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Efficiency of multi-armature linear pulse electromechanical power and speed converters 
 

Introduction. High-speed linear pulse electromechanical converters (LPEC) provide acceleration of the executive element in a short 
active section to high speed with significant displacement, while power-purpose LPECs create powerful power impulses of the executive 
element on the object of influence with minor movements. One of the areas of improvement of LPEC is the creation of multi-armature 
structures. Methodology. To analyze the electromechanical characteristics and indicators of LPEC, a mathematical model was used, 
which takes into account the interconnected electrical, magnetic, mechanical and thermal processes that occur when connected to a 
pulse energy source with a capacitive energy storage. The main results of the calculations were performed in the COMSOL Multiphysics 
software environment and confirmed by experimental studies in laboratory conditions. Results. The features of the electromechanical 
processes of multi-armature LPECs are established and their indicators are determined. With the help of efficiency criteria, which take 
into account electrical, power, speed and magnetic indicators in a relative form with different options for their evaluation strategy, it 
was established that multi-armature LPECs for power purposes have increased efficiency, and for high-speed LPECs the use of multi-
armature configurations is impractical. The conducted experimental studies confirm the reliability of the calculated results. Originality. 
It has been established that almost all multi-armature LPECs for power purposes have higher efficiency compared to a converter with 
one armature, and for high-speed LPECs it is advisable to use traditional LPECs with one armature. Practical value. On the basis of 
multi-armature LPECs, models of an electromagnetic UAV catapult, a magnetic pulse press for ceramic powder materials, an 
electromechanical device for dumping ice and snow deposits from a power line wire, a device for destroying information on a solid-state 
digital SSD drive have been developed and tested. References 20, tables 4, figures 8. 
Key words: linear pulsed electromechanical converter, multi-armature configuration, continuous electrically conductive 
armature, coil armature, ferromagnetic armature, efficiency criterion, experimental studies. 
 

Вступ. Лінійні імпульсні електромеханічні перетворювачі (ЛІЕП) швидкісного призначення забезпечують розгін виконавчого 
елемента на короткій активній ділянці до високої швидкості зі значним його переміщенням, а ЛІЕП силового призначення 
створюють потужні силові імпульси виконавчим елементом на об’єкт впливу при незначних його переміщеннях. Одним із 
напрямків удосконалення ЛІЕП є створення багатоякірних конструкцій. Методика. Для аналізу електромеханічних 
характеристик та показників ЛІЕП використана математична модель, в якій враховані взаємопов’язані електричні, магнітні, 
механічні та теплові процеси, які виникають при підключенні до імпульсного джерела енергії з ємнісним накопичувачем 
енергії. Основні результати розрахунків виконані в програмному середовищі COMSOL Multiphysics і підтверджені 
експериментальними дослідженнями в лабораторних умовах. Результати. Встановлені особливості електромеханічних 
процесів багатоякірних ЛІЕП та визначено їх показники. За допомогою критеріїв ефективності, які у відносному вигляді 
враховують електричні, силові, швидкісні та магнітні показники при різних варіантах стратегії їх оцінки, встановлено, що 
багатоякірні ЛІЕП силового призначення мають підвищену ефективність, а для ЛІЕП швидкісного призначення використання 
багатоякірних конфігурацій недоцільно. Проведені експериментальні дослідження підтверджують достовірність 
розрахункових результатів. Наукова новизна. Встановлено, що практично всі багатоякірні ЛІЕП силового призначення 
мають більш високу ефективність в порівнянні з перетворювачем з одним якорем, а для ЛІЕП швидкісного призначення 
доцільно застосовувати традиційні ЛІЕП з одним якорем. Практична цінність. На базі багатоякірних ЛІЕП розроблено та 
випробувано моделі електромагнітної катапульти БПЛА, магнітно-імпульсного пресу для керамічних порошкових матеріалів, 
електромеханічного пристрою для скидання ожеледних і снігових відкладень з проводу лінії електропередачі, пристрою для 
знищення інформації на твердотільному цифровому SSD накопичувачі. Бібл. 20, табл. 4, рис. 8.  
Ключові слова: лінійний імпульсний електромеханічний перетворювач, багатоякірна конфігурація, суцільний 
електропровідний якір, котушковий якір, феромагнітний якір, критерій ефективності, експериментальні дослідження. 
 

Introduction. One of the promising devices of 
modern electromechanics are linear pulse 
electromechanical converters (LPEC) for speed and 
power purposes. High-speed LPECs provide acceleration 
of the executive element in a short active section to high 
speed with significant movement of it, and power LPECs 
create powerful power impulses of the executive element 
on the object of influence with minor movements [1-4]. 

LPECs are characterized by significant 
electromagnetic and mechanical loads, which significantly 
exceed similar indicators of traditional linear electric 
motors with long-term operation. They are used in many 
areas of science, technology and security. Among the 
technological applications, it is possible to mention shock-
condenser welding, metal processing, stamping, riveting, 
assembly and forming operations, etc. These converters are 
used for testing systems for shock loads, high-speed 
electrical devices, destruction of information in case of 
unauthorized access, valve and switching equipment, 
seismic sources, cleaning of bunkers from remaining 
materials and power lines from icing, launchers, etc. [5-10]. 

In the coaxial LPEC, opposite the disk inductor 
winding (IW), which is excited by current from a pulsed 
electric source with a capacitive energy storage (CЕS), a disk 
armature is located, which moves in the axial direction. The 
most widespread are induction, electromagnetic and 
electrodynamics types of LPEC. 

In the induction-type LPEC, the armature is made 
solid in the form of a thin conductive disk. In the LPEC of 
the electrodynamics type, the armature is made in the 
form of a multi-turn coil, which is connected in series or 
in parallel with the IW. In the LPEC of the 
electromagnetic type, the armature is made in the form of 
a relatively thick ferromagnetic disk.  

In the LPEC of the electromagnetic type, 
electromagnetic forces (EMF) of attraction act on the 
ferromagnetic armature (FA) from the side IW. In the 
LPEC of the electrodynamics type, electrodynamic forces 
(EDF) of repulsion arise between the coil armature (CA) 
and the stationary IW. In the induction-type LPEC, when 
the magnetic field IW interacts with the induced current 
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in the solid electrically conductive armature (EA), a 
repulsive EDF occurs. 

The specified LPECs are characterized by different 
speeds of electromagnetic processes, different directions of 
action of electrodynamic and electromagnetic forces relative 
to IW, etc. In order to strengthen the power effect and 
increase the speed indicators, ferromagnetic cores and shields, 
additional secondary windings, mechanical power elements, 
cryogenic cooling, etc. are used in LPEC [11-13]. But the 
analysis of the specified types of LPEC with a traditional 
configuration with one armature showed that their efficiency 
remains at a rather low level and their efficiency when 
working as an accelerator does not exceed 10-15 % [14]. 

One of the areas of improvement of LPEC is the 
creation of multi-armature structures [15, 16]. In [17], a 
LPEC with two EA, which form an increased pulse of 
mechanical force on two opposite sides, is described. The 
work [18] presents the design scheme of LPEC, which 
consists of two stationary IW and movable EA and FA. 
The armatures are interconnected through a system of 
rods, which in turn are connected to the executive 
element. But the lack of a comprehensive study of the 
electromechanical characteristics and main indicators of 
multi-armature LPECs makes it impossible to determine 
effective configurations for various purposes. 

The purpose of the work is to determine 
configurations of LPEC that provide increased efficiency due 
to the use of several armatures interacting with an inductor 
that is excited by a pulsed source of energy from CES. 

Multi-armature LPECs must provide a unidirectional 
force on the executive element at high-speed assignment 
or the summation of all forces at the power assignment of 
the converter. 

Mathematical model of LPEC. Interrelated 
electromagnetic, thermal and mechanical processes occur 
in LPEC, which occur when connected to a pulse energy 
source from CES. 

We consider that the coaxial LPEC has a disk IW and 
the movement of the disk armatures is carried out along the 
z axis. Consider the LPEC, which includes stationary IW 
and FA, moving CA and EA. For the instantaneous values 
of the tangential component of the vector magnetic 
potential A in the cylindrical coordinate system, we write 
down the system of differential equations: 
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where the index of the element (space) n = 1 – ІW, 
2 – CA, 3 – ЕA, 4 – FA, 5 – airspace; i1(t), i2(t) – currents 
IW and CA, respectively; j1(t) = i1(t)N1S1

–1k1, 
j2(t) = i2(t)N2S2

–1k2 – current density IW and CA, 
respectively; n – specific conductivity of the material of 
the nth element; 0 – magnetic constant; 4 – magnetic 
permeability FA; v2(t), v3(t) – speed CA and EA, 
respectively; N1, N2 – the number of turns IW and CA, 
respectively; S1, S2 – cross-sectional area IW and CA, 
respectively; k1, k2 – filling factor IW and CA, respectively. 

Differential equations (1) – (5) are supplemented 
with boundary and initial conditions. 

To calculate the axial component of the force acting 
on the corresponding LPEC armature, we use Maxwell’s 
tension tensor: 
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the magnetic field induction vector B. 
The electrical circuit of the LPEC with the serial 

connection of the stationary IW with the movable CA, 
which interacts with the movable EA, can be represented 
by the substitution diagram (Fig. 1) and described by the 
system of equations: 

 
Fig. 1. Electrical diagram of LPEC with a series connection of 

IW (1) with CA (2), which interacts with EA (3) 
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where R0, L0 – resistance and inductance of power cables, 
respectively; R1(T1), R2(T2), R3(T3) – resistance IW, CA 
and EA, respectively; T1, T2, T3 – temperature IW, CA 
and EA, respectively; i3 – current ЕA; uc – voltage of 
CES; C0 – CES capacity; S3 – cross-sectional area ЕA. 

The system of equations describing the electrical and 
magnetic connections between the active elements of the 
LPEC in parallel connection of IW with movable CA, which 
interacts with movable EA, takes the following form: 
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where i(t) = i1(t) + i2(t) – current of CES. 
The mechanical processes of LPEC are described by 

a system of equations: 
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where m2, m3, me – the mass of CA, EA and the executive 
element, respectively; z2(t), z3(t) – moving CA and EA, 
respectively; f2(t), f3it) – EDF on CA and EA, 
respectively; Kmp – coefficient of dynamic friction; 
KB – drag coefficient; KP – coefficient of elasticity of the 
return element (spring).  

The system of equations (14), (15) is supplemented 
by the corresponding initial conditions. 

The temperature Tn in the nth active current-
conducting element of the LPEC is described as: 
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  (16) 

where cn(T), n, n(T), n(T) – specific heat capacity, 
material density, thermal conductivity coefficient, specific 
resistance of the nth active element. 

On the cooled surfaces of the active elements, the 
system of equations (16) is supplemented by boundary 
conditions of the third kind, and on the axis of symmetry 
of the LPEC by boundary conditions of the second kind. 
To implement the mathematical model, a system of partial 
differential equations with respect to spatial and temporal 
variables is used using the software package Сomsol 
Multiphysics 5.3. 

