[41–46]. Normally, each converter runs at 30 % of the 
specified rated power of the generator. The converter 
connected to the rotor is known as rotor side converter 
(RSC), while the converter connected to the grid is known 
as grid side converter (GSC). These converters handle 
varying wind speeds well, making sure that the output 
frequency remains constant and in line with grid needs. 
They are divided using a DC capacitor in the intermediate 
circuit that works as an energy stock management device 
[16]. The step up transformer is a device that connects the 
stator to the network [13]. An integrated control system at 
the wind turbine shaft manages precise power, reactive 
power and voltage across the network. Different voltage 
commands are generated by this system for the RSC and 
GSC. The RSC ensures control of active and reactive 
powers, and the GSC ensures their operation at a unity 
power factor. The GSC also controls the voltage at the DC 
link capacitor between the RSC and the GSC. Table 3 
shows the wind turbine data for DFIG used in the model. 

Table 3 
Wind turbine data for DFIG 

Parameters Value Parameters Value
Rated power, MVA 10 Mutual reactance, p.u. 3 
Rated voltage, kV 13.8 Inertia constants, kW/kVA 3 
Rated frequency, Hz 50 Pitch control gain, p.u. 10 
Stator resistance, p.u. 0.01 Time constant, s 3 
Rotor resistance, p.u. 0.1 Voltage control gain, p.u. 10 
Stator reactance, p.u. 0.01 Power control gain, s 0.01
Rotor reactance, p.u. 0.08 Number of poles pairs 4 

 

3. Small signal stability analysis is a crucial aspect 
of power system dynamics, used to assess the stability of 
the system when subjected to small disturbances. It helps to 
understand how the system responds to minor fluctuations 
and ensures that the system remains stable under normal 
operating conditions. The eigenvalue method can be used 
to analyze the small signal stability. This method is 
essential for identifying potential instabilities and 
improving system performance. 

This approach works with linear models via 
examining where the poles are located inside the complex 
plane. The characteristic polynomial described by the 
following equation has poles as its solutions [47]: 

det(A – I) = 0,                              (13) 
where det is the determinant of the matrix (A−λI); A is the 
state matrix; I is the identity matrix of the same size as A; 
 is the eigenvalue. 
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In the latter, there is an imaginary portion and a real 
part. The real portion determines the analyzed system’s 
convergence, whereas the oscillating behavior is correlated 
with the imaginary part. If every pole is in the complex 
plane’s negative real portion, the system is considered stable. 

The system model or its parameters determine the 
values of the poles. One may verify the model’s stability 
domain by examining how the positions of the poles 
change with respect to the parameter values. 

4. Results and discussion. In this section devoted to 
the results of the experiment and its analysis, one examines 
3 key elements. First, one examines the performance of  
2 types of generators employed in wind power systems: the 
SCIG and the DFIG. The disparities in stability, efficiency, 
and resistance to disruption between these 2 technologies 
are highlighted by this comparison. Subsequently, one 
examines the stability of the electricity network when 
integrating these generators. The basis of this analysis is the 
eigenvalue analysis of the system, which allows 
determining the conditions under which the network 
remains stable or can become unstable. Finally, one 
compares the results with those of other studies in order to 
evaluate the relevance of the findings and to place the study 
within the broader framework of existing research. The 
analysis highlights the methodological disparities and the 
obtained results, which allows having a more exhaustive 
vision of the consequences of integrating these generators 
into the electricity network. 

4.1. Evaluation of 2 different types of generators. 
This section compares 2 types of wind power systems, 
including their performance and the market share each 
type currently enjoys. The influence of wind generation 
on the transient stability of the system is examined for 
wind farms using an aggregated model [48]. PSAT is 
utilized in this work to perform the transient stability 
analysis [49, 50]. There are 16 lines, 14 buses, 
5 generators, 4 transformers and 11 loads in this system. 
The standard IEEE 14 bus data format has been used to 
load the buses and lines [48].  

The following figures show several graphs 
comparing the performance of 2 types of wind turbine 
generators: the SCIG and the DFIG. Each graph shows 
different electrical parameters as a function of time for 
buses 10–14 of the network. Figure 3 presents the 
variation of the voltage profile for 2 types of wind 
turbines. It shows that the rotor inductance of DFIG is 
higher, which results in less variation in the magnetic 
field. Therefore, the voltage fluctuations are reduced, 
which decreases the voltage ripple compared to the other 
case and makes the voltage smoother.  
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Fig. 3. The voltage for 2 different type of wind turbine: 
a – for SCIG; b – for DFIG 

The following figure shows the variation of angle  
for the 2 types of wind turbines. The phase angle curves 
in Fig. 4 show that the phase angle ripples in DFIG are 
more stable and converge to a constant value. This is 
explained by the higher inertia compared to SCIG, which 
favors a better network synchronization with this type of 
generators. 
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Fig. 4. The angle for 2 different type of wind turbine: 
a – for SCIG; b – for DFIG 

 
Figures 5, 6 depict the variation of active and 

reactive power respectively over time for the 2 types of 
wind turbines. From the presented Fig. 5, the active power 
of the DFIG is more stable, with only slight fluctuations, 
indicating its better ability to provide constant active 
power. On the other hand, for the SCIG, oscillations are 
recorded on all critical buses, with less significant 
variations at bus 14. 

For both types of wind turbines, Fig. 6 shows that 
the same reactive power is consumed to create the internal 
magnetic field. This reactive power is essential for the 
proper functioning of the generators, allowing them to 
produce the active power. 
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Fig. 5. The active power for 2 different type of wind turbine: 
a – for SCIG; b – for DFIG 
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Fig. 6. The reactive power for 2 different type of wind turbine: 
a – for SCIG; b – for DFIG 

 

Figure 7 shows the variation of frequency versus 
time for both types of SCIG and DFIG wind turbines 
under 3 conditions, represented by (12). This study 
examines the effect of wind turbine integration on 
frequency stability. 
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Fig. 7. Frequency performance analysis graphs of 2 types of 
wind turbines under different grid conditions: a – SCIG under 

winter conditions; b – DFIG under winter conditions; c – SCIG 
under summer conditions; d – DFIG under summer conditions; 

e – SCIG under industrial conditions; 
f – DFIG under industrial condition 

 
According to Fig. 7, the system is strongly 

influenced by both grid and climatic conditions. It is 
affected by climatic variations, particularly in winter and 
summer, as well as by industrial factors and the type of 
equipment installed on the grid. 

The grid integrated wind turbine is a DFIG type, 
which contributes to greater grid stability. Indeed, this 
figure generally illustrates frequency variation, which is 
influenced by the inertia of the DFIG. Since the inertia of 
the DFIG is higher than that of the SCIG, disturbances are 
more difficult to induce. Consequently, the DFIG 
provides greater grid stability. Furthermore, it is possible 
to produce approximately 2/3 of the power via the stator, 
while approximately 1/3 of the power can be recovered by 
the rotor thanks to the addition of a power electronics 
stage. This configuration allows power to be distributed 
between the rotor and stator, while minimizing overload 
on the stator windings. 

4.2. Examination of the stability of the electrical 
network. Tables 4, 5 show the eigenvalue evaluation 
curves for 2 types of generators: the SCIG and the DFIG, 
in an electrical network, for buses 10–14. Table 4 shows 
that our network is more stable when DFIG is installed, 
because in case of SCIG, the minimum value of the 
eigenvalues is –0.25 p.u, while for DFIG it is –1 p.u. 
Thus, SCIG is very sensitive to instability, which can 
cause disturbances in the system and it causes a blackout 
phenomenon. In conclusion, bus 13 appears to be the 

most suitable location for wind turbine integration 
particularly with DFIG and SCIG technologies due to its 
ability to maintain voltage levels, phase angle, power 
flow, and frequency stability, thereby enhancing the 
overall stability of the network. 

Table 4 
Network eigenvalues with integration of a wind turbine to the buses 

Bus
Eigenvalues of network 

with SCIG 
Eigenvalues of network 

with DFIG 

10 

–7.5427+35.4824j 
–7.5427–35.4824j 

–10.1091+0j 
–0.89032+4.1965j 
–0.89032–4.1965j 

–0.25+0j 

–100.9781+0j 
–0.6524+0j 
–0.25+0j 

–0.33333+0j 
–1+0j 

 

11 

–7.5704+35.2617j 
–7.5704–35.2617j 

–9.8834+0j 
–0.91571+4.2364j 
–0.91571–4.2364j 

–0.25+0j 

–100.9315+0j 
–6.2085+0j 

–0.64742+0j 
–0.33333+0j 

–1+0j 
 

12 

–7.5704+35.2617j 
–7.5704–35.2617j 

–9.8834+0j 
–0.91571+4.2364j 
–0.91571–4.2364j 

–0.25+0j 

–100.9315+0j 
–6.2085+0j 

–0.64742+0j 
–0.33333+0j 

–1+0j 
 

13 

–7.5178+35.3704j 
–7.5178–35.3704j 

–10.3942+0j 
–0.89366+4.2294j 
–0.89366–4.2294j 

–0.25+0j 

–100.8581+0j 
–5.7772+0j 

–0.64476 +0j 
–0.33333+0j 

–1+0j 
 

14 

–7.4181+34.68222j 
–7.4181–34.68222j 

–9.3169+0j 
–0.92836+4.2348j 
–0.92836–4.2348j 

–0.25+0j 

–101.282+0j 
–0.64034+0j 

–0.25+0j 
–0.33333+0j 

–1+0j 
 

 

4.3. Comparative study. Table 5 contrasts the advised 
approaches with the current state of the art approaches. One 
has extended the approach from [51], which just uses an 
IEEE 14 bus network for voltage analysis. However, this 
approach is flawed since it fails to account for network 
frequency. One tested both voltage and frequency during the 
investigation because they are complementary. 

Table 5 
Comparison with the existing state of art methods 

Work [51] Proposed work 
Bus number 

V, p.u. , rad V, p.u. , rad 
1 1.06200 0.00000 1.06000 0.00000 
2 1.04500 –0.13560 1.04500 –0.13451 
3 1.01300 –0.33210 1.01000 –0.32979 
4 0.99700 –0.26440 0.99800 –0.26152 
5 1.00200 –0.22690 1.00300 –0.22553 
6 1.07400 –0.36950 1.07000 –0.37431 
7 1.03600 –0.33930 1.03700 –0.35054 
8 1.09300 –0.33930 1.09000 –0.35054 
9 1.01200 –0.37900 1.01600 –0.39755 
10 1.01200 –0.38440 1.01500 –0.40046 
11 1.03500 –0.37980 1.03600 –0.39025 
12 1.04600 –0.90590 1.04800 –0.39615 
13 1.03600 –0.39140 1.04000 –0.39863 
14 0.99600 –0.41050 1.01300 –0.42544 

In contrast to work [51], in which were used 
automatic voltage regulators (AVRs) and turbine 
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governors (TGs) in the network IEEE 14 bus, only TGs 
are used, which enables one to drastically cut costs. In 
contrast to [51], which compares the power factor (PF) on 
a single bus 14 when a wind turbine is integrated into the 
IEEE 14 network versus not, this work first compares the 
integration of 2 different kinds of wind turbines before 
calculating the PF on multiple buses (10–14) to identify 
the best wind turbine and where to put it. 

Conclusions. Concretely, the integration of renewable 
energies is essential today in the face of the continuous 
increase in electricity consumption. Renewable energies, 
such as wind power, are inexhaustible, sustainable, and 
profitable. However, their production is highly dependent on 
natural conditions, making grid stability more difficult to 
ensure without appropriate monitoring mechanisms. 

In this study, we modeled the integration of SCIG 
and DFIG generators into the IEEE 14 standard bus 
network using the small signal stability analysis approach 
to analyze their dynamic behavior and grid compatibility. 
The results show that DFIG offers better performance in 
terms of stability, voltage, frequency, and compliance 
with grid requirements. Bus 13 was identified as the 
optimal location for connecting a DFIG based wind farm. 

Thus, the objective of this research, which was to 
evaluate and compare the dynamic performance of SCIG and 
DFIG generators and to determine their improved placement 
within the IEEE 14 bus network, was fully achieved. 

Future research will focus on improving existing 
wind turbine technologies and jointly optimizing the 
placement of wind turbines and FACTS devices to 
improve the overall performance of the power grid. 

Conflict of interest. The authors declare that they 
have no conflicts of interest. 
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Maximum power point tracking improving of photovoltaic systems based on hybrid 
triangulation topology aggregation optimizer and incremental conductance algorithm 
 

Introduction. Maximum power point tracking (MPPT) in photovoltaic (PV) systems has been a key research focus in recent years. While 
numerous techniques have been proposed to optimize power extraction, each suffers from inherent limitations that hinder their effectiveness. 
Problem. Environmental factors such as shading, partial shading, and low irradiance levels significantly impact PV system performance, 
with partial shading being the most critical and complex challenge due to its creation of multiple local power maxima. Goal. This study aims 
to improve MPPT in PV systems under partial shading conditions by developing a hybrid approach that integrates a Triangulation Topology 
Aggregation Optimizer (TTAO) with the Incremental Conductance (IC) algorithm. Methodology. Simulations were conducted in 
MATLAB/Simulink under four static partial shading scenarios, comparing the hybrid TTAO-IC algorithm against traditional methods like 
Perturb and Observe (P&O), IC and metaheuristic algorithms. Scientific novelty of this work lies in the hybrid TTAO-IC algorithm, which 
combines the global optimization strength of TTAO with the precision of IC, addressing the shortcomings of conventional methods. Practical 
value. The results show that the hybrid TTAO-IC algorithm achieves tracking efficiencies exceeding 99 %, outperforming existing methods 
and demonstrating robust adaptability to varying environmental conditions. References 31, tables 5, figures 15. 
Key words: solar photovoltaic system, triangulation topology aggregation optimizer, maximum power point tracking, global 
maximum power point, partial shading conditions. 
 

Вступ. Відстеження точки максимальної потужності (MPPT) у фотоелектричних (PV) системах є ключовим напрямком 
досліджень в останні роки. Хоча було запропоновано численні методи оптимізації отримання енергії, кожен з них має певні 
обмеження, що зменшують їх ефективність. Проблема. Фактори навколишнього середовища, такі як затінення, часткове 
затінення та низький рівень опромінення, суттєво впливають на продуктивність PV системи, причому часткове затінення є 
найбільш критичною та складною проблемою через створення кількох локальних максимумів потужності. Мета. Це 
дослідження спрямоване на покращення MPPT у PV системах в умовах часткового затінення шляхом розробки гібридного 
підходу, який інтегрує оптимізатор агрегації топології триангуляції (TTAO) з алгоритмом інкрементальної провідності (IC). 
Методологія. Моделювання проводилося в MATLAB/Simulink за чотирма статичними сценаріями часткового затінення, 
порівнюючи гібридний алгоритм TTAO-IC з традиційними методами, такими як метод збурень та спостережень (P&O), IC та 
метаевристичними алгоритмами. Наукова новизна роботи полягає в гібридному алгоритмі TTAO-IC, який поєднує глобальну 
оптимізаційну силу TTAO з точністю IC, усуваючи недоліки традиційних методів. Практична цінність. Результати 
показують, що гібридний алгоритм TTAO-IC досягає ефективності відстеження, що перевищує 99 %, перевершуючи існуючі 
методи та демонструючи надійну адаптивність до різних умов навколишнього середовища. Бібл. 31, табл. 5, рис. 15. 
Ключові слова: сонячна фотоелектрична система, оптимізатор агрегації топології тріангуляції, відстеження точки 
максимальної потужності, глобальна точка максимальної потужності, умови часткового затінення. 
 

Introduction. Photovoltaic (PV) systems play a key 
role in the global energy transition by harnessing solar 
energy to generate electricity. Using semiconductor 
devices, these systems directly convert solar energy into 
electricity. However, the conversion efficiency typically 
ranges from 10 % to 25 % of the total incident solar 
power, highlighting the importance of optimizing power 
extraction to maximize energy efficiency. In this context, 
Maximum Power Point Tracking (MPPT) algorithms 
have become essential tools for achieving this goal. Since 
their inception in the 1950s, MPPT strategies have 
continuously evolved to address growing challenges, such 
as irradiance fluctuations, temperature variations, and 
partial shading effects [1]. Traditional approaches, 
particularly the Perturb and Observe (P&O) and 
Incremental Conductance (IC) methods, dominated early 
generations of MPPT systems due to their simplicity and 
effectiveness under stable conditions. However, these 
methods have significant limitations when applied to 
dynamic or complex environments. These limitations 
include slow convergence, inadequate tracking accuracy, 
and an inability to effectively manage partial shading 
scenarios [2–4]. To overcome these challenges, 
innovative approaches based on metaheuristic and hybrid 
algorithms have been developed. Methods such as 
Particle Swarm Optimization (PSO), Cuckoo Search (CS) 
[5] and Grey Wolf Optimization (GWO) [6] have proven 
to be particularly promising. These algorithms allow for a 
more accurate localization of the Global Maximum Power 
Point (GMPP), while improving convergence speed and 
reducing steady-state oscillations [7, 8]. Additionally, 
advanced variants, such as modified PSO, Plant 

Propagation Algorithm (PPA), and hybrid solutions like 
Radial Basis Function Neural Network based on PSO 
(PSO-RBFNN), have demonstrated their ability to 
achieve energy yields above 99 %, even in variable and 
complex weather conditions [9–12]. The emergence of 
artificial intelligence in MPPT strategies has marked the 
beginning of a new era of innovation. Algorithms based 
on artificial neural networks, combined with hybrid 
techniques like PSO-RBFNN, help address complex 
challenges while enhancing the reliability and speed of 
systems [13, 14]. Previous work, such as the study by 
[15], introduced improvements to traditional methods. For 
instance, an optimized version of the P&O algorithm 
achieved an energy efficiency of 96 % under uniform 
atmospheric conditions, but it did not account for the 
effects of non-uniform conditions. Simultaneously, 
advancements in DC-DC converter design, such as high-
voltage gain converters with soft switching, have 
significantly contributed to improving the energy 
efficiency of grid-connected PV systems [16]. 

Moreover, advanced control strategies, such as 
Terminal Sliding Mode Controllers (TSMC), hybrid PSO-
TSMC algorithms, and approaches utilizing fuzzy logic 
and fractional-order controllers, offer enhanced 
robustness. These solutions stand out for their ability to 
reduce oscillations, improve system stability, and provide 
a quick response to environmental changes [17–20]. 
Given the variety of available methods and the rapid 
advancements in the field, it is crucial to evaluate and 
compare these approaches to determine the most suitable 
solutions for current challenges. A detailed analysis of 
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existing MPPT techniques is provided, highlighting 
innovative strategies that integrate metaheuristic 
algorithms, artificial intelligence, and innovations in 
converter design, as evidenced by [21–23]. Other efforts, 
such as those by [24], have proposed variants of the IC 
algorithm adapted to changing irradiance profiles. 
Although these approaches have demonstrated promising 
performance, they remain limited by the lack of 
experimental validation or their inability to effectively 
address partial shading scenarios and rapid irradiance 
variations. A hybrid algorithm combining a wavelet 
neural network and a cuckoo search algorithm has 
demonstrated superior performance in predicting PV 
production, better capturing the chaotic variations of solar 
radiation [25]. Furthermore, optimizations of the flower 
pollination algorithm for MPPT under partial shading 
have led to reduced tracking time and increased efficiency 
[26]. Another hybrid control approach abbreviated as 
ACO-ANN, based on a neural network and ant colony 
optimization, has enhanced MPPT and energy quality in 
industrial applications [27]. Strategies such as the improved 
grey wolf optimizer and the super-twisting sliding mode 
controller have also contributed to significant 
improvements in robustness and response time under 
shading conditions [28, 29]. Additionally, a strategy for 
quickly locating the global peak in PV systems under 
partial shading conditions, without particle reset, has been 
introduced, reducing convergence time by 650 % compared 
to traditional PSO reset methods and avoiding premature 
convergence [30]. However, despite the progress made, a 
major limitation remains for many MPPT techniques: their 
inefficiency in the face of slow or sudden changes in 
ambient temperature and solar irradiance. This highlights 
the need for even more robust and adaptive algorithms. 

Goal. This study aims to improve MPPT in PV 
systems under partial shading conditions by developing a 
hybrid approach that integrates a Triangulation Topology 
Aggregation Optimizer (TTAO) with the IC algorithm. 
By integrating the global optimization capabilities of 
TTAO with the precision of the IC method, the proposed 
TTAO-IC algorithm addresses the limitations of 
traditional MPPT techniques, such as P&O and 
standalone IC, which often struggle with local optima, 
oscillations, and slow convergence under non-uniform 
irradiance. The goal is to provide a robust, efficient, and 
reliable solution for improving energy extraction in PV 
systems, particularly in large-scale deployments where 
partial shading is a common challenge. Simulation results 
demonstrate the superior performance of TTAO-IC, 
particularly in cases where conventional methods fail to 
converge to GMPP. The algorithm achieves tracking 
efficiencies exceeding 99 % across diverse partial shading 
conditions, highlighting its robustness and reliability. Key 
advantages of the TTAO-IC algorithm include: 

 Rapid convergence to the GMPP, ensuring minimal 
energy loss during the tracking process. 

 Significant reduction in oscillations around the MPP, 
even under dynamic and non-uniform irradiance conditions. 

 Consistently high tracking efficiency, leading to 
enhanced energy yield and improved overall system 
performance. 

The results from simulations demonstrate the 
effectiveness of this hybrid algorithm, which combines 
precision, speed, and robustness. This advancement opens 

new perspectives for optimizing solar systems, ensuring 
optimal and reliable energy exploitation. 

1. Modelling and analysis. 
1.1. PV conversion chain. The MPP is achieved by 

controlling a DC-DC converter with an MPPT controller 
(Fig. 1). The MPPT controller optimizes power transfer 
from the PV system to the load, adapting to varying 
weather conditions to ensure maximum efficiency.  

 

 
Fig. 1. DC-DC boost converter 

 

PV system is made up of two identical solar panels 
connected in series, with their electrical specifications 
(Table 1). Connecting panels in series combines their 
voltages while maintaining the same current, enabling the 
system to achieve a higher output voltage. This 
configuration is particularly useful for applications 
requiring higher voltage levels, as it reduces the need for 
voltage amplification by the DC-DC converter. 

Table 1 
PV panel specifications 

Parameter 
PV 

module 
PV 

installation 
Maximum power output Pmax under 
standard test conditions (STC), W 

213.15 426.3 

Open-circuit voltage Voc under STC, V 36.3 72.6 
Short-circuit current Isc under STC, A 7.84 7.84 
Voltage at the MPP Vmp under STC, V 29 58 
Current at the MPP Imp under STC, A 7.35 7.35 

 

The electrical parameters of the DC-DC boost 
converter used in the simulation are provided in Table 2. 

Table 2 
Boost converter component specifications 

Parameter Value 
Inductance L, mH 1.1478 
Input capacitor Cin, µF 6800 
Output capacitor Cout, µF 3300 
PWM frequency f, kHz 10 
Resistive load R, Ω 100 

 

The components of the boost converter are essential 
to the system’s operation and have a direct impact on the 
performance of the TTAO-IC algorithm. The inductor (L) 
reduces current ripple, providing a stable power supply, 
while the input (Cin) and output (Cout) capacitors ensure 
smooth voltage levels on both sides of the converter, 
minimizing disturbances during MPPT. The load 
resistance (R) simulates power consumption and is crucial 
for evaluating the converter’s energy efficiency. 
Additionally, the switching frequency (f) influences 
system responsiveness a higher frequency allows for faster 
MPPT adjustments but can increase switching losses. 
Optimizing these parameters is essential for stable 
converter operation, which in turn improves the accuracy 
and convergence speed of the TTAO-IC algorithm. This is 
particularly valuable under challenging conditions, such as 
partial shading and rapid changes in irradiance. 
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1.2. PV panel model. A PV cell is represented by 
the single-diode model. This model can be extended to a 
PV module by treating it as a group of identical cells 
connected in series and/or parallel. The model of an 
individual cell is developed using the widely adopted 
equivalent electrical circuit (Fig. 2). 
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Fig. 2. Equivalent circuit diagram of a single-diode solar cell model 

 

A PV system consists of multiple PV modules that 
are connected in series and parallel configurations to 
increase overall power output. The series connection of 
modules helps increase the system’s voltage, while the 
parallel connection raises the current output [23]. The 
mathematical model of a PV system is described by a set 
of equations that represent the electrical behavior and 
characteristics of the modules under different conditions. 
These equations consider factors such as the irradiance, 
temperature, internal resistances, and electrical 
parameters of the PV cells: 
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where Iph is the photocurrent; Isc is the short-circuit current; 
Idr is the dark saturation current; Ns is the number of series 
cells; Np is the number of parallel cells; Rs is the series 
resistance; Rp is the shunt resistance; Vt is the thermal 
voltage; q is the electron charge; Eq is the photon energy; ki 
is the short-circuit coefficient; kb is the Boltzmann constant; 
T is the temperature; G is the irradiance. 

1.3. Boost converter. In PV systems, the DC-DC 
converter is essential for implementing MPPT, ensuring 
maximum energy capture and enhancing system 
efficiency, especially in fluctuating environmental 
conditions. MPPT algorithms work in conjunction with 
DC-DC converters to fine-tune the system’s electrical 
parameters for optimal power conversion. A widely used 
DC-DC converter for this purpose is the boost converter, 
which steps up the output voltage in comparison to the 
input voltage. The power produced by the PV panel is fed 
to this boost converter, which is regulated using a PWM 
signal generated by the MPPT controller. To ensure 
maximum power extraction from the PV system, the duty 
cycle (D) of the boost converter is continuously adjusted 
based on changes in solar irradiation, temperature, and 
other environmental factors [17]. This dynamic 
adjustment enables the PV system to maintain operation 

at or near its MPP. An input capacitor is typically placed 
on the PV panel side to filter out high-frequency 
variations and stabilize the current. The optimal duty 
cycle for the boost converter, which allows maximum 
power extraction from the PV generator, is determined 
using specific mathematical relationships and control 
strategies, based on system parameters and environmental 
inputs: 

RPVD mppmppopt  1 ,                  (5) 

where Pmpp is the peak power a PV system can generate 
while functioning at its MPP; Vmpp is the voltage level at 
which the PV panel operates to achieve maximum power 
output at the MPP; R is the load’s equivalent resistance at 
the output of the DC-DC boost converter plays a crucial 
role in determining the efficiency of power transfer; 
Dopt is the ideal duty cycle configuration for the boost 
converter is essential for efficient MPPT, enabling the PV 
system to achieve maximum power output.  

The MPPT block produces a duty cycle signal to 
regulate the switching element of the boost converter, which 
typically functions at an operating frequency of 10 kHz. 
A boost converter is employed in PV systems to increase 
the output voltage to a higher level, meeting system 
requirements. Its straightforward design and ease of control 
further contribute to its widespread use, as highlighted in 
[22]. In continuous conduction mode the inductor current 
and capacitor voltage are typically chosen as state 
variables. These variables are utilized to derive the 
averaged model of the boost converter, which can be 
represented by a set of equations, as illustrated in Fig. 1: 

)(
1

)(
1

)1(
d

)(d
0 tV

L
tV

L
D

t

tI
pv

L  ;             (6) 

)(
1

)(
1

)1(
d

)(d
0

0 tV
RC

tI
C

D
t

tV

out
L

out
 ,        (7) 

where IL is the current through the inductor; V0 is the 
output voltage across the capacitor Cout; Vpv is the supply 
voltage; D is the duty cycle ( [0, 1]). In the boost 
converter circuit, the parameters R, L, Cout are the load 
resistance, the input circuit inductance, and the output 
filter capacitance, respectively. 

1.4. Configuration of PV modules under static 
partial shading conditions. In non-uniform irradiance 
scenarios, such as shading caused by obstacles like trees, 
buildings, or passing clouds, PV generator systems may 
experience partial shading. As illustrated in Fig. 3, this 
phenomenon leads to a power-voltage (P-V) curve with 
multiple peaks, representing different maximum power 
points (MPPs). Among these, one is the GMPP, while the 
others are classified as local maximum power points 
(LMPPs). To replicate partial shading conditions, PV 
panels are exposed to varying irradiance levels, resulting 
in P-V curves with multiple peaks. To validate our 
method, a case study under static partial shading 
conditions is provided, including 4 practical test scenarios 
for simulation: 

1. Scenario 1: a test under STC (1000 W/m2 at 25 °C). 
2. Scenario 2: G1 = 1000 W/m2, G2 = 400 W/m2 at 25 °C. 
3. Scenario 3: G1 = 800 W/m2, G2 = 400 W/m2 at 25 °C. 
4. Scenario 4: G1 = 600 W/m2, G2 = 400 W/m2 at 25 °C. 
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                               a                                                    b                                                  c                                                  d 

Fig. 3. Arrangement of PV modules across various static partial shading scenarios: 
a) scenario 1 (STC); b) scenario 2; c) scenario 3; d) scenario 4 

 

The optimal duty cycles for each scenario, as 
determined by (5), are provided in Table 3. 

Table 3 
Optimal duty cycle calculated for each scenario 

Scenario Pmpp, W Dopt 

Scenario 1 Pmpp = 426.3 Dopt_G = 0.71721425 

Scenario 2 
Pmpp_G = 207.4 
Pmpp_L = 189.5 

Dopt_G = 0.80383836 
Dopt_L = 0.54699656 

Scenario 3 
Pmpp_G = 187.6 
Pmpp_L = 167.3 

Dopt_G = 0.55062217 
Dopt_L = 0.77950357 

Scenario 4 
Pmpp_G = 184.6 
Pmpp_L = 126.1 

Dopt_G = 0.55110705 
Dopt_L = 0.74620251 

*Note. Pmpp_G is the output power at the GMPP; Pmpp_L is 
the output power at LMPP; Dopt_G is the optimal duty 
cycle corresponding to the GMPP; Dopt_L: is the optimal 
duty cycle corresponding to the LMPP. 

MATLAB/Simulink simulations were carried out to 
evaluate the performance of the hybrid TTAO-IC 
algorithm under defined static partial shading conditions. 
The outcomes were benchmarked against those of two 
conventional MPPT techniques: P&O and IC. 

2. Enhanced MPPT based on hybrid TTAO-IC 
algorithm. In PV systems, optimizing efficiency requires 
identifying the ideal operating point where power output 
is maximized, a process achieved through advanced 
strategies. Given the non-linear characteristics of PV 
systems and the variability of environmental conditions, 
sophisticated algorithms are essential to consistently 
locate and maintain this optimal point. Hybrid 
metaheuristic algorithms, which combine the strengths of 
multiple optimization techniques, have proven 
particularly effective in enhancing this process. These 
approaches are especially adept at addressing complex 
challenges, such as partial shading conditions, and 
adapting to dynamic environmental changes, making 
them a robust solution for improving the performance and 
reliability of PV systems. 

2.1. TTAO algorithm.
The TTAO is a global 
optimization algorithm based 
on mathematical principles, 
designed to solve continuous 
and engineering problems 
[31]. This algorithm leverages 
triangular topological 
similarity to develop 2 main
strategies: generic aggregation 
and local aggregation. These 
strategies enable the TTAO to 
effectively explore the search 
space, avoid local optima, and 
converge toward the global 
optimum. The detailed 
functioning of this algorithm 
is described by the flowchart 
(Fig. 4) and the 
corresponding pseudocode 
(Fig. 5).  

Fig. 4. Flowchart of TTAO algorithm
 

Algorithm 1: TTAO algorithm 
1: Input: Vpv , Ipv (voltage and current from PV panel) 
2: Parameters:  
Population size Pop Size = 30, Iterations T = 100 
Dimension Dim =1, Bounds (Low = 0, Up = 1) 
X1, X2, X3 and X4 : populations 
3: Initialize population X1 randomly within the bounds.
4: For t = 1 to T do 
5; Form triangular units X2, X3 based on X1. 
6: Aggregate solutions to form X4. 
7: Evaluate fitness of X1, X2, X3, X4. 
8: Select the best solutions and update X1. 
9: End for 
10: Return the best solution D 

Fig. 5. TTAO algorithm 
 

2.2. IC algorithm. The IC algorithm is a popular 
MPPT method for PV systems, aimed at maximizing 
energy extraction by dynamically comparing the 
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instantaneous conductance (I/V) with the incremental 
conductance (dI/dV) in relation to the voltage. The IC 
algorithm enhances efficiency by continuously fine-tuning 
the operating voltage to keep the system close to the MPP 
while minimizing oscillations. It adjusts the duty cycle (D) 
of the power converter in response to real-time variations in 
voltage (V) and current (I), ensuring optimal operation. The 
MPP condition is mathematically described as follows: 

IVPVP    where0dd .                  (8) 
Expanding this gives: 

V
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d

d

d

)(d



.                       (9) 

The detailed functioning of this algorithm is 
described by the pseudocode (Fig. 6). 

 

Algorithm 2: IC algorithm  
1: Initialize Dprev = 0.5, Vpv prev = Vpv, Ipv prev = Ipv 
2: Set step size D = 0.0001 
3: while system is running do 
4: Measure current voltage Vpv and current Ipv 
5: Calculate the change in voltage: ∆V = Vpv −Vpv prev

6: Calculate the change in current: ∆I = Ipv −Ipv prev 
7: if (∆V  0) then 
if ( pvpv VIVI  ) then 

8: Decrease duty cycle : D = Dprev − ∆D 
9: else if ( pvpv VIVI  ) then 

10: Increase duty cycle: D = Dprev + ∆D 
11: else 
12: No change in duty cycle : D = Dprev 
13: end if 
14: else if (∆V = 0) then 
15: if (∆I  0) then 
16: Decrease duty cycle : D = Dprev − ∆D 
17: end if 
18: end if 
19: Update previous values: Vpv prev = Vpv, Ipv prev = Ipv

20: Set Dprev = D 
21: end while 

Fig. 6. IC algorithm 
 

2.3. Hybrid TTAO-IC algorithm. The hybrid TTAO-
IC algorithm is a method combining the global search 
capabilities of the TTAO with the local refinement provided 
by the IC algorithm. This hybrid approach is designed to 
optimize MPPT in PV systems. TTAO is used to explore the 
search space globally and identify regions close to the MPP, 
while IC refines the duty cycle to achieve precise MPPT. 
The power generated by the PV system is given as: 

pvpvpv IVP  ,                          (10) 

where Vpv, Ipv are the PV panel voltage and current. 
To maximize the power Ppv the derivative of power 

with respect to voltage must be zero: 
0dd pvpv VP ;                           (11) 

pv

pv
pvpvpvpv V

I
VIVP

d

d
dd  .                (12) 

The hybrid TTAO-IC algorithm can be broken down 
into the following steps: 

 Initialization: the algorithm starts by generating a 
random initial population for the TTAO phase. The initial 
duty cycle is set to Dprev = 0.5. 

 Global exploration (TTAO): during each iteration of 
TTAO, triangular units are formed from the population, 
and solutions are aggregated and evaluated. The best 

solution from this phase, denoted DTTAO, represents a 
candidate duty cycle near the MPP. 

 Local refinement (IC): the best solution from TTAO 
is refined using the IC method. IC adjusts the duty cycle 
based on the change in power relative to voltage, 
following the conditions: 

pvpvpvpv VIVI dd ;                  (13) 

prevICprev DDD )1(   ,               (14)  

where α is the smoothing factor.  
 Termination: after a 

predefined number of iterations, 
or once the duty cycle 
converges, the final value of D
is returned, optimizing the PV 
system’s operation. 

The algorithm’s detailed 
operation is visually 
represented through the 
flowchart in Fig. 7 and clearly 
outlined in the pseudocode 
shown in Fig. 8. 

The hybrid TTAO-IC 
algorithm improves MPPT 
efficiency in PV systems by 
combining the global 
exploration of TTAO with the 
precision of IC, thus 
optimizing maximum power 
tracking. This hybrid approach 
ensures the system does not get 
stuck in local optima, while 
accurately tracking the MPP 
under varying environmental 
conditions (e.g., static partial 
shading conditions). 