Analysis of indicators of multi-armature LPEC. 
For the analysis of LPEC, we introduce the following 
notations. In the presence of a continuous conductive 
armature, «E» is added, in the presence of a coil armature, 
«C», and in the presence of a ferromagnetic armature, 
«F». We will analyze multi-armature converters with two 
armatures (LPEC-E2, LPEC-C-E, LPEC-E-F, LPEC-C-F) 
and three armatures (LPEC-C-E2, LPEC-C-E-F). With a 
parallel connection, CA with IW – Cp, with a serial 
connection – Cs. CA and IW are wound in opposite 
directions so that repulsion forces act between them. 

Let’s consider the electromechanical characteristics 
of LPEC with the following parameters. IW (CA): outer 

diameter Dex1=100 mm, inner diameter Din1=10 mm, 
height H1=10 mm, number of turns N1=46, cross section 
of copper bus S1=a1b1=1.84.8=8.64 mm2. EA: material – 
copper M2, outer diameter Dex3=100 mm, inner diameter 
Din3=10 mm, height H3=3 mm. FA: material – Steel 3, 
outer diameter Dex4=100 mm, inner diameter Din4=10 mm, 
height H4=12 mm. The distance between IW and СA 
h12=2 mm, between СA and EA h23=2 mm. The power 
source includes a CES with parameters С0=2500 μF, 
U0=450 V and a reverse diode that provides a polar 
aperiodic pulse of the excitation current [19]. 

We will use the following designations of elements. 
Active elements: 1 – IW, 2 – front EA, 3 – rear EA, 
4 – СA, 5 – FA. Passive elements: 6 – executive element, 
7 – movable or immovable fixators, 8 – object of influence, 
9 – internal power ferromagnetic device (Fig. 2). 

     
                a                                  b                                c 

   
                d                                   e                                 f 

Fig. 2. Design schemes of multi-armature LPEC for power 
purposes: LPEC-E2 (a), LPEC-C-E (b), LPEC-C-E2 (c), 

LPEC-E-F (d), LPEC-C-F (e), LPEC-C-E-F (f) 
 

In multi-armature LPECs of power purpose, slow-
moving armatures transmit axially directed force to the 
object of influence through an executive element in the 
form of a striker, external fasteners and internal power 
devices. 

For the LPEC of power purpose, we will conduct an 
analysis of the amplitude fzm and the magnitude of the impulse 

  ttzfF zz d,  of axial electrodynamic and electromagnetic 

forces that are transmitted to the object of influence. 
In LPEC-E2, two EA cover IW from opposite sides 

and act on the movable latch, forming oppositely directed 
EDF repulsions of the front 2 fz2 and rear 3 fz3 EA (Fig. 2,a). 
In this LPEC, the current density in IW j1 has the form of a 
polar aperiodic pulse, while the current density in the front j2 
and in the back j3 EA for 1.3 ms have the opposite polarity. 
The amplitude of the current density in IW j1m=266.7 A/mm2, 
and in the armatures – j2,3m=390.2 A/mm2. The EDF pulses 
acting on the front Fz2 and rear Fz3 EA have the opposite 
polarity. The EDF amplitudes acting between the two EA 
are fz2,3m=8.55 kN, and the magnitude of the EDF pulse is 
Fz2,3=3.3 Ns. The total force is transmitted from 
armatures 2 and 3 to the impact object 8 with the help of 
movable retainers 7. 
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In the LPEC-Cp-E with the front EA and CA, which 
is connected in parallel with IW, the force is transmitted 
to the fixed retainer (Fig. 2,b). With such a connection, 
the magnitudes of the currents in IW and CA differ due to 
induction interaction with EA. EDF acting on EA fz2 and 
CA fz4 form corresponding EDF pulses Fz2 and Fz4. 
Amplitudes of EDF acting on EA fz2m=7.28 kN, and on 
CA fz4m=5.72 kN. The corresponding EDF pulse values 
are Fz2=2.35 Ns and Fz4=6.04 Ns. 

In LPEC-Cp-E2, CA is connected in parallel with 
IW, and the front 2 and rear 3 EA act on the movable 
latch 7 (Fig. 2,c). Oppositely directed EDF act on each 
EA, the amplitudes of which are fz2,3m=6.42 kN. EDF act 
on CA, the amplitude of which is fz4m=4.09 kN. The 
corresponding values of EDF pulses acting on EA and CA 
are Fz2,3=1.98 Ns and Fz4=4.07 Ns. 

In the LPEC-E-F with a fixed latch 7 and an internal 
power device 9, unidirectional action of all forces on the 
object of influence 8 is ensured. Amplitudes of the current 
density in IW j1m=156 A/mm2, in EA j2m=385 A/mm2 
(Fig. 2,d) However, the current in EA changes polarity to 
the opposite after 2 ms. The magnitude of the EDF pulse 
is Fz2=5.42 Ns, and the EMF pulse is Fz5=3.49 Ns. 

In LPEC-Cp-F, forces are transmitted to the object of 
influence 8 (Fig. 2,e) through the internal device 9 and the 
fixed retainer 7. The currents of density j1 in IW and j4 in 
CA have the form of a polar pulse with a short front and a 
long back front. Amplitudes of current densities IW 
j1m=177.7 A/mm2, CA j4m=204.7 A/mm2. The smaller 
value of the current amplitude in IW can be explained by 
the influence of the magnetic field on it from the side of 
the adjacent FA 5. CA is acted upon by repulsive EDF fz4, 
the amplitude of which is fz4m=13.03 kN. The 
electromagnetic attraction fz5 acting on FA is much 
smaller and their amplitude is only fz5m=1.19 kN. The 
value of the EDF pulse is Fz4=12.25 N∙s, and the value of 
the EMF pulse is Fz5=1.2 N∙s. In this converter, the value 
of Fz is 1.21 times greater than in a LPEC with one CA 
and almost 2 times more than in a LPEC with one FA. 

In LIEP-Cp-E-F IW 1 interacts with FA 5 and with 
CA 4, which, in turn, interacts with EA 2 (Fig. 2,f). The 
currents in IW and CA have the form of an aperiodic 
polar pulse with a short leading edge and a long trailing 
edge. At the same time, the amplitudes of the current 
densities in IW and CA are different: j1m=168.8 A/mm2, 
j4m=279.8 A/mm2. The current amplitude in EA is 
j2m=368.7 A/mm2. The current in EA after reaching the 
maximum value decreases and changes polarity after 1 ms. 
Electromagnetic fz5 and electrodynamic fz4 forces during 
the entire work process maintain their polarities, and EDF 
fz2 acting on EA practically disappear after 1 ms. 
Repulsive EDF with amplitude fz4m=5.58 kN act on CA 
from side IW. FA is acted upon by EMF attraction fz5, 
with amplitude fz5m=0.92 kN. The amplitude of the EDF 
acting on EA is fz2m =7.48 kN. The magnitude of the EDF 
impulse acting on CA is Fz4=6.59 N∙s, the magnitude of the 
EMF impulse acting on FA is Fz5=0.89 N∙s, the magnitude 
of the EDF impulse acting on EA is Fz2=2,45 N∙s. 

Figure 3 presents the distributions of current 
densities j and magnetic field induction B in active 
elements at the moment of the maximum value of the 
current in IW for multi-armature LPEC of power purpose. 

    
                         a                                                   b 

    
                        c                                                  d 

     
                     e                                                      f 

Fig. 3. Distributions of current densities j and magnetic field 
induction B in active elements at the moment of the maximum 
value of the current in IW for multi-armature LPEC of power 

purpose: LPEC-E2 (a), LPEC-C-E (b), LPEC-C-E2 (c), 
LPEC-E-F (d), LPEC-C-F (e), LPEC-C-E-F (f) 

 

Figure 4 presents the electromechanical 
characteristics of LPEC-Сp-E2 and LPEC-Cp-F, which 
show that in the presence of FA, the amplitudes of the 
currents in IW decrease, which leads to a decrease in the 
EDF amplitude. But due to the slower attenuation of the 
currents, the magnitude of the force impulse not only does 
not decrease, but even increases. 

In order to evaluate the most effective LPEC of the 
considered configurations, we will conduct a comparative 
analysis of them. As a basic option, we use the LPEC-E 
converter. At the same time, the amplitude of the excitation 
current density j1m should be minimal, which is important 
for a pulse source, the amplitude fzm and the magnitude of 
the force pulse Fz should be maximal, which is important 
for LPEC of power purpose, and the maximum induction 
of the scattering magnetic field on the defined circuit Bex m 
should be minimal, which is important for service 
personnel on nearby electronic equipment. 

Let’s introduce the efficiency criterion K*, which 
takes into account the specified electrical, power, and 
magnetic indicators in a relative form [20]: 
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where β – LPEC reliability coefficient; αn – nth weighting 
factor of the corresponding LPEC indicator. 

We believe that the reliability coefficient for LPEC 
without CA is β=1, and in the presence of CA it decreases 
to β=0.9 due to the presence of a moving contact between 
IW and CA and its implementation in the form of a multi-
turn coil. 

We will apply five variants of the LPEC efficiency 
assessment strategy: I (α1-4=0.25), II (α1=0.4, α2,3,4=0.2), 
III (α2=0.4, α1,3,4=0.2), IV (α3=0.4, α1,2,4=0.2), V (α4=0.4, 
α1,2,3=0.2). In the first option, all indicators are evaluated 
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equally, and in other options, priority is given to one of the 
indicators, which is evaluated twice as high as the others. 
Table 1 presents the relative values of K* performance 
criteria of multi-armature LPEC for power purposes with 
different variants of their evaluation strategy. 

 
a 

 
b 

Fig. 4. Electromechanical characteristics LPEC-Cp-E2 (a), 
LPEC-Cp-F (b) 

 

Table 1 
Relative values of K* performance criteria of multi-armature 

LPEC for power purposes 
Option strategy 

LPEC 
I II III IV V 

LPEC-Е2 1,569 1,393 1,659 1,544 1,679
LPEC-Е-F 1,410 1,364 1,371 1,492 1,414
LPEC-Cs-Е 0,962 0,939 0,892 0,969 1,048
LPEC-Cp-Е 1,011 0,907 1,039 1,084 1,012
LPEC-Cs-Е2 4,028 3,348 3,442 3,438 5,883
LPEC-Cp-Е2 2,155 1,832 2,024 1,988 2,778
LPEC-Cs-F 1,544 1,398 1,468 1,558 1,751
LPEC-Cp-F 1,192 1,147 1,098 1,228 1,293
LPEC-Cs-Е-F 1,340 1,227 1,324 1,513 1,296
LPEC-Cp-Е-F 1,237 1,192 1,131 1,274 1,352

 

As can be seen from the Table 1, almost all multi-
armature LPEC have higher efficiency compared to the 
basic single-armature converter. LPEC-C-E2 with two EA 
and CA is the most effective, and the converter in which 
CA and IW are connected in series shows higher 
performance compared to the converter in which CA and 
IW are connected in parallel. This high efficiency is 

largely due to the reduced level of the scattering magnetic 
field Bex m and the reduced amplitude of the excitation current 
density j1m. LPEC with CA and EA provides a 1.46-fold 
increase in the EDF amplitude and a 2.09-fold increase in the 
EDF pulse, which is important for power purposes. 

Consider the LPEC of high-speed purpose, for which 
the amplitude of the speed Vzm should be maximal. For this 
converter, we introduce the efficiency criterion K*: 
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We will apply four variants of the LPEC efficiency 
evaluation strategy: I (α1-3=0,(3)), II (α1=0.5, α2,3=0.25), 
III (α2=0.5, α1,3=0.25), IV (α3=0.5, α1,2=0.25). In the first 
option, all indicators are evaluated equally, and in other 
options, priority is given to one of the indicators, which is 
evaluated twice as high as the others. Since ІW is 
stationary, we will consider only those LPEC variants of 
high-speed assignment that ensure the unidirectionality of 
all forces on the anchor at a stationary FA. 

Table 2 presents the values of K* efficiency criteria 
of high-speed multi-armature LPEC with different 
variants of their evaluation strategy in a relative form. 

 

Table 2 
Relative values of K* performance criteria of multi-armature 

LPEC for high-speed purposes 
Option strategy 

LPEC 
I II III IV 

LPEC-Е-F 0,972 0,996 0,846 1,082
LPEC-Cp-F 1,096 1,020 1,074 1,198
LPEC-Cs-F 1,311 1,294 1,144 1,494
LPEC-Cp-Е 0,855 0,781 0,899 0,886
LPEC-Cs-Е 0,912 0,941 0,845 0,952
LPEC-Cp-Е-F 0,763 0,776 0,837 0,680
LPEC-Cs-Е-F 1,075 1,419 0,999 1,119

 

The efficiency of multi-armature LPEC for high-
speed performance in comparison with the basic version is 
significantly lower than for multi-armature LPEC for 
power purposes. This is primarily due to the fact that the 
speed of the moving combined armature does not increase 
significantly, and in some variants the LPEC even 
decreases due to the increased weight of such an armature. 

Thus, it can be concluded that only for power LPEC, 
it is advisable to use multi-armature structures, and for 
high-speed LPEC, it is advisable to use traditional single-
armature LPEC, which have a simpler design. 

Experimental studies of LPEC. LPEC studies were 
conducted in laboratory conditions to verify the main 
theoretical propositions and calculation results. Experimental 
studies were performed for LPEC with parameters of active 
elements similar to the calculated ones. The experimental 
results were obtained with an aperiodic excitation pulse IW 
from CES with parameters U0 =250 V, С0=2500 μF. 

The peculiarity of this technique was the 
simultaneous measurement of all indicators with the 
subsequent display of data on the screen of a digital 
oscilloscope and subsequent transfer of information to a 
personal computer for processing. 

The CES voltage uc(t) was measured using a 
PVP2150 digital meter, and the current i1(t) in IW was 
measured using a 75ShSM shunt (Fig. 5). 
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Fig. 5. Oscillogram of voltage uc(t) and current i1(t) LPEC-Cs-E 

 
When studying the LPEC power purpose, the striker 

acts as an executive element, which carries out force 
impulses on the shock plate (Fig. 6,a,b). The T6000 piezo 
sensor was used to record the indicated pulses. The 
oscillogram of the force of the executive element fz(t) on the 
shock plate and the current in IW i1(t) is shown in Fig. 6,c. 

 

  
                                a                                                  b 

 
c 

Fig. 6. Photo of the experimental setup (a), top view (b), 
oscillogram (c) of force fz(t) and current i1(t) LPEC-Cp-E: 

1 – impact plate; 2 – EA; 3 – IW; 4 – piezo sensor; 5 – fight; 
6 – support plate; 7 – adjusting supports 

 
When studying the LPEC for high-speed purposes, 

the executive element (a guide rod with a disk) makes a 
vertical movement (Fig. 7,a). Registration of the 
movement process is carried out using a variable resistor 
SP3-23, which is powered by a direct current source. The 
oscillogram of the movement of the executive element ∆z 
and the current in IW i1is presented in Fig. 7,b. 

Measurement of the axial induction component of 
the LPEC Bz scattering magnetic field was performed 
using an induction sensor. 

Tables 3, 4 present the experimental and calculated 
parameters of the LPEC for power and speed purpose: the 
amplitude of the current IW I1m, the maximum axial 
component of the induction of the magnetic scattering 
field Bzm, the force fzm, the speed vzm. 

 
a 

 
b 

Fig. 7. Photo of the experimental setup (a), oscillogram (b) of 
displacement Δz(t) and current i1(t) LPEC-Cp-F: 1 – executive 

element; 2 – CA; 3 – current outlets IW; 4 – support plate; 
5 – movement sensor; 6 – guide plate; 7 – guide pin of the 

executive element; 8 – IW; 9 – loading spring 
 

Table 3 
Experimental (Exp.) and calculated (Calc.) parameters of LPEC 

for power purpose 
I1m, kA fzm, kN Bz m, mT 

LPEC 
Exp. Calc. Exp. Calc. Exp. Calc.

LPEC-Е 1.12 1.178 2.20 2.360 20 24 
LPEC-F 0.57 0.610 0.38 0.408 17 20 
LPEC-Cp 1.37 1.430 3.55 3.815 28 32 
LPEC-Cs 0.96 1.001 1.74 1.830 30 34 
LPEC-Е-F 1.01 1.035 2.60 2.780 14 16 
LPEC-Cp-F 1.42 1.485 3.86 4.140 21 25 
LPEC-Cs-F 1.11 1.157 1.93 2.065 18 22 
LPEC-Cp-F 2.00 2.085 8.50 9.125 19 21 
LPEC-Cs-Е 1.10 1.160 4.20 4.510 16 18 
LPEC-Cp-Е-F 1.38 1.453 5.28 5.660 22 24 
LPEC-Cs-Е-F 0.96 0.997 3.18 3454 13 15 

 

Table 4 
Experimental (Exp.) and calculated (Calc.) parameters of LPEC 

for high-speed purpose 
I1m, kA vzm, m/s Bz m, mT 

LPEC 
Exp. Calc. Exp. Calc. Exp. Calc.

LPEC-Е 1.01 1.050 3.0 3.5 22 25 
LPEC-F 0.42 0.439 1.5 1.9 17 20 
LPEC-Cp 1.16 1.210 3.1 3.5 30 35 
LPEC-Cs 0.80 0.835 1.5 1.9 32 39 
LPEC-Е-F 0.86 0.899 1.6 1.8 14 16 
LPEC-Cp-F 1.15 1.200 3.5 3.9 13 15 
LPEC-Cs-F 0.73 0.760 2.1 2.5 9 11 
LPEC-Cp-Е 1.62 1.695 3.7 4.0 20 23 
LPEC-Cs-Е 0.89 0.925 2.0 2.5 19 21 
LPEC-Cp-Е-F 1.12 1.165 3.5 4.1 48 53 
LPEC-Cs-Е-F 0.76 0.785 2,5 3,0 15 18 
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Figure 8 presents the calculated and experimental 
currents і1 in IW LPEC-Cp-E for power and speed 
purposes, which show that at the leading edge of the 
pulses, there is an almost complete coincidence of the 
calculated and experimental values, and at the trailing 
edge the difference between them increases. 

 
a 

 
b 

Fig. 8. Calculated (1) and experimental (2) currents і1  
LPEC-Cp-E power (a) and speed (b) purpose 

 

In LPEC for power purposes, the relative errors 
between the calculated and experimental amplitudes of the 
current IW I1m are 2.7-7 %, between the amplitudes of the 
force fzm – 6.9-8.6 %, between the amplitudes of the axial 
component of the scattering magnetic field Bzm – 9.1-22.1 %. 

In the high-speed LPEC, the relative errors between the 
calculated and experimental amplitudes of the current IW 
I1m are 3.2-4.4 %, between the maximum speeds of the 
executive element vzm – 6.7-19.5 %, between the amplitudes 
of the axial component of the scattering magnetic field 
Bzm – 10.4-22.2 %. 

The obtained errors are acceptable for engineering 
studies in laboratory conditions and generally show the 
validity of the calculated results. 

Based on the research conducted, a number of 
experimental models of electromechanical devices were 
developed and tested in laboratory conditions. 

On the basis of LPEC-C-E2, a model of an 
electromagnetic UAV catapult was developed, which is 
characterized by reduced weight and size parameters and 
provides an increased departure speed. On the experimental 
model, it was established that when IW and CA are 
connected in parallel, the amplitudes of the excitation 
currents I1m are 43 % higher, and the maximum speed is 
60 % higher than when they are connected in series. 

On the basis of LPEC-E-F, a model of a magnetic 
pulse press for ceramic powder materials was developed. 
The experimental model of the press provided a force 
pulse on the ceramic powder with amplitude of 85 MPa at 

each work cycle. It was determined that impulse pressing 
of ceramic powders allows obtaining compacts, the 
density of which is 12 % higher than the density of 
samples obtained by static pressing. 

On the basis of LPEC-E-F, a model of an 
electromechanical device for removing ice and snow 
deposits from a power line wire has been developed. The 
device generates horizontally directed forces of variable 
sign, which contributes to the effective removal of ice and 
snow deposits from the wire. 

On the basis of LPEC-E2, a model of the device was 
developed for the destruction of information on a solid-
state digital SSD drive in case of unauthorized access or 
on demand. 

Conclusions. 
1. On the basis of a mathematical model implemented 

in the COMSOL Multiphysics software environment and 
taking into account interconnected electromagnetic, 
mechanical, and thermal processes, the features of 
electromechanical processes in multi-armature LPEC 
were established and their indicators were determined. 

2. Practically all multi-armature LPEC for power 
purposes have higher efficiency compared to a single-
armature converter. Thus, compared to LPEC with one 
electroconductive armature, LPEC with coiled and solid 
electroconductive armatures provides an increase in the 
amplitude of electrodynamic forces by 1.46 times and the 
magnitude of the impulse of electrodynamic forces by 
2.09 times. 

3. For high-speed LPEC, it is advisable to use 
traditional LPEC with one armature. 

4. Experimental studies of LPEC with simultaneous 
measurement of electrical, mechanical and magnetic 
parameters were carried out. It was established that in 
laboratory LPEC for power and speed purposes, the 
calculated and experimental indicators of the current 
amplitudes of the inductor winding coincide with an 
accuracy of up to 7 %, for the amplitude of the force – up 
to 9 %, for the maximum speed of the executive element – 
up to 20 %, for the maximum value of the axial 
component of the magnetic field dispersion up to 22 %. 