Fig. 7. Flowchart of hybrid TTAO-IC algorithm
 

Algorithm 3: Hybrid TTAO-IC Algorithm  
1: Input: Vpv, Ipv 
2: Parameters: Population size PopSize = 10, 
TTAO iterations T = 10, maximum iterations MaxIter = 100,  
dimension Dim = 1, D = 0.0001 
3: Initialize population for TTAO 
4: Initialize persistent variables: Vpv-prev = 0, Ipv-prev = 0, Dprev = 0.5 
5: for iteration = 1 to MaxIter do 
6: for t = 1 to T do 
7: Form triangular units and aggregate solutions in TTAO 
8: Evaluate the fitness and update the population 
9: end for 
10: Obtain the best solution DTTAO 
11: Fine-tune using the IC algorithm to get DIC 
12: Update Dprev = DIC + (1 – )Dprev (apply moving average filter) 
13: end for 
14: Output: Final duty cycle D = Dprev 

Fig. 8. Hybrid TTAO-IC algorithm 
 

3. Simulation results and discussion. 
3.1. Simulation results. To assess the performance of 

the proposed MPPT control algorithm, a series of 
simulations were conducted in the MATLAB/Simulink 
environment. The control architecture used in these 
simulations is shown in Fig. 9. In this setup, a DC-DC 
boost converter acts as the interface between the simulated 
PV system and a DC load. This boost converter is crucial 
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as it regulates the voltage and current, ensuring that the PV 
system operates at its MPP. Four distinct MPPT algorithm 
blocks were incorporated into the simulation environment, 
each tested individually to evaluate their respective 
performances. The main goal of this study is to evaluate the 
efficiency and accuracy of 4 different algorithms for 
tracking the GMPP in a PV system under static partial 
shading conditions. The algorithms analyzed include IC, 
P&O, TTAO and a hybrid TTAO-IC approach. The aim of 
the hybrid algorithm is to optimize the precision and speed 
of the search process, ensuring reliable and efficient 
tracking of the GMPP. The selection of these algorithms is 
based on their complementary characteristics: 

 P&O is known for its simplicity and widespread use, 
though it may struggle to maintain accuracy under 
variable irradiance. 

 IC offers improved precision, particularly in 
dynamic conditions, as it adjusts to changes in irradiance 
more effectively. 

 TTAO, a metaheuristic optimization technique, excels 
in locating global maxima in complex search spaces, such 
as those introduced by partial shading effects. 

 The hybrid TTAO-IC algorithm combines the global 
search capability of TTAO with the local precision of IC, 
aiming to reduce convergence time and improve tracking 
accuracy. Efficient MPPT control also directly affects the 
efficiency of the DC-DC boost converter. Algorithms that 
minimize oscillations around the MPP reduce switching 
losses, thereby optimizing the overall system performance. 
Conversely, slower or less accurate algorithms can lead to 
higher power losses due to increased switching activity. 

 

 
Fig. 9. Schematic representation of the PV system simulated in MATLAB/Simulink 

 

The comparative performance of the algorithms is 
assessed based on 3 key parameters: 

 Time. These measures the time required for each 
algorithm to converge to the MPP (Ppv). A shorter 
tracking time indicates faster adaptation to the MPP. 

 Tracking error. This parameter evaluates how 
accurately the algorithm identifies the MPP. It is computed 
as the percentage difference between the duty cycle 
determined by the algorithm and the actual global duty cycle, 
which is obtained from the reference values (Table 3). 

 System efficiency. This evaluates the overall 
efficiency of the PV system by computing the ratio of the 
extracted power to the maximum available power under 
the given conditions. 

3.2. Simulation observations. The simulation results 
are illustrated in Fig. 10–13, which correspond to 4 scenarios, 
each highlighting the power (Ppv) and duty cycle achieved 
by the algorithms (IC, P&O, TTAO, and TTAO-IC). 
According to the simulation results presented in Table 4, 
the performance of the algorithms is evaluated under 
various scenarios: 

 Scenario 1. Both TTAO and TTAO-IC exhibit 
minimal tracking errors, significantly outperforming the IC 
and P&O methods, which display much higher error rates. 

 Scenarios 2 and 3. The IC and P&O techniques 
show considerable limitations, with tracking errors 
exceeding 30 %, emphasizing their reduced effectiveness 

in these conditions. In contrast, TTAO and TTAO-IC 
maintain notably lower error levels, with TTAO-IC 
achieving superior performance. 

 Scenario 4. The same trend is observed, where 
TTAO-IC consistently records the lowest tracking error, 
demonstrating its robustness and accuracy across varying 
conditions. 

The results highlight the superior performance of the 
hybrid TTAO-IC algorithm compared to other methods. 
This algorithm demonstrates rapid convergence to the 
GMPP with minimal tracking error, ensuring high 
efficiency in power extraction. Moreover, it eliminates 
persistent steady-state oscillations, making it a robust and 
reliable solution for MPPT under partial shading conditions. 
The comparative analysis confirms the hybrid TTAO-IC 
algorithm as the most effective solution for tracking the 
GMPP in PV systems, particularly under partial shading. By 
combining global optimization capabilities with precise 
local adjustments, it ensures rapid convergence, minimal 
error, and enhanced system efficiency. These findings 
underscore the critical importance of adopting advanced 
MPPT methods like TTAO-IC to maximize energy yield 
and optimize the overall performance of PV systems. The 
TTAO-IC method excels in maintaining minimal tracking 
errors across all scenarios, showcasing its superior precision 
in accurately determining the GMPP. 
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Fig. 10. Power Ppv and duty cycle D in scenario 1 
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Fig. 11. Power Ppv and duty cycle D in scenario 2 
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Fig. 12. Power Ppv and duty cycle D in scenario 3 
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Fig. 13. Power Ppv and duty cycle D in scenario 4 

 
Table 4 

Performance comparison of algorithms in various scenarios 

Algorithm Convergence time Duty cycle Tracking error, % Ppv, W Efficiency, % 
Scenario 1: G1 = G2 = 1000 W/m2, T1 = T2 = 25 C, Pmpp = 426.3 W, Dopt G = 0.71721435 
IC 648.689 0.7103 0.9641 426.130 99.96 
P&O 628.276 0.7108 0.8943 426.124 99.96 
TTAO 352.368 0.7101 0.9919 426.106 99.95 
TTAO-IC 397.775 0.7101 0 .7808 426.130 99.96 
Scenario 2: G1 = 1000 W/m2, G2 = 400 W/m2, T1 = T2 = 25 C, Pmpp G = 207.4 W, Dopt G = 0.80383836 
IC 768.902 0.5305 34.0041 189.453 91.35 
P&O 517.483 0.5308 33.9668 189.450 91.35 
TTAO 254.545 0.7925 1.4105 204.705 98.70 
TTAO-IC 265.734 0.7943 1.1866 206.400 99.75 
Scenario 3: G1 = 800 W/m2, G2 = 400 W/m2, T1 = T2 = 25 C, Pmpp G = 187.6 W, Dopt G = 0.55062217 
IC 567.832 0.7704 39.9145 167.000 89.02 
P&O 405.594 0.7699 39.8236 167.200 89.13 
TTAO 271.329 0.7714 40.0961 167.200 89.13 
TTAO-IC 442.281 0.5378 2.3287 187.600 100.00 
Scenario 4: G1 = 600 W/m2, G2 = 400 W/m2, T1 = T2 = 25 C, Pmpp G = 184.6 W, Dopt G = 0.55110705 
IC 623.776 0.7401 34.2933 125.800 68.15 
P&O 433.566 0.7400 34.2752 125.900 68.20 
TTAO 338.462 0.7391 34.1119 125.700 68.09 
TTAO-IC 443.477 0.5311 3.3631 184.500 99.95 

 
3.3. Statistical analysis. The tracking error of the 

duty cycle measures how accurately each algorithm 
identifies the GMPP. Figure 14 presents a comparison of 
the 4 algorithms’ performance across the 4 scenarios. 

 

D, % 

 
Fig. 14. Duty cycle tracking error 

 

The power extraction efficiency evaluates the 
capability of each algorithm to maximize the output 

power from the PV system. The results for the 4 
algorithms under the 4 scenarios are shown in Fig. 15. 
Scenario 1 – all algorithms demonstrate high efficiency 
(99 %) under uniform shading conditions. However, 
TTAO-IC consistently achieves slightly higher efficiency 
compared to the other methods. Scenario 2–4: under 
partial shading conditions, the performance of IC and 
P&O deteriorates significantly, with efficiency dropping 
below 70 %. Conversely, TTAO-IC sustains efficiencies 
close to 100 % with showing a slight edge. The TTAO-IC 
algorithm achieves near-perfect power extraction 
efficiency under all conditions, outperforming other 
methods, especially under partial shading scenarios. 

The findings presented in Table 5 highlight the 
exceptional performance of the TTAO-IC algorithm 
across several critical metrics. Simulation results were 
used to calculate the efficiency percentage for each 
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method, showing that the TTAO-IC algorithm delivers 
substantially higher efficiency compared to the techniques 
detailed in [11, 12, 29]. 

 

 P, % 

 
Fig. 15. Power extraction efficiency 

 

Furthermore, the TTAO-IC controller demonstrates 
a significantly faster response time than PSO, PPA, PSO-
OBL, ABC and SSA-GWO when subjected to static 
shading conditions, emphasizing its capability to quickly 
reach the GMPP. This enhanced efficiency reduces 
energy losses by ensuring precise and rapid tracking of 
the GMPP. These results highlight the exceptional 
effectiveness and superiority of the TTAO-IC algorithm 
in optimizing the MPPT process for PV systems. With its 
accelerated convergence rate and improved efficiency, the 
algorithm emerges as a highly effective solution for 
maximizing energy production while addressing shading 
challenges in PV applications. 

Table 5 
Comparative performance analysis of the proposed TTAO-IC 

algorithm and other MPPT techniques 

MPPT algorithm Efficiency, % 
Tracking 
time, s 

Particle Swarm Optimization 
(PSO) [29] 

99.71 0.46 

Plant Propagation Algorithm 
(PPA) [11] 

99.91 0.68 

PSO-Opposition Based Learning 
(OBL) [12] 

99.72 0.69 

Artificial Bee Colony (ABC) 
algorithm [29] 

99.54 0.47 

Salp Swarm Algorithm with Grey 
Wolf Optimizer (SSA-GWO [29]

99.84 0.43 

Proposed TTAO-IC 99.96 0.398 
 

Conclusions. This research has conducted an in-
depth exploration of various MPPT techniques, 
emphasizing their essential role in optimizing the 
efficiency of PV systems. By evaluating both individual 
and hybrid MPPT algorithms, we have provided valuable 
insights into their performance under different operational 
conditions. The study focused on key parameters such as 
response time, stability, performance under partial 
shading and accuracy, offering a holistic view of the 
effectiveness of these techniques. 

The study successfully achieves the goal through the 
development of the TTAO-IC algorithm, which combines 
the global optimization capabilities of TTAO with the 
precision of the IC method. Simulation results demonstrate 
that the TTAO-IC algorithm significantly enhances MPPT 
performance under partial shading conditions, achieving 
tracking efficiencies exceeding 99 % and outperforming 

traditional methods like P&O and IC, as well as other hybrid 
techniques such as PSO, GWO, PSO-OBL, PPA, and ABC. 

The algorithm addresses the limitations of 
conventional methods by delivering faster convergence to 
GMPP, reducing oscillations around the MPP, and 
maintaining high tracking efficiency even under non-
uniform shading conditions. In conclusion, the TTAO-IC 
algorithm stands out as a highly efficient and reliable 
solution for MPPT in PV systems, offering a balance 
between performance and high efficiency even under 
challenging conditions makes it a strong contender for 
large-scale solar energy applications. 

Future research should focus on further refining this 
hybrid approach and validating its performance in real-
world scenarios, aiming to enhance the global adoption of 
solar energy. For further studies, we suggest adjusting key 
parameters to optimize performance across various PV 
generator architectures, possibly using advanced 
optimization techniques. Specifically, we aim to 
implement the methodology in centralized, decentralized, 
and hybrid PV systems, as well as with different types of 
solar panels, including monocrystalline and 
polycrystalline varieties. Additionally, we plan to evaluate 
the algorithm under a range of conditions, such as varying 
irradiance levels and dynamic partial shading situations. 
By applying the methodology across these different 
system designs and environmental contexts, we seek to 
enhance our understanding of its performance and 
potential adaptations. 
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Optimization of combined active-passive electromagnetic shielding system for overhead power 
lines magnetic field normalization in residential building space 
 

Problem. Normalization of overhead power lines magnetic field level in residential building. Goal. Normalization of overhead power 
line magnetic field by optimization of combined electromagnetic shielding system, consisting of active and passive parts, in 
residential building space based on magnetic field three-dimensional model. Methodology. Optimization of combined 
electromagnetic shielding system for initial magnetic field three-dimensional model solved based on multi-criteria two-player 
antagonistic game solution. Game payoff vector calculated based on finite element calculations system COMSOL Multiphysics 
package. Game solution calculated based on particles multiswarm optimization algorithms. Results. The results of theoretical and 
experimental studies of combined electromagnetic passive and active shielding system for magnetic field three-dimensional model in 
residential building from two-circuit overhead power transmission line with wires «Barrel» type arrangement presented. Scientific 
novelty. For the first time the method for normalization of overhead power lines magnetic field in residential building space based on 
optimization of combined active-passive electromagnetic shielding system for magnetic field three-dimensional model developed. 
Practical value. Spatial location coordinates of shielding winding, currents and phases in shielding winding of robust active 
shielding system, geometric dimensions and thickness of electromagnetic passive shield calculated during optimization of combined 
electromagnetic shielding system for magnetic field three-dimensional model. References 49, figures 13. 
Key words: overhead power line, magnetic field, combined electromagnetic active and passive shielding system, computer 
simulation, experimental research. 
 

Проблема. Нормалізація рівня магнітного поля повітряних ліній електропередачі в житлових будинках. Мета. 
Нормалізація рівня магнітного поля повітряних ліній електропередачі шляхом оптимізації комбінованої електромагнітної 
екрануючої системи, що складається з активної та пасивної частин, у просторі житлових приміщень на основі 
тривимірної моделі магнітного поля. Методологія. Оптимізація комбінованої електромагнітної екрануючої системи 
тривимірної моделі вихідного магнітного поля розраховується на основі рішення багатокритеріальної антагоністичної гри 
двох гравців. Вектор виграшів гри розраховується на основі кінцево-елементної системи обчислень COMSOL Multiphysics. 
Рішення гри розраховується на основі алгоритмів оптимізації мультироїв частинок. Результати. Наведено результати 
теоретичних та експериментальних досліджень комбінованої електромагнітної системи пасивного та активного 
екранування тривимірної моделі магнітного поля в житловому будинку від дволанцюгової повітряної лінії електропередач 
із розташуванням проводів типу «бочка». Наукова новизна. Вперше розроблено метод нормалізації магнітного поля 
повітряних ліній електропередачі в житловому приміщенні на основі оптимізації комбінованої активно-пасивної системи 
електромагнітного екранування тривимірної моделі магнітного поля. Практична значимість. Координати розташування 
екрануючих обмоток, струм і фаза в екрануючих обмотках робастної системи активного екранування, та геометричні 
розміри і товщина електромагнітного пасивного екрану розраховуються при оптимізації комбінованих електромагнітних 
екрануючих систем тривимірної моделі магнітного поля. Бібл. 49, рис. 13. 
Ключові слова: повітряна лінія електропередачі, магнітне поле, комбінована електромагнітна активна та пасивна 
система екранування, комп’ютерне моделювання, експериментальні дослідження. 
 

Introduction. Many residential buildings in Ukraine 
are located in close proximity to overhead power lines. 
Induction level in such houses is many times higher than 
modern standards for industrial frequency magnetic 
induction level for safe living [1–3]. 

Most often, single-circuit power lines with a 
triangular arrangement of wires located near single-story 
old buildings. Double-circuit power lines with a «Barrel» 
type of wire arrangement also often located near single-
story and multi-story residential buildings of old 
construction, as shown in Fig. 1. 

 
Fig. 1. A multi-storeys residential building located near a 

double-circuit power line 

One of most economically justified approaches to 
further operation of high-grade residential buildings 
without eviction of population or replacement of existing 
overhead power lines with underground cable power lines 
used of original magnetic field modeling and shielding to 
safe level for habitation [4–7]. 

To implement necessary shielding factor of initial 
magnetic field, it is necessary to use active shielding [8–18]. 
To increase the effectiveness of shielding, especially in 
long-distance residential buildings, it is advisable to use 
combined shielding of the initial magnetic field, including 
active and passive shielding [19]. 

The diagram of such combined electromagnetic 
active-passive shielding system shown in Fig. 2. 

The active shielding system contains shielding 
windings, amplifier, control system and a magnetic field 
sensor installed inside the shielding space. An external 
power source used to power the active shielding system. 

This magnetic field sensor, which installed inside 
the shielding space, measured resulting magnetic field 
generated by power line and combined electromagnetic 
active-passive shielding system inside shielding space. 

The source of energy for passive shielding system is 
the external electromagnetic field acting on the passive 
electromagnetic shield. This external magnetic field for 
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the passive shield generated by power transmission line 
wires and compensation windings of electromagnetic 
active shielding system. Under the influence of this 
primary magnetic field, currents induced in the passive 
electromagnetic shield, which create a secondary 
magnetic field. This secondary magnetic field directed 
opposite to the original primary field. 

 

 
Fig. 2. Combined electromagnetic active-passive shielding 

system diagram 
 

The resulting magnetic field, which is equal to the 
sum of the primary magnetic field generated by power 
transmission line wires and compensation windings, and 
the secondary magnetic field generated by the passive 
screen, will be less than the initial magnetic field. Due to 
this reduction in the resulting magnetic field, the shielding 
effect of the combined active-passive electromagnetic 
shielding system achieved. 

Note that since the active and passive shielding 
systems influence each other, when optimizing the 
combined active-passive electromagnetic shielding 
system, it is necessary simultaneously optimize both the 
parameters of the active and the parameters of the passive 
electromagnetic system to achieve the minimum resulting 
magnetic field in the shielding space. 

Often, to increase the efficiency of shielding the 
original magnetic field using such hybrid electromagnetic 
active-passive shielding system, the active shielding 
system designed as a system with two degrees of freedom. 
In this case, two closed and open control loops used 
simultaneously. To implement open-loop control, another 
magnetic field sensor used to measure the initial magnetic 
field, which installed outside the shielding space. This 
magnetic field sensor usually installed away from the 
shielding space but close to power transmission line wires 
in order to reduce the influence of compensation winding 
currents of active shielding system. 

When designing electromagnetic shielding systems, 
two geometric problems of magnetostatic’s solved [12, 13]. 
First, a geometric forward problem of magnetostatics 
solved when, for given values and geometric arrangement 
of sources of industrial frequency magnetic field, the 
magnetic field induction calculated at given points of the 
shielding space. This geometric forward problem 
calculated effect from magnetic field source of a given 
power and located in a given «geometric» position at 
points in the shielding space. 

The geometric inverse problem of magnetostatics 
calculate the power and «geometric» position of industrial 
frequency magnetic field sources that generate a given 
magnetic field at given points in the shielding space. Thus, 
in the course of solving a geometric inverse problem, it is 
necessary to calculate not the result, but the cause that leads 
to a given result. Naturally, a geometric inverse problem is 
an uncorrected problem and can have many solutions. As a 
rule, solving a geometric inverse problem reduced to 
solving an optimization problem [20–23]. 

The work [19] considered issues of synthesis of 
systems for combined magnetic field shielding in a two-
dimensional formulation. In this case, shielding is 
assumed in the central section of residential buildings. 

However, when magnetic field shielding in 
residential buildings, it is necessary to reduce magnetic 
field induction level to a safe level in apartments located 
at edges of house. 

Most studies carried out based on two-dimensional 
magnetic field model, which does not allow studying 
effectiveness decrease of original field shielding in 
residential building edges [8–18]. This determines the 
formulation and solution of problem of design of 
combined electromagnetic active-passive shielding 
system in three-dimensional formulation. 

The goal of the work is normalization of overhead 
power line magnetic field by optimization of combined 
electromagnetic shielding system, consisting of active and 
passive parts, in residential building space based on 
magnetic field three-dimensional model. 

Definition of geometric forward magnetostatic 
problem for overhead power lines and compensating 
winding magnetic field. Geometric forward 
magnetostatic problem calculates the consequence – the 
magnetic field at a given point in space, generated by a 
given source of magnetic field located at a given 
«geometric» point in space. This problem is solved on 
basis of Maxwell’s law is a mathematically correct 
problem and calculated exactly. 

Geometric forward magnetostatic problem for 
overhead power lines and compensating winding magnetic 
field is to calculate magnetic field at any point in space for 
given magnetic field sources. Mathematical modeling of 
magnetic field reduced to boundary value problem solution 
for electromagnetic field with a known distribution of its 
sources in the volume or on the surface of the given area 
[4–6]. To correctly solve this problem, it is necessary, first 
of all, to choose a physical model of this process, which 
covers its main aspects. Physical model should be one of 
Maxwell equations full system simplifications. Maxwell 
equations describing electromagnetic fields in media with 
continuous or piecewise-continuously changing properties 
are the basis for analytical and numerical modeling of any 
electromagnetic processes, both in vacuum and in material 
media [7]. 

To simplify high-voltage power transmission lines 
magnetic field mathematical mode, the phase’s wires taken 
in infinite long form and thin straight conductors, which 
allows two-dimensional magnetic field model used which 
contains two spatial components along axes and does not 
depend on coordinate along which power line wires 
conductors located. However, in this task, controlled 
windings vertical sections of active shielding system create 
significant projections of magnetic field intensity vector, 
which constitute, along coordinate , which determines 
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three-dimensional magnetic field model used. Such model, 
in addition, also allows take into account magnetic field 
intensity vector component along coordinate, created by 
power lines due to their sagging between supports. 

When calculating current magnetic field quasi-static 
approximation of Maxwell equations system [4–7] is 
equivalent to Biot-Savart’s law, which can written in form [4]: 

    
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0 d
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where B(P) – magnetic field induction at observation 
point P; dl – circuit element with current Im; R – vector 
directed from contour element dl to observation point P. 

Definition of forward quasi-static magnetic field 
active shielding system design problem. Let us consider 
definition of forward quasi-static magnetic field active 
shielding system design problem. Forward magnetic field 
active shielding system design problem calculated 
magnetic field induction generated by the compensation 
windings in shielding space given point for given 
compensation windings spatial location coordinates of 
active shielding system. 

First, consider geometric direct problem solution for 
power lines – mathematical model design of initial 
magnetic field generated by power transmission line. 
Power lines wires position initially known. Power lines 
wires instantaneous values currents set in dependences 
sinusoidal form. We set amplitudes Ai and phases φl of 
industrial frequency currents of power line wires. Let’s set 
power transmission lines wire currents in complex form 
    iii tjAtI   exp . (2) 

Then, based on relation (1), initial magnetic field 
induction B0(Pi,I0(t),t) at point P created by power 
transmission lines currents calculated in following form 

      
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Power line currents vector I0(t) introduced 
components of which are power line wires currents  

    tIt l0I . 

Note that when transmission line resulting magnetic 
field calculating according to (1) for 3D modeling, it is 
necessary to take into account the real sagging of 
transmission line wires, and elementary sections number 
of transmission line conductors at ends of considered 
sections of transmission lines must be determined from 
required accuracy of resulting magnetic field induction 
calculation, which generated by all power lines at given 
point in shielding space. 

Let us now consider forward problem solution for 
calculating magnetic field generated by compensation 
windings at shielding space points. Let us set 
compensating windings location coordinates of active 
shielding system in form of initial geometric values vector 
of compensating windings dimensions of active 
protection, as well as amplitude Ai and phase φl of 
compensating windings currents [12–14]. Let’s set 
compensating windings currents in complex form 
    wiaiai tjAtI   exp . (4) 

Then, based on (1) similar to (3) magnetic field 
induction at point Pi created by windings currents at time 
moment t calculated in the following form 

      
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here currents vector Iy(t) in compensating windings 
introduced with windings currents components 

    tIt уmу I . 

Note that when calculating resulting magnetic field 
generated by all compensating windings wires, according 
to formula (5), for 3D modeling, it is necessary to take 
into account not only real dimensions of horizontal parts 
of compensating windings, but also real length of 
compensating windings, since it is near ends of horizontal 
sections of compensating windings that greatest change in 
magnetic field induction level generated by compensating 
windings is observed. 

Naturally, that in 3D modeling in (5) it is necessary 
to take into account vertical parts of compensating 
windings, since it is these vertical parts that generate main 
part of the of the magnetic field induction level. 

Then, based on superposition principle, the resulting 
magnetic field induction vector B(Pi,I0(t),Iy(t),t) at the point 
Pi, created by power line wires currents (1) and controlling 
windings currents (5), is equal to vectors sum [4] 

          ttPttPtttP уiiуi ,,,,,,, 000 IBIBIIB у  . (6) 

Definition of forward dynamic problem of 
magnetic field active shielding system design. The 
calculation of the magnetic field generated by the 
transmission line wires and compensation windings 
calculated based on the Biot-Savart’s law [4–7]. In this 
case, the magnetic field induction is a static dependence 
(1) on the current of the transmission line wires or 
compensation windings. Thus, the magnetic field is 
practically «instantaneously» generated by currents and 
the speed of propagation of the electromagnetic field of 
industrial frequency is neglected. 

However, the active shielding system is a dynamic 
system, the processes in which are commensurate with the 
industrial frequency. Moreover, the design of the active 
shielding system performed taking into account the 
dynamic characteristics of its elements - the presence of 
inductances of compensating windings, the presence of 
time delay of magnetic field sensors and other. In the active 
shielding system with two degrees of freedom, open-loop 
control by disturbance and closed-loop control by deviation 
with the help of feedback used simultaneously. 

The forward problem of dynamic magnetic field 
active shielding system is the calculation of the dynamic 
characteristics of the active shielding system with two 
degrees of freedom for the given values of the parameters 
of the open-loop and closed-loop control regulators and for 
the given values of the parameters of the disturbing effects 
and interference measurements of the sensors of the initial 
and resulting magnetic field, with the help of which the 
open-loop and closed-loop control is implemented. This 
forward dynamics problem of an active shielding system is 
a correct mathematical problem and solved «exactly», for 
example, by direct modeling of processes in such a 
dynamic system with two degrees of freedom. 

The inverse dynamics problem of an active shielding 
system consists in calculating the values of the parameters 
of the open-loop and closed-loop control regulators for 
the given values of the parameters of the disturbing 
effects and the interference of the measurements of 



30 Electrical Engineering & Electromechanics, 2025, no. 5 

magnetic field sensors of initial and resulting magnetic 
field for implementation of specified dynamic 
characteristics in designed system. The solution of the 
inverse problem of the dynamics of an active shielding 
system reduced to an optimization problem. 

In this case, the open and closed control channel 
regulators synthesized from the condition of minimizing 
the error of compensation of the initial magnetic field, 
caused by the disturbing effect in the form of induction of 
the initial magnetic field. In this case, with the help of 
these same open and closed control regulators, the noise 
of the magnetic field sensors measuring the initial 
magnetic field and the resulting magnetic field in the 
shielding space filtered. 

The inverse dynamics problem of active shielding 
system is an uncorrected mathematical problem, and its 
solution is also found approximately by numerical 
methods. One of the possible approaches to solving the 
inverse problem of dynamics for active shielding system 
with two degrees of freedom control used of robust optimal 
control based on four Riccati equations solutions [24–26]. 
To implement such robust optimal control, robust optimal 
Kalman’s filters used, which also synthesized based on four 
Riccati equations solutions [26–28]. 

Such a robust optimal solution to the inverse dynamics 
problem for active shielding system with two degrees of 
freedom control allows obtained the highest accuracy of the 
active shielding system; however, the implementation of 
such a system presents certain difficulties. Therefore, the 
overwhelming majority of industrial control systems built 
on the principle of subordinate regulation and implemented 
using standard PID controllers. 

Let us accept the structure of the active shielding 
system as two-loop subordinate control system. The 
internal loop of such a system is the current control loop 
of the compensation winding. With the help of the PI 
controller of the current loop, the «large» time constant of 
the current loop, caused by the inductance of the 
compensation winding, compensated. The external loop 
of this two-loop subordinate control system is the loop for 
regulating the induction of the resulting magnetic field. 

A delay link used to form open-loop control for 
active shielding system with two degrees of freedom 
control over the initial magnetic field. The magnitude of 
the gain and delay coefficients experimentally adjusted 
during the system setup from the condition of minimizing 
the space-time characteristic of the resulting magnetic 
field in the shielding space. 

Let us consider definition of forward magnetic field 
active shielding dynamic system design problem. Forward 
dynamic magnetic field active shielding system design 
problem calculated magnetic field induction generated by 
the compensation windings in shielding space given point 
not for given compensation windings spatial location 
coordinates but and for given structure and parameters of 
active shielding system regulators as closed loop and open 
loop dynamic system [20–23]. This dynamic active 
shielding system is two degrees of freedom dynamic 
system. This dynamic system combines both open loop and 
closed-loop control. However, in contrast to classical 
synthesis of robust control system with two degrees of 
freedom, in the developed method, the synthesis of open-
loop coarse control performed based on quasi-static model 
of magnetic field. Synthesis of closed-loop refinement 
control carried out based on closed system dynamics 

equations, taking into account plant models and measuring 
equations devices, disturbances and measurement noise. 

First, consider the possible structures of dynamic 
magnetic field active shielding system design problem. If 
it is possible to measure the of the power line wires 
current of three-phase power lines or directly measure 
magnetic field induction near power line wires , then can 
design open loop system of dynamic magnetic field active 
shielding system as follows. 

Initial magnetic field model in considered space can 
be taken in form of magnetic field generated by three, six, 
and etc. conductors of three-phase current of industrial 
frequency, located in known position relative to considered 
space, in which it is necessary shielded magnetic field. 

To design open loop control circuit of magnetic field 
active shielding system sufficient measured current wires 
current line one phase and used some reference voltage  
    uuu tAtu   sin . (7) 

Based on measured wires current line as reference 
voltage, we will form open loop control by compensation 
windings current at following form 
     uIiii ftAtu  sin , (8) 
where Ai – the sought amplitudes and φi – control phases 
in the i-th compensation windings current with respect to 
the measured current in the phase of the current line or 
reference voltage; fui – equivalent noise of current or 
reference voltage measurement. 

It is advisable to supplement such open loop control 
circuit with feedback control circuit, so that the active 
shielding system becomes two degrees of freedom 
dynamic system one based on control principle. 

To design closed loop control by active shielding 
system, it is necessary to have magnetic field induction 
measuring devices – magnetometers installed at certain 
points in space to measure resulting magnetic field 
induction created by both power line wires current and 
compensation windings current of active shielding system. 
Let’s form a vector y(t) of measured components of 
resulting magnetic field induction vector at some points Pj 
         ttPttPt уjj ,,,, 00 IBIBν у  (9) 

at time moment t at magnetometers installation points Pj 
in following form 
 )()()( ttt wvy  , (10) 
where w(t) – magnetometer noise vector. 

Note that when using combined shielding resulting 
magnetic field, simultaneously generated by power line 
wires, compensation windings wires of active shielding 
system and passive shield, measured by magnetometer 
installed in shielding space point [19]. 

Let’s take structure of closed loop control by active 
shielding system of magnetic field in following form: we 
will apply corresponding magnetometer output voltage to 
each channel PID controller input. 

Let’s write down state differential equation of 
discrete PID regulators, the input of which is vector y(t) 
of measured magnetic field induction components, and 
output is closed-loop control vector u3(t) of compensation 
windings wires in the following form 
 )()()1( tBtAt pppp yxx  ; (11) 

 )()()(3 tDtCt ppp yxu  , (12) 

in which elements of matrices Ap, Bp, Cp, Dp calculated by 
PID regulators parameters. 



Electrical Engineering & Electromechanics, 2025, no. 5 31 

Then design of two degrees of freedom dynamic 
system of active shielding of magnetic field, which 
includes open and closed control loops reduced to 
calculated regulators parameters vector, components of 
which are sought elements of matrices Ap, Bp, Cp, Dp, 
determined by closed control channels PID regulators gain 
coefficients, as well as vector of sought amplitudes A ={Ai} 
and phases φ={φi} of compensation windings wires 
currents, components of which are amplitudes Ai and 
currents φi of components of compensation windings 
wires currents open loop control regulators [24–26]. 

Definition of geometric forward magnetostatic 
problem for passive electromagnetic shielding magnetic 
field. Let us now consider geometric forward problem of 
magnetostatics for a continuous electromagnetic passive 
shield. The geometric forward problem for a passive 
electromagnetic shield also calculates the consequence – the 
magnetic field at a given point in space, generated by a given 
source of magnetic field in form of passive shield, located at 
a given «geometric» point in space. This problem is also 
solved on basis of Maxwell’s law and is mathematically 
correct problem and calculated exactly [4–7]. 

The principle of operation of a passive electromagnetic 
shield based on action of the initial primary magnetic field, 
as a result of which conduction currents induced in the 
passive screen. These currents create a secondary magnetic 
field, which, according to Faraday’s law, directed opposite 
to the initial magnetic field. The resulting magnetic field, 
equal to the sum of the primary and secondary fields, is 
weaker than the primary field in the protected area, due to 
which the initial magnetic field shielded. 

The general approach to solving magnetic field 
shielding problems using a passive electromagnetic shield 
also comes down to integrating Maxwell’s equations in all 
areas: both inside the shield volume and in the external 
environment. When considering the problems of shielding 
industrial frequency magnetic field, Maxwell’s equations 
solved in a quasi-stationary approximation. In the numerical 
solution, the space divided into simply connected dielectric 
regions, the boundaries of which are conducting shells. The 
finite element method has received the greatest distribution 
for numerical study of electromagnetic field. 

The numerical procedure reduced to compiling and 
solving a system of linear equations. The computational 
domain divided into a set of polygons, which in the 
simplest case have triangular cells. The geometric inverse 
problem of magnetostatics for electromagnetic passive 
shield calculated not only «geometric» position of passive 
screen, but also the thickness and conductivity 
characteristics of the passive screen. Naturally, geometric 
inverse problem of magnetostatics for electromagnetic 
passive shield is an uncorrected problem and can have 
many solutions. As a rule, the solution of this geometric 
inverse problem also comes down to solving an 
optimization problem and solved approximately. 

Definition of geometric inverse magnetostatic 
problem for magnetic field combined electromagnetic 
silence design. Geometric inverse magnetostatic problem 
calculates the cause – the magnitude of source of initial 
magnetic field and coordinates of «geometric» location of 
this source at a given «geometric» point in space in such a 
way as to realize the effect – a given magnetic field at a 
given point in space. Naturally, this problem is a 
mathematically uncorrected problem and can have many 
solutions. The same given magnetic field at a given point 

in space can be realized using different sources of the 
initial magnetic field and these sources can be located at 
different «geometric» points in space. This problem is 
always solved approximately, as a rule, based on the 
solution of the optimization problem. 

In fact, geometric inverse problem is the problem of 
approximating a given distribution of a magnetic field 
using a finite number of sought sources of a magnetic field, 
so that the approximation problem is parameterized in the 
form of power values and coordinates of the «geometric» 
location of the sought sources of a magnetic field. 

Geometric inverse magnetostatics problem for 
combined electromagnetic shielding system design 
problem calculated spatial location and parameters of 
magnetic field sources to generate compensating magnetic 
field directed opposite to original magnetic field [20–22]. 
Initial magnetic field generated by power line wires and 
the compensating magnetic field simultaneously 
generated by compensating windings of active shielding 
system and continuous passive shield. 

Consider geometrical inverse problem of 
magnetostatics for task of designing a combined 
electromagnetic screen, which consists in calculating the 
spatial location and parameters of magnetic field sources 
to generate a compensating magnetic field directed 
opposite to initial magnetic field [27–32]. At the same 
time, initial magnetic field generated by power line wires, 
and compensating magnetic field simultaneously 
generated by compensating windings of active shielding 
system and solid passive shield. 

Consider desired parameters vector X for design of 
combined shielding system, components of which are 
geometric dimensions values vector Xa of compensating 
windings, as well as currents Aωi and phases φωi in 
compensating windings: as well as geometric dimensions 
vector Xp, thickness and material of passive shield [33–35]. 
In addition, we also include in desired parameters vector 
X sought elements of matrices Ap, Bp, Cp, Dp, determined 
by closed control channels PID regulators gain 
coefficients [36, 37]. 

Then, for given initial values of sought parameters 
vector X and uncertainty parameters vector δ of combined 
shielding system designing task resulting magnetic field 
induction effective value BR(X,δ,Pi) at shielding space 
point Qi calculated, based on finite element calculation 
system of COMSOL Multiphysics [38–41]. Then 
combined shielding system designing task reduced to 
vector game solution calculating 
 ),,(),( iPRR δXBδXB  . (13) 

Game payoff vector components BR(X,δ,Pi) are 
effective values of resulting magnetic field induction at all 
given points Pi of shielding space. In this vector game, it 
is necessary to calculated payoff vector game minimum 
along vector X, but same payoff vector game maximum 
along the vector δ [42–44]. 