5. On the basis of multi-armature LPEC, models of an 
electromagnetic UAV catapult, a magnetic pulse press for 
ceramic powder materials, an electromechanical device 
for dumping ice and snow deposits from a power line 
wire, a device for destroying information on a solid-state 
digital SSD drive have been developed and tested. 
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Internal capacitive compensation of the reactive power of the screw electromechanical 
converter 
 

Introduction. A special category among induction machines with a massive rotor is occupied by the class of multifunctional 
electromechanical energy converters, which are integrated with the links of technological processes Problem. The exchange of 
reactive energy between the source and the electromechanical converter during periods of operation with a low load leads to a 
significant decrease in its efficiency and power factor. With the use of non-linear loads and taking into account possible resonance, it 
has become more difficult to improve the power factor by installing capacitor banks. Goal. Increasing the energy indicators of the 
electromechanical converter by spatial displacement of the main and additional stator windings and internal capacitive 
compensation. Methodology. Comparative analysis of connection schemes and spatial arrangement of stator windings when using 
internal capacitive compensation. Modeling and experimental studies of electromagnetic and electromechanical characteristics of a 
screw electromechanical converter. Results. The distribution of electromagnetic quantities was established and the choice of the 
angle of spatial displacement of the main and additional windings of the stator phases of the modified converter, which ensure an 
increase in the value of the electromagnetic torque and power factor, was justified. The results of experimental studies of the screw 
electromechanical converter are presented. Originality. For the first time, a method of internal capacitive compensation of reactive 
power is proposed for multifunctional electromechanical converters of technological purpose. Practical value. The use of the 
proposed method of spatial displacement of the main and additional stator windings and internal capacitive compensation will 
ensure an increase in the energy performance of the screw electromechanical converter. References 23, tables 3, figures 15. 
Key words: Maxwell’s equation, multifunctional electromechanical converter, stator winding, finite element method, capacitor 
capacity. 
 

Вступ. Особливу категорію серед асинхронних машин з масивним ротором займає клас поліфункціональних 
електромеханічних перетворювачів енергії, які інтегровані з ланками технологічних процесів. Проблема. Обмін реактивною 
енергією між джерелом і електромеханічним перетворювачем в періоди роботи з низьким навантаженням приводить до 
суттєвого зниження його ефективності і коефіцієнта потужності. З використанням нелінійних навантажень і урахуванням 
можливого резонансу покращити коефіцієнт потужності встановленням батарей конденсаторів стало складніше. Мета. 
Підвищення енергетичних показників шнекового електромеханічного перетворювача шляхом внутрішньої ємнісної компенсації 
реактивної потужності. Методологія. Порівняльний аналіз схем з’єднання і просторового розташування обмоток статора 
при застосуванні внутрішньої ємнісної компенсації. Моделювання та експериментальні дослідження електромагнітних і 
електромеханічних характеристик шнекового електромеханічного перетворювача. Результати. Встановлено розподіл 
електромагнітних величин і обґрунтовано вибір кута просторового зміщення основної і додаткової обмоток фаз статора 
модифікованого перетворювача, які забезпечують збільшення електромагнітного моменту та коефіцієнта потужності. 
Наведено результати експериментальних досліджень шнекового електромеханічного перетворювача. Оригінальність. 
Вперше для поліфункціональних електромеханічних перетворювачів технологічного призначення запропоновано метод 
внутрішньої ємнісної компенсації реактивної потужності. Практичне значення. Використання запропонованого методу 
просторового зміщення основної і додаткової обмоток статора та внутрішньої ємнісної компенсації забезпечить 
підвищення енергетичних показників шнекового електромеханічного перетворювача. Бібл. 23, табл. 3, рис. 15. 
Ключові слова: рівняння Максвелла, поліфункціональний електромеханічний перетворювач, обмотка статора, метод 
скінченних елементів, ємність конденсатора. 
 

Introduction. The dominant part of electric motors 
used in industry are three-phase induction motors (IMs) 
with a short-circuited rotor. However, in the most widely 
used IMs with power of up to 11 kW, the efficiency and 
the power factor cosφ are very low and amount to 0,7-0,9. 
The exchange of reactive energy between the source and 
the consumer leads to the appearance in the system of an 
additional, unproductive reactive current in addition to the 
active current, overloading of all elements of the electrical 
system, including the source, the consumer and the power 
transmission line. In addition, in periods of operation with 
a low load, it is necessary to take into account the factor 
of a significant decrease in the efficiency and power 
factor of the motors. Thus, variable frequency drives for 
IMs require mechanisms for at least internal buffering of 
energy for reactive power at the network frequency to 
correct the power factor and organize effective control 
[1, 2]. The traditional approach to power factor correction 
in industrial applications involves installing capacitor 
banks with microcontrollers for switching synchronous 
capacitors [3]. The use of parallel capacitor compensation 
during switching on and start-up is effective in reducing 
the transient current in large induction motors [4]. But 

with the widespread use of non-linear loads such as 
variable speed drives, improving power factor has become 
more difficult. The resonance problem arises from power 
system inductance and compensation capacitors, which 
increases harmonic distortion. A new method of damping 
harmonic resonances in the power supply system is 
proposed in [5]. The main feature of this technique is that 
the active static compensation circuit can simultaneously 
work as a harmonics injector, a power factor corrector, 
and a resonance eliminator. But the proposed model is 
developed only for a single-phase system and should be 
extended for a three-phase system with different linear 
and non-linear loads. 

The use of automatic switching of the connection of the 
stator winding in motors with a variable load is common. In 
[6], the concept of a multi-flow motor with various possible 
connections of the windings, which allow adjusting the 
magnetizing flux at six different levels, is proposed. At the 
same time, the efficiency and power factor of motors can be 
significantly improved at low load. Compared to the savings 
potential for the corresponding loads, the additional cost of 
such a motor is not high, but the cost of automatic switching 
equipment (control device and contactors) can be significant. 
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In [7], multi-cascaded induction motors, which are 
mechanically connected in the form of a cascade with the 
same power, are considered. In addition, to compare the 
results, a single induction motor (SIM) is considered, the 
power of which is the sum of the powers of all multi-
cascade induction motors (MCIM). The effect of balance 
voltage and unbalanced frequency on the highest and stable 
torque, power factor, active and reactive input power, and 
losses was studied. The results show the highest torque of 
MCIM compared to SIM. Also, copper losses are reduced 
when MCIM is used instead of SIM. As a result, the energy 
conversion procedure is significantly improved. 

Problem definition. A special category of induction 
machines consists of electric motors with a massive (solid) 
rotor made of ferromagnetic steel, which, thanks to their 
rigid construction and integrity, can operate at the highest 
required rotation speeds. Another useful feature of these 
machines is their ability to operate in aggressive 
environments and environments with high humidity. The 
disadvantage of this design is a relatively low power factor 
compared to machines with a short-circuited cage or 
permanent magnets [8]. At the same time, today a promising 
class of multifunctional electromechanical energy converters 
is being formed, in which constructive and functional 
integration with links of technological processes is provided. 
At the same time, all types of dissipative energy component 
of electromechanical converters are used in the technological 
process, in particular, for the processing of raw materials. 
The external massive rotor, for example, of the screw 
electromechanical converter (SEMC), combined with the 
executive body – the screw, is in direct contact with the 
loading and cooling medium and is able to form 
multiphysics processes of processing raw materials [9]. To 
increase the power factor of the SEMC, a means of reactive 
power compensation is required. This article proposes a 
method that overcomes most of the drawbacks noted above. 

The goal of the work is to increase the energy 
performance of the screw electromechanical converter by 
means of internal capacitive compensation of reactive power. 

Analysis of recent research and publications. In 
the practice of researching the parameters and 
characteristics of electromechanical converters, the 
methods of numerical field calculations, substitution 
circuits, are widely used, which significantly increases the 
accuracy of the results of the analysis of the 
reconfiguration of windings and magnetic systems. 

In [10], a method for calculating active and reactive 
parameters of windings, mechanical characteristics of an 
induction motor with a short-circuited rotor based on a 
numerical field approach is proposed, which does not 
require conditional correction coefficients and reference 
graphic functions. An increase in magnetic conductivities 
was revealed due to a more natural structure of the lines 
of force of the magnetic field in the upper parts of the 
slots, while the classical technique is a priori based on an 
overly simplified structure of the lines of force. 

The work [11] is aimed at reviewing and analyzing 
various methods that are used to determine the parameters 
of the substitution circuit and transient characteristics of a 
three-phase induction motor under different conditions. In 
[12], an accurate procedure for calculating the losses in 
the iron core is proposed, which is used in the model of 
the substitution circuit of an induction machine to 
improve the calculations of the machine’s performance. 

An important factor in the calculation procedure is taking 
into account the surface effect and magnetic saturation, as 
well as the effect of the change in the temperature of the 
iron core on the losses in it. 

The authors of the work [13] investigated the 
influence of the angular shift in the arrangement of 
windings for a double three-phase stator winding of an 
induction motor with a short-circuited rotor with an 
emphasis on the relationships of phase flow, speed 
characteristics and torque characteristics. 

In recent years, a large amount of research has 
focused on methods of increasing the energy efficiency of 
external rotor induction motors with a split phase winding 
operating with high slip. In [14], an analytical model 
based on a magnetic equivalent circuit is proposed to 
evaluate the performance of induction motors with a 
short-circuited external rotor, which are widely used in 
ceiling fans, pumps, and wheel drives. In addition, copper 
losses in the windings and iron losses in the core are 
calculated using the proposed model. The results of the 
presented model are compared with the results of transient 
finite element analysis, and the experimental 
measurements closely match the results confirming the 
success of the proposed model in terms of accuracy. 
Issues of inaccuracy in the equivalent circuit method for 
applications in low power motors for external rotor 
geometry are discussed in [15] with experimental 
verification using different equivalent circuit approaches. 

The work [16] presents a new six-phase induction 
motor with an external rotor, equipped with pseudo-
concentrated windings. Several aspects of the proposed 
motor design, such as the design algorithm and analytical 
modeling based on the modified winding function 
considering the skew effect, are investigated. An 
appropriate optimization task is also defined for 
maximizing the power factor and efficiency and 
minimizing output torque ripples. 

Three-phase induction motors of small and medium 
power are most dominant in the industrial sector, providing 
a wide range of constant and variable speeds and loads 
where dynamic response requirements are not critical, such 
as pumps, fans and compressors. However, they are still 
burdened by low power factor at partial loads, which can 
only be mitigated by adding power factor correction 
capacitors. In [17], in contrast to variable-speed drives, 
which have torque or speed control and use pulse-width 
modulation strategies [5-7], it is proposed to overcome the 
typical disadvantages of conventional induction motors, 
mainly low efficiency and power factor, by using less 
expensive partial power converter. According to the 
approach [17], a special induction machine is used, which 
includes a main winding connected to the network and an 
auxiliary three-phase winding with a smaller number of 
turns, located in the same slots of the stator as the main 
one. The auxiliary winding is powered by a voltage inverter 
with a floating DC bus capacitor. A strategy is 
implemented to effectively control the power factor, 
mitigate the harmful effects associated with distorted mains 
voltage and mechanical torque vibrations, and reduce the 
large inrush current caused by the induction motor during 
the starting period. First, the proposed technique is 
presented theoretically then the feasibility assessment is 
performed by modeling. 
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For high-speed induction machines with a solid rotor, 
which have high eddy current losses, the use of a two-layer 
asymmetric winding with a short step and collecting coils is 
known. However, the asymmetrical winding also introduces 
some current imbalance due to the three-phase asymmetrical 
stator inductance. Current imbalance can have harmful 
effects on both the machine and the power supply, such as 
torque ripple, unbalanced magnetic attraction, and thermal 
load on the power supply network and power electronics. To 
mitigate the current imbalance, the work [18] proposes an 
improvement of the method, which consists in slightly 
increasing the height of the stator slot and placing the sides 
of the coil above or below within the slot height for different 
phases. Based on the 2D finite element method, the stator 
slot height is optimized in terms of current unbalance 
mitigation. Using the result of the optimization, they proceed 
to additional adjustment of the position of the coil for a 
specific phase. Unlike conventional power electronics 
current imbalance mitigation methods, the proposed method 
suppresses current imbalance solely by adjusting the 
machine design, which avoids additional investment for 
power electronics devices. 