At the same time, it is necessary to take into account 
restrictions on desired parameters vector X of combined 
shielding system in form of vector inequality and, 
possibly, vector equality. 
   maxGXG  ,   0XH . (14) 

Solving problem algorithm. Components of the 
vector game (13) and vector constraints (14) are nonlinear 
functions of required parameters vector X and calculated 
based on finite element system of COMSOL Multiphysics. 
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Consider method of solving formulated problem. 
Local minimum task calculation at one point of 
considered space is, as a rule, multi-extreme, containing 
local minima and maxima, therefore, it is advisable to use 
stochastic multi-agent optimization algorithms for its 
solution. Consider calculation algorithm for Pareto-
optimal solutions set of multi-criteria nonlinear 
programming problems based on stochastic multi-agent 
optimization [45]. Particle swarm optimization algorithms 
– PSO algorithms have been developed based on 
collective intelligence idea of particle swarm, such as 
gbest PSO and lbest PSO algorithms. 

Stochastic multi-agent optimization methods 
application for multi-criteria problems solving causes 
certain difficulties and this direction continues to develop 
intensively. To solve original multi-criteria problem of 
nonlinear programming with constraints stochastic multi-
agent optimization algorithm design based on particle 
swarms set, which number is equal to vector optimization 
criterion components number [46]. 

To increase global solution calculation speed 
stochastic multi-agent optimization nonlinear algorithms 
used, in which particle i swarm j movement described by 
following expressions [47] 

 

        
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    ;
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 (15) 

      11  tvtxtx ijijij , (16) 

where position xij(t) and speed νij(t) of particle i swarm j. 
To global solution calculation of initial multi-criteria 

problem, individual swarms exchanged information 
among themselves during local criteria optimal solutions 
calculation [48]. Information about global optimum 
calculated by another swarm particles used to particles 
movement speed calculated of one swarm, which allows 
all potential Pareto-optimal solutions identified. 

At each step t particle i swarm j movement of local 
solutions advantages functions calculated by all swarms 

used. Solution  tj
*X  calculated during objective function 

B(X(t),Pj) optimization by swarm j is better in relation to 

solution  tk
*X  calculated during objective function 

B(X(t),Pk) optimization by swarm k, i.e.    tt kj
** XX  , 

if condition fulfilled 

      tPtP ki
mi

ji
mi

*

,1

*

,1
,max,max XBXB


 . (17) 

Global solution  tk
*X  calculated by swarm k used 

as global optimal solution  tj
*X  for swarm k, which is 

better in relation to global solution  tk
*X  by swarm k 

based on preference relationship (17). 
Simulation results. Let us consider the results of 

calculations of resulting magnetic field in the designed 
combined electromagnetic combined shielding system 
during 3D modeling. The initial magnetic field generated 
by «Barrel» type double-circuit power line with wires 
currents I = 26.79 A. As result of designing combined 
electromagnetic shield for this power line, coordinates of 
two compensation windings location of active shielding 

system, as well as currents magnitudes and phases in 
these windings, were calculated. Figure 3 shows diagram 
of power line wires arrangement, residential building and 
two compensation windings. 
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Fig. 3. Layout of power lines, residential buildings 

and two compensation windings 
 

First, let’s look results of 3D modeling of resulting 
magnetic field when combined shield operates without 
side plates. Figure 4 shows distribution of resulting 
magnetic field induction along passive screen length for 
various coordinates along passive shield height. 
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Fig. 4. Resulting magnetic field induction distribution 

along passive shield length 
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As follows from Fig. 4,a initial magnetic field is most 
effectively shield at 0.3 m height and a width of 0.35 m at 
center of passive shield length so that resulting magnetic 
field induction is 0.4 μT. At the same time, along edges of 
passive screen length, induction level of resulting magnetic 
field further increases by 4.6 times and amounts to 1.85 μT. 

When approaching passive shield width to 0.03 m 
distance resulting magnetic induction level field increases 
by 2.8 times and amounts to 1.12 μT. This occurs due to 
an increase resulting magnetic field induction level near 
passive screen. At the same time, along edges of passive 
shield length resulting magnetic field induction level 
further increases by 1.7 times and amounts to 2 μT. 

When moving away from passive shield by 0.99 m 
distance in width resulting magnetic field induction level 
also increases by 3.75 times and amounts to 1.5 μT. 
However, at passive shield length edges resulting 
magnetic field induction level decreases by 1.57 times 
and amounts to 0.92 μT. 

As follows from Fig. 4,c highest value of resulting 
magnetic field induction level of 4.8 μT observed near 
passive shield at 0.03 m distance and at 1.17 m height. 
Firstly, at this height highest value of initial magnetic field 
induction is 2.55 μT, and, secondly, near passive screen 
there is an increase in initial magnetic field induction level 
by 1.88 times. 

However, at passive screen length edges resulting 
magnetic field induction level decreases by 1.41 times 
and amounts to 3.4 μT. 

Let us now consider calculations results of magnetic 
field generated by a double-circuit power line of the 
«Barrel» type with wires currents I = 26.79 A for 
combined screen in which of the passive screen side 
surfaces are covered with aluminum sheets. 

Figure 5 shows resulting magnetic field induction 
distribution along the length of passive screen with side 
plates for various coordinates along height and width of 
passive screen. 

Comparison resulting magnetic field induction 
distributions with side surfaces combined shield (Fig. 5) and 
without side surfaces (Fig. 4) shown that resulting magnetic 
field induction levels in central subsection of passive shield 
for these combined shield are almost the same. 

However, at passive shield length edges when using 
side plates induction level is slightly lower. So, for 
example, for section at 0.3 m height and 0.35 m width at 
passive shield length center, where initial magnetic field is 
screened most effectively so that of the resulting magnetic 
field induction is 0.4 μT for both combination shield types. 

Moreover, for combined shield without side surfaces 
along passive shield length edges resulting magnetic field 
induction level increases by 4.6 times and amounts to 
1.85 μT, and when using side surfaces resulting magnetic 
field induction level increases only by 3.87 times and 
amounts to 1.55 µT. 

Combined shield experimental setup. To conduct 
experimental studies experimental setup of combined 
shielding system under consideration developed. All 
experimental studies carried out on the magnetodynamic 
measuring stand at the Anatolii Pidhornyi Institute of 
Power Machines and Systems of the National Academy of 
Sciences of Ukraine [49]. 
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Fig. 5. Resulting magnetic field induction distribution along 

passive shield length with side plates 
 

The experimental setup contains setup of double-
circuit power line with six wires «Barrel» arrangement, two 
compensation windings of active shielding system and 
electromagnetic passive shield made of solid aluminum. 

To conduct experimental studies of a combined 
shielding system, in which the side surfaces of the passive 
shield are open experimental setup was developed (Fig. 6). 

 

 
Fig. 6. Passive shield without side plates 
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Two magnetic field sensors installed inside passive 
screen to implement two closed-loop control loops for 
two compensation windings of active shielding system 
with feedback on resulting magnetic field. 

During process of adjusting control loops axes of 
these sensors set in such a way as to measure magnetic 
field induction maximum value generated by 
compensation winding of corresponding compensating 
channel. This installation of magnetic field sensors axes 
makes it possible to minimize the influence of channels 
on each other when they work together. 

Two more magnetic field sensors are also installed 
inside passive shield, axes of which directed parallel to 
coordinate axes. These two sensors used in system for 
measuring space-time characteristics of resulting 
magnetic field. This measuring system used to adjust 
control loops of active shielding system of combined 
magnetic field shielding. 

To power compensation windings power amplifiers 
used (Fig. 7). 

In Fig. 8 shown combined shielding control system. 
To measure resulting magnetic field inside shielding space 
three-coordinate magnetometer type «TES 1394S triaxial 
ELF magnetic field meter» used with shown in Fig. 9. 

This magnetometer measures three components of 
magnetic field induction vector using three orthogonal 
measuring coils (Fig. 10). Axes of these three measuring 
coils are orthogonal to each other and form an orthogonal 
coordinate system for measuring magnetic field. 

 

 
Fig. 7. Power amplifiers for powering compensation windings 

 

 
Fig. 8. Combination screen control system 

 

To conduct experimental studies of combined shield, 
in which the side surfaces of the passive shield are 
covered with aluminum sheets experimental setup was 
developed (Fig. 11). 

 
Fig. 9. Three-coordinate 

magnetometer for measuring 
resulting magnetic field 

Fig. 10. Measuring coils of 
triaxial magnetometer 

 
 
 

 
Fig. 11. Experimental installation of passive shield with side plates 

 
Experimental studies results. Let us now consider 

experimental studies of resulting magnetic field 
distributions with combined electromagnetic shield 
consisting of two compensation windings of active shield 
and electromagnetic continuous passive shield. 

First, let us consider experimental studies results of 
resulting magnetic field when operating combined shield 
without side plates. Figure 12 shows experimentally 
measured distributions of magnetic field induction along 
passive shield length for various coordinates along height 
and width of passive shield. 

By analogy with calculations results of resulting 
magnetic field induction shown in Fig. 4,a, as follows from 
Fig. 10,a initial magnetic field is most effectively shield at 
0.3 m height and 0.35 m width at passive shield length 
center so that resulting magnetic field induction is 0.27 μT. 

At the same time, along passive shield length edges 
resulting magnetic field induction level increases by 
2.59 times and amounts to 0.7 μT. 

When passive shield width approaching to 0.03 m 
distance resulting magnetic field induction level increases 
by 1.22 times and amounts to 0.33 μT. This occurs due to 
an increase in resulting magnetic field induction level 
near passive shield. 

At the same time, along passive shield length edges 
resulting magnetic field induction level further increases by 
2.12 times and amounts to 0.7 μT. When moving away 
from passive shield by 0.99 m distance in width resulting 
magnetic field induction level also increases by 2.59 times 
and amounts to 0.7 µT. However, at passive shield length 
resulting magnetic field induction level decreases edges by 
1.57 times and amounts to 0.455 μT. 
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Fig. 12. Experimentally measured distributions of magnetic field 

induction of passive shield without side plates 
 

As follows from Fig. 12,c resulting magnetic field 
induction level highest value of 0.88 μT observed near 
passive shield at 0.03 m distance and at 1.17 m height. 
Firstly, at this height initial magnetic field induction level 
is highest and, secondly, near passive shield initial 
magnetic field induction level increase observed. 

However, at passive screen length edges resulting 
magnetic field induction level increases by 1.05 times and 
amounts to 0.93 μT. 

Thus, magnetic field induction distribution change 
nature experimentally measured on combined shielding 
system installation corresponds to calculated values of 
resulting magnetic field induction distribution during 
operation of combined shield. 

Let us now consider experimental measurements 
results of magnetic field induction on experimental 
installation of combined shield, in which passive shield 
side surfaces covered by aluminum sheets. Figure 13 
shows experimentally measured distribution of resulting 
magnetic field induction level on experimental installation 
of combined shield, in which passive shield side surfaces 
covered by aluminum sheets. 
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Fig. 13. Experimentally measured distributions of magnetic field 

induction along passive shield length with side plates 
 

Comparison of experimentally measured distributions 
of resulting magnetic field induction with combined shield 
without side surfaces (Fig. 12) and with the side surfaces 
(Fig. 13) shows that resulting magnetic field induction 
levels in passive shield central section for these combined 
shield are almost the same. 

However, at passive shield length edges when using 
side plates induction level is slightly lower. So, for 
example, for 0.3 m height section and for 0.35 m width at 
passive shield length center, where initial magnetic field 
is screened most effectively so that the experimentally 
measured resulting magnetic field induction is 0.27 μT for 
combination shield both types. 

Moreover, for a combined shield without side 
surfaces along of passive shield length edges, resulting 
magnetic field induction level increases by 2.59 times and 
amounts to 0.7 μT, and when using side surfaces resulting 
magnetic field induction level increases only by 2.4 times 
and amounts to 0.65 µT. 

Conclusions. 
1. For the first time the method for normalization of 

overhead power lines magnetic field in residential 
building space based on optimization of combined active-
passive electromagnetic shielding system for magnetic 
field three-dimensional model developed. 
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2. Optimization of combined electromagnetic shielding 
system for initial magnetic field three-dimensional model 
solved based on multi-criteria two-player antagonistic 
game solution. Game payoff vector calculated based on 
finite element calculations system COMSOL 
Multiphysics package. Game solution calculated based on 
particles multiswarm optimization algorithms. 

3. During optimization of combined electromagnetic 
shielding system for magnetic field three-dimensional 
model Spatial location coordinates of shielding winding, 
currents and phases in shielding winding of robust active 
shielding system, geometric dimensions and thickness of 
electromagnetic passive shield calculated. 

4. The results of theoretical and experimental studies of 
normalization for overhead power lines magnetic field by 
combined electromagnetic passive and active shielding 
system for magnetic field three-dimensional model in 
residential building from two-circuit overhead power 
transmission line with wires «Barrel» type arrangement 
presented. In the future, it is necessary to implement such 
combined electromagnetic passive and active shielding 
systems to normalize the field in real residential building. 
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Improve of the direct torque control strategy applied to a multi-phase interior permanent 
magnet synchronous motor using a super twisting sliding mode algorithm 
 

Introduction. Conventional direct torque control (DTC) is a superior control strategy for managing the torque of a five-phase interior 
permanent magnet synchronous motor (FP-IPMSM). Nevertheless, the DTC’s switching frequency results in large flux and torque 
ripples, which produce acoustic noise and impair control performance. On the other hand, the DTC scheme’s performance when using 
conventional PI controllers results in high flux and torque ripples, which decreases the system’s robustness. Goal. This work aims to use 
a modern variable structure control of the DTC scheme based on a super twisting algorithm in order to ensure efficient control of 
multiphase machine, reduce flux and torque ripples, minimize tracking error, and increase robustness against possible disturbances. 
Scientific novelty. We propose to use super-twisting sliding mode control (STSMC) methods of the DTC based on the space vector 
modulation (SVM) algorithm of the multiphase motor. Methodology. In order to achieve a decoupled control with higher performance 
and to ensure stability while handling parameter changes and external disturbances, a STSMC algorithm on the DTC technique 
incorporating the SVM algorithm was implemented in place of the switch table and PI controller. Results. The suggested STSMC-DTC 
based SVM approach outperforms the conventional DTC methods in achieving the finest performance in controlling the FP-IPMSM 
drive. Practical value. The merits of the proposed DTC technique of FP-IPMSM are demonstrated through various tests. The suggested 
STSMC-DTC approach reduces flux and torque ripples by roughly 50 % and 60 %, respectively, in comparison to the conventional DTC 
strategy. Furthermore, the proposed technique of FP-IPMSM control method is made to provide robust performance even when machine 
parameters change. References 24, table 2, figures 8. 
Key words: direct torque control, flux and torque ripples, robustness, multi-phase interior permanent magnet synchronous 
motor, super twisting sliding mode algorithm. 
 

Вступ. Традиційне пряме управління моментом (DTC) є чудовою стратегією управління крутним моментом п’ятифазного 
синхронного двигуна з внутрішніми постійними магнітами (FP-IPMSM). Однак, частота перемикання при DTC призводить до 
великих пульсацій потоку та моменту, які створюють акустичний шум та погіршують характеристики керування. З іншого боку, 
ефективність схеми DTC при використанні традиційних ПІ-регуляторів призводить до великих пульсацій потоку та моменту, що 
знижує надійність системи. Мета. Робота спрямована на використання сучасного управління змінною структурою схеми DTC, 
заснованої на алгоритмі суперскручування, для забезпечення ефективного управління багатофазною машиною, зменшення 
пульсацій потоку та моменту, мінімізації помилки стеження та підвищення стійкості до можливих перешкод. Наукова новизна. 
Запропоновано використовувати методи керування ковзним режимом суперскручування (STSMC) з DTC, засновані на алгоритмі 
просторово-векторної модуляції (SVM) багатофазного двигуна. Методологія. Для досягнення розв’язаного управління з більш 
високою продуктивністю та забезпечення стабільності при обробці змін параметрів та зовнішніх збурень, було реалізовано 
алгоритм STSMC на основі DTC, що включає алгоритм SVM, замість таблиці перемикання та ПІ-регулятора. Результати. 
Запропонований STSMC-DTC підхід на основі SVM перевершує традиційні DTC методи у досягненні найкращої продуктивності при 
керуванні приводом FP-IPMSM. Практична цінність. Переваги запропонованого DTC методу для FP-IPMSM продемонстровані в 
ході різних випробувань. Запропонований підхід STSMC-DTC знижує пульсації потоку і крутного моменту приблизно на 50 % і 60 % 
відповідно в порівнянні з традиційною DTC стратегією. Крім того, запропонований метод керування FP-IPMSM розроблений для 
забезпечення надійної роботи навіть за зміни параметрів машини. Бібл. 24, табл. 2, рис. 8. 
Ключові слова: пряме управління крутним моментом, пульсації потоку та крутного моменту, надійність, багатофазний 
синхронний двигун з внутрішніми постійними магнітами, алгоритм ковзного режиму суперскручування. 
 

Introduction. Many electrical energy sources are 
being transformed into mechanical energy through the use 
of electric motors. The numerous benefits of interior 
permanent magnet synchronous motors (IPMSM), such as 
their exceptional efficiency, low operating noise, and high 
power density, have led to their widespread use in a 
variety of applications [1–4]. A prolonged flux weakening 
region is another benefit of IPMSM, along with their 
strong rotor and reluctance torque, which are essential in 
high-speed applications [5, 6].  

Compared to three-phase systems, multiphase 
systems offer a number of benefits, such as improved 
performance, robustness, reduced torque pulsations, high 
output power rating, and steady speed response [7, 8]. 
Multiphase machines have attracted interest in a number 
of application areas where high dependability is required, 
such as robotics, energy conversion, ship propulsion, 
pump drives, and multi-machine systems [9, 10]. 

Several works that make use of the latest 
technological advancements have addressed the drawbacks 
of conventional technical approaches. Among them, the 
following innovative technologies are listed: artificial 
neural networks (ANNs), adaptive backstepping controller, 
sliding mode controller (SMC), fuzzy logic, super-twisting 
sliding mode control (STSMC), high-order sliding mode 
control, ANFIS algorithm, genetic algorithms and 
synergetic control. 

When compared to the traditional direct torque 
control (DTC) switching method, the DTC with PI 
regulator has become more and more popular in 
polyphase motors due to its higher efficiency.  

In the conventional DTC approach uses 2 hysteresis 
controllers and lookup tables to control rotor flux and torque. 
Compared to the V/f technique and field oriented control, 
DTC features a more robust algorithm and a simpler 
structure [11]. In [12], the ANN with DTC has been 
introduced to reduce the torque and flux ripples of the five-
phase interior permanent magnet synchronous motor (FP-
IPMSM). In [13], the authors designed a master-slave virtual 
vector duty cycle assignment with an enhanced DTC 
technique of the dual 3-phase PMSM. It has been 
experimentally confirmed that the suggested technique 
improves both dynamic and steady-state performance by 
reducing the phase current total harmonic distortion (THD), 
significantly reducing the content of the 5th and 7th current 
harmonics and effectively suppressing torque and flux 
ripples. In [14], to choose the optimal voltage vector that 
may greatly reduce the torque ripple, a unique sequential 
approach combined with a duty ratio optimization technique. 
The suggested approach can successfully lower the THD and 
the ripple in both dynamic and steady-state torque, according 
to experimental data. Due to the parametric sensitivity that a 
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classical regulator PI has, minimal research has been done to 
avoid this problem as in papers [15–17]. 

The goal of the paper is to use a modern variable 
structure control of the DTC scheme based on a super 
twisting algorithm in order to ensure efficient control of 
multiphase machine, reduce flux and torque ripples, 
minimize tracking error, and increase robustness against 
possible disturbances 

DTC principal of FP-IPMSM. Conventional DTC 
provides motors with a very sensitive and efficient control 
approach, but it requires accurate switching frequency 
management and real-time processing, which may make 
implementation more challenging [14]. Because of the 
additional phase, using it to an FP-IPMSM offers several 
advantages, such as improved fault tolerance and reduced 
torque ripple. 

The equation for the stator voltage of a FP-IPMSM 
in a d-q, x-y rotating frame [12] is: 
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where vds, vqs, vxs, vys are the stator voltages in the d-q, x-y 
axis; ids, iqs, ixs, iys are the stator currents in d-q, x-y axis; 
Rs is the stator resistance; Ld, Lq are the stator inductances 
in the d-q axis; ϕf is magnetic flux; r is the rotation 
speed; Lls is the leakage inductances. 

The electromagnetic torque Tem of the FP-IPMSM is: 

))((
2

5
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The equation for dynamics r is: 
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where Jm is the moment of inertia; Tr is the load torque; 
fm is the viscous damping; p is number of pairs poles. 

DTC controls the opening and closing of the voltage 
source inverter switches by directly determining the 
control sequence that is applied to these switches [12].  

In terms of flux stator  and current i, the 
electromagnetic torque of the FP-IPMSM is expressed as: 

)(
2

5
  iipTem  .                (4) 

The torque and flux errors determine the inverter’s 
switching states: 
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where Φs
*  is the reference flux; Tem

* is the reference torque. 
The amplitude of the stator flux is expressed as 

follows using the Concordia quantities: 
22

  s .                       (6) 

The position (angle) of the stator flux θs is: 

   1tans .                            (7) 

The authors [18] provided a switching table for 
conventional DTC of FP-IPMSM (Table 1).  

Table 1 
Switch table for conventional DTC 

Flux sector S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
dT= –1 V7 V3 V19 V17 V25 V24 V28 V12 V14 V6
dT=1 V14 V6 V7 V3 V19 V17 V25 V24 V28 V12dΦ=0
dT=0 V31 V0 V31 V0 V31 V0 V31 V0 V31 V0

dT= –1 V17 V25 V24 V28 V12 V14 V6 V7 V3 V19
dT=1 V24 V28 V12 V14 V6 V7 V3 V19 V17 V25dΦ=1
dT=0 V0 V31 V0 V31 V0 V31 V0 V31 V0 V31

The block diagram of conventional DTC technique 
for the FP-IPMSM is shown in Fig. 1. 
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Fig. 1. The block diagram of conventional DTC technique 

for the FP-IPMSM 
 

DTC-SVM technique. Conventional DTC provides 
motors with a very sensitive and efficient control 
approach, but it requires accurate switching frequency 
management and real-time processing, which may make 
implementation more challenging [12, 17]. Applying it to 
a FP-IPMSM provides a number of benefits because of 
the additional phase, including decreased torque ripple 
and enhanced fault tolerance. 

The 5-phase SVM can be applied via 2 or 4 vector 
approaches. There are 3 groups that comprise the active 
switching vectors; medium (Vm), large (Vl), and small (Vs) 
switching vectors. The formula for switching time while 
applying the 4-vector approach is: 
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Equations (8–10) when be solved, yield the equation 
for the switching time: 
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where Vref is the reference voltage vector; Ts is the 
switching period; Tam, Tbm, Tal, Tbl are the switching times 
of medium and large voltage vectors; k is the number of 
sector; T0 the switching time of zero voltage vectors; θ the 
angle of position for the reference voltage vector. 

STSMC-DTC strategy of FP-IPMSM. The 
conventional method of controlling multi-phase PMSM is 
to use PI controllers. This method reduces the robustness 
of the system by increasing torque ripples [19, 20]. There 
are several different types of SMC procedures in the 
literature and all these proposed methods aim to reduce 
chattering phenomena [21–23]. 

In order to provide robust control, a unique method 
for FP-PMSM is proposed in this section. The developed 
method, known as super-twisting sliding mode control 
(STSMC), effectively addresses the primary shortcomings 
of the standard SMC technique as documented in the 
literature for uncertain systems. The following is the 
selection of the sliding surfaces based on (1) and (4): 
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The suggested second-order SMC is composed of 2 
parts and is predicated on the super twisting technique 
that Levant originally introduced in [15]: 

vds = v1 + v2                                (13) 

with                    










);((sign)(

));((sign

12

11

ss

s

SSlv

SKv







           (14) 

vqs = w1 + w2                              (15) 

with                  










);((sign)(

));((sign

22

21

emem

em

TSTSlw

TSKw



         (16) 

iqs = z1 + z2                                 (17) 

with               










).((sign)(

));((sign

32

31

rr

r

SSlz

SKz







                (18) 

The gains can be selected as follows to guarantee 
that the sliding manifolds will converge to zero within a 
finite time [15]: 
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Figure 2 provides the block diagram for the 
STSMC-DTC of the FP-IPMSM. 
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Fig. 2. The block diagram for the STSMC-DTC of the FP-IPMSM 
 

Results and discussion. In MATLAB/Simulink 
numerical simulations have been carried out to validate 
strategies created for a DTC scheme employing the 
STSMC-based SVM algorithm of the FP-IPMSM. The 
machine’s parameters are as follows: f = 50 Hz, p = 2, 
Jm = 0.004 kg/m2, φf = 0.2 Wb, Ld = 8.5 mH, Lq = 8.5 mH, 
Rs = 0.67 Ω [24]. The conventional DTC and STSMC-DTC 
with SVM approaches will be examined and contrasted in 
2 different tests – tracking performance and robustness. 

Test 1. The reference tracking test is the initial test. 
The objective is to determine which approach yields 
superior reference tracking outcomes under the influence 
of load torque Tr variation. Additionally, in terms of 
torque ripple value and flux. At initialization, the 
FP-IPMSM’s reference speed is set to 125 rad/s. The rotor 
speed rises to 50 rad/s at t = 0.2 s. A nominal Tr = 10 Nm 
was applied at t = [0.4, 0.6] s, and at t = 0.8 s, a consign 
inversion –50 rad/s was performed.  

The results of the rotation speed simulation are 
shown in Fig. 3. In contrast to the second-order SMC-
DTC strategy, which maintains its reference speed within 
an excellent range, the conventional DTC showed a speed 
decline from 50 rad/s to 36 rad/s at the instant t = 0.4 s 
while applying Tr. Figure 4 displays the torque Tem 
simulation results. The second-order SMC-DTC strategy 
minimizes torque oscillations in comparison to the 
conventional DTC method, where the Tem ripple values 
reached 3 Nm using the proposed technique and 7.5 Nm 
using the conventional technique (Table 2).  
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The stator flux was improved using the proposed 
technique (Fig. 5) with very low ripple (7 mWb) when 
compared with the conventional DTC method (14 mWb).  
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Table 2 
The comparative analysis of the various techniques 

Parameter Conventional DTC STSMC-DTC 
r response time  0.1 s 0.02 s 
Torque ripple 6.3–13.8 (7.5 Nm) 8.6–11.6 (3 Nm) 
r dropping due 
to Tr application  

36 rad/s 43 rad/s 

Flux ripple 
0.393–0.407 Wb 

(0.014 Wb) 
0.3965–0.4035 Wb 

(0.007 Wb) 
 

As can be observed, the second-order SMC-DTC 
strategy has a better dynamic response for speed, torque 
and flux when compared to the conventional DTC 
technique, suggesting that the second-order SMC 
controller was less sensitive to load disturbance. 

Test 2. The robustness test is the second test. The 
stator resistance Rs and machine’s moment of inertia Jm 
values from the 1st test are multiplied by 2 in this test. The 
values for the Lq and Ld are reduced by 20 %. Simulation 
results are presented in Fig. 6–8. 

Figure 6 indicates that the conventional DTC speed 
responses are more impacted by changes in machine’s 
parameters than the STSMC-DTC for the FP-IPMSM. It is 
also observed that the speed is overshoot at the start as well 
as when the speed is reduced to 50 rad/s (t = 0.2 s), unlike 
the STSMC-DTC strategy for the FP-IPMSM results where 
the speed continues to follow the reference without overshot.  
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Fig. 6. Rotation speed (Test 2) 

The torque Tem and stator flux utilizing the 
conventional DTC, where the torque ripple values reached 
11.4 Nm, are clearly impacted by these changes in 
machine parameters (Fig. 7). Figure 8 shows that the flux 
ripple values reached 22 mWb for conventional DTC.  
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Fig. 7. Electromagnetic torque (Test 2) 
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Conclusions. In this research we proposed a novel 
method for the DTC scheme applied to the FP-IPMSM 
drive. We improved the control and the behavior of the 
FP-IPMSM by controlling the speed, torque, and stator 
flux using the STSMC technique with SVM approach. A 
comparison between the conventional DTC and the 
suggested STSMC-DTC based on SVM is presented 
where the modification goal was reduce some of the 
drawbacks of conventional DTC such as flux and torque 
ripples overshoot, rise time, and decrease in both 
robustness against changes in machine parameters, 
stability, and dynamic response.  

The following are the main findings: 
 A new STSMC-DTC based on SVM technique of 

the FP-IPMSM was proposed and designed. 
 The proposed STSMC-DTC technique is much more 

robust compared to the conventional DTC technique. 
 Minimization of ripples for flux and torque has been 

shown in two different tests – tracking performance and 
robustness. The proposed STSMC-DTC-SVM method 
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lowers torque ripple 60 % and flux ripple 50 % when 
compared to the conventional DTC method. 

The STSMC-DTC-SVM technique will be 
experimentally implemented and validated in the future work. 
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Performance evaluation and analysis by simulation for sliding mode control 
with speed regulation of permanent magnet synchronous motor drives in electric vehicles 
 

Introduction. This study introduces a sliding mode control (SMC) that utilizes multivariable system command estimation (MSCE-
SMC) to create an innovative speed control system for the permanent magnet synchronous motor (PMSM). The motor operates 
through a 3-phase voltage source inverter when used in an electric vehicle (EV) model, with the goal of achieving fast speed 
regulation and high performance. Problem. The primary challenge is to achieve fast and accurate speed regulation for PMSMs 
while maintaining high performance, despite varying system parameters and external disturbances. The goal is to design a robust 
and adaptive speed control system for PMSMs using the SMC approach, which ensures precise speed tracking and high-performance 
regulation. Scientific novelty. The integration of MSCE-SMC approach, offering an innovative solution for speed control in PMSMs 
used in EVs. Methodology. SMC approach for the PMSM divides the system into 2 subsystems: electrical and speed. A d-q 
coordinate frame is used to model the PMSM, and its control strategy is outlined. A detailed model of the PMSM with SMC is 
presented after an in-depth review of the theoretical concepts and principles of sliding mode control. Results. To validate the 
proposed approach, MATLAB/Simulink is conducted, demonstrating the effectiveness and robustness of the method in PMSM speed 
regulation. The results confirm that the proposed method provides straightforward and precise control, accurate speed tracking, and 
high-performance regulation. It also shows adaptability to parameter variations and external disturbances. Practical value. The 
practical value of the proposed method is significant, as it provides a reliable and efficient control system for PMSMs. It offers 
precise speed control, robust performance under variable conditions, and high adaptability to external disturbances, making it 
suitable for real-world EV applications. References 22, table 1, figures 18. 
Key words: permanent magnet synchronous motor, sliding mode control, electric vehicle, speed regulation. 
 

Вступ. У дослідженні розглядається керування ковзним режимом (SMC), що використовує багатопараметричну оцінку 
системних команд (MSCE-SMC) для створення інноваційної системи керування швидкістю синхронного двигуна з 
постійними магнітами (PMSM). Двигун працює через трифазний інвертор напруги при використанні в моделі 
електромобіля (EV) з метою досягнення швидкого регулювання швидкості та високої продуктивності. Проблема. Основне 
завдання полягає в досягненні швидкого і точного регулювання швидкості для PMSM при збереженні високої 
продуктивності, незважаючи на параметри системи, що змінюються, і зовнішні збурення. Метою є розробка надійної та 
адаптивної системи керування швидкістю для PMSM з використанням SMC підходу, що забезпечує точне відстеження 
швидкості та високопродуктивне регулювання. Наукова новизна. Інтеграція підходу MSCE-SMC пропонує інноваційне 
рішення для управління швидкістю PMSM, що використовуються в EV. Методологія. SMC підхід для PMSM поділяє 
систему на 2 підсистеми: електричну та швидкісну. Для моделювання PMSM використовується d-q система координат і 
описується стратегія його управління. Наведено докладну модель PMSM з SMC після поглибленого аналізу теоретичних 
концепцій та принципів управління в ковзному режимі. Результати. Для перевірки пропонованого підходу проведено аналіз 
у середовищі MATLAB/Simulink, що показав ефективність та надійність методу регулювання швидкості PMSM. 
Результати підтверджують, що запропонований метод забезпечує просте і точне керування, коректне відстеження 
швидкості та високопродуктивне регулювання. Він також демонструє адаптивність до змін параметрів та зовнішніх 
збурень. Практична цінність запропонованого методу значна, оскільки він забезпечує надійну та ефективну систему 
управління PMSM. Він забезпечує точне управління швидкістю, надійну роботу в змінних умовах, і високу адаптивність до 
зовнішніх збурень, що робить його придатним для застосування в реальних EV. Бібл. 22, табл. 1, рис. 18. 
Ключові слова: синхронний двигун з постійними магнітами, керування ковзним режимом, електромобіль, 
регулювання швидкості. 
 

Introduction. Electric vehicles (EVs) that use 
electric motors are used to replace traditional gasoline 
vehicles that use internal combustion engines in order to 
reach the level of emissions of fossil fuels [1–4]. 
permanent magnet synchronous motor (PMSM) in recent 
years have played an increasingly important role in many 
industrial applications due to the advances in magnetic 
materials, recent technological developments in power 
electronics and control theories [5]. Due to their high 
torque-power density, high efficiency and low 
maintenance, PMSM-based drive is also becoming widely 
used in EVs [6, 7]. There are various nonlinear command 
methods have been proposed to improve the command 
performance of PMSM, such as sliding mode control 
(SMC), adaptive control, predictive control [8, 9], 
intelligent control, etc. Field-oriented control based 
conventional PI method is difficult to deal with loud 
disturbances, variations parameters and cannot adapt to 
the applications of high-precision control [10]. SMC has 
attracted many researchers in recent years. High-
frequency switching devices and high-performance 
microprocessors have contributed to the recent increase in 
interest in this command method [11]. The effectiveness 
of this solution is attributed to its distinct advantages, 

including insensitivity to parameter variations, rapid 
dynamic response and the ability to reject external 
disturbances [12]. 

SMC is a particular mode of operation of systems 
with variable structure [13]. The theory of these systems 
was studied and developed in the USSR first by S.V. 
Emelyanov, then by other collaborators such as V.I. Utkin 
based on the work of the mathematician A.F. Filippov on 
differential equations with discontinuous second member. 
Then the work was taken up elsewhere: in the US by Prof. 
Slotine, and in Japan by Prof. Young, Prof. Harishama 
and Prof. Hashimoto. In SMC, the command switches 
between two different values according to the sign of a 
switching function (called switching or sliding surface) 
defined in the state space of the system [14]. This is 
introduced in order to obtain better stability, and high 
precision than those generally obtained by classical 
regulators [15, 16]. Several approaches exist for the 
choice of the sliding surface. In this work, we are 
interested in the study of an approach that considers a 
nonlinear surface [17, 18], the synthesis of which is based 
on Lyapunov stability theory. The strong robustness, 
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simplicity and ease of implementation make it an ideal 
choice for high performance by regularly adjusting the 
system structure to combat parameter variations and 
external disturbances [19, 20]. 

The goal of the article is to design a robust and 
adaptive speed control system for PMSMs using the SMC 
approach, which ensures precise speed tracking and high-
performance regulation. The proposed controller is 
investigated and analyzed in different control speeds, load 
conditions, and rotational speed direction. 

Model of PMSM. The model of PMSM in d-q 
frame is represented by equations: electrical, magnetic, 
and electromagnetic. The stator voltages equations 
expressed as [21]: 

q
d

dd dt
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where Vd, Vq, d, q, Id, Iq are the direct and quadrature 
axis of voltages, fluxes and currents respectively; R is the 
stator resistance;  is the mechanical angular speed.  

The stator flux equations expressed [21]: 

mddd IL   ;                            (3) 

qqq IL ,                                 (4) 

where Ld, Lq, are the direct and quadrature stator 
inductances; m is the constant permanent magnet flux. 

The PMSM model equations in d-q axis expressed as: 
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The expression for electromagnetic torque Te [21] is: 
))(( mqdqqde ILILLPT  .              (7) 

PMSM is assumed to surface mounted PMSM 
(Ld = Lq = L) the electromagnetic torque becomes: 

mqe pIT  ,                                (8) 

where Te is the electromagnetic torque; p is the number of 
pole pairs. 

The expression of the mechanical equation [21] is: 

Lemv
m TTf
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J  
d

d
,                   (9) 

where J is the moment of inertia; TL is the load torque; 
fv is the viscous friction coefficient; m is the rotor 
mechanical speed of the PMSM. 

SMC theory. Variable structure systems can be 
controlled using SMC. Three different parts make up the 
trajectory (Fig. 1): the convergence mode (CM), the 
sliding mode (SM) and the permanent mode (PM) [22]. 

 

 
Fig. 1 Different modes trajectory of the SMC 

 

The choice of the surface. The design of SMC was 
executed in 3 key phases [22]: selection of the surface, 
conditions necessary for convergence, meaning of the 
control law. The sliding surfaces choice is shaped by the 
number and shape of required functions. The control 
vector u and surface vector have the same dimension 
defined by: 

   utxBxtxAx ,,  .                        (10) 
The nonlinear form depends on the error in the 

variable to be regulated, known as x: 
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where e(x) is the difference between the variable to be 
adjusted and its reference: e(x) = x* – x; x is the positive 
constant; r is the relative degree and indicates the number 
of times the surface needs to be differentiated to show 
control. 

The SMC objective is to maintain the surface at zero. 
The only possible solution for this surface is e(x) = 0, 
which a linear differential equation. 

Convergence and existence conditions. Two 
considerations to ensure convergence mode [22], the 
discreet switching function (it is proposed and studied by 
S.V. Emelyanov and V.I. Utkin): 
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This condition can be formulated in another way: 
    0xSxS .                             (13) 

The Lyapunov function defines as follows: 

   xSxV 2

2

1
 .                          (14) 

The derivative of this function is: 
     xSxSxV   .                        (15) 

Calculation of the control. The SMC structure 
consists of the exact linearization (ueq) and the other 
stabilizing (un) [22]: 

u = ueq + un.                              (16) 
In order to illustrate the previous development, we 

will consider a system that is described in the state space 
by (10). The aim is to establish the equivalent expression 
for the control input u. 

The derivative of the surface is: 
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Replacing (10) and (16) in (17), we find: 
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Equivalent command’s expression: 
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For the equivalent control to take a finite value, it is 

necessary that   0, 



txB
x

S
.  

Substituting the equivalent control with its 
expression from (18) in convergence mode we obtain: 
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Attractiveness condition expressed by (13) becomes: 
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In order to satisfy this condition, the sign of a must 

be opposite to that of    txB
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The simplest form that discrete control (Fig. 2): 
  txSKun ,sign ,                  (22) 

where the sign K must be different from that  txB
x

S
,


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. 

 
Fig. 2. Representation of discontinuous control 

 
Application the SMC for the speed command of 

PMSM drive EV. The model of the PMSM, whose state 
variables are the stator currents and the mechanical speed [21]: 
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The diagram of the SMC for the PMSM drive in an 
EV (Fig. 3) includes 3 surfaces. 

 

 
Fig. 3. Diagram of SMC for PMSM drive an EV 

 
Speed control surface m. Speed control surface 

has the form: 

  mmmS   * .                       (24)  

The derivative of the surface is: 

  mmmS    * .                       (25) 

The equation (25) becomes: 
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By replacing the current Iq with the control current 
Iq = Iqeq + Iqn, equation (26) can be written as:  
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We have S(m) = 0 and consequently   0mS   and 

Iqn = 0, the equivalent order Iqeq: 
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The condition     0mm SS   must be checked. 

Substituting (28) in (27), we find: 

  qnmmm Ip
J

S  1*   .                 (29) 

By choosing the discontinuous control form (Fig. 2), 
we therefore pose: 

  mqn SKI sign .                    (30) 

Current quadrature control surface Iq. Current 
quadrature control surface has the form: 

  qqq IIIS  * .                         (31) 

The derivative of this surface is: 

  qqq IIIS   * .                         (32) 

Taking into account the expression of qI  given by 

the system (23), the equation (32) becomes:  
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By replacing the voltage Vq with the control voltage 
Vq = Vqeq + Vqn, we find: 
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We have S(Iq) = 0 and consequently   0qIS  and 

Vqn = 0, the equivalent order Vqeq: 

mddqqeq ILRIV   .                (35) 

The condition     0qq ISIS  must be checked. 

Substituting (35) in (34), we find: 
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We therefore pose: 
  qqqn ISKV sign .                    (37) 

Current direct control surface Id. Current direct 
control surface has the form: 

  ddd IIIS  * .                        (38) 

The derivative of this surface is: 

  ddd IIIS   * .                         (39) 

Taking into account the expression of dI  given by 

the system (23), the equation (39) becomes: 
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By replacing the Vd with Vd = Vdeq + Vdn, we find: 
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We have S(Id) = 0 and consequently   0dIS  and 

Vdn = 0, from which we derive the equivalent order Vdeq: 

qqddeq ILRIV  .                    (42) 

The condition     0dd ISIS  must be checked. 

Substituting (42) in (41), we find: 

  dn
d

d V
L

IS
1

 .                        (43) 

We therefore pose: 
  dddn ISKV sign .                  (44) 

Simulation results of speed regulation of PMSM-
SMC. SMC for PMSM powered voltage source inverter for 
a model EV has been implemented in MATLAB/Simulink. 
A constant reference flux (mref = 0.12 Wb) is used to 
conduct the simulations. In this set of simulation, a load 
variation is added when the PMSM is under the speed 
regulation, and the operating speed is 157 rad/s. PMSM is 
considered in the simulation and parameters as given in 
Table 1. 

Table 1 
PMSM parameters 

Parameters Values 
Rated power 1.5 kW 
Frequency 50 Hz 
Rotor speed 1500 rpm / 157 rad/s
Stator resistance 0.18 Ω 
Inductance d axis 2.1 mH 
Inductance q axis 4.2 mH 
Moment of inertia 0.0066 kgm2 
Viscous friction coefficient 0.0014 Ns/rad 
Constant rotor flux linkage 0.12 Wb 
Number of pole pairs 2 

 

Simulation for successive step changes in reference 
speed under full load conditions (Fig. 4–8). We involve 
sequential step change in control speed under full load 
conditions. The PMSM is initially started at 83.5 rad/s step 
control speed. At t = 1 s, a step-up change occurs, 
increasing the control speed from 83.5 rad/s to 104.5 rad/s. 
Finally, at t = 2 s, another change the command speed from 
104.5 rad/s to 157 rad/s. 
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Fig. 4. Reference speed and PMSM speed 
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Fig. 5. Electromagnetic torque and load torque 
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Fig. 6. Quadrature axis component stator current 
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Fig. 7. Direct axis component stator current 
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Fig. 8. 3-phase stator currents 

 

Simulation for reference speed fix and step change 
of load (Fig. 9–13). In this part, the PMSM is under speed 
control 157 rad/s with a load variation at t = 1 s, the load 
torque changes from 10 Nꞏm to 5 Nꞏm and at t = 2 s another 
change the load torque changes from 5 Nm to 10 Nm. 
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Fig. 9. Reference speed and PMSM speed 
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Fig. 10. Electromagnetic torque and load torque 
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Fig. 11. Quadrature axis component stator current 
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Fig. 12. Direct axis component stator current 
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Fig. 13. 3-phase stator currents 

 

Simulation for reference speed and inverse speed 
and under full load (Fig. 14–18). We apply a full load 
start of PMSM (TL = 10 Nm) until at t = 1 s. The speed 
reference is equal to the synchronism speed 157 rad/s 
until t = 1.5 s, then the direction of rotation is reversed at 
a speed –157 rad/s. 
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Fig. 14. Reference speed and PMSM speed 

0 1 2 3
-20

-10

0

10

20

 

 

Te
TL

T, Nm 

t, s 

 

Te 
TL 

 
Fig. 15. Electromagnetic torque and load torque 
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Fig. 16. Quadrature axis component stator current 
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Fig. 17. Direct axis component stator current 
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Fig. 18. 3-phase stator currents 

 
Discussions of results. In Fig. 4, 9, 14, the speed of 

PMSM obtained with SMC the speed appears to be 
consistent, with the real speed closely mirroring the 
command speed. The system responds efficiently to 
changes in command speed and exhibits a smooth rise 
time from 104.5 rad/s to 157 rad/s. Analyzing the 
difference between command and real speeds at each 
stage is crucial to gain insight into the system’s 
performance and potential limitations. In these cases, the 
rise time indicates how responsive the system is, and 
shorter rise times generally mean better control dynamics 
and faster adaptation to command input changes and 
settling time is satisfying in tree case seamlessly traced 
the speed reference without exceeding; in Fig. 9 rotation 
speed equal to rotation speed 157 rad/s seamlessly traced 
the speed reference without exceeding; in Fig. 14 with a 
positive speed command of 157 rad/s, speed response 
with the SMC neatly settled at the reference. Sudden 
reference speed reversal from 157 rad/s to –157 rad/s 
leading to change in speed orientation for the 2 models at 
–157 rad/s, the SMC seamlessly traced the speed 
reference without exceeding.  

The load torque and electromagnetic torque are 
matched in Fig. 5, 10, 15 by SMC. The electromagnetic 
torque is kept constant during the speed build-up phase to 
ensure acceleration. The electromagnetic torque will 
decrease to 5 Nm once the rotor speed matches the 
reference speed. This equilibrium is achieved faster in the 
SMC model due to the absence of speed overshoot. The 
electromagnetic torque closely tracks the load torque, 
except during brief intervals when the speed increases 
(Fig. 5) or reverses (Fig. 15). These deviations are 
minimal and occur over very short periods.  

In Fig. 6, 11, 16, the quadrature component of the 
stator current are compared with the quadrature 
component current reference; is in direct proportion to 
electromagnetic torque Te. 

In Fig. 7, 12, 17, the direct component of the stator 
current is compared with the direct component current 
reference is met at zero. 

In Fig. 8, 13, 18 the stator 3-phase currents (abc) are 
shown. When as the PMSM speed rises, the frequency of 
the current waveform also increases (Fig. 8) and when the 
load torque decreases from its nominal value (5 Nm) to 3 
Nm of the current waveform also decreases (Fig. 15). 

Conclusions. This paper describes the creation and 
execution of speed controllers that use SMC-based 
technology in a SMC drive structure for a PMSM in an 
EV drive. The SMC algorithm’s speed control loop uses a 
sliding mode controller based on surface dynamics 
instead of the traditional PI controller in the outer control 
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loop. Applied MATLAB/Simulink software was utilized 
to conduct simulation analyses and evaluations to assess 
the performance and effectiveness of the SMC for 
PMSM. The proposed system’s dynamic response was 
tested under different reference speeds, load conditions, 
and reverse speed scenarios. 

The simulation results show that the SMC can 
perform dynamically quickly and accurately, without any 
overshoot, minimal steady-state error, and a short rise 
time, which is superior for PMSM speed control 
applications. SMC is characterized by its significant 
torque ripple, which remains a major concern. 
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Takagi-Sugeno fuzzy model identification using improved multiswarm particle swarm 
optimization in solar photovoltaics 
 
Introduction. The particle swarm optimization (PSO) algorithm has proven effective across various domains due to its efficient search 
space exploration, ease of implementation, and capability to handle high-dimensional problems. However, it is often prone to 
premature convergence, which limits its performance. Problem. This issue becomes critical in identifying Takagi-Sugeno (T-S) fuzzy 
models, especially in complex systems like solar photovoltaic (PV) applications, where model accuracy is vital for tasks such as 
maximum power point tracking (MPPT) and shading compensation. Goal. This manuscript introduces an improved multiswarm PSO 
(I-MsPSO), designed to enhance search performance and robustness in identifying T-S fuzzy systems. The method is particularly suited 
to nonlinear modeling challenges in renewable energy systems. Methodology. I-MsPSO divides the swarm into 4 independent 
subswarms, each operating in a local region with specific inertia weights and acceleration coefficients. Periodic information sharing 
between subswarms allows the algorithm to converge collectively toward optimal solutions. A new modeling approach, specific 
Takagi-Sugeno modeling (STaSuM), is introduced, using I-MsPSO to determine both the structure and parameters of T-S fuzzy 
systems. Results. The I-MsPSO’s performance was tested on benchmark optimization problems and real-world engineering cases. 
Results show that STaSuM produces highly accurate and generalizable fuzzy models, outperforming existing techniques. Scientific 
novelty lies in the development of I-MsPSO, which enhances the traditional PSO by using 4 interactive subswarms with customized 
parameters, and the creation of STaSuM for advanced T-S fuzzy system identification. Practical value. I-MsPSO and STaSuM provide 
a powerful optimization and modeling framework, offering robust and accurate solutions for nonlinear and dynamic environments. 
Their structure makes them especially valuable for future applications in MPPT control, fault-tolerant modeling, and real-time 
optimization in PV energy systems. References 39, table 5, figures 8. 
Key words: improved multiswarm particle swarm optimization, particle swarm optimization, specific Takagi-Sugeno modeling. 
 
Вступ. Алгоритм оптимізації рою часток (PSO) довів свою ефективність у різних галузях завдяки ефективному дослідженню 
простору пошуку, простоті реалізації та здатності вирішувати завдання високої розмірності. Однак він часто схильний до 
передчасної збіжності, що обмежує його продуктивність. Ця проблема стає критично важливою при ідентифікації нечітких 
моделей Такагі-Сугено (T-S), особливо у складних системах, таких як сонячні фотоелектричні системи (PV), де точність 
моделі є критично важливою для таких завдань, як відстеження точки максимальної потужності (MPPT) та компенсація 
затінення. Мета. У роботі представлений удосконалений багатороєвий PSO (I-MsPSO), розроблений для підвищення 
продуктивності пошуку та надійності при ідентифікації нечітких систем T-S. Цей метод особливо підходить для задач 
нелінійного моделювання у системах відновлюваної енергії. Методологія. I-MsPSO ділить рій на 4 незалежні подрої, кожен з 
яких працює в локальній області з певними вагами інерції та коефіцієнтами прискорення Періодичний обмін інформацією між 
подроями дозволяє алгоритму колективно сходитися до оптимальних рішень. Наведено новий підхід до моделювання, 
специфічне моделювання Такагі-Сугено (STaSuM), з використанням I-MsPSO для визначення структури та параметрів 
нечітких систем T-S. Результати. Продуктивність I-MsPSO протестована на еталонних задачах оптимізації та реальних 
інженерних прикладів. Результати показують, що STaSuM створює високоточні та узагальнені нечіткі моделі, що 
перевершують існуючі методи. Наукова новизна полягає в розробці I-MsPSO, який розширює традиційний PSO за рахунок 
використання 4 інтерактивних подроїв з параметрами, що настроюються, а також у створенні STaSuM для розширеної 
ідентифікації нечітких систем T-S. Практична цінність. I-MsPSO та STaSuM надають потужну платформу оптимізації та 
моделювання, пропонуючи надійні та точні рішення для нелінійних та динамічних середовищ. Їхня структура робить їх 
особливо цінними для майбутніх додатків у галузі управління MPPT, відмовостійкого моделювання та оптимізації в реальному 
часі у PV енергетичних системах. Бібл. 39, табл. 5, рис. 8. 
Ключові слова: покращена оптимізація рою часток з кількома роями, оптимізація рою часток, специфічне 
моделювання Такагі-Сугено. 
 

Introduction. The Takagi-Sugeno (T-S) type fuzzy 
model, used to model complex systems particularly in the 
area of fuzzy logic and control systems, was first 
introduced by Mamdani and Assilian [1]. It was later 
enhanced by Takagi and Sugeno who developed the T-S 
type model. In the new approach, fuzzy linguistic rules 
were replaced by more precise mathematical rules. 
Historically, a fuzzy model is described by a formalism 
based on fuzzy rules, providing a prolific framework to 
study nonlinear dynamic systems and, particularly, to 
analyze their stability and synthesize laws control 
(stabilization). From a conceptual point of view, a fuzzy 
system is identified by determining the structure of the 
model (the premise parameters) and estimating the 
consequent parameters [2]. The first step is performed 
employing identification methods based on coalescence or 
even fuzzy classification (fuzzy clustering algorithms). 
Fuzzy coalescence algorithms are also applied to identify 
nonlinear systems using to the T-S model. In the 
literature, numerous algorithms derived from the fuzzy c-
mean algorithm, such as the Gustafson-Kessel algorithm 
[3], the fuzzy C-means algorithm [4], the Gath-Geva 

algorithm [5], were proposed. After determining the 
premise parameters of the model, the consequent 
parameters of the fuzzy rules are estimated. Among the 
identification techniques proposed in the literature we 
cite: the graph kernel recursive least-squares algorithms 
[6], weighted least squares method [7], the orthogonal 
least squares algorithm [8]. Several works showed that 
fuzzy coalescence algorithms derived from fuzzy c-means 
are sensitive to initialization. In fact, random initialization 
can generally lead to convergence towards a local 
minimum of the objective function. The problem of 
synthesizing fuzzy systems was treated by many 
researchers, as an optimization problem, whose resolution 
is reduced to the search for the optimal solutions (fuzzy 
models), in order to satisfy the performance criteria and 
the predefined constraints. In recent years, researchers 
have used several algorithms to optimize the structures 
and parameters of the T-S model. For instance, particle 
swarm optimization (PSO) has been utilized in many 
applications [9, 10] given the small number of parameters 
to adjust, its easy implementation, rapid convergence and 
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its ability to produce high-quality solutions within a 
shorter calculation time. The combination of T-S fuzzy 
systems and PSO algorithms offers a powerful and 
flexible approach to solve a wide range of optimization 
problems. By exploiting the strengths of each technique, 
this approach allows developing more accurate, robust 
and interpretable models. However, the PSO is easily 
trapped in a local minimum and it is difficult to guarantee 
that the fuzzy models obtained will have good 
performance and the optimized fuzzy model largely 
depends on the performance of this algorithm.  

To deal with these weaknesses, numerous improved 
versions of PSO and several hybrid methods were 
suggested [11–13]. In [14], the PSO algorithm was 
implemented to optimize the 5 parameters of PID 
controller applying El-Khazali’s approach in order to 
minimize several error functions, satisfying some step 
response specifications such as the set of time domain and 
frequency domain constraints. In [15], the population was 
divided into many small swarms, different grouping 
strategies were used and the exchange between various 
small swarms improved the population diversity. Work 
[16] proposed a dynamic multiple swarms to solve 
multiobjective problems applying 2 main strategies: the 
swarm growth strategy and the swarm decay strategy. 
Besides, in [17] a methodology to automatically extract 
fuzzy T-S models from data using PSO was developed. In 
their approach, the parameters and the structures of fuzzy 
models were encoded in a particle and evolved together to 
obtain simultaneously the optimal structure and 
parameters. A new method, where the population was 
divided into 4 subswarms and heterogeneous search 
strategies were used to accomplish the optimization task, 
was applied in [18]. In this method a new strategy was 
applied under the so-called OptiFel to extract the structure 
and parameters of the T-S model. In the multiswarm PSO 
(MsPSO) algorithm used a homogeneous search strategy 
for all particles and in each subswarm, which reduced the 
convergence rate. In [19] authors suggested a novel 
cooperation strategy C-MsPSO based on the distribution 
of populations into 4 subswarms; each of which used 
inertia weight parameters and specific acceleration 
coefficients. This strategy allowed minimizing the risk of 
trapping the algorithm by the local optima.  

In this article, an optimization algorithm, called 
improved multiswarm particle swarm optimization  
(I-MsPSO), is introduced to identify fuzzy T-S type 
models. In I-MsPSO, the population is divided into 
4 subswarms; each of which ensures the internal search 
strategy relying on inertia weight parameters and specific 
acceleration coefficients. A new parameter search strategy 
applied by the fuzzy system T-S, called specific Takagi-
Sugeno modeling (STaSuM), is also presented with the 
I-MsPSO algorithm to improve the search performance 
and ensure that the resulting fuzzy models will be highly 
efficient. The main contributions of this paper are: 

 dividing the population into 4 subcooperative 
swarms in I-MsPSO algorithm. 

 In this algorithm, each subswarm utilizes specific 
parameters (the subswarm S1 employs sigmoid inertia 
weights and constant acceleration coefficients, while 
subswarm S2 uses linear varying inertia weights and 
constant acceleration coefficients and subswarm S3 
employs adaptive inertia weights and the coefficient of 
the constant accelerations). 

 Determining the structure and parameters of the 
fuzzy models, coded in a particle, in STaSuM. 

Preliminaries. Optimization problem. An 
optimization problem is defined by an objective function, 
a set of variables, a set of equality (or inequality) 
constraints and a search space formed by the set of the 
possible problem solutions where each dimension 
corresponds to a variable. Depending on the type of the 
problem to be solved, the best solution consists in finding 
an extreme value, also called extremum (i.e. the minimum 
or maximum of this objective function). In fact, an 
optimization problem corresponds to solving the 
following problem: min/max (function) under the 
constraint [20, 21]. It can be mono-objective or 
multiobjective (several objective functions must be 
optimized), static or dynamic (the objective function 
changes over time) and with or without constraints. In the 
literature many methods, such as Newton’s method [22], 
linear programming methods [23], the simplex method 
and the gradient method [24] were introduced to obtain 
the optimal solution of the optimization problem in a 
reasonable time. They require that the objective function 
should have a minimum of characteristics such as 
convexity, continuity or differentiability. 

PSO algorithm. PSO is a non-specific heuristic 
optimization algorithm like evolutionary algorithms, tabu 
search or ant colonies [25–27]. Its convergence speed also 
makes it efficiently used in dynamic optimization. Due to 
its multiple advantages, such as a rapid convergence, ease 
of implementation and wide search range, PSO has been 
employed in a variety of research fields and applications. 
The swarm’s particles are initially dispersed randomly 
over the search space, where each particle has a random 
displacement position and speed. Thereafter, the 
algorithm can, at each instance, access its current 
position; memorize the best solution; communicate with 
neighboring particles; obtain, from each of them, its best 
performance; and modify its speed according to better 
solutions. The displacement of a particle between iteration 
t and iteration t+1 is formulated analytically by the 
following velocity (1) and position relations (2): 

vi(t+1) = wvi(t) + c1r1[xpbest – xi(t)]+ c2r2[xgbest – xi(t)];  (1) 
xi(t+1) = xi(t) + vi(t+1),                        (2) 

where xpbest is the best position determined by the ith 
particle; w is a constant called the inertia weight; c1, c2 are 
the acceleration coefficients while r1 and r2 are randomly 
generated by a uniform distribution in [0, 1]; xgbest is the 
best overall position found by the population. 

Thus, to make its next move, each particle applies 
the following steps: 

 follow its speed; 
 return to its best performance; 
 move towards the best performance of its neighbor. 

T-S fuzzy model. Although several fuzzy models 
were introduced in the literature and the most commonly 
used ones are: Mamdani type model, Takagi-Sugeno-
Kong type model and T-S type model. The main 
difference between these models lies in their consequent 
part. In fact, a fuzzy model is based on the linguistic 
partitioning of the values of its variables. The input 
(premises variables) and output (consequent variables) 
values are described by fuzzy sets having membership 
functions. In the fuzzy model of the T-S, the premises of 
the rules are formulated symbolically and the conclusions 
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are expressed by linear functions [28, 29]. They are 
generally written in the following form: 
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where x = x1, x2, ... , xn is the input variable; n is the 
dimension of the input variable x; i = 1, 2, …, m is the 
number of fuzzy rules; w = w1, w2, ... , wn are the 
consequent parameters; Ai is the fuzzy set; yi is the output 
of fuzzy rule. 

The output of the fuzzy model can be calculated by a 
weighted mean defuzzification, as shown below: 
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where the weight strength i of the ith rule is computed as: 
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where the i(x) is the grade of membership function. 
Subsequently, the cij and ij parameters of the Gaussian 
function specified by (6) and the parameters of the fuzzy rule 
of T-S model are calculated applying the fuzzy rule (3): 

  ijijii cxxh 2exp)(  .                   (6) 

Improved multiswarm particle swarm 
optimization (I-MsPSO). General concept of the 
improved multiswarm particle swarm optimization. 
I-MsPSO algorithm divides the population into 4 
subswarms to address the issue of premature convergence 
and to ensure proper exploration and exploitation of the 
research processes, which improves its capacity for search, 
communication and cooperation between subswarms. 
Every subswarm executes a single PSO, including updating 
speed and position of the particles, in accordance with the 
exact equations. In this study, a unique algorithm that relies 
on 4 subswarms and several techniques of inertia weights 
and acceleration coefficients is implemented to enhance the 
exploration and exploitation performance of the standard 
MsPSO. I-MsPSO algorithm is based on constant 
accelerations coefficients values, time-varying inertia 
weight, sigmoid inertia weight and adaptive inertia weight 
value (Fig. 1). Additionally, the ith particle in subswarm S3 
is adjusted based on the fitness values and velocities of the 
particles in the base subswarms. Meanwhile, the ith particle 
in subswarm S4 updates its velocity in accordance with the 
velocities of the particles in subswarms S1, S2 and S3. 
Figure 2 describes the mechanism of exploring the new 
region. I-MsPSO algorithm enhances PSO by dividing the 
population into 4 subswarms, each with specific inertia 
weights and acceleration coefficients, and by implementing 
periodic information exchange among the subswarms. 

 

 
Fig. 1. Communication model in I-MsPSO 

 
Fig. 2. The cooperative evolutionary process in I-MsPSO 

 

I-MsPSO algorithm can be summarized as follows: 
Algorithm 1. Pseudo-code for I-MsPSO algorithm 
Begin. 
Initialize the particle size of each subswarm. 
Initialize the positions and velocities of all particles in the 
search space. 
Initialize the global best position of each swarm. 
Find the best local position (Pbest) in each subswarm and the 
best global position (Gbest). 
Do in parallel until the maximum number iteration reached. 
Calculate the velocity of each particle in subswarm S1, S2, 
S3 and S4. 
Update the position of each particle in subswarm S1, S2, S3 
and S4.  
Evaluate the fitness of the ith particle. 
Update the global best of the swarms. 
If the guide condition is satisfied. 
Apply diversity guided convergence strategy to the current 
particle in each subswarm. 
End Do. 
Return the best solution of the algorithm. 
End. 

 

Convergence of the I-MsPSO. The particle paths, the 
convergence of I-MsPSO algorithm and the particle velocity 
of each subswarm are theoretically investigated. According 
to the following limit, convergence is defined as: 

ii
t
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where pi is the local or global optimum; xi is the location 
of the ith particle at time t. If I-MsPSO is applied with the 
adaptive inertia weight, the sigmoid inertia weight and the 
linear varying inertia weight, the velocity and the position 
update their equations using (1) and (2). Therefore, the 
following I-MsPSO system is obtained: 

x(t+1) = Fx(t) + RE,                   (8) 
where R is the constant matrix; F is the system matrix: 
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designates the vector containing 4 local solutions and a 
single global solution. The used symbols are listed below: 
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where rij is the random number in [0; 1]; j = 1; 2 and 
i = 1; 2; 3. The equation applied to obtain the position of 
a particle in S1 is: 
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where ws is the sigmoid inertia weight: 
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where numiter is the maximum number of the iterations; 
i is the current iteration. 

The equation used to calculate the position of a 
particle in S2 is: 
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where wa is the adaptive inertia weight: 
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where xi = (gbest – i) / (gbest + i); wmin, wmax are the initial and 
the final values of inertia weight; i is the current iteration. 

In the subswarm S3, the equation applied to obtain 
the position of the particles is: 
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where wL is the linear varying inertia weight represented 
by the following equation;  = 1+2; 1, 2 are the fitness 
values of the particles in the subswarm S1 and S2. As r1 
and r2, r3 and r4 are vectors of the random numbers. 
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The equation employed to compute the location of a 
particle in S4 is: 
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In this study, 3 impact factors (α1–α3) are used to 
determine the influence of the past information on the 
current position of the particles within subswarm S4. They 
are constrained by this expression α1 + α2 + α3 = 1. In the 
performed analysis, the following values were assigned to 
the impact factors: α1 = 1/6, α2 = 1/3, α3 = 1/2. The bigger 
αi (i = 1, 2, 3) was the larger the effect of the previous 
information on the current search would be, and vice versa. 
The larger effect of the previous information on the current 
search will be, and vice versa. As shown in (18), the 
different impact factors regulate the effect of the historical 
data on the particle’s location within S4. 

In a convergence analysis, researchers observed that 
particles within each subswarm converge towards stable 
positions defined by the limits presented in (19) – (22): 
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Methodology of STaSuM based on I-MsPSO. 
A new parameter search strategy applied by the fuzzy 
system T-S, called STaSuM, is also presented with the 
I-MsPSO algorithm to improve the search performance. 

STaSuM framework for T-S fuzzy model identification is 
presented in this section. The structure and parameters of 
T-S fuzzy model are all encoded in a particle. The 
following sections provide the details. 

Particle mapping and objective function. In the 
identification process, the structure and parameters of the 
fuzzy model were all coded in a particle of the I-MsPSO 
algorithm, and the mean square error (MSE) value was used 
to choose the best local position in a swarm and the global 
optimum in a population. A single nest in the I-MsPSO 
algorithm is shown in Fig. 3. Each particle is specified as a 
vector corresponding to a particular fuzzy model and each 
vector corresponds to a fuzzy rule made up of the premise 
parameters (structure) and the consequent parameters. 

 

 
Fig. 3. ith rule encoded in a particle. The code consists 

of 2 necessary items: structure and consequent parameters 
 

To create an accurate mathematical model, an 
objective function was applied to measure the difference 
between the output of the model and that of the actual 
process. MSE was utilized to measure the difference 
between the output of the model and the real value. 
MSE was mathematically formulated as: 
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where N is the number of observations; yk is the actual 
output; kŷ  is the output estimated by the model. 

Implementation of STaSuM. Algorithm 2 
describes the implementation of STaSuM. The rules of 
the T-S fuzzy model were encoded in the particle xs and 
the MSE value was utilized to select the best solution in 
the subswarm. The best overall structure was obtained 
from the 4 optimal gbest in the subswarms s = 1, 2, 3, 4. 

Algorithm 2. The STaSuM algorithm 
1. Initialization. 
(a) Set the number of iterations and rules s. 
(b) Specify the size of each subswarm. 
(c) Initialize the position of particle. 
(d) Initialize the position of particle. 
(e) Determine the global best nest g. 
2. Set the number of rules as constant. 
3. Termination check. 
(a) If the termination criterion holds stop. 
(b) Else go to Step 4. 
4. For do. 
(a) Update the position xk

s according to 
Equations 12, 14, 16, 18, respectively. 
(b) Update the velocity vk

s

 
according to Equation 1.

(c) Evaluate the fitness of the ith
 particle f(xk

s) 
(d) If the f(xk

s) is better than
 
f(pk

s), then pk
s= sk

s 
End For 
Update gbest = arg{minf{pbest}}. 
End For 
Update gbest = arg{minf{gbest}}. 
Set t = t + 1 
5. Go to step 3. 
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Simulation result and discussion. This section is 
composed of 2 parts. In the initial part, the performance of 
the I-MsPSO algorithm is evaluated through numerical 
experiments using benchmark functions and engineering 
problems. On the other hand, the subsequent part shows 
the effectiveness of the STaSuM method applied in 
nonlinear systems. 

Convergence analysis of I-MsPSO. To validate the 
performance and efficiency of the proposed algorithm, 
12 benchmark functions from the CEC-2017 test set were 
selected to test the I-MsPSO algorithm [30]. The upper 
limit for optimization processes was set at 1000, and each 
test run a maximum of 30 times. The experimental 
machine in use is equipped with a 3rd generation i3 
processor running at 2.5 GHz with a storage capacity of 
128 GB. The utilized programming language is 
MATLAB. The maximum number of iterations in the 
numerical experiences was set at 1000 on each of the 12 
reference functions for each algorithm. Each experiment 
was carried out independently of the reference functions. 
The mean values and standard deviations are presented in 
Table 1. Figures 4–6 show the average convergence 
characteristics of each approach on the reference 
functions. A comparison of the proposed algorithm to 
common strategies is presented in this section. The 
performances of different strategies, including adaptive 
MsPSO (AMsPSO), linear time-varying (L-MsPSO) and 
standard MsPSO, were analyzed in the experiments 
carried out on 12 static problems. 

 

Table 1 
The results on the 12 benchmark functions of each algorithm 

Function F1 F2 
L-MsPSO 4.9710-121 ±9.90 10-121 4.2610-60±1.2410-59 
A-MsPSO 5.2310-153 ± 5.2310-150 2.9410-79±2.4010-74 

MsPSO 4.0110-108± 7.8010-108 3.8210-54±6.1810-54 

I-MsPSO 2.8310-186± 2.5210-183 7.1410-92±6.1210-91 
Function F3 F4 
L-MsPSO 2.9710-119± 9.2210-118 3.02.10-60±8.2110-60 

A-MsPSO 1.6010–150±1.6010–149 1.12110-76±1.2110-73 

MsPSO 9.3010-105±2.9210-104 7.3710-53±2.2410-52 

I-MsPSO 1.0310-178±1.05110-178 1.3310-94±1.0110-93 

Function F5 F6 
L-MsPSO 2.8910-01±2.7110-01 0 
A-MsPSO 2.8910-01± 2.0010-01 0 

MsPSO 2.8910-01± 3.6010-02 0 
I-MsPSO 2.8910-01± 0 0 
Function F7 F8 
L-MsPSO 1.00110-81±3.96610-81 3.99510-43±7.5910-43 

A-MsPSO 1.40110-81±3.96610-81 5.60110-43±8.0010-43 

MsPSO 1.45110-81±3.96610-81 3.00510-43±8.7810-43 

I-MsPSO 1.32110-81±3.96610-81 4.9910-43±8.11110-44 

Function F9 F10 
L-MsPSO 0 4.66510-43±8.5210-43 

A-MsPSO 0 4.66510-43±8.5210-43 

MsPSO 0 4.66510-43±8.5210-43 

I-MsPSO 0 4.66510-43±8.5210-43 

Function F11 F12 
L-MsPSO 0 3.6510-43±8.310-44 

A-MsPSO 0 4.6510-40±7.5210-44 

MsPSO 0 4.11510-43±7.5110-44 

I-MsPSO 0 3.5210-43±8.11410-42 

 

 
Fig. 4. Convergence characteristics on 4 reference functions 

(F1–F4) with 30 dimensions 
 

 
Fig. 5. Convergence characteristics on 4 reference functions 

(F5–F8) with 30 dimensions 
 

 
Fig. 6. Convergence characteristics on 4 reference functions (F9–F12) 
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The mean values and the standard deviation 
throughout the optimization runs are shown in Table 1. 
On the other hand, Fig. 4–6 outline the average 
convergence characteristics to each approach on the 
reference functions. Figures 4–6 demonstrate that 
I-MsPSO performs better than the other PSO variants on 
the benchmark functions. As exposed in Fig. 4–6 
I-MsPSO reaches the target optima in the majority of 
benchmark functions (Table 1). The results obtained by 
I-MsPSO are superior to those of the other PSO versions 
on each benchmark function, with the exception of the 
Function F8 and F11. 

Application of I-MsPSO to engineering problems. 
This part examines the I-MsPSO’s effectiveness by 
extending its application to solve real-world engineering 
optimization problems. Specifically, the next section delves 
into the optimization of the tension/compression spring, 
while the after section summarizes the findings provided by 
pressure vessel design. The performance of I-MsPSO is, 
then, benchmarked against those of the existing algorithms 
such as PSO [31], genetic algorithm (GA) [32], velocity 
pausing particle swarm optimization (VPPSO) [33] and 
grey wolf optimizer (GWO) [34]. 