Therefore, the methods of reducing eddy current 
losses for machines with a solid rotor considered above 
are associated with the occurrence of current imbalance 
and additional complications of power electronics 
devices. But for SEMCs, taking into account the scope of 
their functional tasks [9, 19], the problem of reducing 
eddy current losses in the rotor is not critical, with the 
exception of effective control of the power factor. 

Comparative analysis of the connection schemes 
and spatial arrangement of the stator windings of the 
basic and modified versions of SEMC. The SEMC is 
presented in Fig. 1, which shows its electromagnetic 
system and calculation scheme for modeling. 

As stators of the basic version, the moving part of the 
MTF-011-6 crane motor with nominal power Pn = 1,4 kW, 
phase connection scheme – star, number of poles 2p = 6, 
winding type – single-layer concentric was used. 

 

a

 
 

b

m

mm

 
Fig. 1. SEMC: electromagnetic system (a); calculation scheme (b) 

 
To increase the rotational electromagnetic torque of the 

modified device, it is proposed to use internal capacitive 
compensation of reactive power [20]. In the stator of the basic 
SEMC, a single-layer concentric winding with a full step 
(Fig. 2,a) is used, which has one parallel branch (a = 1). Here, 
the number of coils in the coil group is 2. In the modified 
SEMC, a winding with two parallel turns a = 2 is used, in this 
case, the number of coils in the coil group is reduced to one, 
and the number of coil groups is doubled (Fig. 2,b). 

 

 

a 

 
 

b 

 
Fig. 2. Expanded electrical diagrams of the stator windings of the basic (a) and modified (b) SEMC 

 

One of the parallel branches forms the so-called 
main or working winding, which is connected to the 

power supply network. Another parallel branch, displaced 
in the slots of the core by 30 relative to the main 



14 Electrical Engineering & Electromechanics, 2024, no. 3 

winding, forms an additional winding, which is switched 
on according to the circuit of a rotary autotransformer on 
electrical capacity (Fig. 3,a). 

The use of internal capacitive compensation of the 
modified SEMC for a wide range of changes in the angle of 
spatial displacement of the main and additional windings 
and compensating capacitors allows changing the value and 
phase of currents, magnetomotive forces and other 
electrical quantities. As a result, there is an opportunity to 
increase the energy efficiency and torque of the modified 
SEMC. Unlike the basic SEMC, where the current of the 
single stator winding has an active-inductive character both 
in the starting and operating modes of operation, the stator 
winding of the modified SEMC has two working turns. The 
current of the main winding І1 retains an active-inductive 
character, and the current of the additional winding ІΔ with 
a capacitor connected in series acquires a capacitive-active 
character (Fig. 3,b).  

 

a

 
 

b c

 
Fig. 3. Schematic electrical diagram of the phase (a) 

and vector diagram during start-up (b) and at nominal load (c) 
of the modified SEMC 

 

The current ІΔ depends not only on the supply 
voltage and machine parameters, but also on the capacity 

of the capacitor CΔ. The current 


jeI  , as reduced to the 

axis of the main phase winding of the stator, participates 
in the creation of the magnetizing current of the device 

210 IeIII j    
  and creates an additional EMF 




j
mm eIjxE   . The EMF mE

  induced by the 

spatially shifted current I  of the additional winding 

increases the main EMF of the stator and rotor. An 
increase in the EMF of the rotor with its constant active 
and inductive resistances leads to an increase in the 
starting current of the rotor, and, therefore, the starting 
torque of the modified SEMC. Under the influence of the 
increased starting torque, the acceleration process of the 
device is accelerated and it reaches a tougher mechanical 
characteristic in the operating mode compared to the basic 

SEMC. The vector diagram of the modified SEMC under 
the nominal load is shown in Fig. 3,c. 

The angle of spatial displacement of the main and 
additional windings of the stator phases of the modified 
SEMC of 30 was chosen in view of the fact that precisely 
at this angle, an increase of 20-30 % of the starting torque 
is provided at a constant starting current compared to the 
basic device. The technological simplicity of performing 
the stator windings of the modified SEMC by dividing the 
60 phase zone of the basic device winding into two equal 
parts is also taken into account [20]. 

Initial conditions for modeling electromagnetic 
and electromechanical characteristics of SEMC. 
Modeling was carried out for SEMC with the following 
parameters: stator core length Ls = 90 mm; the length 
of the corresponding section of the common external rotor 
Lr = 300 mm; current frequency f0 = 50 Hz; angular speed 
0 = 2f0, rad/s; volume density of rotor steel 
st = 7850 kg/m3; amplitude value of the current 

I0 = 13 2 A; t is the time parameter. 
Basic device variables: phase U current 

IU = I0sin(0t) A; phase W current IW = I0sin(0t+120) A; 
phase V current IV = I0sin(0t–120) А.  

Variables of the modified device: phase U current 
IU = I0sin(0t) A; phase W current IW = I0sin(0t+120) A; 
phase V current IV = I0sin(0t – 120) A; phase K current 
IK = I0sin(0t + 30) A; phase M current IM = 
= I0sin(0t+150) A; phase L current IL = I0sin(0t–90) А. 

The topology of the stator windings of the basic and 
modified versions of SEMC is shown in Fig. 4. 

 

a

 

b

 
Fig. 4. Topology of SEMC stator windings: 

basic version (a); modified version (b) 
 

The characteristics of the modified device both in 
the starting and operating modes depend on the capacity 
of the capacitor connected in series with the additional 
winding. Since the currents of the main and additional 
windings, the phase of the current of the additional 
winding, as well as the losses in the motor change in this 
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case, it is advisable to choose the capacity of the capacitor 
in the circuit of the additional winding, which provides 
the same currents in the main and additional windings of 
the stator phases of the device. To ensure this mode of 
operation of the modified device, the capacity of the 
capacitor is 25 μF per 1 kW of rated power. 

The simulation was performed in the Comsol 
Multiphysics software environment [21] according to the 
calculation scheme (Fig. 1,b). Considering the identity of the 
electromagnetic, electromechanical, thermal and vibrational 
processes that occur on the «stator-corresponding section of 
the common rotor» modules of the SEMC electromagnetic 
system, the simulation was carried out for one of them. If 
there are differences in parameters or geometric dimensions, 
the simulation is carried out separately for each stator. The 
numerical analysis of the electromagnetic field is carried out 
using a mathematical model of a twin-screw 
electromechanical hydrolyzer [22]: 

H = J,                                 (1) 
where H is the magnetic field strength vector, A/m; J is 
the current density vector, A/m2; 

B = A,                                 (2) 
where B is the magnetic flux density vector, T; A is the 
magnetic vector potential, Wb/m; 

E = –A / t,                              (3) 
where E is the electric field strength vector, V/m; 

J = E,                                 (4) 
where  is the specific electrical conductance, S/m. 

The formulation of the scalar potential is performed 
according to the equation: 

B = 0.                                  (5) 
At the external boundary with a magnetic scalar 

potential, the normal component of the magnetic flux 
density equals zero: 

nB = 0.                                  (6) 
The magnetization of the ferromagnetic rotor is given 

as a B-H curve and is determined from the equation: 

 
H

H
HfB  .                             (7) 

Multi-turn stator windings are used as a current 
source in the model (Fig. 2, 3). The windings provide the 
current density in the direction of the conductors Je 
according to the equation: 

coil
coil

e e
A

IN
J 


 ,                         (8) 

where N is the number of turns in the winding; A is the 
general section, area of the winding domain, m2; Icoil is the 
current, A; ecoil is the vector variable for visualizing the 
direction of turns in the winding. 

Modeling of thermal parameters was performed by 
combining the physics of magnetic fields, heat transfer in 
solids, and electromagnetic heating in the frequency-
transition domain of research. The mathematical model of 
heat transfer is given in the most general form, the initial 
temperature is 293 K. Heat exchange according to Fourier 
law in a differential form containing a heat source is 
described by the following equation [23]: 

tedzzpzpz QdqQdqTCd
t

T
Cd 




0u , (9) 

where dz is the thickness of the domain in the non-planar 

direction, m;  is the density, kg/m3; Cp is the specific 
heat capacity at constant pressure, J/(kg K); T is the 
temperature, K; t is the time, s; u is the velocity vector, 
m/s; q is the heat flow, W/m2; Q is the heat source, W/m3; 
q0 is the external heat flow, W/m2; Qted is the 
thermoelastic damping, W/m3; 

q = –dzkT,                                 (10) 
where k is the thermal conductivity, W/(m K). 

Thermal insulation is applied to the external 
boundaries of the model [23]: 

–nq = 0,                                   (11) 
where n is the refractive index. 

The heat flow from the surfaces is defined as [23]: 
–nq = dzq0,                                   (12) 

q0 = h(Text – T)                                   (13) 
where h is the heat transfer coefficient, W/( m2 K); Text is 
the ambient temperature, K. 

Radiation from the surface of the model to the 
environment is determined from the equation [23]: 

–nq = dz(T 4
amb – T 4),                      (14) 

where  is the emissivity of the surface;  is the Stefan-
Boltzmann constant, W/( m2 K4); Tamb is the temperature 
of the environment, K. 

Electromagnetic heating is determined from 
equations [23]: 

  epp QTkTC
t

T
C 




u ,        (15) 

where Qe is the electromagnetic heat source, W/m3: 
Qe = Qrh + Qmi,                          (16) 

where Qrh are the resistive losses, W/m3; Qmi are the 
magnetic losses, W/m3: 

Qrh = 0,5Re(JE*);                          (17) 
Qmi = 0,5Re(jBH*);                       (18) 

where E* is the electric field strength vector at a given 
frequency at a certain moment in time, V/m; H* is the 
magnetic field strength vector at a given frequency at a 
certain moment in time, A/m. 