Tension/compression spring design (TCSD). TCSD 
problem is a classic engineering problem whose primary 
objective consists in minimizing the spring’s weight. This 
optimization task requires finding the lightest possible 
spring while meeting specific design constraints, including 
limitations on shear stress, surge frequency and deflection. 
It ultimately translates into a minimization problem where 
the weight of the spring is minimized while adhering to all 
boundary and constraints conditions. The design variables 
include the wire diameter d(X1), the mean coil diameter 
h(X2), and the number of turns of the spring P(X3). The 
following subsection outlines the objective functions and 
the constraints associated with these three optimization 
variables. Consider: 

X = [d, h, P] = [X1, X2, X3].             (24) 
Minimize: 

)2()( 32
2
1  XXXxF .                (25) 

Subject to: 

0
71785

1)(
4
1

3
3
2

1 
X

XX
Xg ;                   (26) 

01
5108

1

)(12566

4
)(

2
1

4
12

3
1

21
2
2

2 





XXXX

XXX
Xg ;   (27) 

0
140.45

1=)(
3

2
2

1
3 

XX

X
xg ;                   (28) 

0
5.1

)( 21
4 




XX
xg .                      (29) 

Variable range: 0.05X12, 0.25X21.3, 2X315. 
Table 2 illustrates the statistical results of the TCSD 

problem. Each algorithm was independently run 50 times, 
the maximum number of iterations and the population size 
were set to 1000 and 30, respectively. Overall, the I-MsPSO 
algorithm ranks first since it explores a solution to make the 
spring weight smaller for the TCSD problem. VPPSO offer 
similar solution, ranking second. 

Table 2 
Optimal solutions of tension/ compression spring design 

problem optimized by different algorithms 
Algorithm d H p Value 

GA 0.0598 0,3521 11,5980 0,032 
GWO 0.0513 0.3474 11.8763 0.0127 
PSO 0,0500 0,3104 14,998 0,0131 

VPPSO 0.0525 0.3756 10.2659 0.0127 
I-MsPSO 0.0516 0.356 11.3186 0.01266 

 

Pressure vessel design (PVD). Pressure vessels 
typically comprise a cylindrical shell and 2 hemispherical 
heads, fabricated through the welding processes. The 
design objective is to minimize the overall cost, encompass 
material acquisition, form operations, and weld expenses. 
This optimization problem involves 4 design variables: 
cylinder wall thickness Es(X1), the thickness of the 
spherical cover Eh(X2), cylinder inner diameter D(X3), and 
cylinder length L(X4). A description of the objective 
functions and constraints relevant to these 3 optimization 
variables is presented. Consider: 

X = [Es, Eh, D, L] = [X1, X2, X3, X4].        (30) 
Minimize: 
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Variable range: 
}0625.099,...,0625.02,0625.01{, 21 XX , 

310 X  and 2004 X . 

Table 3 presents the best solutions of all algorithms. 
It is evident that I-MsPSO achieved the best result. 

Table 3 
Optimal solutions of PVD problem optimized by different 

algorithms 
Algorithm X1 X2 X3 X4 Optimal cost

GA 0.810 0.436 42.096 176.655 6059.945 
GWO 0.812 0.4375 42.098 176.636 6059.719 
PSO 0.875 0.4375 45.288 140.743 6096.830 

VPPSO 0.8125 0.4375 42.0979 176.646 6059.850 
I-MsPSO 0.8125 0.4375 42.0973 176.654 6059.714 

Application of STaSuM to Box-Jenkins gas 
furnace data. Due to its non-linear nature, the Box-
Jenkins system [29] has become widely adopted to 
validate the performance of the recently developed 
modeling methods. The used dataset contained 296 paired 
input-output observations (y(t), u(t)) for a gas furnace 
process, where t ranged from 1 to 296. At each sampling 
time t, u(t) is the input gas flow rate and y(t) is the output 
CO2 concentration. The simulation was conducted to 
predict y(t) based on y(t1), y(t2), u(t1), u(t2). The first 148 
input-output data were employed as training data and the 
final 148 were utilized as testing data in order to validate 
the efficiency of the suggested method. The population 
size in the 4 subswarms was set to 6, the number of rules 
was 3, the number of iterations was 50, the acceleration 
coefficients were set according to the equations and the 
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inertia weight was chosen as shown in (13), (15), (17). In 
prediction case, compared to the A-MsPSO algorithm and 
other algorithms mentioned in Table 4 the I-MsPSO 
algorithm had the best performance index of 0.104. 

Table 4 
Identification results obtained by the different methods 

on the Box-Jenkins system 
Reference Number of inputs Number of rules MSE 

[35] 6 – 0.202
[36] 2 3 0.110
[37] 2 4 0.148
[38] 2 2 0.161
[18] 2 3 0.106

I-MsPSO 2 3 0.104
 

Figure 7 shows the STaSuM model’s prediction, the 
actual outputs and the errors between them for the training 
set of data. The other 148 data points were used to validate 
the generalization performance of the obtained fuzzy mode 
– Fig. 8 reveals the test results. Their respective related 
MSEs are 0.057 and 0.145.  

 

Sampling (t)

a

Sampling (t)

b

CO2 concentration, % 

Error, % 

 
Fig. 7. Modeling with 296 pairs of observations: a – the real 

output and the output of the fuzzy model; b – the estimation error 
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a
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b

CO2 concentration, % 

Error, % 

 
Fig. 8. Testing with 148 pairs of observations: a – the real output 

and the output of the fuzzy model; b – the estimation error 
 

Table 5 presents a comparison with various models and 
demonstrates that our method’s generalization ability 
outperforms that reported in the literature. Therefore, it can be 
noticed that the real output and the estimated output were 
within a negligible error. These results were justified by 
observing the values of the MSE performance index given in 
Table 5. The latter reveals that the performance indices 
obtained by the developed model during the identification and 
validation phase are the best, compared to those provided by 
other models mentioned in this table, even in the case of 
reduced number of input variables and minimized number of 

rules, which guarantees better quality of approximation. The 
results show that the proposed model has more powerful 
generalization ability with a good accuracy in modeling the 
system of the Box-Jenkins gas furnace dataset. 

Table 5 
Prediction results provided the different methods 

on the Box-Jenkins system 
Reference Number of rules MSE identification MSE validation

[36] 3 0.059 0.152 
[37] 6 0.022 0.236 
[39] 3 0.0159 0.126 
[18] 3 0.058 0.146 

I-MsPSO 3 0.057 0.145 
 

Conclusions. In this paper, improved multiswarm 
particle swarm optimization (I-MsPSO) algorithm was used 
to optimize and estimate the parameters of Takagi-Sugeno 
(T-S) fuzzy systems. In the proposed specific Takagi-Sugeno 
modeling (STaSuM), the structure and the parameters of T-S 
fuzzy model were encoded into a nest vector to find the 
optimal solution simultaneously. The main advantage of 
STaSuM is that it can keep the inner-correlation between the 
system structure and the parameters, and more highly-
accurate model than the traditional 2-stage identification 
process method. I-MsPSO divided the population into 
4 subswarms; each of which utilized a search strategy 
independent of the other. The exchange of information 
between the 4 subswarms allowed collecting useful 
messages from the subswarms, maintaining particle diversity 
and improving the search capability. The best personal 
interactive learning strategy increased the convergence 
speed. The experimental results on 12 benchmark functions 
proved that the proposed algorithm had good comprehensive 
performance in the optimization of unimodal and multimodal 
functions and kept a good balance between exploration and 
exploitation. Additionally, the developed method was 
applied to estimate blur T-S system models using a fuzzy 
model STaSuM. The obtained finding showed experimental 
results proved that the suggested method can produce robust, 
reliable and effective fuzzy T-S models. The obtained 
finding showed experimental results proved that the 
suggested method can produce robust, reliable and effective 
fuzzy T-S models. In our upcoming work, we will: apply 
I-MsPSO to solve real industry problems; use I-MsPSO in 
solar PV; analyze the influence of different levels of noise on 
the accuracy of this algorithm. 
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Regulation characteristics of a step-down pulse regulator in continuous and discontinuous 
conduction mode 
 
Introduction. Pulse regulators (PRs) are widely used to regulate and stabilize the supply voltage of DC consumers. The main 
characteristic of any regulator is its regulation characteristic. In the general case, two modes of PR operation are possible: 
continuous conduction mode and discontinuous conduction mode in the inductance of the PR. Problem. When the PR transitions 
from one operating mode to another, its regulation characteristics change. In the continuous conduction mode, the regulation 
characteristic is a function of one variable. In the discontinuous conduction mode, the regulation characteristic becomes a function 
of two variables. Therefore, in such a mode, PR is described by a family of regulation characteristics. The goal of the work is to 
develop a mathematical model that describes the operation of the controller in both continuous and discontinuous conduction modes, 
as well as to determine the control characteristics that are valid for both of these modes. Methodology. In the work, using the 
example of a step-down type PR, the conditions for the PR transition from one operating mode to another are determined, as well as 
the dependence of the PR output voltage on the duration of the pause in the inductance current. Results. The influence of the 
parameters of the PR elements on the pause duration is analyzed. A graph of the family of PR control characteristics is constructed, 
which is valid for both continuous and discontinuous conduction modes. Scientific novelty. It is shown that when PR transitions to 
discontinuous conduction mode, its control characteristics shift towards higher output voltages. This shift is greater, the longer the 
pause duration in the inductance current. Practical value. It is determined that the specified ripple coefficient of the PR output 
voltage in the discontinuous conduction mode is provided by a smaller value of the LC product of the PR elements, compared to the 
continuous conduction mode. References 17, tables 2, figures 5. 
Key words: discontinuous conduction mode, control characteristics of a pulse regulator, ripple coefficient of the output 
voltage. 
 
Вступ. Імпульсні регулятори (IP) широко використовують для регулювання та стабілізації напруги живлення споживачів 
постійного струму. Основною характеристикою будь-якого регулятора є його регулювальна характеристика. У 
загальному випадку можливі два режими роботи IP – режим безперервного струму та режим переривчатого струму в 
індуктивності ІР. Проблема. При переході ІР від одного режиму роботи до іншого, його регулювальні характеристики 
змінюються. В режимі безперервного струму індуктивності регулювальна характеристика є функцією від однієї змінної. В 
режимі переривчастого струму регулювальна характеристика стає функцією двох змінних. Тому, в такому режимі, IP 
описується сімейством регулювальних характеристик. Метою роботи є розробка математичної моделі, яка б описувала 
роботу ІР у режимах безперервного та переривчастого струму індуктивності, зокрема одержання регулювальних 
характеристик, які б були дійсними для обох вказаних режимів. Методика. В роботі на прикладі IP понижувального типу 
визначено умови переходу ІР від одного режиму роботи до іншого, а також залежність вихідної напруги ІР від тривалості 
паузи у струмі індуктивності. Результати. Проаналізовано вплив параметрів елементів ІР на тривалість паузи. 
Побудовано графік сімейства регулювальних характеристик IP, який є дійсним, як для режиму безперервного, так і 
переривчастого струму індуктивності. Наукова новизна. Показано, що при переході IP до режиму переривчастого 
струму, його регулювальні характеристики зміщуються в сторону більших вихідних напруг. Це зміщення є тим більшим, 
чим більшою є тривалість паузи у струмі індуктивності. Практична значимість. Визначено, що заданий коефіцієнт 
пульсацій вихідної напруги ІР, у режимі переривчатого струму, забезпечується меншим значенням добутку LC елементів 
ІР, у порівнянні з режимом безперервного струму. Бібл. 17, табл. 2, рис. 5. 
Ключові слова: режим переривчастого струму індуктивності, регулювальні характеристики імпульсного регулятора, 
коефіцієнт пульсації вихідної напруги. 
 

Introduction. Pulse regulators (PRs) are widely used 
to regulate and stabilize the supply voltage of DC 
consumers [1–4]. Due to the widespread use of non-
traditional and renewable sources of electrical energy, PRs 
have been used to match the output resistance of the 
electrical energy source with the load resistance, in order to 
extract the maximum possible power from the source [5–9]. 
The main characteristic of the PR is its regulation 
characteristic Uout = f (t*) – the dependence of the PR output 
voltage on the regulated parameter t*, where t* = tcl / T – the 
relative time of the closed state of the key tcl during the 
period T. In the general case, two modes of operation of 
the PR are possible [10–13]. 

 mode of continuous current flow in the inductance; 
 mode of intermittent current in the inductance. 

At the moment of transition of the PR from one 
operating mode to another, its regulation characteristics 
change. 

In the continuous current mode in the operating 
range, the average value of the voltage across the load 
does not depend on its resistance R. The current flowing 
through the PR inductance has a relatively small ripple. 
Since the variable component of this current is closed 
through the filter capacitor, the capacitance of this 
capacitor can be relatively small. In the intermittent 
conductance mode, the shape factor of this current 
increases. Therefore, the power losses in the PR elements 
will be greater than in the continuous current mode. The 
capacitance of the filter capacitor also increases. An 
important disadvantage of such a mode is that the PR 
output voltage will depend on the load resistance R. Since 
in the intermittent conductance mode, the PR regulation 
characteristic Uout = f (t*; R) is a function of two variables, 
in this mode the PR is described not by one, but by a 
family of regulation characteristics. Taking into account 
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the above disadvantages, PRs in various fields of 
application operate mainly in the continuous conductance 
mode. However, in certain cases, for example, to reduce 
switching losses in the key and valve elements of the PR, 
its operation in the mode of intermittent inductance 
current is possible and advisable [14–17]. 

In the listed works, the continuous and intermittent 
current modes are considered separately. The regulation 
characteristic is given only for the continuous current 
mode. At the same time, the converter can be used 
simultaneously in two modes. In such cases, it is 
necessary to have regulation characteristics that would be 
valid for both of the specified modes. Therefore, it is 
important to know the features of the PR operation in the 
intermittent conduction mode, as well as methods for 
determining the regulation characteristics in such a mode. 

The goal of the work is to develop a mathematical 
model that would describe the operation of the PR in the 
continuous and intermittent conduction modes, in 
particular, to obtain regulation characteristics that would 
be valid for both of the specified modes. 

The main part. As is known [16], the continuous 
current mode in the inductance L will be ensured under 
the condition 

IL / 2  IL,                                (1) 
where IL is the constant component of the current through 
the inductance; IL = ILmax – ILmin is the ripple of this 
current. 

In the intermittent current mode, as well as in the 
limit mode, ILmin = 0. Therefore, for these modes 
IL = ILmax = Im. Let us analyze the conditions for the 
fulfillment of inequality (1) using the example of a common 
PR circuit of the step-down type. In the analysis, we will 
assume that the output voltage of the PR is well smoothed, 
and the losses in its elements are insignificant [14–17]. 

PR of the step-down type. For PR of the step-down 
type (Fig. 1) in the mode of continuous current of 
inductance L, the following conditions are met [16]: 

Uout = Uin t
*; Iout = Iin / t

*,                      (2) 
where t* = tcl / T is the relative time of the closed state of 
the key S in the period T. These are the regulation 
characteristics of the PR for the continuous conduction 
mode. 

 

 
Fig. 1. Step-down type PR 

 

In the steady-state mode of operation of the PR, the 
change in the inductance current in the stages of the 
closed and open state of the key S is the same, but has the 
opposite sign 

ILcl = ILop = Im. 
Let’s determine the value of this change: 

op
out

cl
outin

m t
L

U
t

L

UU
I 


 .            (3) 

Then, the condition for continuous inductance 
current (1) can be written as follows: 

.
2

in out out
cl L out

U U U
t I I

L R


              (4) 

Divide both sides of the inequality by T: 
(Uin – Uout)t

*  Uout 2*, 
where * = L / RT. 

Therefore, the condition for continuity of current in 
the inductance for the circuit (Fig. 1): 

*  (1 – t*) / 2.                          (5) 
The larger the parameter t*, the smaller the 

inductance L can be, at which the continuous current 
mode is ensured. To ensure such a mode in the entire 
control range (t* > 0), the following condition must be 
met: 

*  0.5.                                (6) 
If * < 0.5, the mode of intermittent current of 

inductance L will arise during the PR regulation process. 
Therefore, * = 0.5 is the critical parameter at which the 
PR transitions from one operating mode to another: 

5.0*  RTLcr .                         (7) 

To ensure continuous current mode in the entire 
control range, the inductance L should be selected from 
the condition L0.5RT. If the resistance R will change 
during operation, it is necessary to take its maximum 
value. Under such a condition, the inductance L is called 
critical: 

Lcr = 0.5RmaxT.                                (8) 
Discontinuous conduction mode. Figure 2,a shows 

the inductor current graph in the limit mode, and 
Fig. 2,b – in the discontinuous mode. Since the voltage at 
the input of the PR is constant and the output voltage is 
well smoothed, the current in the inductance L at intervals 
varies linearly and has a triangular shape [14–17]. 

 

 
a)

b)

 
Fig. 2. Inductance current:  

a) limit mode; b) intermittent mode 
 

In the steady-state mode of operation of the PR, 
regardless of the inductance operating mode, the average 
value of the voltage on it for the period UL(T) = 0. 
Therefore, the volt-second integrals at the stage of the 
closed and open state of the key should be the same, but 
with the opposite sign. According to Fig. 2,b, for the 
intermittent current mode we can write: 

(Uin – Uout)tcl = Uout (top – tp),                (9) 
where tp is the the duration of the pause in the inductance 
current. 

Let’s determine the output voltage in the intermittent 
current mode: 

Uin tcl = Uout (tcl + top – tp) = Uout (T – tp). 
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Therefore: 
Uout = Uin tcl / (T – tp), 

or in relative units: 
U* = t* / (1 – tp

*),                        (10) 
where U* = Uout /Uin;  tp

* = tp / T. 
Thus, for a given value of the parameter t*, the 

output voltage of the PR will be the greater, the greater 
the duration of the pause in the inductance current. In the 
continuous current mode, as well as the limit mode, tp = 0 
and the output voltage Uout = Uin t

*, which coincides with 
(2). Let us determine what the duration tp depends on. 

In the steady-state mode of operation of the PR, its 
output voltage is: 

Uout = Iout R = IL R. 
In the limit operation mode (Fig. 2,a), the average 

value of the inductance current can be determined as: 
IL = Im / 2. 

According to Fig. 2,b, the average value of the 
inductance current in intermittent mode: 

   *1
22 p
mpm

L t
I

T

tTI
I 


 .              (11) 

Similarly to (3), we can write: 
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Then, according to (11): 
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Therefore: 
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11
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pp
out

outout ttt
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

. 

As a result, we obtain the following quadratic 
equation: 

    0212 ****2*  tttt pp .           (12) 

The real root of this equation is the duration of the 
pause: 

 
2

82 *2**
* 


tt
t p .                  (13) 

Table 1 shows the results of calculating the interval 
duration tp

* (13) and the PR output voltage (10) for 
different values of the parameter *. 

Table 1 
Duration tp

* calculations 

t* 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
τ*=0.5 

U*tp
*=0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

tp
* 0.06 0 0 0 0 0 0 0 0 0

τ*=0.4 
U* 0.106 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
tp

* 0.17 0.12 0.08 0 0 0 0 0 0 0
τ*=0.3 

U* 0.12 0.23 0.33 0.4 0.5 0.6 0.7 0.8 0.9 1
tp

* 0.32 0.26 0.2 0.14 0.07 0 0 0 0 0
τ*=0.2 

U* 0.15 0.27 0.38 0.46 0.54 0.6 0.7 0.8 0.9 1
tp

* 0.5 0.44 0.37 0.31 0.24 0.16 0.08 0 0 0
τ*= 0.1 

U* 0.2 0.36 0.48 0.58 0.66 0.71 0.76 0.8 0.9 1
tp

* 0.63 0.57 0.5 0.42 0.34 0.27 0.18 0.09 0 0
τ*=0.05 

U* 0.27 0.46 0.6 0.69 0.75 0.82 0.85 0.88 0.9 1
 

Based on the results of these calculations, in Fig. 3, 
graphs of the regulation characteristics of the step-down 
type PR are plotted, which are valid for both the 
continuous conduction mode and the intermittent mode. 

 

 
Fig. 3 Regulation characteristics of PR of step-down type 

 

According to these graphs, in the case of τ* < 0.5 the 
PR switches to the mode of intermittent current of 
inductance L. With a decrease in the parameter τ*, the 
regulation characteristics will deviate towards higher 
output voltages compared to the continuous current mode. 
However, smoothing of the output voltage of PR is 
provided not only by the inductance L, but also by the 
capacitance C, or rather by their product LC [16]. Let us 
determine how the transition of PR to the mode of 
intermittent current will affect the value of this product. 

Let the ripple coefficient of the output voltage of PR 
be given: 

Kp = Uout / 2Uout,                      (14) 
which must be provided on the load R. 

Let us consider in more detail one period of the 
inductance current iL in intermittent mode (Fig. 4). 

Under the influence of the shaded part of this 
current, the voltage on the capacitance C will increase by 
the value: 

UC = q / C,                           (15) 
where Δq is the change in charge on a capacitor.  

This current has the shape of a triangle with height 
(Im – IL) and duration tx. The average value of this current, 
which is proportional to the area of the triangle, will 
determine the change in charge on the capacitor: 

   
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 .              (16) 

Taking into account (11): 
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Fig. 4. Inductance current in intermittent mode 

 

Using the properties of similar triangles, we can 
write: 
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Therefore, taking into account (17): 
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Then, according to (16): 
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Taking into account (9) and (15), we finally obtain: 
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Then, according to (14), we obtain the formula for 
determining the ripple coefficient of the output voltage of 
PR of the step-down type, which is valid for the modes of 
continuous and intermittent current of inductance L: 

   2****
2

11
162 pppop

out

out
p tttt
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U
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In particular, for the continuous conduction mode 
(tp = 0), we obtain the well-known formula [16]: 

*
2

16 opp t
LC

T
K  .                            (23) 

Thus, in the continuous current mode, in particular 
in the limit mode, for a given value of the LC product, the 
ripple coefficient of the output voltage will depend on the 
duration of the open state of the key top

* and, in the worst 
case (top

* 1), reaches the maximum value: 

LC

T
K p 16

2

max  .                            (24) 

Suppose that the task is to provide a given value of 
the ripple coefficient of the PR output voltage Kр. In the 
continuous current mode, to provide a given Kр, the 
product LC: 

  *
2

16 op
p

CCM t
K

T
LC  ,                        (25) 

and the given Kp can be obtained by increasing the 
inductance and decreasing the capacitance, and vice 
versa. 

In the intermittent current mode, the required 
product LC: 

     2****
2

11
16 pppop

p
DCM tttt

K

T
LC  ,         (26) 

will depend not only on the duration of the open state of 
the key top

*, but also on the duration of the pause tp
*. To 

analyze this dependence, we define the relation: 

   
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   
*

2****
* 11
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pppop
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Taking into account the results presented in Table 1, 
Table 2 shows the results of the calculations of the 
relation (LС)*. Figure 5 shows the graphs of the 
dependence (LС)*= f(top

*) for different values of the 
parameter τ*, on which the duration of the pause tp

* 
depends at a given top

*. 

Table 2 
Calculation results of (LC)* 

top
* 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

τ*=0.5
(LC)*tp

*=0 1 1 1 1 1 1 1 1 1 
tp

* 0.06 0 0 0 0 0 0 0 0 
τ*=0.4

(LC)* 0.97 1 1 1 1 1 1 1 1 
tp

* 0.17 0.12 0.08 0 0 0 0 0 0 
τ*=0.3

(LC)* 0.92 0.93 0.95 1 1 1 1 1 1 
tp

* 0.32 0.26 0.2 0.14 0.07 0 0 0 0 
τ*=0.2

(LC)* 0.77 0.79 0.82 0.84 0.91 1 1 1 1 
tp

* 0.5 0.44 0.37 0.31 0.24 0.16 0.08 0 0 
τ*=0.1

(LC)* 0.5 0.52 0.54 0.57 0.62 0.68 0.78 1 1 
tp

* 0.63 0.574 0.5 0.42 0.34 0.27 0.18 0.09 0 
τ*=0.05

(LC)* 0.3 0.305 0.321 0.34 0.35 0.38 0.46 0.59 1 
 

 

 
Fig. 5 Dependence (LС)*= f (top

*) for different values τ* 
 

Analysis of the obtained graphs shows: 
 in the intermittent conduction mode, the specified 

ripple coefficient of the PR output voltage Kр is provided 
by a smaller value of the product LC of its elements; 

 with a decrease in the parameter τ* = L/RT, the 
required value of the product decreases; 

 with an increase in the duration of the interval top
*, 

the required product LC decreases. In the extreme case 
(top

* 1) 

   22** 1 ptLC  .                        (28) 

In the continuous current mode, by changing the 
inductance L to kL, we can reduce the capacitance C by 
С/k. The intermittent current mode occurs when the 
inductance L < Lcr decreases. However, in this case, the 
necessary increase in the capacitance C will be less than 
in the continuous current mode. For example, in the case 
of τ* = 0.05, L < Lc by a factor of 10. At the same time, 
according to the graphs (Fig. 5), to ensure the same Kp, in 
the case of top

* > 0.4, the capacitance will have to be 
increased only by a factor of 3.5. This can be explained 
by the fact that in the discontinuous mode, at a given 
input voltage, the output voltage increases, which, 
according to (14), reduces Kp. Therefore, the given ripple 
coefficient can be obtained using a smaller value of the 
product LC. 

Conclusions.  
1. A mathematical model is proposed that describes the 

behavior of the PR in the continuous and intermittent 
conduction modes, which made it possible to unify the 
description of both modes within a single theoretical 
basis. 



Electrical Engineering & Electromechanics, 2025, no. 5 61 

2. A family of regulation characteristics is determined 
that are valid for both modes of operation of the PR and 
show that when the PR transitions to the mode of 
intermittent conduction current, its regulation 
characteristics are shifted towards higher output voltages. 
This shift is greater, the longer the duration of the pause 
in the inductance current. 

3. It is shown that to ensure a given ripple coefficient 
of the PR output voltage, in the intermittent current mode, 
a smaller value of the LC product of the PR elements is 
required than in the continuous current mode, which 
makes it possible to reduce the size and cost of the PR 
element base. 

Conflict of interest. The authors declare no conflict 
of interest. 

 
REFERENCES 

1. Valarmathy A.S., Prabhakar M. High gain interleaved boost-
derived DC-DC converters – A review on structural variations, 
gain extension mechanisms and applications. E-Prime - 
Advances in Electrical Engineering, Electronics and Energy, 
2024, vol. 8, art. no. 100618. doi: 
https://doi.org/10.1016/j.prime.2024.100618. 
2. Romashko V.Y., Batrak L.M., Abakumova O.O. Features of 
the work of pulse regulators in the maximum power 
transmission mode, with the presence of an accumulator at their 
output. Electrical Engineering & Electromechanics, 2023, no. 6, 
pp. 63-66. doi: https://doi.org/10.20998/2074-272X.2023.6.11 
3. Sarowar G., Ahmed I., Rahman S., Al Mamun A., Salim 
K.M. Investigation of a power factor correction converter 
utilizing SEPIC topology with input current switching. Results 
in Engineering, 2024, vol. 22, art. no. 102271. doi: 
https://doi.org/10.1016/j.rineng.2024.102271. 
4. Pallekonda A.K., Ch R.K. High gain interleaved PFC 
converter for torque ripple minimization in industrial PMBLDC 
motor based drives. Results in Engineering, 2024, vol. 23, art. 
no. 102413. doi: https://doi.org/10.1016/j.rineng.2024.102413. 
5. Bushra E., Zeb K., Ahmad I., Khalid M. A comprehensive 
review on recent trends and future prospects of PWM techniques 
for harmonic suppression in renewable energies based power 
converters. Results in Engineering, 2024, vol. 22, art. no. 
102213. doi: https://doi.org/10.1016/j.rineng.2024.102213. 
6. Pirashanthiyah L., Edirisinghe H.N., De Silva W.M.P., 
Bolonne S.R.A., Logeeshan V., Wanigasekara C. Design and 
Analysis of a Three-Phase Interleaved DC-DC Boost Converter 
with an Energy Storage System for a PV System. Energies, 
2024, vol. 17, no. 1, art. no. 250. doi: 
https://doi.org/10.3390/en17010250. 
7. Oliver J.S., David P.W., Balachandran P.K., Mihet-Popa L. 
Analysis of Grid-Interactive PV-Fed BLDC Pump Using 
Optimized MPPT in DC–DC Converters. Sustainability, 2022, 
vol. 14, no. 12, art. no. 7205. doi: 
https://doi.org/10.3390/su14127205. 
8. Srividya S., Praveena A., TatiReddy Ravi, SathishKumar K. 
Single Switch DC-DC Boost Converter with MPPT Control for 
Fuel Cell Electric Vehicle Applications. 2023 Innovations in 
Power and Advanced Computing Technologies (i-PACT), 2023, 

pp. 1-6. doi: https://doi.org/10.1109/i-
PACT58649.2023.10434573. 
9. Romashko V.Y., Batrak L.M., Abakumova O.O. Step-
up/step-down regulators in maximum power transmission mode. 
Electrical Engineering & Electromechanics, 2022, no. 2, pp. 18-
22. doi: https://doi.org/10.20998/2074-272X.2022.2.03. 
10. Huang L. Reduced-order discrete modeling method and 
nonlinear analysis of a discontinuous conduction mode buck 
converter with a constant power load. Energy Reports, 2023, 
vol. 9, pp. 1021-1036. doi: 
https://doi.org/10.1016/j.egyr.2023.04.133. 
11. Serra F.M., Esteban F.D., Montoya O.D. Control of DC-DC 
boost converter in discontinuous conduction mode feeding a 
constant power load. Results in Engineering, 2024, vol. 23, art. 
no. 102732. doi: https://doi.org/10.1016/j.rineng.2024.102732. 
12. Veeramraju K.J., Eisen J., Rovey J.L., Kimball J.W. A New 
Discontinuous Conduction Mode in a Transformer Coupled 
High Gain DC-DC Converter. 2022 IEEE Applied Power 
Electronics Conference and Exposition (APEC), 2022, pp. 237-
244. doi: https://doi.org/10.1109/APEC43599.2022.9773417. 
13. Madrid E., Murillo-Yarce D., Restrepo C., Muñoz J., Giral 
R. Modelling of SEPIC, Ćuk and Zeta Converters in 
Discontinuous Conduction Mode and Performance Evaluation. 
Sensors, 2021, vol. 21, no. 22, art. no. 7434. doi: 
https://doi.org/10.3390/s21227434. 
14. Parada Salado J.G., Herrera Ramírez C.A., Soriano Sánchez 
A.G., Rodríguez Licea M.A. Nonlinear Stabilization Controller 
for the Boost Converter with a Constant Power Load in Both 
Continuous and Discontinuous Conduction Modes. 
Micromachines, 2021, vol. 12, no. 5, art. no. 522. doi: 
https://doi.org/10.3390/mi12050522. 
15. González I., Sánchez-Squella A., Langarica-Cordoba D., 
Yanine-Misleh F., Ramirez V. A PI + Sliding-Mode Controller 
Based on the Discontinuous Conduction Mode for an 
Unidirectional Buck–Boost Converter with Electric Vehicle 
Applications. Energies, 2021, vol. 14, no. 20, art. no. 6785. doi: 
https://doi.org/10.3390/en14206785. 
16. Goncharov Y.P., Budonny O.V., Morozov V.G., Panasenko 
M.V, Romashko V.Y., Rudenko V.S. Peretovyuvalna 
technicala. Navchalnyi posibnyk. Chastyna 2 [Power conversion 
equipment. Tехt book. Part 2]. Kharkiv, Folіo Publ., 2000. 360 
p. (Ukr). 
17. Serra F.M., Magaldi G.L., Martin Fernandez L.L., Larregay 
G.O., De Angelo C.H. IDA-PBC controller of a DC-DC boost 
converter for continuous and discontinuous conduction mode. 
IEEE Latin America Transactions, 2018, vol. 16, no. 1, pp. 52-
58. doi: https://doi.org/10.1109/TLA.2018.8291454. 

 
Received 28.04.2025 
Accepted 03.06.2025 

Published 02.09.2025 
 
V.Y. Romashko1, Doctor of Technical Science, Professor, 
L.M. Batrak1, PhD, Associate Professor, 
1 National Technical University of Ukraine 
«Igor Sikorsky Kyiv Polytechnic Institute», 
37, Prospect Beresteiskyi, Kyiv, 03056, Ukraine, 
e-mail: batrakln5@gmail.com (Corresponding Author) 

 
How to cite this article: 
Romashko V.Y., Batrak L.M. Regulation characteristics of a step-down pulse regulator in continuous and discontinuous conduction 
mode. Electrical Engineering & Electromechanics, 2025, no. 5, pp. 57-61. doi: https://doi.org/10.20998/2074-272X.2025.5.08 



High Electric and Magnetic Fields Engineering, Engineering Electrophysics 

62 Electrical Engineering & Electromechanics, 2025, no. 5 

© M.I. Boiko, A.V. Makogon 

UDC 621.314:621.373:537.528 https://doi.org/10.20998/2074-272X.2025.5.09 
 

M.I. Boiko, A.V. Makogon 
 

Disinfectant treatment of liquids with high specific electrical conductivity 
by high-voltage nanosecond pulses with a subnanosecond front 
 

Purpose. The purpose of the work is to determine, using computer modelling, energy-efficient modes of disinfecting treatment of water-
containing liquids with high specific electrical conductivity using high voltage nanosecond pulses with a subnanosecond front including 
pulsed discharges in gas bubbles. Methods. We considered methods of obtaining high-voltage nanosecond pulses with sub-nanosecond 
fronts. To achieve this goal, we used computer simulation using Micro-Cap 12. We also used analytical and empirical formulas for 
calculating the electric field strength, inductive and resistive phases of energy switching from a capacitive source to resistive-inductive 
loads. We have applied the method of comparing calculated and experimental results. Results. Energy-efficient modes of disinfecting 
treatment of water-containing liquids with high specific electrical conductivity using nanosecond discharges with a subnanosecond front 
in gas bubbles are such modes when the active resistance of the treated liquid is 10–40 . In this case, the lumped inductance of the 
discharge circuit during liquid treatment does not exceed 2 nH, the capacitance of the layer of the treated liquid is 3.6–14 pF with an 
amplitude of pulses from a high-voltage low-resistance source of at least 30 kV and a pulse frequency of 1500–2000 pulses per second. 
With an increase in the active resistance of the liquid within the specified limits, the amplitude of the voltage on the layer of the treated 
liquid increases under other unchanged conditions, including with an unchanged amplitude of the voltage from the source. The voltage 
amplitude on the layer of the treated liquid with such an increase can exceed the voltage amplitude from the source by 1.6 times, and 
exceed the voltage on the reactor as a whole (the series connection of the bulk streamer and the water layer). This happens due to the 
presence of a lumped inductance in the discharge circuit, in which energy is stored during discharge. Scientific novelty. We have shown 
the possibility of using nanosecond discharges with sub-nanosecond fronts in gas bubbles for energy-efficient disinfection of liquids, 
including those with high specific electrical conductivity. In this case, a plasma electrode – a volumetric streamer – acts as a high-
voltage electrode in the disinfection of liquids. Practical value. The obtained of the computer modelling results confirm the possibility of 
industrial application of nanosecond discharges with a sub-nanosecond front for disinfection and purification of water-containing 
liquids with high specific electrical conductivity. References 23, figures 13. 
Key words: water disinfection with high-voltage pulses, discharge unit, high-voltage streamer plasma electrode, nanosecond 
discharge in gas bubbles in water, long electric line, sub-nanosecond rise time of high voltage. 
 

Мета. Метою роботи є визначення за допомогою комп’ютерного моделювання енергоефективних режимів дезінфікуючої 
обробки водовмісних рідин з високою питомою електропровідністю з використанням високовольтних наносекундних імпульсів 
із субнаносекундним фронтом, включаючи імпульсні розряди в газових бульбашках. Методи. Розглянуто методи отримання 
високовольтних наносекундних імпульсів із субнаносекундними фронтами. Для досягнення цієї мети було використано 
комп’ютерне моделювання за допомогою Micro-Cap 12. Також було використано аналітичні та емпіричні формули для 
розрахунку напруженості електричного поля, індуктивної та резистивної фаз перемикання енергії від ємнісного джерела до 
резистивно-індуктивних навантажень. Застосовано метод порівняння розрахункових та експериментальних результатів. 
Результати. Енергоефективними режимами дезінфікуючої обробки водовмісних рідин з високою питомою 
електропровідністю за допомогою наносекундних розрядів із субнаносекундним фронтом у газових бульбашках є такі 
режими, коли активний опір оброблюваної рідини становить 10–40 Ом, зосереджена індуктивність розрядного кола під час 
обробки рідини не перевищує 2 нГн, ємність шару оброблюваної рідини становить 3,6–14 пФ з амплітудою імпульсів від 
високовольтного низькоомного джерела не менше 30 кВ та частотою імпульсів 1500–2000 імпульсів за секунду. Зі 
збільшенням активного опору рідини в заданих межах амплітуда напруги на шарі оброблюваної рідини зростає за інших 
незмінних умов, у тому числі за незмінної амплітуди напруги від джерела. Амплітуда напруги на шарі оброблюваної рідини при 
такому збільшенні може перевищувати амплітуду напруги від джерела в 1,6 рази, а також перевищувати напругу на 
реакторі в цілому (послідовне з’єднання об’ємного стримера та шару води) через наявність зосередженої індуктивності в 
колі розряду, в якій накопичується енергія під час розряду. Наукова новизна. Показано можливість використання 
наносекундних розрядів із субнаносекундними фронтами в газових бульбашках для енергоефективної дезінфекції рідин, у тому 
числі з високою питомою електропровідністю. У цьому випадку плазмовий електрод – об’ємний стример – виступає в ролі 
високовольтного електрода при дезінфекції рідин. Практична значимість. Отримані результати комп’ютерного 
моделювання підтверджують можливість промислового застосування наносекундних розрядів із субнаносекундним фронтом 
для дезінфекції та очищення водовмісних рідин з високою питомою електропровідністю. Бібл. 23, рис. 13. 
Ключові слова: знезараження води високовольтними імпульсами, розрядний блок, високовольтний стримерний 
плазмовий електрод, наносекундний розряд у газових бульках у воді, довга електрична лінія, субнаносекундний час 
наростання високої напруги. 
 

Introduction. Liquids with high specific electrical 
conductivity, which exceeds the electrical conductivity of 
river and tap water, are, for example, seawater, milk. Is it 
possible to disinfect such liquids using discharges in gas 
bubbles inside such liquids? 

Discharges are permissible in water, unlike in food 
products, because discharges in food products cause 
undesirable changes that impair their organoleptic 
properties. It follows that water can be disinfected and 
purified using a wider range of factors. This range includes 
such powerful factors as high-energy electrons and 
microparticles with high electrochemical potential: OH- 
radicals, hydrogen peroxide H2O2, ozone O3, as well as 
broadband radiation from discharges. However, these 
factors can be used jointly and effectively only when 

discharges are carried out inside a volume of water in a 
gaseous environment, for example, in gas bubbles. This 
action is fundamentally different from the action that is 
widely used in the world today, which is provided by ozone 
technologies. In ozone technologies is used only one active 
factor from electrical discharges (barrier discharges are most 
often used) – ozone, which is also not the most effective 
active factor that can be obtained and usefully used for 
disinfection and purification of water from discharges. 

The most effective can be considered nanosecond 
discharges, when in a gas volume (for example, in gas 
bubbles) inside the water, a volumetric streamer is created 
in a fraction of a nanosecond, which glows and covers the 
entire gas discharge gap along its length. This is ensuring 
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the presence of a strong electric field in the water itself, 
contact over the maximum area on the plasma interface 
surface of the volumetric streamer with water and the 
transition of active microparticles (electrons, ions, atomic 
oxygen O, radicals OH-, hydrogen peroxide H2O2, ozone 
O3, etc. in the paradigm of de Broglie’s theory of matter 
waves) into the water for its disinfection and purification. 
It is method minimizes specific energy consumption and 
the cost of disinfecting water treatment. 

The interest in using high-voltage pulses as short as 
possible for disinfection of water and liquid food products 
is to reduce the specific energy costs for disinfection and to 
increase the efficiency of such treatment by increasing the 
amplitude of the electric field strength in the treated liquid 
while reducing the duration of the operating high-voltage 
pulses. For example, magnetic-semiconductor high-voltage 
generators with nanosecond stream interrupters are known 
[1, 2]. At present, researches have achieved sub-
nanosecond fronts of high-voltage voltage and current 
pulses with durations from one to several nanoseconds (in 
the load). They are using both closing and opening 
switches [3–5]. It is for such pulses that it is possible to 
obtain a volumetric streamer plasma in the discharge gap 
without transitioning to a contracted (cord) discharge. 

Purpose. The purpose of the work is to determine, 
using computer modelling, energy-efficient modes of 
disinfecting treatment of water-containing liquids with high 
specific electrical conductivity using nanosecond 
discharges with a subnanosecond front in gas bubbles. 
More energy-efficient modes are the ones that provide a 
higher disinfection degree than traditional technologies of 
high-voltage ozonation of water and air environments, with 
the same specific energy for disinfection. The efficiency of 
a high-voltage pulse modes significantly exceeds 70 %, 
because the installation is based on a Tesla transformer, the 
efficiency of which exceeds 80 %. The proposed flow-
through mode of water disinfection provides specific 
energy consumption of less than 0.7 kWh/m³. 

Electrical diagram and calculating the parameters 
of a high-voltage pulsed installation discharge circuit, 
where volumetric nanosecond streamer discharges with 
a sub-nanosecond front in gas bubbles are possible. The 
electrical circuit of the experimental installation for water 
disinfection using discharges in gas bubbles is given in [6]. 
Figure 1 shows the electrical circuit, with the help of which 
in this work, the computer simulation in Micro-Cap 12 of 
the process of processing liquids with high specific 
electrical conductivity by pulsed electrical discharges in 
gas bubbles inside the liquid was carried out. 

The main high-voltage storage capacity in the 
diagram (Fig. 1) is designated C2. The circuit for 
simulation was chosen to emphasize the importance of the 
main high-voltage discharge circuit, namely, C2-SW1-L2-
TD (long line with input capacitance C4 and output 
capacitance C3)-SW3-parallel connection L1 and R1-
parallel connection R7 and C1-C2. The letters SW denote 
switches that operate instantly. Elements of the electric 
circuit: SW3-parallel connection L1 and R1-parallel 
connection R7 and С1 simulate the reactor – a series 
connection of the gas discharge gap (with a transient 
active resistance R1) with the plasma after switching 
(with the inductance of the plasma volume L1) and the 
liquid layer with the active resistance R7 and the 
capacitance С1. 

 

 
Fig. 1. The electrical circuit diagram used for the computer 

simulation in this work 
 

The capacitance С2 in our calculations we took equal 
to С2=150 pF, which corresponds to the value of С2 used in 
our experiments, or С2=1000 pF. The active resistance of the 
water layer R7 we took equal to R7=10  or R7=40 . In 
this case, the capacitance С1 of the water layer was taken 
equal to С1=14 pF or С1=3.6 pF, respectively. 

Since the bandwidth of the Rigol DS1102E digital 
oscilloscope, which we used to measure voltage and current 
pulses, is 100 MHz, the oscillograms may not transmit the 
high-frequency component of real pulses. Therefore, 
computational studies of the capabilities of the electrical 
circuit of our installation are required. According to [7], we 
assumed the specific electrical conductivity γ when 
calculating the resistance R7≡Rw of the liquid layer (see 
Fig. 1) equal to γ=5 (ꞏm)–1, which approximately 
corresponds to the specific electrical conductivity of sea 
water. In the calculations, we did not take into account 
electrode effects, which can cause a nonlinear dependence 
of the electrical conductivity [8] of the «water–metal 
electrodes» system on the applied voltage, because their 
contribution is minimal when the high-voltage pulses have 
a voltage amplitude of approximately 30 kV and a duration 
of less than 50 ns. 

If, during a discharge in a gas bubble, we assume the 
thickness of the water layer for the flow of a pulsed current 
through the water layer to be l=5ꞏ10–3 m, and the cross-
sectional area S of the current flow through the water 
S=0.25ꞏ10–4 m2, then the active resistance of the water layer 
will be: Rw=l/(γ S)=510–3/(50.2510–4)=40 . The capacitance 
Cw=ε0ꞏεꞏS/l≈8.85ꞏ10–12ꞏ81ꞏ0.25ꞏ10–4/(5ꞏ10–3)=3.58ꞏ10–12 F, 
where ε0 is the dielectric constant (absolute dielectric 
permeability of vacuum); ε is the relative dielectric 
permeability of the medium. At Rw=10  of a volume of 
water with the same specific electrical conductivity 
γ=5 (ꞏm)–1, its capacitance will be: 

Cw=ε0ꞏεꞏS/l≈8.85ꞏ10–12ꞏ81ꞏ0.25ꞏ10–4/(5ꞏ10–3)≈14ꞏ10–12 F. 
We have assumed that the relative dielectric constant of 
water is a real constant, which is equal to 81. 

The time constant τw of the discharge of the 
capacitance Cw of the water volume to the internal 
resistance Rw of this volume is determined as: 

τw=RwꞏCw=[l/(γꞏS)]ꞏε0ꞏεꞏS/l=ε0ꞏε/γ. 
From this formula it follows that this time constant is 

determined by the ratio of the dielectric constant 
(permeability) of water to its specific electrical 
conductivity and is the smaller, the greater the specific 
electrical conductivity of water. At γ = 5 (ꞏm)–1  
τ = 8.85ꞏ10–12ꞏ81/5≈1.43ꞏ10–10 s. This means that after the 
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instant disconnection of the external source of high-voltage 
pulses, the capacitance of this volume of water will be 
discharged to the active resistance of this volume with a 
time constant τw≈1.43ꞏ10–10 s. 

With a capacitance C of the high-voltage pulse 
source C=150 pF, the time constant τ of its discharge into 
a resistive load with a resistance R=10  will be 
τ=RꞏC=10ꞏ150ꞏ10–12=1.5ꞏ10–9 s. It follows from this that 
the duration of the front (rise time) of the voltage on the 
load R=10  must be less than 1 ns so that the real 
maximum voltage on the load is not significantly less than 
the maximum (possible) voltage on it, to which it can be 
charged by a pre-charged capacitive source of high-
voltage pulses with a capacitance C. If the duration of the 
front of the pulses on the load is determined mainly by the 
inductive component, namely tf=2.2ꞏL/R, then with 
L=2 nH and R=10  tf=2.2ꞏL/R=2.2ꞏ2ꞏ10–9/10= 
=4.4ꞏ10–10 s = 0.44 ns. Thus, the lumped inductance of the 
discharge circuit with a load R=10  should not exceed 
L=2 nH. 

We use the formula for the inductances of short 
conductors to determine approximately the inductance of 
the volumetric discharge channel in a gas bubble [9]: 
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where l is the length of the discharge channel, and rc is its 
radius. At l=5ꞏ10–3m, rc=2.5ꞏ10–3m L=2ꞏ10–7ꞏ5ꞏ10–3(ln4– 
–3/4+0.4527–0.0625)≈10–9(1.386–0.75+0.4527–0.0625)≈ 
≈1.0310–9 H. In Fig. 1, the inductance of the volumetric 
discharge channel (volume streamer) is denoted by L1. 

To estimate the resistive phase τR of the commutation, 
we use the empirical formula of J.C. Martin [10, 11]: 
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The dimension of the time constant τR of the resistive 
switching phase (exponential voltage drop) is [ns], for the 
electric field strength E0 along the discharge channel near it 
is 10 kV/cm. The dimension for R – the generator 
impedance (in our case, this is the active resistance of the 
water layer in the discharge circuit) is []; ρ/ρ0 – the ratio 
of the density of a gas in a gap to the density of the same 
gas under normal conditions; in our case ρ/ρ0=1. 

The field strength E0 at the sharp edge of the end 
of the high-voltage rod electrode in  the  gap  between  the  

high-voltage rod electrode and the grounded electrode 
with zero potential opposing it is determined using the 
evaluation formula [12]: 
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where U0≡Uc≡V is high-voltage potential of the rod 
electrode. 

 

 
r 
d 

Fig. 2. Electrode system 

Figure 2 shows the remaining
elements: r – radius of the tip,
d – distance from the end of
the rod electrode to the plane. 

 

At U0=50 kV, r=0.1 mm, d=10 mm according to (3) 
we obtain: 

E0=(50/0.1)/ln(2ꞏ10/0.1)≈500/5.3≈94 kV/mm. 
At d=5 mm E0≈500/4.6≈109 kV/mm. 
At R=10 , E0=94 (10 kV/cm)=940 kV/cm, 

(ρ/ρ0)
1/2=1 we get the following result: 
τR=8810–1/394–4/3=880.4640.00237≈0.1 ns. 

At E0≈109 kV/mm: 
τR=88ꞏ10–1/3ꞏ109–4/3=88ꞏ0.464ꞏ0.002≈0.08 ns. 

In Fig. 1, the active resistance of the water layer in 
the discharge circuit is designated R7. 

A typical picture of pulsed discharges in a gas 
bubble inside water and a sketch of the design of a 
reactor (unit) for disinfecting water in a stream using 
nanosecond discharges with a subnanosecond front in 
gas bubbles. Figure 3 shows a typical integral picture 
(photo) with many pulsed discharges in a gas bubble inside 
water. We received this photo while conducting our 
experiments. The image in Fig. 3 can be spectrally analysed, 
for example, using the methods described in [13]. 

 

 
Fig. 3. A typical photo with many pulsed discharges in a gas 

bubble inside water 
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Fig. 4. a – axial longitudinal section of the pipe-reactor with running water; 
b – cross-section A-A of the pipe-reactor with running water 

Figure 4 shows a reactor (unit) 
design variant for disinfection 
treatment of water in a stream using 
nanosecond discharges with a 
subnanosecond front in gas bubbles 
in real dimensions. We have used 
the following notations here. The 
arrows () indicate the direction of 
gas movement in the reactor;
1 – high-voltage rod electrode 
under U potential; 2 – the insulation 
of high-voltage electrode 1;
3 – insulating cylinder to ensure 
gas movement in water, creation of 
bubbles in the reactor with flowing 
water; 4 – metal pipe with
zero potential for introducing
high-voltage pulses and gas into  the
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reactor through it; 5 – metal reactor pipe with flowing 
water and gas bubbles in it (water), to which (pipe) pipe 4 
is short-circuited; 6 – gas bubble; 7 – volume inside the 
gas bubble, which is filled with plasma of a pulse 
discharge in gas (volume streamer or near high-voltage 
electrode plasma). It (plasma) borders on the water being 
disinfected. 8 – conventionally depicted electric field lines 
in water in the zone of the most effective disinfection 
treatment in the presence of a discharge in a gas bubble. 
lw – the minimal distance in water between the plasma 
high-voltage electrode and the inner surface of the metal 
reactor pipe (tube). When breakdown pulse voltage in the 
gas bubble equals 50 kV lw≈2–5 mm. 

Results and discussion. In [14], based on 
experimental data, the possibility of the existence of a 
primary volumetric ionization zone during switching of 
high-voltage dischargers is shown. In [15], the existence 
of volumetric streamers is shown by calculation. In [16], 
the possibility of the operation of a high-voltage trigatron 
in the subnanosecond time range is shown by calculation. 

Figure 5 shows the result of our computer modelling 
of the electric field distribution in the discharge gap (in the 
reactor) with a gas bubble and a layer of treated water at the 
time t=1.5 ns after the start of the nanosecond discharge in 
the gas bubble. It follows from this figure that inside the 
volumetric streamer between the rod metal high-voltage 
electrode (in Fig. 5 it is represented by a white figure) and 
the surface of the water layer the electric field strength does 
not exceed 25 kV/cm. At the same time, in the water layer 
near the interface with the plasma of the bulk streamer, the 
electric field strength reaches 100 kV/cm. 

Calculations [15] and experiments [17] have shown 
that when the duration of the discharge pulse front in a gas 
bubble is approximately 1–2 ns, a plasma volume (volume 
streamer) is created in the discharge gap, which covers the 
entire length of the gap to the water interface. In the 
process of creating volume streamers runaway electrons 
play an important role, and in the case of creating negative 
streamers, the emission of electrons from a high-voltage 
cathode [18, 19]. The potential of the high-voltage metal 
electrode, because of the appearance of a plasma formation 
(a streamer) in the discharge gap, moves by the streamer 
towards the interface between the gas bubble and water. 
Inside the streamer, the electric field strength is 
significantly lower than in water near the water-gas bubble 
interface. That is, a strong electric field penetrates the 
water, creating a volume in the water with a strength of 
more than 40 kV/cm. Thus, in the water layer between the 
plasma volume high-voltage electrode and the grounded 
metal electrode, a volume zone of a strong electric field 

with an intensity of 40 kV/cm to 120 kV/cm is created. In 
addition, broadband radiation, including ultraviolet and 
even shorter wavelength radiation, as well as active 
microparticles, including OH– radicals, enters the water 
from the volume streamer, or a volume nanosecond 
discharge [20]. This set of factors of the combination of 
high-voltage pulse actions provides a significant reduction 
in specific energy consumption for disinfecting water 
treatment compared to traditional ozonation. 

 

 E, kV/cm

 
Fig. 5. Distribution of electric field intensity inside reactor 

 

Due to the short length of the discharge pulses (less 
than 10 ns), they may not change the organoleptic 
properties of food products, which opens up the 
possibility of using such short high-voltage discharge 
pulses for disinfecting food products. 

Figure 6 shows the result of calculating of the pulse 
voltage V1 on the reactor (serial connection of the plasma 
discharge channel in the gas bubble and the water layer) 
and the pulse voltage V2 on the water layer through which 
the current flows. In this case a capacitance C2=150 pF, 
an active resistance of the water layer Rw=10  and a 
capacitance of the water layer Cw≈1410–12 F. 

With a volumetric discharge channel (volume 
streamer) in a gas bubble with a channel diameter of 
approximately 5 mm and a length of 5 mm, it is possible to 
achieve a channel inductance of 1 nH [9]. Then, it is possible 
to obtain voltage pulses with an amplitude of up to 28 kV. It 
is possible if the amplitude of the pulse voltage from the 
pulse generator is 30 kV, in a reactor with a volumetric 
discharge channel in an air bubble 5 mm long and a water 
layer 5 mm thick, which is connected in series with the 
discharge volumetric streamer. Then the amplitude of the 
voltage pulses will be 25.2 kV in the water layer (see Fig. 6). 

 
 
 

 V, kV 

t, ns 
V(2)V(1) 

 
Fig. 6. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage 

and V(2) on the water layer at С2=150 pF, С1=14 pF, Rw=10 . The long TD line is taken into account 
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The wave impedance of the long line should be made 
small (approximately 10 ), because with an increase in the 
wave impedance of the long line, the amplitude of the pulse 
voltage on the water layer decreases. As can be seen from 
Fig. 6, the calculated pulse duration on the load – a reactor 
with a discharge in a gas bubble and a water layer – is in the 
considered case approximately 1.5 ns at half-wavelength, 
and the pulse front duration on the water layer is ≈0.4 ns. 

Figure 7 presents the result of calculating the pulse 
voltage V(1) on the reactor (serial connection of the 

plasma discharge channel in the gas bubble and the water 
layer) and the pulse voltage V(2) on the water layer. This 
is in the case when the circuit on Fig. 1 does not have a 
long TD line, and the high-voltage outputs (terminals) of 
the capacitors C3 and C4 are short-circuited, R7=10 , 
C1=14 pF, C2=150 pF. Compared to the option when the 
presence of a long TD line is taken into account (Fig. 6), 
the time dependence of V(1) and V(2) has a more 
oscillatory nature, and the amplitude of V(2) and V(2) is a 
little more. 
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Fig. 7. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage 

and voltage V(2) on the water layer at С2=150 pF, С1=14 pF, Rw=10 . The long TD line is not taken into account 
 

Creating a technologically advanced installation for 
the disinfection treatment of liquids with high specific 
electrical conductivity up to γ=5 (ꞏm)–1 using discharges 
in gas bubbles is a complex scientific and technical 
problem, but one that can be solved right now. 

Figure 8 shows the result of calculating the pulse 
voltage V(1) on the reactor (serial connection of the 
plasma discharge channel in the gas bubble and the water 
layer) and the pulse voltage V(2) on the water layer 

through which the current flows. In this case the active 
resistance of the water layer Rw= 40  and the 
capacitance of the water layer Cw≈3.6ꞏ10–12 F according 
to the scheme in Fig. 1. It can be seen that in this case the 
amplitude of the voltage V(2) on the water layer exceeds 
the voltage from the pulse source by approximately 
1.5 times, and the amplitude of the voltage V(1) on the 
reactor as a whole exceeds the voltage from the pulse 
source by approximately 1.3 times. 
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Fig. 8. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage 

and V(2) on the water layer at С2=150 pF, С1= Cw≈3.6 pF, Rw=40 . The long TD line is taken into account 
 

Figure 9 shows the result of calculating the pulse 
voltage V(1) on the reactor (serial connection of the plasma 
discharge channel in the gas bubble and the water layer) 
and the pulse voltage V(2) on the water layer. This is in the 
case when the circuit on Fig. 1 does not have a long line 
TD, and the high-voltage terminals of the capacitors C3 and 
C4 are short-circuited together, R7=40 , C1=3.6 pF. 
Compared to the option when the presence of a long line 
TD is taken into account (Fig. 8), the time dependence of 
V(1) and V(2) has a more oscillatory nature, the amplitudes 
of V(1) and V(2) are almost the same (as in Fig. 8), there is 
no reflection from the ends of the long line. 

Figure 10 shows the result of calculating the pulse 
voltage V(1) on the reactor (serial connection of the 
plasma discharge channel in the gas bubble and the water 
layer) and the pulse voltage V(2) on the water layer. This 
is at С2=1000 pF, С1=3.6 pF, R7=40 . 

Figure 11 shows the initial part of the same pulse. 
These figures show the results taking into account the 
presence of a long line in the circuit in Fig. 1. 

It follows from Fig. 10, 11 that the amplitude of V(2) 
on the water layer is slightly larger than at С2=150 pF 
(other conditions being equal). 
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Fig. 9. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage 

and V(2) on the water layer at С2=150 pF, С1= Cw≈3.6 pF, Rw=40 . The long TD line is not taken into account 
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Fig. 10. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage 

and V(2) on the water layer at С2=1000 pF, С1= Cw≈3.6 pF, Rw=40 . The long TD line is taken into account 
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Fig. 11. The initial part of the pulses from Fig. 10 

 

Figure 12 shows the result of the calculation 
(according to the scheme in Fig. 1) of the pulse voltage 
V(1) on the reactor (serial connection of the plasma 
discharge channel in the gas bubble and the water layer). 
It shows also the pulse voltage V(2) on the water layer at 
С2=1000 pF, С1=14 pF, R7=10 , and Fig. 13 shows the 
initial part of the same pulse. 

The emergence of a volume streamer in the 
discharge gap of the reactor and, as a consequence, 
subnanosecond volume avalanche-streamer switching are 
possible only at voltage rise rates in the discharge gap on 
the gas bubble of the order of 1014 V/s (3×1013–1014 V/s) 
[16, 21]. To achieve such a rise rate at a breakdown 
voltage of 50 kV, the time required for the voltage rise on 
the gas bubble to breakdown is of the order of 
5ꞏ104V/(3ꞏ1013–1014 V/s)≈(5ꞏ10-10 –1.7ꞏ10-9) s. This is a 

very short, but already achieved switching time of high-
voltage switches [17, 21, 22]. 

The question of the possibility of using short 
discharge pulses in gas bubbles, when the high-voltage 
electrode in contact with the processed liquid is plasma 
(in the form of a volumetric streamer), for the processing 
of liquid and flowing food products remains open. 
Appropriate experimental studies are needed. It is not 
clear whether any chemical and biochemical reactions 
take place during processing with nanosecond pulses. It is 
necessary to find out, if such reactions take place, what 
exactly the reactions are processing during such, and what 
the final products of such reactions are. Will the 
organoleptic properties of liquid food products change 
during such processing with nanosecond pulses with sub-
nanosecond fronts? 
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Fig. 12. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage 

and V(2) on the water layer at С2=1000 pF, С1=14 pF, R7=10 . The long TD line is taken into account 
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Fig. 13. The initial part of the pulses from Fig. 12 

 
From the analysis of the above calculated results, 

previously obtained experimental results and results of 
other authors (including the results presented in [23]), we 
can conclude that the energy-efficient modes of 
disinfecting treatment of water-containing liquids with 
high specific electrical conductivity using nanosecond 
discharges with a subnanosecond front in gas bubbles are 
the following modes. Namely, these are modes when the 
active resistance of the treated liquid in one reactor in one 
discharge circuit is 10–40 , the lumped inductance of 
the discharge circuit during liquid treatment does not 
exceed 2 nH. Add, such modes use the capacitance of the 
treated liquid layer is 3.6–14 pF with an amplitude of 
pulses from a high-voltage low-resistance source of at 
least 30 kV, and a frequency of passing pulses is 1500–
2000 pulses per second. When the active resistance of the 
liquid increases within the specified limits, the voltage 
amplitude on the layer of the processed liquid increases 
under other constant conditions, including at a constant 
voltage amplitude from the source. The voltage amplitude 
on the layer of the processed liquid with such an increase 
can exceed the voltage amplitude from the source by 1.6 
times. It also exceeds the voltage at the whole reactor (the 
series connection of the volumetric streamer and the water 
layer) because of the presence of concentrated inductance 

in the discharge circuit, where (in the inductance) energy 
is stored during discharge. 

Conclusions. 
1. The possibility of obtaining nanosecond high-

voltage pulses (with volumetric streamers in gas bubbles 
inside water) with subnanosecond fronts in reactors for 
the disinfection treatment of liquids with high specific 
electrical conductivity up to 5 S/m=5 (m)–1 has been 
shown. Such pulses can provide a higher disinfection 
degree at lower specific energy consumption than longer 
pulses, because of the lower energy in each pulse and the 
higher amplitude of the electric field strength in the 
treated liquid. Experiments that we have already 
conducted have shown that nanosecond pulses provide a 
higher disinfection degree at lower specific energy 
consumption than microsecond pulses [6]. Therefore, 
further reduction of pulse duration and duration of their 
fronts is promising. In addition, such short pulses with a 
subnanosecond front ensure the presence of volumetric 
plasma formations – volumetric streamers, as an 
extension of a metal high-voltage electrode. These plasma 
formations provide an additional disinfection effect on the 
liquid being treated by supplying it with active 
microparticles and broadband radiation, including 
ultraviolet and even shorter-wave radiation. 
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2. Experimental results obtained by various researchers, 
including the authors of this material, confirm the 
possibility of obtaining volumetric pulse discharges in gas 
environments (mediums) at atmospheric pressure. 

3. An example of a sketch of the design of a liquid 
processing unit in the flow mode is given, when as a result 
of a pulse discharge in a gas bubble, a volumetric streamer 
(volumetric plasma electrode) is created. This plasma 
electrode is an extension of a high-voltage metal electrode 
and creates a volumetric zone of the most effective 
decontamination treatment in the treated liquid with an 
electric field strength that can reach 100 kV/cm and more. 

4. Using computer modelling, energy-efficient modes 
of decontamination treatment of water-containing liquids 
with high specific electrical conductivity using 
nanosecond discharges with a subnanosecond front in gas 
bubbles are determined. These are such modes when the 
active resistance of the liquid being processed is 10–40 , 
the lumped inductance of the discharge circuit during 
liquid processing does not exceed 2 nH. At the same time, 
the capacitance of the layer of the liquid being processed 
is 3.6–14 pF with amplitude of pulses from a high-voltage 
low-resistance source of at least 30 kV and a pulse 
frequency of 1500–2000 pulses per second. 

Conflict of interest. The authors declare that they 
have no conflicts of interest. 

 

REFERENCES 
1. Volkov I.V., Zozulyov V.I., Sholoh D.A. Magnetic semiconductor 
pulse devices of conversion technology. Kyiv, Naukova Dumka Publ., 
2016. 230 p. (Rus). 
2. Khrysto O.I. Energy characteristics for nanosecond current 
interrupter of semiconductor-magnetic pulse generator’s terminal stage. 
Electrical Engineering & Electromechanics, 2023, no. 3, pp. 59-65. doi: 
https://doi.org/10.20998/2074-272X.2023.3.09. 
3. Rai V.N., Shukla M. A high-voltage pulser circuit with 
subnanosecond rise time. Review of Scientific Instruments, 1994, vol. 65, 
no. 6, pp. 2134-2136. doi: https://doi.org/10.1063/1.1144710. 
4. Matsukubo D., Minamitani Y. Development of a high frequency 
cluster burst pulse generator based on a SOS diode using transmission 
line resonant for bioelectrics applications. 2013 19th IEEE Pulsed 
Power Conference (PPC), 2013, pp. 1-5. doi: 
https://doi.org/10.1109/PPC.2013.6627494. 
5. Takahashi K., Yagi I., Takaki K., Satta N. Development of Pulsed 
Discharge Inside Bubble in Water. IEEE Transactions on Plasma 
Science, 2011, vol. 39, no. 11, pp. 2654-2655. doi: 
https://doi.org/10.1109/TPS.2011.2164095. 
6. Boyko N.I., Makogon A.V. The micro- and nanosecond discharges 
in gas bubbles for water disinfection and purification. Electrical 
Engineering & Electromechanics, 2019, no. 3, pp. 50-54. doi: 
https://doi.org/10.20998/2074-272X.2019.3.08. 
7. Sauerheber R., Heinz B. Temperature effects on conductivity of 
seawater and physiologic saline, mechanism and significance. Chemical 
Sciences Journal, 2016, vol. 6, no. 4, art. no. 1000109. doi: 
https://doi.org/10.4172/2150-3494.1000109. 
8. Shydlovska N., Zakharchenko S., Cherkaskyi O. The influence of 
electric field parameters and temperature of hydrosols of metals’ 
plasma-erosive particles on their resistance and permittivity. 
Computational Problems of Electrical Engineering, 2014, vol. 4, no. 2, 
pp. 77-84. 
9. Kalantarov P.L., Tseitlin L.A. Calculation of inductances. 
Reference book. 3rd ed. Leningrad, Energoatomizdat Publ., 1986. 488 p. 
(Rus). 

10. Martin J.C. Multichannel Gaps. Aldermaston, Berks, 1970. 42 p. 
11. Kovalchuk B.M., Kremnev V.V., Potalitsyn Yu.F. High-current 
nanosecond switches. Novosibirsk, Nauka Publ., 1979. 176 p. (Rus). 
12. Rusin Yu.S. The calculation of electromagnetic systems. Leningrad, 
Energiya Publ., 1968. 132 p. (Rus). 
13. Shydlovska N.A., Zakharchenko S.M., Zakharchenko M.F., Kulida 
M.A., Zakusilo S.A. Spectral and optic-metric methods of monitoring 
parameters of plasma channels caused by discharge currents between 
metals granules in working liquids. Electrical Engineering & 
Electromechanics, 2024, no. 6, pp. 72-83. doi: 
https://doi.org/10.20998/2074-272X.2024.6.10. 
14. Boyko N.I., Evdoshenko L.S., Zarochentsev A.I., Ivanov V.M., 
Artyukh V.G. 400-kV trigatrons for high-power low-inductance pulse 
generators. Instruments and Experimental Techniques, 2008, vol. 51, no. 
1, pp. 70-77. doi: https://doi.org/10.1134/S0020441208010077. 
15. Nijdam S., Teunissen J., Ebert U. The physics of streamer discharge 
phenomena. Plasma Sources Science and Technology, 2020, vol. 29, no. 
10, art. no. 103001. doi: https://doi.org/10.1088/1361-6595/abaa05. 
16. Boiko M.I. Sub-nanosecond switching of high-voltage trigatrons. 
Technical Electrodynamics, 2024, no. 3, pp. 83-88. doi: 
https://doi.org/10.15407/techned2024.03.083. 
17. Heeren T., Camp J.T., Kolb J.F., Schoenbach K.H., Katsuki S., 
Akiyama H. 250 kV sub-nanosecond pulse generator with adjustable 
pulse-width. IEEE Transactions on Dielectrics and Electrical 
Insulation, 2007, vol. 14, no. 4, pp. 884-888. doi: 
https://doi.org/10.1109/TDEI.2007.4286520. 
18. Chanrion O., Bonaventura Z., Çinar D., Bourdon A., Neubert T. 
Runaway electrons from a ‘beam-bulk’ model of streamer: application 
to TGFs. Environmental Research Letters, 2014, vol. 9, no. 5, art. no. 
055003. doi: https://doi.org/10.1088/1748-9326/9/5/055003. 
19. Wong T., Timoshkin I., MacGregor S., Wilson M., Given M. A 
computational study on the effects of fast-rising voltage on ionization 
fronts initiated in sub-mm air and CO2 gaps. Scientific Reports, 2024, 
vol. 14, no. 1, art. no. 1185. doi: https://doi.org/10.1038/s41598-024-
51727-y. 
20. He Y., Uehara S., Takana H., Nishiyama H. Experimental and 
theoretical study on chemical reactions and species diffusion by a nano-
pulse discharged bubble for water treatment. The European Physical 
Journal D, 2018, vol. 72, no. 1, art. no. 11. doi: 
https://doi.org/10.1140/epjd/e2017-80240-5. 
21. Mesiats G.A. Pulsed power and electronics. Moscow, Nauka Publ., 
2004. 704 p. (Rus). 
22. Zhang X., Lu W., Chen Z., Yang Z., Liu T. Optimizing design of 
sub-nanosecond gas switch with adjustable gap. Qiangjiguang Yu 
Lizishu/High Power Laser and Particle Beams, 2009, vol. 21, no. 9, pp. 
1380-1384. 
23. Gucker Sarah M.N. Plasma Discharges in Gas Bubbles in Liquid 
Water: Breakdown Mechanisms and Resultant Chemistry. PhD 
Dissertation, University of Michigan, 2015. 243 p. Available at: 
https://hdl.handle.net/2027.42/116739. 
 

Received 14.03.2025 
Accepted 01.05.2025 

Published 02.09.2025 
 
M.I. Boiko1, Doctor of Technical Sciences, Professor, 
A.V. Makogon2, PhD, Senior Researcher, 
1 National Technical University «Kharkiv Polytechnic Institute», 
2, Kyrpychova Str., Kharkiv, 61002, Ukraine, 
e-mail: qnaboyg@gmail.com (Corresponding Author) 
2 Institute of Electrophysics & Radiation Technologies 
National Academy of Sciences of Ukraine, 
28, Chernyshevsky Str., Kharkiv, 61002, Ukraine, 
e-mail: artemmak1991@gmail.com 

 
How to cite this article: 
Boiko M.I., Makogon A.V. Disinfectant treatment of liquids with high specific electrical conductivity by high-voltage nanosecond 
pulses with a subnanosecond front. Electrical Engineering & Electromechanics, 2025, no. 5, pp. 62-69. doi: 
https://doi.org/10.20998/2074-272X.2025.5.09 



70 Electrical Engineering & Electromechanics, 2025, no. 5 

© O.I. Khrysto 

UDC 621.314:621.373:537.528 https://doi.org/10.20998/2074-272X.2025.5.10 
 
O.I. Khrysto 
 
Analysis of energy characteristics of a transistor pulse generator in the process of electric 
spark dispersion of current-conductive granular media 
 
Introduction. Studies of electrophysical and technological aspects of electric discharge in reaction chambers with granular metal 
loading to obtain its highly dispersed states have been conducted for many decades, however, the power sources of electric spark 
dispersion installations today remain mainly classical in terms of the method of generating current pulses on the electric spark 
load. The main problem of using powerful current pulse generators and reaction chambers with a plane-parallel electrode system 
is to imitate the principle of the thermo-explosive mechanism of developing an electrical breakdown of dense intergranular gaps, 
which leads to deterioration of the dispersion of the eroded material, and the use of smaller energy ranges (<1 J) in such 
installations is complicated by the electrophysical limitations of the existence of plasma channels and the loss of energy efficiency 
of the electric spark treatment process. Goal. Research on the energy efficiency of the electric spark dispersion process of 
heterogeneous conductive granular media in a reaction chamber with a cylindrical electrode system, provided that it is powered 
by a transistor pulse generator. Results. Specific energy consumption in the process of electric spark dispersion of aluminum and 
titanium granules was determined, which correlate with the average power consumption indicators of processing depending on 
their bulk volume within a certain configuration of the electrode system. Scientific novelty. The flow of current through ohmic 
contacts until the formation of the main discharge in the intergranular volumes of the reaction chamber causes a voltage drop 
across the inductance of the discharge circuit, which accordingly reduces the amplitude of the applied voltage to the 
interelectrode gap, due to which the maximum of the average power consumption characteristic of the transistor pulse generator, 
which occurs before the beginning of the saturation section of the effective frequency curve of the discharge pulses, corresponds 
to the most consistent mode of energy input into the electric spark load. The practical value of the considered model of the 
electric discharge installation proves the feasibility of its use for the tasks of electric spark treatment of conductive granular 
media. References 21, tables 2, figures 7. 
Key words: energy characteristics, electric spark dispersion, transistor pulse generator, cylindrical electrode system, layer of 
metal granules, ohmic contact current. 
 