Simulation results and discussion. The main part 
of the characteristics based on the results of the 
simulation of the basic and modified SEMC is presented 
in the plane of its cross section. Figure 5 shows the 
distribution of the z-component of the current density. A 
significant difference in the current density distributions 
is noted for the slot zones of the stator. For the modified 
version of SEMC, the number of slots with near-zero 
current density is half as much as compared to the basic 
version. In the rotor of the modified version of the SEMC, 
at the depth of penetration of the electromagnetic wave, 6 
sections (by the number of poles) are observed with 
current density values that are 15 % higher than the 
current density in the corresponding sections of the basic 
version of the SEMC. 

Figure 6 shows the distribution of the volume 
density of electrical energy. A comparison of the images 
indicates that the volumetric electrical energy density of 
the stator of the modified SEMC is on average 19 % 
higher than the electrical energy density of the stator of 
the basic SEMC. Since the concept of «energy» according 
to physical principles is equivalent to the concept of 
«work», we are talking about the concentration and 
potential of active energy in the stator. 
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Fig. 5. Current density (z-component) of the basic (a) 

and modified (b) SEMC 

a

J/m3

 
 

b

J/m3

 
Fig. 6. Volume electrical energy density of the basic (a) 

and modified (b) SEMC 
 

Figure 7 shows the time dependence of the 
electromagnetic torque of the two studied options. For the 
modified SEMC (Fig. 7,b), a significant (1,5 times) 
increase in value and a decrease in extreme pulsations of 
the electromagnetic torque were obtained. 

Figures 8, 9 present the time dependence and phase 
angle of the currents of one SEMC module. In the 
modified SEMC, thanks to the use of internal capacitive 
compensation, it is possible to change the value and phase 
of the current of the additional stator winding. 

a

Tem, Nm

t, s  

b

Tem, Nm

t, s  
Fig. 7. Electromagnetic torque of the basic (a) 

and modified (b) SEMC 

a

i, A

t, s  

b

i, A

, rad  
Fig. 8. Time dependence (a) and phase angle (b) of the currents 

of one module of the basic SEMC 
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a
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b

i, A 

, rad  
Fig. 9. Time dependence (a) and phase angle (b) of the currents 

of one module of the modified SEMC 
 

To increase the torque of the modified SEMC, it is 
necessary to shift the phase of the current of the additional 
winding relative to the current of the main winding by 
30°. Since in the modified SEMC the main and additional 
windings are shifted one relative another in space, this 
leads to an increase in the area of action of the eddy 
currents created in the rotor. In particular, the angle of the 
sector occupied by the maximum currents is 2,3 rad for 
the basic and 2,8 rad for the modified SEMC, 
respectively. Currents (Fig. 8,b) form the resultant 
magnetomotive force around the circumference of the air 
gap, the result of which is the creation of eddy currents in 
the rotor massive. The corresponding zone of action of the 
generated eddy currents in the rotor massive (Fig. 5) 
occupies the area opposite 5,5 tooth divisions of the stator 
for the basic and 6 tooth divisions for the modified 
SEMC. Therefore, the modified SEMC exceeds the basic 
SEMC version in terms of current density values and the 
width of their action zone. As a result of the influence of 
the phase shift, the SEMC demonstrates the best 
performance, the best time to establish speed and torque 
at start-up and load (Fig. 7), which is also observed in 
induction machines when considering the configuration of 
a double 3-phase winding [13, 22]. 

Figure 10 shows the distribution of the magnetic flux 
density, X-Y components of the basic and modified SEMC. 
A significant difference in the distribution of the magnetic 
flux density for the X-Y components for the basic and 
modified SEMC is noted. If for the basic variant, 

practically the same values of the magnetic flux density for 
the X-Y components are observed, for example, opposite 
the middle of the poles within their instantaneous location, 
then for the variant of the modified SEMC, the difference 
in the values of the magnetic flux density along the X-Y 
components is quite significant. In addition, a greater 
degree of branching of the magnetic flux in the stator yoke 
to the side of the hollow shaft is noted for the version of the 
modified SEMC. 

a 

B, T

 

b 

B, T

 
Fig. 10. Magnetic flux density 

(left legend – X-component, right legend – Y-component) 
of the basic (a) and modified (b) SEMC 

 

This means the presence of a smaller magnetic 
resistance in the path of the magnetic flux for the variant 
of the modified SEMC and, accordingly, a smaller 
reactive power. At the same time, reactive power 
characterizes the conditions of transmission of active 
power at each moment of time, and based on Fig. 6, the 
volume density of the active energy of the stator of the 
modified SEMC exceeds the density of the active energy 
of the stator of the basic SEMC, which indirectly 
indicates a higher value of the power factor of the 
modified SEMC. This provision is also confirmed by a 
comparison of the magnetization distribution of the basic 
and modified SEMCs (Fig. 11). 

With the same magnetization in the rotor massive 
(2,5∙106 A/m), there is an excess of 23 % of the 
magnetization of the stator magnetic core in the middle of 
the poles within the limits of their instantaneous location 
for the basic (1,5∙106 A/m) in comparison with the 
modified SEMC (1,0∙106 A/m). 

Table 1 presents the results of modeling the energy 
characteristics of the basic and modified SEMCs. 
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Fig. 11. Magnetization of the basic (a) and modified (b) SEMC 

 

Table 1 
The results of the calculation of the characteristics of the basic 

and modified SEMC 

Indicator 
Basic 
SEMC 

Modified 
SEMC 

Difference

Power consumption, W 1080,70 1293,56 212,86 
Useful mechanical power, W 103,62 148,60 44,98 
Losses in steel, W 484,28 652,13 167,85 
Losses in copper, W 492,80 492,80 0 
Rotation speed, rpm 180 200 20 
Electromagnetic torque, N∙m 5,5 7,1 1,6 
Efficiency in terms of 
mechanical power, % 

9,58 11,44 1,86 

Power factor 0,59 0,71 0,12 
 

The modified SEMC consumes 212,86 W (19,7 %) 
more active power from the power supply network 
compared to the basic SEMC. At the same time, the useful 
active mechanical power increases by 44,98 W (43,4 %) 
and losses in the steel of the modified SEMC increase by 
167,85 W (34,7 %). The copper losses of the modified 
SEMC do not change compared to the basic device. The 
modified SEMC creates a 1,6 N∙m (29 %) greater 
electromagnetic torque, as a result of which its rotation 
frequency increases by 20 rpm (11,1 %). Due to the use of 
internal capacitive compensation, the power factor of the 
modified SEMC increases to 0,71 (by 20,3 %), and the 
electrical efficiency, which takes into account only the 
mechanical useful power for transporting the raw material, 
increases from 9,58 to 11,4 %. It should be noted that due 
to the increase in losses in the steel of the modified SEMC, 
the amount of heat that will be directed to the processed 
material will increase, therefore the thermal efficiency of 
the modified SEMC will also increase. 

Experimental studies of the mock-up sample of 
SEMC. To verify the simulation results, a mock-up 
sample of the basic (without internal capacitive 

compensation) variant of the two-stator SEMC was tested. 
Nominal data of SEMC: power consumption P = 2078 W; 
supply voltage U = 80 V; current consumption I = 30 A; 
power factor cosφ = 0,5; the number of poles is 6; rotation 
frequency with coordinated rotation of the magnetic fields 
of individual modules n = 450 rpm. Figure 12 shows the 
nodes of the SEMC mock-up sample with the 
determination of the measurement zones of 
electromagnetic and temperature parameters. 

 
Fig. 12. Distribution of electromagnetic, 

temperature and mechanical parameters measurement zones on 
the surface outer rotor of the SEMC mock-up sample 

 

Figure 12 shows the corresponding location of the 
system of adjacent stators, which are placed in the cavity 
of the external rotor, as well as the location of the 
dynamometer for measuring the starting torque. 

Electromagnetic and temperature parameters were 
measured on mock-up samples in the short-circuit mode 
(braked rotor) when the supply voltage was reduced to the 
level at which the rated current was reached. 

The following measuring devices were used during 
the research: Tenmars TM-191 Magnetic Field Meter, 
designed for measuring ultra-low frequency 
electromagnetic fields from 30 Hz to 300 Hz; Tenmars 
TM-190 Multi Field EMF Meter – a device for measuring 
high-frequency electromagnetic fields in the frequency 
range from 50 MHz to 3,5 GHz and low-frequency electric 
and magnetic fields in the frequency range of 50-60 Hz; 
infrared, optical pyrometer Benetech GM533A, measuring 
range –50 ... +530 С, imaging index 12:1, coefficient of 
thermal radiation 0,1–1, spectrum 5–14 μm; thermal imager 
Xintest HTI HT-18, thermal sensitivity 0,07 °C, 
temperature range: –20...+300 С, image capture frequency 
8 Hz, wavelength range 8-14 m; analog spring universal 
dynamometer NK-300, used to measure the starting torque, 
accuracy class 0,5 %; K540-3 transformer parameters 
meter was used to measure the electrical parameters of the 
SEMC. Table 2 presents the experimental data of electrical 
and energy parameters of the mock-up sample of the basic 
(without internal capacitive compensation) version of the 
two-stator SEMC. 

The SEMC load was carried out by the frictional effect 
of the mechanical brake on the end part of the rotor-screw. 
The load torque is 7,4 Nm. Power, current and voltage were 
measured by K540-3 transformer parameters meter. 

Table 3 presents the experimental data of the surface 
electromagnetic parameters of the mock-up sample of the 
basic (without internal capacitive compensation) version of 
the two-stator SEMC. Magnetic flux density, electric field 
strength, electromagnetic radiation flux density were 
measured in the short-circuit mode at the minimum possible 
distance of 1 mm from the surface of the SEMC rotor.
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Table 2 
Experimental data of electrical and energy parameters of the mock-up sample of SEMC 

Power, W 
Current in the short-circuit 

mode, A 
Current at load, 

A 
Power factor 

Voltage, 
V load 

mode 
short-circuit 

mode 
total of the module total

of the 
module 

Starting torque of the 
module, Nm load 

mode 
short-circuit 

mode 

Slip

60,5 1120 1320 23,17 11,6 23 11,5 4 0,508 0,546 0,84

70 1594 1876 27,5 13,75 26,2 13,1 5,6 0,5 0,556 0,73

77 1878 2266 30,12 15,7 28,5 14,3 12,3 0,492 0,562 0,63

81 2040 2384 33,7 22,5 29,8 14,9 13,7 0,486 0,57 0,55
 
 

Table 3 
Experimental data of surface electromagnetic parameters of the SEMC mock-up sample 

Parameters at supply voltage U = 81 V 
Temperature, ℃Measurement 

zones Magnetic flux density, 
mT 

Electric field strength, 
V/m 

Electromagnetic radiation flux density, 
mW/m² Fig. 

16,a 
Fig. 
16,b 

1 60 0,03 0,7 28,5 48 

2 100 0,03 0,9 30,5 51 

3 170 0,03 1,8 41,2 62 

4 400 0,2 523 61 74 

5 380 0,15 520 63,3 76,2 

6 410 0,15 525 63,1 76,3 
 

Figure 13 shows a diagram of a measuring bench for 
recording current oscillograms using ACS758 current 
sensors on the Hall effect with a sensitivity of 40 mV/A. 