Вступ. Дослідження електрофізичних і технологічних аспектів електричного розряду в реакційних камерах з 
гранульованим металевим завантаженням для одержання його високодисперсних станів ведуться вже на протязі 
багатьох десятиліть, проте джерела живлення установок електроіскрового диспергування на сьогодні залишаються 
переважно класичними щодо способу генерації імпульсів струму в електроіскрове навантаження. Основною проблемою 
використання формувачів потужних імпульсів струму та реакційних камер з плоско-паралельною системою електродів 
є наслідування принципу термовибухового механізму розвинення електричного пробою щільних міжгранульних 
проміжків, що призводить до псування дисперсності еродованого матеріалу, а використання менших діапазонів енергій 
(<1 Дж) у таких установках ускладняється через електрофізичні обмеження існування плазмових каналів та втрату 
енергоефективності процесу електроіскрової обробки. Мета. Дослідження енергоефективності процесу 
електроіскрового диспергування гетерогенних струмопровідних гранульованих середовищ у реакційній камері з 
циліндричною системою електродів за умови її живлення від транзисторного генератора імпульсів. Результати. 
Проведено порівняльний аналіз поведінки характеристик середньої споживаної потужності транзисторного 
генератора імпульсів в залежності від насипного об’єму завантаження та діаметру зовнішнього електрода реакційної 
камери для металевих гранул з різною величиною їх міжконтактного активного опору до утворення у середовищі 
ланцюжків наскрізної провідності. Визначені питомі енергозатрати у процесі електроіскрового диспергування 
алюмінієвих та титанових гранул, що корелюють з показниками середньою споживаною потужністю обробки в 
залежності від їх насипного об’єму у межах певної конфігурації електродної системи. Наукова новизна. Присутність 
струму крізь контактний опір до формування основного розряду у міжгранульних об’ємах реакційної камери викликає 
падіння напруги на індуктивності розрядного контуру, що відповідно зменшує амплітуду прикладеної напруги до 
міжелектродного проміжку, через що максимум характеристики середньої споживаної потужності транзисторного 
генератора імпульсів, який виникає до початку ділянки насичення кривої ефективної частоти розрядних імпульсів 
відповідає найбільш погодженому режиму введення енергії в електроіскрове навантаження. Практична значимість 
отриманих результатів розглянутої моделі електророзрядної установки доказує доцільність її використання для задач 
електроіскрової обробки струмопровідних гранульованих середовищ. Бібл. 21, табл. 2, рис. 7.  
Ключові слова: енергетичні характеристики, електроіскрове диспергування, транзисторний генератор імпульсів, 
циліндрична система електродів, шар металевих гранул, струм омічних контактів. 
 

Problem definition. One of the widely used 
methods for obtaining powders, both pure metals and 
compounds based on them, is the method of electric spark 
dispersion (ESD) of metal granules [1–3] immersed in a 
liquid with relatively low electrical conductivity. As is 
known, the peculiarity of the electric spark dispersion 
method is the presence of two most probable ways of 
developing a spark discharge between adjacent surfaces 
of contacting granules [4]: thermal breakdown in the area 
of contact microprotrusions caused by the flow of high 

current density and electrical breakdown due to the 
presence of surface oxide films or cavitation bubbles. 
Therefore, one or another breakdown mechanism will 
occur depending on the surface purity of the metal and the 
ability of the contacting surfaces of the granules to form 
conductive bridges between them. But regardless of the 
mechanism by which the spark discharge is formed, the 
process of forming erosion particles can mainly occur due 
to the heat of melting or evaporation of local zones of 
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metal interacting with non-equilibrium plasma of high-
energy electrons. The balance between the melting and 
evaporation energy will depend on the rate of energy 
input into the formed channel, its degree of ionization, 
temperature and electrical resistance. The regulation of 
this process is complicated by the fact that the volt-
ampere characteristic of the spark discharge has a 
decreasing character and leads to an avalanche-like 
increase in current, which requires the use of parametric 
methods of controlling the process of energy transfer to 
the load. That is, a positive current feedback is formed 
between the power source and the load, which can lead to 
critical heating of the contact zones, their welding or, 
conversely, boiling and splashing out a significant amount 
of a large fraction of metal particles into the surrounding 
liquid. Most often, these phenomena occur due to the 
presence in the medium of a large number of dense 
contact zones between the surfaces of the granules, which 
have a low active resistance and counteract favorable 
conditions for the development of the electric spark 
treatment reaction. For their destruction in laboratory 
practice, accumulated high energies and long-term 
discharge currents are usually used. At the same time, in 
the work [5] it is reported that the energy in a more 
prolonged part of the pulse is mainly spent on heating the 
medium or electrochemical reactions in it due to the 
enhancement of recombination processes and extinction 
of plasma channels. 

In the direction of improving the efficiency of 
energy transfer to the electric spark load (ESL), many 
approaches have been developed that use nonlinear, 
parametric or nonlinear-probabilistic models of its 
dynamic resistance [5–7]. Also, spectrometric methods of 
analyzing plasma channels have been recently practiced, 
which, due to the power and color of radiation, provide 
information about their number and energy distribution 
between them, on which the size of the particles and the 
efficiency of their production depend [8, 9]. On the other 
hand, for the synthesis of erosion particles with a 
controlled size and a reduced range of their dispersion, the 
plasma in a volume filled with many layers of metal 
granules (VMLMG) must be «colder», and this is possible 
by limiting the amplitude and duration of the discharge 
current pulses. 

Analysis of recent research and publications. 
Today, laboratory installations for initiating the ESD 
process of heterogeneous conductive granular media use 
both high-voltage single-power pulse generators and 
semiconductor pulse generators of micro- and 
submicrosecond duration [10, 11]. The advantage of high-
voltage electric spark treatment [12, 13] is the high speed 
of leading edges formation and the possibility of using a 
wide range of energies (0.1–103 J), as well as long 
interelectrode gaps (IEGs) of the reaction chamber. But 
the main disadvantage of such systems is the low 
frequency of reproduction of the ESD process due to the 
use of gas-filled switches or air dischargers. A more 
promising direction of high-voltage pulse technology in 
the direction of increasing the efficiency of ESD is the use 
of inductive energy storage in combination with drift 
diodes [14], which allows stabilizing the current in the 
load with a rapidly decreasing volt-ampere characteristic. 

In contrast to these systems, thyristor or transistor 
converters are characterized by a high pulse frequency 
(0.1–10 kHz) and an energy range from a fraction to 
hundreds of joules. For example, dual-circuit charge-
discharge circuits of thyristor generators [15] have proven 
themselves as a reliable solution for forming sufficiently 
long kiloampere pulses of aperiodic nature on a low-
impedance load with a high rate of growth of their leading 
edge, provided that the inductance (1 μH) of the discharge 
circuit of the capacitive energy storage device (100 μF) is 
minimized. However, the main disadvantage of these 
converters is the limitation of the accuracy of current 
duration regulation, and the use of recharging circuits or 
circuits that shunt the load only increases additional 
energy consumption and reduces the efficiency of such 
devices. In addition, a stochastic increase in the 
equivalent resistance of the VMLMG can lead to 
emergency modes of operation of thyristor switches. In 
the case of a prolonged current pulse through the load, the 
discharge thyristor can remain in a conductive state until 
the next charging cycle arrives, which causes a through 
current to flow from the power source to the load. It 
should also be noted that the energy efficiency of such 
devices is significantly reduced when using a working 
capacitor capacitance of less than 20 μF and forming 
pulses with a duration of less than 15 μs. From the point 
of view of material dispersion, the main problem of 
introducing powerful pulses into the environment is the 
appearance of an undesirable microfraction (10–100 μm), 
which is formed mainly due to the droplet mechanism of 
condensation of metal particles. 

Transistor converters for ESD tasks have not gained 
sufficient popularity to date, because they have much 
smaller limiting parameters for the current amplitude and 
rate of its growth than thyristor ones, however, their main 
advantage is the possibility of regulating the current 
duration under the condition of their rigid switching or 
dynamic adjustment to the period of circuit oscillations. 
For example, in work [16], a generator of quasi-
rectangular current pulses with duration of 0.5 to 5 μs was 
used to obtain iron nanoparticles based on a sequential 
pulse-width-step down converter. As the authors of the 
work note, before the start of the experiment, the surface 
of the metal granules was thoroughly cleaned of unwanted 
oxide films. It can be assumed that under these conditions 
the mechanism of electric erosion formation mostly 
followed the path of thermal breakdown of the conductive 
bridges formed. Considering that the maximum current 
amplitude in the experiment was only 48 A, therefore, in 
the case of a large number of formed contacts along the 
length of the chamber and a short pulse duration, such a 
current strength may be insufficient to effectively initiate 
the thermal breakdown mechanism and form spark 
channels, and accordingly, the energy introduced into the 
medium will more likely go to thermal dissipation. As for 
the rational choice of the geometric parameters of the 
reaction chamber, the shape of the electrode system and 
the bulk height of the VMLMG from the position of their 
influence on the energy indicators of the ESD, many 
publications [15, 17] provide only an empirical 
assessment, referring to the range of stabilization of 
processing in the absence of idle and short-circuit modes. 
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Separation of previously unsolved part of the 
problems. In general, the considered problems of ESD of 
metallic materials can be divided into two ways - the use 
of longer pulses with high energy (1 J – 1 kJ) or shorter 
pulses with energy up to a fraction of a joule. The main 
problem with the introduction of a significant amount of 
energy into local zones is the damage of erosion particles 
due to their agglomeration. First, local overheating of 
contact microprotrusions causes thermal breakdown and 
initiates a blast wave, which in itself is an uncontrolled 
process. Second, the plasma formation reaction is 
stochastic in nature, and the number of plasma channels 
and the energy ratio between them in the VMLMG are 
randomly distributed, so there is a probability of 
introducing a significant amount of energy only into a 
separate local plasma formation zone, instead of its 
uniform distribution throughout the volume of the 
medium. On the other hand, when using low energies, 
plasma channels last less time, have a smaller diameter 
and, accordingly, a heating zone and allow for, so to 
speak, «point spraying» of the material surface, which 
accordingly improves the dispersion distribution and 
orderliness of the structure formation of erosion particles. 
But the main problem in this energy range is that short-
pulse generators operate mainly by the mechanism of 
electrical gap breakdown and are extremely sensitive to 
the formation of conductive bridges in the medium, 
because for their destruction it is necessary to introduce 
much more energy to implement the thermal breakdown 
mechanism. Given the stochastic nature of the change in 
the ESL resistance, the amount of energy introduced into 
the plasma channels from pulse to pulse can vary 
significantly and depend on many factors such as the 
conditions of preliminary ionization of the contact gaps, 
the field strength between them, the roughness of the 
surfaces, the current density between the 
microprotrusions, etc. At the same time, to assess the 
efficiency of the ESD process, it is sufficient to rely on 
the average value of the energy introduced into the 
plasma channels for a certain period of time, which 
directly affects the total mass of eroded metal, which is 
removed from the contact local zones between the 
granules as a result of the supply of heat of melting or 
evaporation. Thus, the search for conditions for increasing 
the useful power from the pulse generator, which goes to 
heating the local zones and the formation of eroded metal 
particles in the direction of improving the energy 
efficiency of the ESD of a heterogeneous conductive 
granular medium remains an urgent task. 

The goal of the work is to study the energy 
efficiency of the process of electric spark dispersion of 
heterogeneous conductive granular media in a reaction 
chamber with a cylindrical system of electrodes, provided 
that it is powered by a transistor pulse generator. 

Features of the proposed ESD system. Unlike 
existing ESD reactors, which have a rectangular shape 
and the same flat shape of the electrodes in the form of 
plates, located at an average distance of 40–50 mm, in this 
work it is proposed to carry out processing in a reaction 
chamber with a cylindrical electrode system. The distance 

between the electrodes was set to be somewhat reduced 
within 20–35 mm to increase the energy input into the 
contact zones between the surfaces of the granules. The 
angular symmetry of the radial electric field strength of 
the cylindrical electrode system, in contrast to the flat 
system, where the field strength is highest at the edges of 
the electrodes, allows the use of smaller technological 
gaps provided that the plasma channels are evenly 
distributed over the volume of the reaction chamber. The 
design of the reaction chamber also includes a mechanical 
stirrer, which is a disk with vertically fixed rods at a 
certain distance relative to its axis of rotation, the edges of 
which are immersed in the VMLMG and practically lean 
against the bottom of the chamber. The disk with rods is 
mounted on the shaft of the gear mechanism and is driven 
by a stepper motor. In turn, the rods touch the adjacent 
granules with their edges and force them to move, giving 
them translational and rotational movements. 

As a power source for the reaction chamber, a dual-
circuit transistor pulse generator (TPG) circuit is used 
(Fig. 1), which contains the charging C0-VT0-VD0-L0-C1 
and the discharging C1-VT1-VD2-L1-R circuits. This 
converter is similar in structure to dual-circuit thyristor 
devices [6, 18], which use the recharging circuits of the 
working capacitor, but with the following feature of the 
circuit solution that the function of the current limiter of 
this circuit is performed by the charging choke L0. High-
speed diodes in series with the transistors prevent reverse 
integrated diodes from being blocked and limit electrical 
oscillations in each circuit to one half-cycle of current. 
The rectified voltage at the input of the converter is set 
from 400 to 500 V and is controlled by a laboratory 
autotransformer. Due to the resonant charging of the 
working capacitor С1, the voltage on it can rise to 800 V.  

 

 
Fig. 1. Schematic diagram of a TPG with a load in the form of  

a reaction chamber with a cylindrical electrode system 
 

Unlike the existing generally accepted practice of 
powering ESD reaction chambers using capacitors with a 
nominal value of at least 25 μF and an energy of 2 J and 
more, in the experiments performed, the range of energies 
operated by the generator did not exceed 1/3 J. The 
parameters of the discharge circuit were chosen such that 
its characteristic resistance was 4 . 

An important function of the reverse diode VD1, 
which is placed in parallel with the working capacitor С1, 
is to prevent an uncontrolled increase in voltage on it due 
to its resonant charge under non-zero initial conditions 
caused by the mismatch of the discharge circuit due to the 
stochastic nature of the equivalent resistance of the ESL. 
Despite the fact that the charging voltage on С1 in the 
ESD process in a certain energy range of generator 
oscillations may have a modulation component, such a 
solution allows the generator to operate reliably from the 
idle mode to the short-circuit mode. For example, a 
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characteristic feature of the short-circuit mode is the 
stationarity of its oscillations, during which the charge of 
the capacitor С1 occurs under the condition of a constant 
positive residual voltage on it. The appearance of a 
negative residual voltage on С1 indicates that the 
equivalent load resistance is lower than the characteristic 
resistance of the discharge circuit. Such a situation can 
occur both during the formation of conductive bridges and 
plasma channels. However, every time a negative voltage 
appears on С1, diode VD1 turns on, which causes the 
excitation of reverse oscillation and returns the voltage on 
С1 to the polarity of the input DC source. Figure 2 shows 
the charge, discharge and recharge cycles of С1. 

 

 
Fig. 2. Synchronous oscillograms of current and voltage 

of the working capacitor С1 in the ESD process 
 

Using a digital control system, the switching time 
intervals of each transistor can be set arbitrarily. 
However, unlike VT1, the switching of the VT2 lock-up 
can be carried out only if the discharge current reaches the 
zero point. The reverse fast diode VD1 also plays a 
secondary function, similar to the circuit of a single-
stroke step-down voltage converter, closing the residual 
magnetizing current of the charging choke L0. 

In the ESD process, plasma channels are formed 
chaotically, because of this, the energy invested in each 
pulse will be different, as indicated by the residual voltage 
on С1 (Fig. 3), which has a step-like character. But this 
mode of generator oscillations is more pronounced only in 
a certain section of the energy curve, where the energy 
transfer processes in the ESL have a branched character. 

 

 
Fig. 3. Step-shaped voltage of the working capacitor С1 

in the ESD process 
 

To measure the active instantaneous power and 
consumed energy in the installation, a household energy 

meter (model TM55) is used, which is connected between 
the generator input and the primary AC network. It has 
been experimentally established that for metal granules 
that are prone to the formation of conductive chains, such 
as Ti, Cu, Fe, as a result of the conditionally short-circuit 
mode, the generator power is approximately 2 times less 
(30 W) than for the mode when the electric spark 
treatment reaction is initiated with a minimum monolayer 
height of metal granules. In this case, the dynamics of 
voltage and current on the capacitor С1 have a high 
stationary stability of the steady-state oscillation mode of 
the generator. Since the electrical resistance of the 
conductive bridges is much lower than the characteristic 
resistance of the discharge circuit, only a fraction of the 
energy of С1 will be dissipated in the VMLMG and on the 
active elements of the circuit. In addition, the steady-state 
voltage on С1 between energy conversion cycles will be 
close to the voltage of the power source. Otherwise, if Al 
granules, which are prone to the formation of oxide films 
on their surfaces, are loaded into the reaction chamber, 
the generator may experience a mode close to idle. In this 
oscillation mode, the voltage curve on С1 will also be 
stationary, but will differ in the presence of only an added 
amplitude of pulsations and even lower power 
consumption. In addition, a small part of the accumulated 
energy С1 will be dissipated in the environment due to 
losses in electrolysis and electrochemical reactions 
in the liquid. 

However, it has been observed that the system shift 
from a conditionally quiescent state (idle or short circuit 
mode) towards the ignition of the plasma formation 
reaction and the initiation of the ESD process is possible 
due to the preliminary mechanical displacement of each 
metal particle of the VMLMG. That is, the forced 
destruction of conductive bridges or oxide films on the 
contact surfaces between the granules creates conditions 
for the preliminary ionization of the medium and the 
formation of plasma channels. For this purpose, the 
chamber design, as noted above, involves a mechanism of 
forced agitation and activation of the medium. To avoid 
the situation of blocking the movement of the mechanical 
stirrer due to the mutual adhesion of the granules to each 
other, their shape was chosen to be close to quasi-
spherical. In addition, it was also observed that for 
granules that have a smooth surface and form more dense 
contacts with each other, it is difficult to finally reach the 
ignition limit of the self-pickup reaction of the EISD 
mechanism even by moving them. However, due to the 
continuous mixing of the medium from the mechanical 
stirrer and the support of the ESD reaction by the 
transistor pulse generator, the smooth surface of the metal 
granules (Ti, Cu, Fe) is gradually covered with erosion 
holes and becomes rougher with the formation of a larger 
number of microprotrusions. This allows, after some time 
of forced mixing of the medium, to initiate the self-catch 
reaction of «continuous» plasma formation of electric 
spark treatment, after which further mixing of the 
granules already has an indirect effect and can be 
suspended. During the studies on the example of Al 
granules, it was also noticed that the TPG power even 
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increased with an increase in the rotation frequency of the 
rod mechanism. It should be noted that for the majority of 
the group of granules, additional disturbance was 
appropriate only at the stage of activation of their 
surfaces, because it caused some instability and 
intermittent ignition of the plasma channels. The 
implementation of such an additional processing method 
is also noted in the literature, but when using other 
mechanisms of medium disturbance. In particular, in [19] 
it is noted that the spatial oscillatory movement of 
granules relative to their static position as a result of the 
action of an additional source of mechanical disturbances 
(vibration, ultrasound) forcibly affects the length of 
plasma channels, restrains their development, limits the 
energy supplied to them, and enhances their migration 
along the surface of granules, which generally increases 
the dispersion of erosion particles and the energy 
efficiency of processing. But, on the other hand, the use 
of an additional mechanism and excessive agitation of the 
medium can significantly worsen the overall energy 
efficiency of electric spark processing. 

Experiment setting. To achieve the goal, it is 
necessary to solve the following tasks: 

 measurement of the power consumption of the 
electric discharge installation from the power supply 
network depending on the design parameters of the 
reaction chamber and the features of the VMLMG at 
other fixed parameters of the TPG (maximum charging 
voltage and energy of the working capacitor, frequency 
and pulse duration); 

 assessment of the relationship between the power 
indicators of the electrical installation and the specific 
energy consumption of the ESD process of metal granules 
with different values of their intercontact active resistance 
(Al, Ti) in terms of kWh/kg; 

 analysis of the electrophysical processes of EID to 
determine the effective modes of energy transfer from the 
TPG to the nonlinear ESL. 

For clarity of the presentation of the experimental 
methodology, the input and output data operated by the 
electrophysical model of the TPG – ESL were 
determined. 

Fixed parameters of the TPG and the reaction 
chamber: voltage on the input electrolytic capacitor 
C0 – 420 V; maximum charging voltage and capacity of 
the working capacitor C1 – 750 V and 1 μF; inductance 
of the discharge circuit L0 – 14.6 μH; generator 
conversion frequency – 1 kHz; maximum current pulse 
duration – 12 μs; working fluid – water with a specific 
electrical conductivity of 30–50 μS/cm; diameter of 
the inner electrode 30 mm; duration of the ESD process – 
10 min. 

Adjustable installation parameters: technological 
gap between the cylindrical electrodes of the reaction 
chamber; mass of the granulated material before the start 
of dispersion – mi, g; height and number of elementary 
layers of the VMLMG – hi, mm, Nsh; diameter of the 
outer electrode; average diameter of the granule (quasi-
spherical approximation). 

Initial parameters of the technological process after 
processing: average power of the consumed energy of the 
electric discharge installation from the power supply 
network – P, W; residual mass of the granulated material 
after processing – mex, g; mass of dispersed material – 
∆m, g; specific electricity consumption for dispersion of 
granular material – Q, kWh/kg. 

The concentration of metal granules (Al, Ti) was 
calculated using a measuring cup with a working volume 
of 50 ml, a height of 125 mm and a diameter of 22 mm. 
Then, after recalculating the number of granules in the 
bulk volume, their average Na concentration per 1 cm3 
was determined, and after weighing, their bulk density. 
The average diameter of the granules was obtained in the 
approximation of their quasi-spherical shape and under 
the condition of their cubic model of location in space 
(dAl = 2.4 mm, dTi = 3.5 mm). To calculate the bulk 
number of layers in the axial direction along the length of 
the reaction chamber with a cylindrical electrode system, 
the formula was used: 

 2
1

2
0

3

RR

VN
N ta

d






,                            (1) 

where R0, R1 are the outer and inner radii of the 
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of the VMLMG in the axial direction along the length of 
the reaction chamber. 

Measurement of the average TPG power in the 
process of electric spark treatment depending on the 
volume of each material was carried out in the range of 
their weights from 50 to 300 g with an analysis step of 
every 20 g and a processing duration of no more than 
30 s, in such a way as to have the least impact on the 
previous initial state of the VMLMG in the ESD process. 

Based on the obtained family of dependences of the 
average converter power on the bulk volume of granules 
and the diameter of the external electrode – d0=72 mm, 
d1=82 mm, d2=98 mm (Fig. 4,a,b), both for aluminum and 
titanium loading, it can be stated that a common feature of 
all curves is the presence of distinct power maxima, 
which appear at approximately the same height of the 
VMLMG (for a certain number of layers) for each case of 
the geometry of the metal granular loading. In the range 
of the left section of the VMLMG experimental 
dependences also have a similar gradual growth pattern, 
close to linear. At the same time, with an increase in the 
diameter of the external electrode, the angular slope of 
each curve of the family decreases, and their maxima 
increase which is especially noticeable for titanium 
backfill. In addition, a distinctive feature is the 
electrophysical features of the behavior of titanium 
granules in the rear part of their dependences, where the 
power drops sharply. This is explained by the fact that the 
pulse energy at which the study was carried out (0.25 J) 
is no longer enough in this section of the VMLMG (to the 
right of the maximum) for continuous maintenance of the 
plasma formation reaction and a stable process of electric 
spark treatment. 
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Fig. 4. Curves of dependence of generator power on the 
VMLMG of the reaction chamber for three values of the 

diameter of the external electrode: 
a – Al granules;   b – Ti granules 

 
If the generator circuit enters a short-circuit mode or 

is close to it, then the discharge completely dies out in the 
reaction chamber or the plasma formation reaction occurs 
only near the central electrode-anode, and the power of 
the process still remains low (30–50 W). The maxima of 
the curves for aluminum backfill have a less pronounced 
growth pattern with increasing diameter of the external 
electrode, and their rear parts gradually decrease 
depending on the VMLMG. It should also be noted that 
all power maxima Pmax, both for aluminum and for 
titanium, arise at approximately the same height of the 
bulk volume of granules, or according to the number of 
their layers (1). Therefore, for Al: hAl = 22 mm, 
Nl = 8 layers, for Ti: hTi = 13.5 mm, Nl = 5 layers. At the 
same time, the value of the power maximum tends to 
increase with increasing length of the IEG, on which a 
certain number of granules are placed depending on their 
diameter. For the average number of granules in the radial 
direction along the length of the IEG (R0–R1) of the 
reaction chamber, respectively, for the above-mentioned 
model of their packing, we have the expression: 

 10
3 RRNN al  .                       (2) 

Therefore, guided by the above, it can be assumed 
that the average power consumption of the TPG in the 
process of ESD of metal granules is a unique function that 
depends to a certain extent on both the initial voltage on 
the IEG, the pulse energy and the frequency of their 
passage, and on the parameters of the packing of the 
VMLMG in the reaction chamber – the number of 
elementary layers in the bulk volume of metal granules 
and the number of granules in one of their layers. In 
addition, the surface tendency of titanium granules to 

form conductive bridges in the environment is manifested 
in a rapid decrease in the TPG power due to the onset of 
the short-circuit mode. 

The next stage of the work is to determine the 
specific electricity consumption in terms of obtaining 1 kg 
of powder raw material. In this case, the accumulated 
value of the average power for a longer ESD period was 
already measured. For Al granules, the treatment was 
carried out with a 72 mm diameter of the external 
electrode and fixed system parameters, as indicated 
above. Experimental and calculated data on the ESD of Al 
and Ti granules are given in Table 1, 2 respectively. The 
electrical parameters of the ESD of titanium granules 
were chosen to be the same as for aluminum granules, but 
with the exception of the increased diameter of the 
external electrode of 82 mm. 

 

Table 1 
ESD results for aluminum granules 

mi, g mex, g ∆m, g Vi, cm3 hi, mm Nl. P, W Q, kWh/kg
50 48,68 1,35 29,4 8,5 3,2 65 8,02 
70 67,52 2,48 41,2 11,8 4,5 105 7,1 
90 85,12 4,88 52,9 15,2 5,8 165 5,6 

110 103,22 6,78 64,7 18,6 7,1 225 5,4 
130 121,62 8,38 76,4 22 8,4 250 5 
150 143,25 6,75 88,2 25,4 9,8 210 5,13 
170 163,85 6,15 100 28,7 11 190 5,2 

 
Table 2 

ESD results for titanium granules 

mi, g mex, g ∆m, g Vi, cm3 hi, mm Nl. P, W Q, kWh/kg
70 69,32 0,68 25,7 5,5 2 65 15,9 
90 88,78 1,22 33,1 7,1 2,7 95 13 

110 108,14 1,86 40,5 8,7 3,4 130 11,8 
130 127,6 2,4 47,8 10,3 4 155 10,7 
150 147 3 55,2 11,9 4,6 170 9,5 
170 166,15 3,85 62,5 13,5 5,2 210 9 
190 175,5 4,5 66,2 14,3 5,5 230 8,5 

 

Thus, the obtained specific energy consumption 
indicators in the Al-Ti ESD process also correlate with the 
corresponding indicators of their average power. For Al, a 
lower dispersion energy consumption value was achieved 
than for Ti – 5 kWh/kg, but under the condition of a 20 W 
advantage. The obtained Q value correlates with the 
indicator given in [20] – 5.45 kWh/kg. However, this Q 
value was achieved at a very low productivity of electric 
spark treatment and power of the power source – during 
3 h of treatment, the total mass of Al granules and 
electrodes decreased by only 1.8 g. The lowest value of 
the Q indicator for Ti – 8.5 kWh/kg was achieved only 
when the input voltage of the generator was increased to 
450 V, which allowed stabilizing the plasma formation 
process, and despite the tendency in Fig. 4,b to increase 
the processing power. Taking into account the determined 
mass of the eroded material obtained during its processing 
time and the frequency of the generator pulses, it is 
possible to calculate the fraction of particles formed per 
one discharge pulse – m0 = ∆m/(Tꞏf) = ∆m/6∙105. 
Accordingly, we have: m0Al = 13.9 μg, m0T=7.5 μg. Next, 
based on the thermodynamic equations [21] and the 
corresponding thermophysical coefficients for Al-Ti, the 
energy costs that go to melting Em and evaporation Ev of 
this particle of eroded material are determined. Therefore, 
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for Al: Em=13.5 mJ, Ev=189 mJ; Ti: Em=9 mJ, Ev=84 mJ. 
The average pulse energy for Al is 250 mJ, for 
Ti – 210 mJ. If we assume that all eroded particles 
completely pass the evaporation stage, then the efficiency 
of the ESD in relation to the energy Ev will be: 
Al – η = 76 %, Ti – η = 40 %. At the same time, the 
energy Ev for Ti in terms of the same mass of material is 
17 % lower than for Al. If we refer to Fig. 4,b, the 
generator power tends to increase, but does not reach its 
saturation threshold due to the cessation of the plasma 
formation reaction. For example, with an external 
electrode diameter of 98 mm, the generator power drops 
after 90 cm3 of the volume filled with metal granules. For 
this geometry of the VMLMG, energy consumption can 
be reduced to the level of 8.3 kWh/kg. Therefore, this 
indicator once again confirms the reality that with an 
increase in the number of contacts between granules along 
the length of the IEG and with an increase in the number 
of layers along the height of the reaction chamber, there is 
a gradual increase in the generator power and a decrease 
in the specific energy consumption of the ESD until its 
saturation threshold is reached.  

An important aspect of the study is still the 
explanation of the behavior of the obtained experimental 
dependences of the average power on each section of the 
VMLMG. Therefore, to solve this issue, measurements of 
the current-voltage characteristics were carried out both 
on the electrodes of the chamber and on the TPG 
elements. The conversion of electrical oscillations to the 
level of amplitudes of signals safe for oscillography was 
performed using a mixed-type voltage divider with a 
transfer ratio of 1:46.5 and a coaxial current shunt with an 
active resistance of 1.55 mΩ. Both signals are fed via 
coaxial lines to the inputs of a dual-channel storage 
oscilloscope SDS1022. The digitized data were stored in 
text format and transferred to Excel for mathematical 
calculations. The number of sampling points provided by 
the oscilloscope on each channel is 104 with an interval of 
10 ns and an amplitude value in millivolts. The 
digitization results were converted taking into account the 
vertical shift and the transmission coefficient for each 
signal. After processing many synchronous pairs of 
oscillographic data, it was found that the efficiency of 
ignition of plasma channels increases with each added 
layer of metal granules of the reaction chamber. At the 
initial levels of the bulk volume, many ineffective 
discharges are observed and only a small part of it is 
taken from the energy of the working capacitor. In this 
interval, the effective frequency of discharge pulses 
(EFDP) is less than the frequency of the generator pulses. 
According to the step-like voltage diagram on C1, it is 
possible to separate ineffective discharges from their total 
number for a certain period of time, and from the voltage 
drops from the charging to the residual at each switching 
cycle of the power switches, the average energy and 
conversion power can be calculated. To maintain the 
accuracy of signal digitization, the maximum width of the 
window for storing data on a time sweep of 1 ms/div. was 
20 ms. In order to more accurately approximate the 
average power values, 5 voltage diagrams were processed 
with a total time of 100 ms. Therefore, according to the 

presented algorithm, the average effective discharge 
energy (AEDE) can be calculated as: 
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where Uc, Ur are the charging and residual voltages on С1; 
С is the capacitance of capacitor C1, Nsp is the number of 
effective discharges for the measurement time interval; 
Ei is the energy of effective discharge; Eth is the minimum 
threshold energy of discharge current. 

The measurements were carried out with 
preservation of the same geometry of electrodes as in the 
previous experiment. A distinctive feature of the obtained 
curve of dependence of EFDP for Al granules (Fig. 5,a) is 
the presence of a section of its saturation (75–100 cm3), 
where the frequency of effective discharges coincides 
with the frequency of conversion of the generator 1 kHz. 
The average energy of effective discharges in this section 
of volumes after reaching its maximum (0.22 J) as well as 
the average power gradually decreases. In the case of Ti 
granules, the EFDP curve (Fig. 5,b) corresponds to the 
generator frequency only when it enters the short-circuit 
mode, and the maximum AEDE value is reached at the 
level of 60 cm3 of the VMLMG. 

 

 

 
a 

 
b 

Fig. 5. Curves of the average energy and effective frequency of 
discharge pulses on the VMLMG of the reaction chamber: 

a – aluminum granules;   b – titanium granules 
 

Stationary electrical oscillations in the TPG in the 
saturation region of the VMLMG curve for Al, in contrast 
to Ti, are characterized by greater stability and a smaller 
value of reverse oscillations. Therefore, provided that the 
frequency of discharge pulses and their amplitude are 
stable, it is possible to take the current-voltage 
characteristics at several points of the EFDP saturation 
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region and calculate the instantaneous power and 
dynamics of the resistance on the load.  

The equivalent value of the resistance Req of the 
VMLMG during the pulse duration is usually calculated 
by the formula [6], but the approximation to the integral 
expressions is performed using the trapezoidal 
approximation method: 
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where uk, ik are the instantaneous values of current and 
voltage in the discharge circuit at the k-th integration step. 

The instantaneous power characteristics, which are 
allocated to the ESL, are calculated based on the obtained 
pairs of synchronous current and voltage oscillograms at 
3 points of the saturation area of the effective discharge 
frequency (Fig. 6). 

 

 
Fig. 6. Instantaneous power characteristics for 3 height levels 

of aluminum VMLMG 
 

Synchronization of all characteristics was carried out 
on the first rapidly falling front of the voltage pulse on the 
IEG, which corresponds to the moment of the final 
electrical breakdown of the medium and the beginning of 
the development of the spark discharge with the 
subsequent transfer of the main part of the energy from 
the capacitive energy storage to the load. As can be seen 
from the characteristics for the filling levels h0 = 22 mm, 
h1 = 25 mm, their main feature is the presence of a 
significant power surge until the moment of development 
of the plasma channel. The power jump is mainly 
associated with the flow of current in ohmic contacts in 
local zones between the granules, the development of 
ionization avalanches and polarization of the working 
fluid in the intergranular volumes. It should be noted that 
the final voltage value, which is set on the IEG after the 
transistor key is completely unlocked, will be primarily 
determined by the current in the ohmic contacts of the 
load and the reactive parameters of the discharge circuit. 
The flow of current through the ohmic contacts causes a 
voltage drop across the choke L1, which accordingly 
reduces the maximum amplitude of the applied voltage to 
the IEG, the value of which in turn affects the consistency 
of the energy input into the ESL. As found out based on 
the analysis of many synchronous pairs of volt-ampere 
data, the voltage on the IEG is maintained for some time 
and remains practically constant, while a voltage 
«plateau» is formed before the start of the development of 

the plasma discharge. In turn, the intensity of electron 
avalanche propagation and the further development of 
plasma channels will depend on the value of the ohmic 
contact current, which heats the contacting surfaces of the 
granules. 

The increase in the ohmic contact current from the 
layer height is explained by the increase in the surface 
area of contact of the granules with the electrodes of the 
reaction chamber. But at some point, at the height of the 
VMLMG h2 = 29 mm, the ohmic contact current becomes 
quite significant and merges with the spark discharge 
current, at the same time the voltage «plateau» – the 
ionization voltage shelf completely disappears, which 
worsens the development of plasma channels. Therefore, 
it is advantageous to perform the ionization process hold, 
when the voltage plateau on the IEG lasts for some time, 
on average several microseconds, which is important for 
increasing the number of plasma channels and the 
efficiency of their growth. The ohmic contact current in 
this sense heats the contacting layers of granules and 
stimulates thermionic emission from their surfaces, which 
in turn affects the ionization current, which is the trigger – 
the primary source for the formation of plasma channels. 
On the other hand, a sufficient potential difference 
between the heated surfaces of the granules will create 
conditions for the effective propagation of electron 
avalanches and the formation of plasma channels. 

For the considered family of instantaneous power 
curves for the duration of the discharges (12 μs), the 
energy dissipated in the ESL is calculated. Again, if the 
power integral over time is approximated by the 
trapezoidal method, then we can obtain the expression: 
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where ∆t is the integration time step, ∆t =10 ns.  
From which we have that the energy for the curve h0 

is 240 mJ, h1 – 190 mJ, h2 – 160 mJ. These results also 
correlate with the values obtained by (3) for the generator 
power curve in Fig. 4,a. 