 

 
Fig. 13. Diagram of the measuring bench 

 
Figure 14 shows the oscillograms of the total current 

of the SEMC and the current of a separate module at a 
supply voltage of U = 81 V. 

 

1

2

 
a 

 
1

2

 
b 

Fig. 14. Oscillograms of total current 1 and the current of a 
separate module 2 of SEMC: start-up period (a), after 7 minutes 

of SEMC operation (b) 
 

Due to the change in the parameters of the stators and 
the rotor, there is a decrease in the amplitudes and effective 
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values of the currents by up to 5 % during 7 minutes of 
operation of the SEMC. A comparison of the distribution of 
the temperature field on the surface of the rotor of the 
SEMC mock-up sample with the simulation results was 
made. Thermograms were recorded after 7 minutes of 
operation in the short-circuit mode at a voltage U = 73 V. In 
Fig. 15,a the mock-up sample with an arbitrary azimuthal 
location of the frontal parts of adjacent stators is shown. 

 

a 

 
 

b

T, C

 
Fig. 15. Temperature distribution on the surface of the SEMC 
rotor: experimental thermogram of the mock-up sample after 

7 minutes of rotation at idle speed at a voltage of 81 V, 
rotation frequency 450 rpm (a), simulation result (b) 

 

The results of experimental studies (Tables 2, 3, 
Fig. 14, 15), namely of parameters and characteristics of 
the SEMC module: starting torque and current; torque and 
current under load, magnetic flux density, rotor surface 
temperature with an accuracy of 11 % coincide with the 
calculated ones, which indicates the reliability of the 
SEMC mathematical model. 

Conclusions. 
1. A method of spatial shift of the main and additional 

stator windings and internal capacitive compensation is 
proposed and a comparative analysis of the connection 
schemes and spatial arrangement of the stator windings of 
the basic and modified versions of the screw 
electromechanical converter (SEMC) is performed. 

2. It has been proven that the application of internal 
capacitive compensation over a wide range of changes in 
the angle of spatial shift of the main and additional 
windings and compensating capacitors allows changing 
the value and phase of currents, magnetomotive forces 
and other electrical quantities. A significant (by 29 %) 
increase in the electromagnetic torque and a decrease in 
its extreme pulsations have been achieved for the 
modified SEMC. 

3. Due to the use of internal capacitive compensation, 
an increase in energy performance is achieved: the power 

factor of the modified SEMC increases by 20,3 %, and the 
electrical efficiency, which takes into account only the 
mechanical useful power for transporting raw material, 
increases by 1,86 %. 

4. The use of the proposed method of spatial shift of 
the main and additional stator windings and internal 
capacitive compensation is promising for increasing the 
energy performance of SEMC. 
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The method for design of combined electromagnetic shield 
for overhead power lines magnetic field 
 

Aim. Development of the method of designing a combined electromagnetic shield, consisting of active and passive parts, to improve 
the effectiveness of reduction of industrial frequency magnetic field created by two-circuit overhead power lines in residential 
buildings. Methodology. The problem of design of combined electromagnetic shield including robust system of active shielding and 
electromagnetic passive shield of initial magnetic field solved based on of the multi-criteria two-player antagonistic game. The game 
payoff vector calculated based on the finite element calculations system COMSOL Muliphysics. The game solution calculated based 
on the particles multiswarm optimization algorithms. During the design of combined electromagnetic shields spatial location 
coordinates of shielding winding, the currents and phases in the shielding winding of active shielding, geometric dimensions and 
thickness of the electromagnetic passive shield are calculated. Results. The results of theoretical and experimental studies of 
combined electromagnetic passive and active shielding of magnetic field in residential building from power transmission line with a 
«Barrel» type arrangement of wires presented. Originality. For the first time the method of designing a combined electromagnetic 
shield, consisting of active and passive parts, for more effective reduction of the magnetic field of industrial frequency created by 
two-circuit overhead power lines in residential buildings is developed. Practical value. Based on results of calculated and 
experimental study the shielding efficiency of the initial magnetic field determined that shielding factors whith only electromagnetic 
passive shield is more 2 units, whith only active shield is more 4 units and with combined electromagnetic passive and active shield is 
more 10 units. It is shown the possibility to reduce the level of magnetic field induction in residential building from power 
transmission line with a «Barrel» type arrangement of wires by means of a combined electromagnetic passive and active shielding 
with single compensating winding to 0.5 μT level safe for the population. References 53, figures 15. 
Key words: overhead power line, magnetic field, combined electromagnetic passive and active shielding, computer simulation, 
experimental research. 
 

Мета. Розробка методу проектування комбінованого електромагнітного екрану, що складається з активної та пасивної 
частин, для підвищення ефективності зниження магнітного поля промислової частоти, створюваного дволанцюговими 
повітряними лініями електропередачі в житлових будинках. Методологія. Задача проектування комбінованого 
електромагнітного екрану, що включає робастну систему активного екранування та електромагнітний пасивний екран 
вихідного магнітного поля, вирішується на основі багатокритеріальної антагоністичної гри двох гравців. Вектор виграшів гри 
розраховується на основі кінцево-елементної системи обчислень COMSOL Muliphysics. Рішення гри розраховується на основі 
алгоритмів оптимізації мультироїв частинок. При проектуванні комбінованих електромагнітних екранів розраховуються 
координати розташування екрануючої обмотки в просторі, струм і фаза в екрануючій обмотці робастної системи активного 
екранування, та геометричні розміри і товщина електромагнітного пасивного екрану. Результати. Наведено результати 
теоретичних та експериментальних досліджень комбінованого електромагнітного пасивного та активного екранування 
магнітного поля в житловому будинку від дволанцюгової лінії електропередач із розташуванням проводів типу «бочка». 
Оригінальність. Вперше розроблено метод проектування комбінованого електромагнітного екрану, що складається з активної 
та пасивної частин, для підвищення ефективності зниження магнітного поля промислової частоти, створюваного 
дволанцюговими повітряними лініями електропередачі в житлових будинках. Практична цінність. За результатами 
розрахункових та експериментальних досліджень ефективність екранування початкового магнітного поля визначено, що 
коефіцієнти екранування системи тільки з електромагнітним пасивним екраном дорівнює більше 2 одиниць, тільки з активним 
екраном дорівнює більше 4 одиниць, а з комбінованим електромагнітним пасивним і активним екраном дорівнює більше 10 
одиниць. Показано можливість зниження рівня індукції магнітного поля в житловому будинку від дволанцюгової лінії 
електропередач із розташуванням проводів типу «бочка» за допомогою комбінованого електромагнітного пасивного та 
активного екранування з однією компенсуючою обмоткою до безпечного для населення рівня в 0,5 мкТл. Бібл. 53, рис. 15. 
Ключові слова: повітряна лінія електропередачі, магнітне поле, комбіноване електромагнітне пасивне та активне 
екранування, комп’ютерне моделювання, експериментальні дослідження. 
 

Introduction. Prolonged exposure of the population 
to even weak levels of the industrial frequency magnetic 
field leads to an increased level of cancer in the population 
living in residential buildings near power lines [1-3]. The 
creation of methods and means of normalizing the level of 
the electromagnetic field in existing residential areas near 
power lines without evicting the population or 
decommissioning existing electrical networks determines 
the economic significance of such studies. Therefore, 
methods are being intensively developed all over the world 
to reduce the level of the magnetic field (MF) in existing 
residential buildings located near power lines to a safe level 
for the population to live in it [4-7]. 

To reduce the magnetic field inside residential 
premises, it is technically easiest to use passive shielding. 
The principle of operation of the electromagnetic shield can 
be described as follows [8-15]: under the action of the 

primary MF, conduction currents are induced in the shield; 
these currents create a secondary field; from the addition of 
the primary field with the secondary, the resulting field is 
formed, which is weaker than the primary in the protected 
area. Therefore, for the manufacture of electromagnetic 
shields, materials with a high electrical conductivity value 
should be used. The most widely used electromagnetic 
screens are made of aluminum, the cost of which is 
relatively low. However, the cost of such passive screens, 
especially when screening large volumes of residential 
premises, is the main limitation of the use of such screens, 
especially when using mu-metal passive screens. To 
increase the shielding efficiency, multilayer passive shields 
are widely used, consisting of several layers of conductive 
and ferromagnetic shields. Such screens are widely used for 
shielding the magnetic field in magnetically clean rooms 
together with active screens. 
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For shielding large volumes, it is economically most 
expedient to use active shields [16-23]. A feature of the 
use of active screens is the need to provide an active 
screening system and constant power consumption during 
the operation of the system. To save energy consumption, 
the active shielding system can only be switched on when 
there are people in the living space. Therefore, when 
designing shielding systems for residential premises, it 
can often be the most effective option to use combined 
shielding of the initial magnetic field, including an active 
shielding system and passive shielding. 

Such combined screens are widely used in world 
practice [16]. On Fig. 1 show a room located near power 
lines. The main shielding effect is provided by an active 
shielding system with one compensation winding laid 
along the building. Additional screening is provided by 
passive screen sheets laid on the floor. 

 
Fig. 1. The room located near power lines 

 

The aim of the work is development of method of 
designing a combined electromagnetic shield, consisting of 
active and passive parts, to improve the effectiveness of 
reduction of industrial frequency magnetic field created by 
two-circuit overhead power lines in residential buildings. 

Problem statement. We set the currents amplitude 
Ai and phases φi of power frequency ω wires currents in 
power lines. Then we set the wires currents in power lines 
in a complex form 
    iii tjAtI   exp . (1) 

Then the vector Bp(Qi,t) of the magnetic field 
generated by all power lines wires in point Qi of the 
shielding space can calculated based Biot-Savart law [6]. 

We set the vector Xa of initial geometric values of 
the dimensions of the compensating windings, as well as 
the currents amplitude Awi and phases φwi in the 
compensating windings. We set the currents in the 
compensating windings wires in a complex form 
    wiwiwi tjAtI   exp . (2) 

Then the vector BW(Qi, t) of the magnetic field 
generated by all compensating windings wires in point Qi of 
the shielding space can also calculated based Biot-Savart law. 

Let us set the vector Xp of initial values of the 
geometric dimensions, thickness and material of the 
passive shield. Then for the given geometric dimensions 
of the power lines wire and the initial values of the 
geometric dimensions of the compensation winding wires, 
as well as for the given values of currents and phases in 
the power lines wires and the initial values of currents and 
phases in the wires in the compensation windings, as well 
as for the initial values of the geometric dimensions, 
thickness and material of the passive screens, the vector 
BR(Qi, t) of the rezalting magnetic field induction in the 
Qi point of the shielding space can be calculated. 

We introduce the vector X of the desired parameters 
of the problem of designing a combined shield, the 
components of which are the vector Xa values of the 
geometric dimensions of the compensation windings, as 
well as the currents Awi and phases φwi in the compensation 
windings, as well as the vector Xp of geometric dimensions, 
thickness and material of the passive shield. 