Regarding the dynamics of the load resistance over 
time (Fig. 7), each curve has its own initial resistance 
value. However, a distinctive feature of the curve h2 is the 
presence of a zero resistance value and its instantaneous 
jump in a short period of time from the zero mark to the 
initial value R0. 

 

 
Fig. 7. Dynamics of the resistance of the electric spark load 

 

At a layer height of at least 30 mm, the presence of 
the displacement current of the intergranular volumes of 
the working fluid becomes significantly noticeable, which 
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causes the appearance of a reactive component in the 
dynamics of the load resistance. Further, using (4) for all 
3 curves h0–h2, we have the following values of the 
equivalent load resistance: h0 – 3.95 , h1 – 2.41 , 
h2 = 1.84 . If the characteristic resistance of the 
C1-VT1-VD2-L1 circuit is 4 , then it can definitely be 
stated that the main reason for the decrease in the AEDB 
with the increase in the VMLMG in the EFDP saturation 
region is the decrease in its equivalent resistance. Because 
of this, the transient process in this circuit becomes more 
oscillatory and branched [7]. 

At the same time, the Req values correlate with the 
initial resistance values at the time of IEG breakdown, 
which also tend to decrease – R0(h0)=25 , R0(h1)=8.5 , 
R0(h2)=4.5 . The obtained relationship between the 
height of the VMLMG and the initial resistance of the 
ESL can also be an addition to the parametric model of 
the electric spark load [4], where the dependence of this 
resistance on the initial applied voltage to the IEG is 
established. 

Another interesting circumstance is that the presence 
of ohmic contact current when switching the discharge 
circuit with a thyristor key is difficult to notice due to its 
inertial features – the process of heating the intergranular 
gaps and the formation of plasma channels merge in time. 
In addition, the low value of the circuit inductance only 
contributes to the rapid development of the plasma 
discharge and, in principle, makes it impossible to 
recognize this phenomenon. In [17], only approximate 
intervals of existence of each current are given, because 
the volt-ampere characteristics on the IEG are similar to a 
smooth curve of the pulse power at the point of a 
noticeable drop in the contact resistance of the ESL, 
which is shown in Fig. 6 (curve h2). In this sense, the 
advantage of the transistor switch is the possibility of 
quickly applying voltage to the IEG and immediately 
separating several stages of the spark discharge 
development in the volume of the metal loading of the 
reaction chamber. 

Conclusions. 
1. The proposed model of an electric discharge 

installation – TPG with a maximum pulse voltage of up to 
800 V and energy of up to 0.3 J in combination with a 
reaction chamber with a cylindrical system of electrodes 
confirms its effectiveness for ESD tasks of heterogeneous 
conductive granular media with different degrees of 
activity of intercontact resistance. 

2. It was established that the average power 
consumption of the TPG when operating on the ESL 
under the condition of a fixed input supply voltage and 
pulse frequency is dependent on the geometric 
dimensions of the metal loading in the reaction chamber – 
the number of its layers and the number of granules along 
the length of the IEG in one layer. In addition, the nature 
of the TPG power after reaching its maximum in the 
saturation region of the effective frequency of the 
discharge pulses is influenced by the electrophysical 
features of the behavior of the intercontact resistance of 
the granules and their tendency to form chains of through-
conduction in the medium. 

3. The specific energy consumption Q in the ESD 
process of aluminum granules (5 kWh/kg) turned out to 
be lower than for titanium granules (8.3 kWh/kW), at the 
same time, the obtained power curve for the titanium load 
is characterized by the absence of its saturation area due 
to the onset of the short-circuit mode in the TPG. In the 
case of increasing the outer diameter of the reaction 
chamber and, accordingly, the inter-contact gaps along 
the length of the IEG, provided that there is a certain 
number of layers of the VMLMG, the maximum power 
also increases, which accordingly correlates with the Q 
indicator in the direction of its decrease. 

4. It was found that the effective frequency of ESD 
discharge pulses depends on the ohmic contact current, 
the direct flow of which before the start of the main 
discharge causes heating of the contact surfaces of the 
granules, which affects the ionization processes of the 
development of electron avalanches and the formation of 
plasma channels. 

5. It was established that the main reason for the 
decrease in average power with increasing bulk volume of 
metal granules in the saturation region of the curve of the 
effective frequency of discharge pulses is the decrease in 
both its initial and equivalent resistance, which is caused 
by an increase in the surface area of contact of the 
granules with the electrodes of the reaction chamber, 
therefore the transient process in the discharge circuit 
becomes more branched. 
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Features of designing high-voltage overhead power lines in an underground collector 
 
Problem. Protection of high-voltage (HV) overhead power lines (OPL) from external atmospheric and military influences and 
reduction of their hazardous electromagnetic radiation is possible if they are made in a compact form and placed in an 
underground collector. But to ensure high capacity and reliable operation of such compact HV OPL, it is necessary to improve 
the existing designs of their current-carrying elements. The goal of the work is to determine promising design parameters of 
busbars of compact high-voltage overhead power lines laid in an underground collector. The methodology for calculating 
permissible long-term currents of HV OPL laid in an underground collector is based on the analytical model proposed by the 
authors for describing the processes of mass and heat transfer in the air of an underground collector. Scientific novelty. For the 
first time, the possibility of efficient use of HV OPL in an underground collector conditions is substantiated and the conditions for 
their reliable transmission of electric energy with increased capacity are determined. This is achieved through the use of 
rectangular flat vertical conductive busbars with an increased surface area and providing better convective heat exchange 
compared to traditional round wire, as well as by determining the rated current for such overhead lines at a reduced ambient 
temperature (15 °C), which is typical for operating conditions in underground collectors (25 °C) adopted for overhead lines 
located outdoors. Practical value. The use of the proposed HV OPL laid in an underground collector should ensure reliable 
transmission of electrical energy, sufficient throughput and increased protection from external factors while reducing the 
electromagnetic impact on the environment (due to a significant reduction in the interphase distance from 3–4 m to 0.3–0.6 m for 
110 kV HV OPL), and has advantages over SF6-insulated cable lines and cable lines characterized by an increased insulation 
cost). References 36, table 1, figures 6. 
Key words: compact high-voltage overhead power line, underground collector, busbar conductor, thermal modeling. 
 
Проблема. Захист високовольтних повітряних ліній електропередавання (ПЛ) від зовнішніх атмосферних та військових 
впливів, та зменшення їх небезпечного електромагнітного випромінювання можливо при їх виконанні у компактному 
вигляді і розміщенні у підземному колекторі. Але для забезпечення високої пропускної спроможності та надійної роботи 
таких компактних повітряних ПЛ необхідно удосконалення існуючих конструкцій їх струмопровідних елементів. 
Метою роботи є визначення перспективних конструктивних параметрів струмопроводів компактних високовольтних 
повітряних ліній електропередавання, які прокладені у підземному колекторі (ПЛПК). Методика розрахунку 
допустимих тривалих струмів ПЛПК заснована на запропонованій авторами аналітичній моделі опису процесів 
масотеплоперенесення в повітрі підземного колектору. Наукова новизна. Вперше обґрунтовано можливість 
ефективного використання ПЛ в умовах підземного колектору та визначено умови надійної передачі ними 
електроенергії з підвищеною пропускною спроможністю. Це досягнуто завдяки застосуванню прямокутних плоских 
вертикальних струмопровідних шин, які мають збільшену площу поверхні та забезпечують кращий конвекційний 
теплообмін порівняно з традиційним круглим проводом, а також за рахунок визначення допустимого тривалого струму 
для таких ПЛ при зменшеній температури зовнішнього середовища (15 С), що характерна для умов експлуатації в 
підземних колекторах і суттєво нижча за стандартну температуру (25 С), прийняту для ПЛ, розміщених на 
відкритому повітрі. Практична значимість. Використання запропонованої ПЛПК має забезпечити надійне 
передавання електричної енергії, достатню пропускну спроможність і підвищену захищеність від зовнішніх факторів 
при зменшенні електромагнітного впливу на оточуюче середовище (за рахунок істотного зменшення міжфазної 
відстані з 3–4 м до 0,3–0,6 м для ПЛ 110 кВ), і має переваги над відомими підземними електромережами (лініями 
електропередавання з елегазовою ізоляцією та кабельними лініями, що характеризуються підвищеною вартістю 
ізоляції). Бібл. 36, табл. 1, рис. 6. 
Ключові слова: компактна високовольтна повітряна лінія електропередавання, підземний колектор, струмопровід із 
плоских шин, моделювання теплового режиму. 
 

Introduction. Ensuring reliable power supply to 
consumers is the main task of the electric power industry. 
To achieve this, it is necessary to improve the technical 
and economic indicators of high-voltage (HV) power 
grids. Two main types of power grids are most often used 
to supply consumers with electricity: HV overhead power 
lines (OPLs) and HV underground cable lines (CLs). 
However, during the operation of OPLs and CLs, 
problems arise with ensuring their reliable functioning. 
This is due to the influence of natural atmospheric factors 
(ice, solar radiation, strong winds and rain, etc.), as well 
as the high vulnerability of these lines in the event of 
fighting using modern artillery and missile weapons. 

In addition, the problem of improving the power 
supply of modern megacities with dense construction 

requires an urgent solution. The increase in load in cities 
leads to the need to find new methods for organizing their 
power supply. 

One of the effective methods of increasing the 
reliability of power supply in cities and the protection of 
power grids from negative external man-made, natural 
and military influences is the placement of power grids in 
underground reinforced concrete tunnels (collectors), 
which is quite widespread in the world. Thus, in [1–11] 
examples of the development of pilot projects for the 
construction of underground power grids of different 
voltage classes with insulation from air, cross-linked 
polyethylene and SF6 are given. 

In [1, 2] the issues of choosing insulation for 
underground lines and substations of various designs are 
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considered, examples of their calculations are given. 
Work [3] is devoted to the analysis of the impact on the 
environment of OPLs and underground CLs. It is shown 
that underground lines have a significantly smaller 
number of external influence parameters and have a much 
smaller impact on the environment. 

The works [12–14] are devoted to the comparison 
of the parameters of OPLs and underground CLs made 
of cross-linked polyethylene. It has been shown that CLs 
are more protected from external factors and have a 
compact design that reduces the electromagnetic impact 
on the environment and does not require the alienation 
of large land plots. However, with the same capacity, 
CLs are 2–10 times more expensive than overhead lines 
due to the high cost of HV insulation made of cross-
linked polyethylene [13, 14]. It should also be noted that 
the repair work of OPLs and CLs can differ in cost by 
5–10 times. 

The works [4, 5] contain materials on the 
construction of a 500 kV underground line in 
California, made with a direct current cable. This 
decision is due to the impossibility of using AC CL in 
the required length. The choice of an underground line 
is due to the community's resistance to the construction 
of a ground OPL. 

The works [6, 7] provide data on the implementation 
of a project to build a completely underground 220 kV 
substation in the Chinese city of Wuhan. Currently, no 
detailed information about this project is provided in open 
sources, but the fact that it is located in a shopping mall 
imposes additional requirements on its design. 

The work [8] is devoted to the development in 2013 
by the LLC Kharkiv Design Development Institute 
«Teploelektroproekt-Soyuz» of a project for an 
underground 220 kV substation with SF6 insulation. 

The works [9, 10] show the possibility of building 
underground power networks, identify the advantages of 
such networks, but do not provide data on their design 
features. 

The work [11] is devoted to the analysis of the use 
of SF6 insulation in power networks. The advantages 
and disadvantages of using SF6 as an insulating medium 
are given. Gas insulated transmission lines (GILs) are 
considered. Direct burial of the GIL system into the 
ground combines advantages of underground laying of 
cables with high throughput of ground OPLs of the 
corresponding power. It is shown that GILs have high 
reliability, high throughput, and low magnetic field 
levels. Such lines are similar in design to the so-called 
complete current conductors and have insulators inside 
the structure that limit the radius of rotation and the 
value of the permissible short-circuit currents. In 
addition, the GIL housings must be made hermetic, 
which significantly complicates their design. It is also 
worth noting the high cost and complexity of 
maintaining such a line compared to the OPL of the 
analog power. 

In the works [15–18] it is shown that the magnitude 
of the magnetic field harmful to humans and the 
environment, created by OPLs and CLs, is proportional 

to the interphase distance of their current conductors. 
Therefore, the value of their magnetic field is 
significantly (by an order of magnitude) reduced in the 
compact design of electrical networks, which are 
characterized by an interphase distance of less than 1 m. 

The main parameter that significantly affects the 
characteristics of electrical networks is the design of their 
phase power lines, including their material and geometry. 
Currently, the choice of current conductors of OPLs and 
CLs is regulated by regulatory documents [19]. It should 
be noted that their recommendations are more for 
different voltage classes. Thus, to determine the cross-
section and number of wires in a phase for OPLs with a 
nominal voltage of up to 20 kV, it is necessary to exclude 
electrical calculations, and those parameters for a line 
with a higher voltage are performed without any technical 
or economic calculations in [19] in the form of Table 
2.5.16. This necessitates the search for other approaches 
to the selection of material and design of current 
conductors in comparison with the traditional approach 
[20–23], and especially, given that the specified sources 
do not consider the issue of selecting the parameters of 
the current conductor for power networks located in 
underground collectors. 

In the works [24–26], examples of the use and 
selection of so-called high-temperature wires are given. In 
the works [27, 28], information is provided and the 
advantages of wires with a composite core are 
highlighted, which can increase the mechanical 
characteristics and increase the length of OPL’s spans. 
The works [29, 30] describe the advantages of using wires 
made of aluminum alloys and provide examples of their 
use for OPLs. 

It should be noted that the above advantages of the 
latest wire brands cannot be decisive for the choice of the 
design of current conductors of OPLs in an underground 
collector. It is necessary to take into account that the 
determination of the design of current conductors for 
OPLs located in an underground collector will be quite 
close to the choice of the design of phases of closed 
switchgear with air insulation in accordance with [19–23]. 
These sources provide tables with the values of wire and 
bus cross-sections and their maximum permissible 
continuous currents. However, it is not indicated under 
what conditions they operate. 

The works considered above, which are devoted to 
the creation of compact underground electrical networks 
of various types and their structural elements, do not 
contain specific technical parameters of the completed or 
proposed projects. 

According to the authors of the article, the greatest 
interest for practical use is HV compact OPLs with air 
insulation laid in an underground collector (OPLs in UC). 
But OPLs in UC in comparison with ground OPLs, 
underground CLs and underground GILs have not been 
studied enough to date. The rational design parameters of 
their current conductors, which at limited cost allow to 
realize increased throughput with increased protection 
from external factors and reduce electromagnetic impact 
on the environment, remain still not defined. 
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The goal of the work is to determine the promising 
design parameters of current conductors of compact high-
voltage overhead power lines, which are laid in an 
underground collector. 

The above analysis shows that OPLs in UC can be 
considered as a promising means of transmitting 
electrical energy under the conditions of ensuring their 
competitive technical and economic characteristics. 
Thus, OPL in UC has quite significant advantages over 
OPL, and primarily because in the underground collector 
there are no negative natural factors that affect OPLs, 
which are located in the open air. Therefore, OPLs in 
UC can be considered as an alternative to CLs and GILs, 
which have a more complex design of current conductor 
insulation and high cost. 

Thus, the requirements for the structural elements 
of OPLs in UC will be very different from the known 
requirements for the structural elements of OPLs. This 
fact confirms the need to conduct research to determine 
the rational design of OPLs in UC elements, and 
primarily the design of their phase current conductor. 

Determination of the design of the phase current 
conductor of the OPL in UC. One of the main design 
parameters of both the OPLs and the OPLs in UC is the 
cross-section of the current conductor. Based on the 
unambiguous recommendations of regulatory documents 
regarding the phase cross-section of the OPL with 
nominal voltage of 110 kV, a phase cross-section of 
240 mm2 was adopted, recommended in [19] for AC 
type wires. For phase current conductors of the OPLs in 
UC of busbars, the cross-section can be chosen the same 
as for the AC type wire. However, if we calculate the 
permissible continuous current of the 110 kV OPL wire 
based on its maximum natural power of 30 MW, we will 
obtain a current value in the phase of about 272 A. With 
an increase in power by 25 % (standard practice for 
using 110 kV lines), the current will increase to 
approximately 340 A. For such current values, it is 
possible to determine the cross-sections of AC wires of 
95 mm2 and 150 mm2, respectively, from [19]. The 
choice of such wire cross-sections will lead to an 
increase in active power losses, but will reduce capital 
investment in the line. Therefore, to determine the 
rational wire cross-section, it is necessary to conduct a 
technical and economic comparison of the phase design, 
taking into account all the factors affecting it. 

However, the conditions for using phase wires for 
OPLs in the open air and current conductors of the OPLs 
in UC, as noted above, are quite different. Regulatory 
documents recommend selecting phase wires based on the 
permissible continuous current. To determine it, it is 
necessary to calculate the heat transfer coefficient, which 
significantly depends on the design features of the phase 
current conductors and the air temperature in the 
underground collector. 

Based on the current values (0.3–2 kA) that must be 
provided for the OPLs in UC, their creation does not 
require the use of special complex current conductor 
designs in the form of boxes, pipes, I-beams or several 
rectangular-section buses [19–23]. Therefore, the authors 

propose to consider using either a conventional AC type 
wire for OPLs or a rectangular busbar as a phase current 
conductor for OPLs in UC. This necessitates the 
performance of thermal calculations of rectangular 
busbars, which are widely used for low and medium 
voltages. This necessity is due to the fact that the 
nomenclature of busbars [19–23] does not meet the 
conditions of their use for power transmission lines. For 
OPLs in UC, completely different busbar sizes may be 
rational, which meet the requirements [19] for the cross-
section of phase current conductors for different classes of 
rated voltage.  

When determining the heat transfer coefficient and 
permissible long-term current of phase current 
conductors of the OPLs in UC, it is also necessary to 
take into account the specific conditions of their 
operation. The main difference from the OPLs is that for 
OPLs in UC, it is not necessary to take into account the 
strength and direction of the wind, as well as solar 
radiation, which affect the thermal mode at a given long-
term permissible temperature of the current conductor of 
70 °C [19–23]. 

The cooling efficiency of current conductors of the 
OPL in UC is estimated by their heat transfer coefficient 
[31], which determines the intensity of heat transfer from 
a solid surface to the air in the environment. For its 
calculation under conditions of laminarity and natural 
convection, the following relationship can be used [32]:  

nPrGrСNu )(  ,                          (1) 

where Nu is the Nusselt criterion; Gr is the Grashof 
criterion; Pr is the Prandtl criterion; the coefficients С and 
n depend on the free motion mode and the surface 
washing conditions. 

The Nusselt criterion Nu [33] characterizes the 
intensity of heat transfer in the boundary layer between 
the gas and the surface of the body flown around it: 

plNu  / ,                             (2) 

where l is the characteristic size, m; λp is the thermal 
conductivity of the gas, W/(m∙K). 

The Prandtl criterion Pr [33] determines the physical 
properties of the gas: 

aCPr ppp //   ,                    (3) 

where μ is the dynamic viscosity coefficient, N∙s/m2; 
νр is the kinematic viscosity coefficient of the gas at a 
given temperature of the medium tр, m2/s; а is the 
coefficient of temperature stability of the gas at a given 
temperature, m2/s; Ср is the isobaric mass heat capacity of 
the gas, kJ/(kg∙K).  

The Grashof criterion Gr characterizes the ratio of 
the lifting forces that arise in the gas during heating and 
the viscous forces [33]: 

2

3

p

tdg
Gr


 

 ,                             (4) 

where β is the coefficient of volumetric expansion of the 
gas, 1/K; g is the acceleration due to gravity, m/s2; 
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Δt is the temperature difference between the surface 
(wall) of size d and the gas between which heat is 
exchanged, С or K. 

Let us use the relationships (1–4) to calculate the 
permissible long-term current of the current conductor of 
the OPLs in UC made of a round wire of type AC. 

Calculation of the permissible continuous current 
of the OPL in UC made of round wire. The geometry of 
the current conductor of the OPL in UC made of round 
wire is shown in Fig. 1. 

 

 
Fig. 1. To determining the heat transfer coefficient of a round 

wire of the OPL in UC 
 

For the calculation, the recommended [19] design of 
a 110 kV phase with one AC type wire with cross section 
of 240 mm2, which is used for overhead lines, was 
selected.  

The calculation was performed under the following 
conditions.  

The 110 kV OPL in UC is located in a reinforced 
concrete collector with minimum internal size of 34 m, 
which is located underground at a depth of at least 4 m. 
In this case, the calculated air temperature in the collector 
according to [34] will be 14–16 C. Therefore, we will 
perform the calculation for the air temperature tp = 15 C, 
and also for comparison for the temperature tp = 25 C, 
which according to [19–23] is calculated for ground 
OPLs. 

Long-term permissible temperature of the 
current conductor tst = 70 C, thermal conductivity 
λ = 0.0287 W/mK; kinematic viscosity coefficient 
νp = 17.46∙10–6 m2/s; Prandtl criterion for air Pr = 0.698; 
volumetric expansion coefficient of air β = 0.00343 1/K. 

The following phase wire parameters were used 
in the calculation: diameter of the AC wire 240/32 
d = 21.4 mm; radiation coefficient of a completely black 
body G0 = 5.67ꞏ10–8 W/m2; blackness coefficient of 
the body Еb = 0.4; active resistance of the wire 
r0 = 0.1182 mΩ/m. 

Taking into account the fact that the AC type wire is 
made of a bundle of wires of smaller diameter, the 
equivalent wire diameter increased by a factor of 1.33 was 
used [35]. The presence of collector walls was not taken 
into account in the calculation. 

The Grashof criterion Gr was calculated according 
to (4). Taking into account the value of the Prandtl 
criterion for air, the Nusselt criterion is defined as [33]: 

25,0)(5,0 PrGrNu  .                    (5) 

The heat transfer coefficient from the wire is 
calculated using the formula: 

dNu /  .                              (6) 
The heat flux from the wire due to convection from 

1 m2 is equal to: 
q = 2(tst – tp).                              (7) 

Heat release from the wire due to convection from 
1 m2 of the surface of the wire AC 240/32 [33] is equal to: 

FttQ pstC )(1  ,                          (8) 

where F is the surface area of the wire. 
Heat release from 1 m2 of the surface of the 

AC240/32 wire due to radiation is [33]: 

     FttCQ pstR  44
00 100100 .           (9) 

The total heat release in the channel is equal to: 

RCp QQQ  .                           (10) 

The heat release from the flow of current I is: 

RІQe
2 ,                                (11) 

where R is the electrical resistance of the conductor. 
The permissible value of the current flowing in the 

conductor under the condition Qe = Q is equal to: 

  5,0RQI p .                           (12) 

The results of calculating the permissible continuous 
current for the AC 240/32 wire, which is made in 
accordance with (5–12) by (1–4), are presented in Fig. 3 
and allow us to compare it with the tabular one given 
in [19]. The calculation error was 2.6 % (tabular value 
505 A, calculated value 518.13 A). This confirms the 
correctness of the developed calculation method and the 
possibility of its use for determining the permissible 
continuous currents of current conductors placed in an 
underground collector. At the same time, the operating 
conditions of current conductors in the collector are 
practically the same as the conditions of their operation 
in the room. 

Calculation of the permissible continuous current 
of the current conductors of the OPL in UC of busbar. 
It is proposed to perform the phase current conductor of 
the OPL in UC in the form of one busbar of rectangular 
cross-section. This design of the phase current conductor 
was chosen taking into account the simplicity of its 
installation and operation. When analyzing the busbar 
cross-section, we take it equal to the wire cross-section 
for AC 240 110 kV OPL, which is recommended in [19]. 
It should be noted that with an equal cross-section with an 
AC type wire, busbar, unlike AC, may have a different 
design. 

For the calculation, variants of the busbar with 
the geometry corresponding to the following dimensions 
h/d ratio (Fig. 2) were selected: 240/1, 120/2, 80/3, 60/4, 
48/5, 24/10, 20/12, 12/20, 12/24, 5/48, 4/60, 3/80, 2/120, 
1/240. 

The calculation of the permissible continuous 
current of the busbar is based on the relationships (1–4), 
which are also used for round wire. The geometry of the 
current conductor with the busbar is shown in Fig. 2. 

 

 
Fig. 2. To determining the heat transfer coefficient of a current 

conductor of the OPL in UC of busbars 
 



84 Electrical Engineering & Electromechanics, 2025, no. 5 

In busbars, the heat release process is different 
because of presence of clearly expressed busbar vertical 
and horizontal surfaces for which, in presence of natural 
convection, heat transfer conditions are another. 
This difference is taken into account by different 
coefficients in (1). 

Relation for the determination of the Nusselt 
criterion for the busbar horizontal part is [32]: 

125,0)(18,1 PrGrNu  .                     (13) 

For the vertical part of the busbar [32]: 
25,0)(75,0 PrGrNu  .                   (14) 

Calculation of the heat transfer coefficient due to 
natural convection is carried out in accordance with (6). 
The calculation conditions are similar to those specified 
above for the round wire of AC type. 

Let us calculate the Prandtl and Grashof similarity 
criteria necessary to determine the Nusselt criterion by (3) 
and (4), respectively. The Nusselt criterion is determined 
for horizontal and vertical busbar surfaces.  

The heat transfer coefficient of the busbar from the 
horizontal surface is: 

dNu /1   ,                             (15) 

where d is the thickness of the rectangular busbar. 
The heat transfer coefficient from the vertical 

surface is: 

hNu /2   ,                              (16) 

де h is the height of the rectangular busbar. 
The area of the busbar horizontal surface (Fig. 2) is: 

LdF  21 ,                              (17) 

where L is the length of the rectangular busbar. 
The area of the busbar vertical surface (Fig. 2) is: 

LhF  22 .                               (18) 

The heat flow due to convection from the horizontal 
busbar surface is: 

)(11 pstC ttq  .                        (19) 

Heat release due to convection from the busbar 
horizontal surface is: 

111 FqQ CC  .                             (20) 

The heat flow due to convection from the vertical 
busbar surface is: 

)(22 pstC ttq  .                       (21) 

Heat release due to convection from the busbar 
vertical surface is: 

222 FqQ CC  .                          (22) 

Heat release due to convection is determined as: 

21 CCC QQQ  .                       (23) 

The heat release from busbars due to radiation is 
determined by (9), and total one by (10). 

The permissible continuous current for busbars is 
determined in accordance with (12). The results of its 
calculation in accordance with (12–23) are presented 
in Fig. 3. 
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Fig. 3. Results of calculation of permissible continuous current 

of the OPL in UC with different design of the phase current 
conductor with cross-section of 240 mm2 and different air 

temperatures: a) at tp = 15 С; b) at tp = 25 С 
 

Analysis of the results of calculation of 
permissible continuous currents and choice of design 
of the phase current conductor of the OPL in UC. The 
analysis of the results obtained shows that busbars of the 
OPL in UC in comparison with round wire of the same 
cross-section have greater values of permissible 
continuous currents. 

In Fig. 3, the abscissa axis shows the ratio h/d for 
different geometries of the busbars considered. Therefore, 
at an air temperature of 15 С in the collector, the limiting 
values of currents for the OPLs in UC with busbars 
compared to temperature of 25 С can be increased. Thus, 
for the OPLs in UC 110 kV with busbars 240/1, the 
permissible continuous current will increase by 12 % 
(from 1164 A to 1302 A), which will allow increasing the 
power of the power grid by 15 MW. At the same time, 
when performing the OPL in UC from the AC 240/32 
wire, a change in air temperature from 25 С to 15 С 
leads to an increase in the permissible continuous current 
by only 9 %. 

The results of calculations of permissible continuous 
currents for busbars with different h/d ratios allow us to 
determine the most rational designs of phase conductors 
of OPLs in UC with busbars. Such designs should be 
taken into account in the feasibility study when 
implementing a specific OPL in UC project, taking into 
account other technical parameters such as the line route, 
the presence of man-made influences, the presence of a 
rated voltage network, the impact on the environment, the 
costs of operation and repair, the required throughput, 
mechanical strength, reactive and active resistance, etc. 
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Determining rational designs of OPLs in UC with busbars 
will allow us to reduce the number of options for a more 
detailed technical and economic analysis.  

OPLs in UC with busbars have greater permissible 
continuous currents which is connected with increase in 
the current conductor heat transfer surface P (Fig. 4).  
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Fig. 4. Heat transfer surface area P of different designs 

of current conductors of the OPL in UC with cross-section 
of 240 mm2 

 
Analyzing the results shown in Fig. 3, 4, we can 

conclude that there are designs ofbusbars that have a 
smaller surface area or perimeter than the AC wire (with 
the same length) and have higher permissible continuous 
currents. With equal lengths of the compared 
conductors, their area is proportional to the perimeter of 
the conductor. At the same time, the perimeters of 
current conductors with busbars differ significantly from 
the perimeter of the AC 240/32 type wire. This confirms 
that the permissible continuous currents for OPLs in UC 
with busbars will be greater than the current for a round 
wire. This is also confirmed by Fig. 5, which shows the 
ratio k between the perimeters of different designs of 
busbars and a round wire and the ratio k for permissible 
continuous currents of busbars and a round wire.  
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Fig. 5. Ratio k between wire parameters: 

1 – ratio of the area of heat transfer surface for the wire type АС 
240/32 for different busbar designs with cross-section of 240 mm2; 

2 – ratio of permissible continuous currents for the wire type  
АС 240/32 or different busbar designs 

 
As shown above, the cooling efficiency of the 

current conductors of the OPLs in UC and the intensity of 
natural convection are determined by their heat transfer 
coefficient α according to (1–4, 6, 15, 16). At given air 

temperatures in the collector and the limiting temperature 
of the current conductor, α significantly depends on its 
geometry, which determines the surface area, as well as 
on the spatial orientation of the conductor, which is 
illustrated in Fig. 3. 

Thus, the greatest cooling efficiency and the greatest 
values of permissible continuous currents are provided by 
current conductors with busbars (Fig. 2) with the 
maximum ratio of its height h to its width d. 
Theoretically, such structures include busbars with an side 
ratio h/d of 240/1, 120/2, 80/3, 48/5 with a vertical busbar 
installation (at h > d) in accordance with Fig. 2. However, 
taking into account ensuring the necessary mechanical 
strength of the busbars, when designing an OPLs in UC it 
is advisable to limit oneself to a vertical current conductor 
with thickness of at least 2 mm. 

In case of horizontal installation of busbars (h < d) 
the cooling efficiency and values of permissible 
continuous currents decrease (Fig. 3) due to worsening 
natural convection. 

Determination of the interphase distance and 
the length of the spans for OPLs in UC with busbars. 
The geometric dimensions of OPLs in UC with busbars 
are determined by their minimum interphase distance D 
(Fig. 2), which depends on the insulating properties of 
air. For closed switchgear 110 kV, the smallest 
interphase distance between their buses according to 
[36] is 250–450 mm, which can also be accepted for 
OPLs in UC. 

Another important issue is the determination of the 
minimum length of the spans of the OPLs in UC with 
busbars at the accepted interphase distance, which 
depends on the electrodynamic forces that arise when a 
short-circuit shock current flows through the current 
conductors of the OPL in UC. In such an emergency 
mode, phase current conductors should not approach the 
adjacent phase at a distance at which insulation 
breakdown is possible. 

To study this issue, calculations of the minimum 
allowable value of the span between supports of the OPL 
in UC when using busbars were performed. The analysis 
assumed that the busbar can be represented as a beam 
supported by several supports. Under this assumption, the 
allowable breaking force σ of the aluminum busbar can be 
defined as [35] 

,103
22

8

DW

liy




                         (24) 

where iy is the short-circuit current, kA; l is the span 
length; D is the interphase distance, m; W is the moment 
of resistance of the busbar relative to the axis 
perpendicular to the force action, m3. 

The minimum span length of the OPL in UC is 
determined from the following relationship, obtained 
according to (24) and Table 1, limiting the allowable 
force σ for the aluminum busbar to a value of 40 MPa: 

  5,028 )103/()( yiDWl   .           (25) 
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Table 1 
Determination of moment of inertia and moment of resistance of 

the busbars of the OPL in UC  

Busbar location 
Moment of 

inertia 
Moment of 
resistance 

h 

d 

 

dh3/12 dh2/6 

d 

D D 

h 

 

hd 3/12 hd 2/6 

 
The results of calculating the length of spans for 

different designs of OPLі in UC with busbars under the 
action of different short-circuit shock currents, which are 
performed in accordance with [35] for the minimum 
possible under the conditions of air insulation breakdown 
the interphase distance of 300 mm for the PL in UC 
110 kV [36] are presented in Fig. 6. 
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Fig. 6. Results of calculation of the length of the spans l of the 
OPL in UC depending on the design of the busbars with cross 

section of 240 mm2 (h/d) at different currents 
 

Analysis of the obtained results (Fig. 6) shows that 
the permissible span length of the OPL in UC with 
busbars depends quite significantly on its design 
parameters. The values of the span lengths obtained 
during the calculations indicate the possibility of 
constructing OPLs in UC with busbars for almost all 
busbar structures considered in the work. This indicates 
that the OPLs in UC with busbars, even for the smallest 
span values (50 m), will be cheaper than a conventional 
OPL due to the absence of traditional supports, which in 
our case are replaced by cheaper garlands of insulators, or 
support insulators. Therefore, the OPLs in UC, even when 
its spans are reduced to the minimum value (50 m), are 
competitive in comparison with OPLs. 

Thus, OPLs in UC proposed by authors, in 
comparison with ground OPLs, as well as with 
underground OPLs of the same power, allow for reliable 
transmission of electricity with high throughput, the 
increase of which compared with ground OPLs 110 kV is 
from 3 % to 230 % (depending on the design of the 
busbars) with the same cross-sections of their current 
conductors. At the same time, the proposed OPLs in UC 
provide high protection from negative external 
atmospheric and military factors while reducing the 
electromagnetic impact on the environment. 

At voltages of 20–110 kV, the proposed OPLs in UC 
are competitive with underground lines with SF6 
insulation, since with similar technical characteristics they 
have a simplified design of current conductors, which 
requires lower capital and operating costs. 

Conclusions. 
1. The technical and economic advantages of using 

OPLs in UC when placed in an underground collector are 
substantiated based on a comparative analysis of the 
characteristics of OPLs, CLs, and lines with SF6 
insulation. 

2. A method for calculating permissible continuous 
currents of OPLs in UC is proposed, which is based on 
the analytical model developed by the authors for 
describing mass and heat transfer processes in the air of 
an underground collector and allows justifying the 
rational design of phase current conductors made of 
busbars. 

3. It is shown that the implementation of the current 
conductors of the OPLs in UC from vertical busbars with 
side ratio of 240/1, 120/2, 80/3, 48/5, which are 
characterized by an increased surface area and increased 
natural convection heat transfer compared to a round wire 
of the same cross-section, as well as taking into account 
the decrease in air temperature in the underground tunnel 
to 15 °C compared to the external environment (25 °C), 
allows to significantly increase the throughput of the 
OPLs in UC compared to OPLs. 

4. Based on the analysis of thermal, electromagnetic, 
electrodynamic processes in the OPLs in UC and 
literature sources, the possibility of significantly reducing 
the interphase distance for OPLs in UC compared to 
OPLs (for 110 kV OPLs from 3–4 m to 0.3–0.6 m) 
is substantiated, which allows to design the OPLs in UC 
in a compact design with a reduced level of 
electromagnetic fields. 

5. For the first time, the technical and economic 
advantages of using the OPLs in UC in comparison with 
ground OPLs, as well as underground OPLs and 
underground CLs with SF6 insulation are substantiated, 
and conditions are determined to ensure reliable 
transmission of electricity by the OPLs in UC with high 
throughput, the increase of which is from 3 % to 230 % 
(depending on the design of the busbars) compared to 
110 kV OPLs in the open air with the same cross-sections 
of their conductors. 

6. The proposed OPLs in UC are competitive with 
underground lines with SF6 insulation for voltage of 
20–110 kV, since with similar technical characteristics 
they have a simplified design of current conductors, 
which requires lower capital and operating costs. 

7. The design and construction of the proposed 
OPLs in UC will ensure reliable transmission of electrical 
energy, sufficient throughput capacity and increased 
protection from negative external atmospheric and 
military factors while reducing the electromagnetic 
impact on the environment.  

8. Further research is planned to focus on developing 
scientific foundations for regulatory documents on the 
design of OPLs in UC, which are currently absent in 
Ukraine. 
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