Let us introduce the vector δ of the uncertainty 
parameters of the problem of designing a combined 
shield, the components of which are inaccurate 
knowledge of the currents and phases in the wires of the 
power transmission line, as well as other parameters of 
the combined shielding system, which, firstly, are initially 
known inaccurately and, secondly, may change during the 
operation of the system [24-28]. 

Then for the given initial values of the X vector of 
the desired parameters and the vector δ of the uncertainty 
parameters of the combined screen design problem, the 
value BR(X, δ, Pi) of the magnetic induction at the point 
Pi of the shielding space calculated based on the finite 
element calculations system COMSOL Muliphysics. 
Then the problem of designing a passive screen is reduced 
to computing the solution of the vector game 
 ),,( iPXBR δ)(X,BR . (3) 

The components of the game payoff vector BR(X, δ) 
are the effective values of the induction of the resulting 
magnetic field BR(X, δ, Pi) at all considered points Qi in 
the shielding space. 

In this vector game it is necessary to find the 
minimum of the game payoff vector (11) by the vector X, 
but the maximum of the same vector objective function 
by the vector δ. 

At the same time, naturally, it is necessary to take 
into account constraints on the vector X desired 
parameters of a combined shield in the form of vector 
inequality and, possibly, vector equality [29-33] 
     0,  XHGXG max . (4) 

Note that the components of the vector game (3) and 
vector constraints (4) are the nonlinear functions of the 
vector of the required parameters [5, 6]. 

The solutions of the vector game (3) subject to 
constraints (4) are calculated from the Pareto set of optimal 
solutions based on algorithms particles multiswarm 
optimization. 

Solving problem agorithm. A feature of the problem 
under consideration is the presence of several conflicting 
goals. Minimization of the magnetic field at one point leads 
to an increase in the magnetic field at other points due to 
undercompensation or overcompensation of the initial 
magnetic field. Minimax problems are widely used in 
robust control. If it is necessary to find the minimum in one 
variable and the maximum in other variables of the same 
objective function, then the necessary condition for the 
optimal minimax problem is that the gradient of the 
objective function in all variables is equal to zero, 
regardless of whether the target function is minimized or 
maximized function [34-37]. 

When solving this minimax problem numerically, in 
order to find the direction of movement, it is necessary to 
use the components of the gradient of the objective 
function for those variables over which the maximization 
is performed, and it is necessary to use the components of 
the antigradient (i.e., the gradient taken with the opposite 
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sign) for those variables over which the minimization is 
performed [38-43]. 

Recently, in the synthesis of control systems, a game 
approach has become widespread, which makes it 
possible to formulate the problem of synthesizing a 
system for a game. In this case, the area of parameter 
variations is divided into two sets of friendly X and 
enemy δ. The goal of the players is to choose such values 
X  at which the value of the optimized quality criterion 

(3) is minimized, and the task of the opponent is to choose 
such values of the parameters δ at which the value of the 
quality criterion is maximized. 

To solve this minimax problem of multi-criteria 
optimization (3), we use the simplest linear trade-off 
scheme, in which the original multi-criteria problem was 
reduced to a single-criteria 

 )
1

I

J

i
i Pδ,(X,Bδ)f(X, R


   (5) 

where αi are weight coefficients that characterize the 
importance of particular criteria and determine the 
preference for individual criteria by the decision maker. 

A necessary condition for optimality 
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is the existence of a saddle point. In which the equality to 
zero of the gradients of the objective function 
 0  *XXX f/ ,   0  *δδδ f/ . (8) 

A sufficient condition for the existence of a saddle 
point is a change in the sign of the gradient X f when 
passing the minimum point from minus to plus, and a 
change in the signs of the gradient  f when passing the 
maximum point from plus to minus [44-47]. These 
conditions can be formulated as the positive definiteness 
HX>0 of the matrix of second derivatives – the Hessian 
matrix with respect to the choice of parameters X, and the 
negative definiteness H0 of the Hessian matrix with 
respect to the parameters δ, i.e. the task becomes much 
more complicated if the quality criterion is vector BR(X,δ). 

Note that the quality criterion BR(X,δ) usually 
includes both system state variables or their combination, 
characterizing the accuracy of the system, and state 
variables that need to be limited and the control vector is 
necessarily included. Otherwise, the original problem 
becomes degenerate and leads to infinite controls. 
Moreover, the choice of weight matrix functions in the 
quality criterion when solving specific problems is carried 
out iteratively by repeatedly solving the original 
optimization problem for different values of the weight 
functions until acceptable results are obtained. 

In fact, the semantic statement of the problem is 
reduced to the synthesis of such a system, which provides 
the minimum value of the error characterizing the 
accuracy of the system when constraints (4) on the state 
vector component are met and when constraints on the 
control vector are met. 

Consider the use of penalty (barrier functions) for 
solving a mathematical programming problem in the 

presence of restrictions. Let us first consider the 
application of the interior point method to solve a 
mathematical programming problem that does not contain 
restrictions in the form of equalities. Let us assume that 
near the optimal point, the local optimum conditions are 
satisfied in the following form 
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Whence the following equality can be obtained 
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This equality can be interpreted as a necessary 
condition for a local optimum in the form of zero gradient, 
under which the original objective function of the nonlinear 
programming problem takes the following form 

      



m

i
i xgrxfrxL

1

ln, . (11) 

Similarly, another objective function can be 
obtained, provided that from the expression  

  mirxgii ,1,0                       (12) 
for the gradient 
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The objective function L1(x, r) will take the 
following form 

      



m

i i xg
rxfrxL

1

2
1

1
, . (14) 

These objective functions allow us to reduce the 
initial problem of nonlinear programming in the presence 
of restrictions to the solution of the problem of 
unconditional optimization in such a way that when 
approaching the boundary of the restrictions from the 
inside, the penalty for violation of the restrictions tends to 
infinity, which corresponds to the interior point method in 
the penalty functions algorithm. 

Thus the problem of multicriteria synthesis (3) of 
nonlinear robust control using a linear compromise scheme 
(5) is reduced to a single-criteria problem of mathematical 
programming (12). Consider the application of the 
sequential quadratic programming method to solve this 
problem. This method and its software implementation 
were proposed by Schittkowski at the beginning for solving 
the least squares minimization problem. This method is a 
combination of the Gauss-Newton method with 
determining the direction of movement using a quasi-
Newtonian algorithm. 

Consider first the minimization of the quadratic 
norm L2, usually called the unconstrained least squares 
problem 

    



l

i
i xfxf

1

2

2
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. (15) 
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The gradient of this objective function can be 
represented as follows 
      xFxFxf  , (16) 

where the Jacobian F(x) = (f1(x),..., fl(x)) of this 
function is denoted and it is assumed that the components 
of the objective function can be doubly differentiated. 
Then the matrix of second derivatives of the objective 
function – the Hesse matrix can be written in the 
following form 

        xBxFxFxf T 2 ,  (17) 

where 

        



l

i
iii xfxfxfxB

1

22 .  

Then the iterative procedure for choosing the 
direction dk  Rn of motion using the Newton method can 
be reduced to solving a linear system 

     02  kk xfdxf ,  (18) 

or to the solution of an equivalent system in the following 
form 

           0 kkk
T

kk xFxFdxBdxFxF  . (19) 

At the optimal solution point x*, the following 
condition is satisfied 

        0,..., **
1

* 
T

l xfxfxF ,  (20) 

therefore, finding the motion step d can be reduced to 
solving the normal equation of the least squares problem 

    k
T

k
Rd

xFdxF
n




min , (21) 

from which a recurrent equation xk+1 = xk + kdk can be 
obtained for iteratively finding the vector of desired 
parameters, in which is the solution dk to the optimization 
problem, and k is an experimentally determined parameter. 

This algorithm uses the Gauss–Newton method, 
which is a traditional algorithm for solving the non-linear 
least squares problem, to calculate the direction of motion. 
In the general case, the Gauss-Newton method makes it 
possible to obtain a solution to the problem of sequential 
quadratic programming using only first-order derivatives, 
but in real situations it often fails to obtain a solution. 

Therefore, to improve convergence, second-order 
methods are used, in which the matrix of second 
derivatives of the objective function is used - the Jacobian 
matrix when solving optimization problems without 
restrictions. Second-order algorithms, compared to first-
order methods, allow one to efficiently obtain a solution in 
a region close to the optimal point, when the components of 
the gradient vector have sufficiently small values. 

Recently, methods using Levenberg-Marquardt 
algorithms have become widespread in quasi-Newtonian 
methods. The idea of these methods is to replace the Hesse 
matrix with some matrix λkI with a positive coefficient λk. 
Then we obtain the following system of linear equations 

         0 kkk
T

kk xFxFddxFxF  .  (22) 

There are many different methods for solving the 
non-linear least squares problem without restrictions. On 
the other hand, there is a simple approach for combining 
the properties of the Gauss-Newton method with the 
method of sequential quadratic programming. The main 

problem of applying the method of sequential quadratic 
programming is the need to use special methods to ensure 
negative eigenvalues when approximating the Hess matrix 
in the case of alternative approaches. 

Deterministic optimization methods such as linear 
programming and non-linear programming are widely 
used to solve multiobjective optimization problems. 

However, these methods use a one-point approach 
and the result of these classical optimization methods is a 
single optimal solution. For example, the method of the 
weighted sum of local criteria transforms the multicriteria 
optimization problem into a single-criteria optimization 
problem, which makes it possible to obtain one point on 
the front of Pareto-optimal solutions. 

To find the global optimum from Pareto optimal 
solutions, it is necessary to consider all possible Pareto fronts. 
In this case, it is necessary that the algorithms for finding the 
global optimum point are performed iteratively, so as to 
ensure that each combination of weights has been used. 

To exhaust all combinations of weight, it is necessary 
to repeat the algorithms of such a local search many times. 
Therefore, algorithms must be able to «learn» from the 
solutions obtained in order to guide the correct choice of 
weight in further evolutions. When using classical methods 
for finding a global optimal solution, problems arise if the 
optimal solution is located in non-convex or disconnected 
regions of the functional space. 

Recently, metaheuristic methods such as 
evolutionary algorithms and group intelligence 
technologies have become increasingly popular for 
solving the optimization problem [48-50]. Evolutionary 
methods, due to their efficiency and simplicity, have been 
successfully used to solve optimization problems with one 
objective function. These methods have some advantages 
over classical optimization methods, since they allow 
calculating optimal solutions for non-linear and non-
convex functions [51-53]. 

They use the set of solutions in each iteration and 
stochastic search, and therefore they can find a search 
anywhere in the entire search space and are able to 
overcome the problems of local optima. Stochastic search 
methods are also more suitable for solving problems of 
multiobjective optimization. 

Among the metaheuristic techniques, until recently, 
particle swarm optimization was applied only to single-
objective optimization problems. The high convergence rate 
of particle swarm optimization algorithms for developing a 
multi-objective optimization algorithm has some advantages 
in terms of better exploration and exploitation provided by 
the algorithm’s global search capability. 

In the standard particle swarm optimization 
algorithm, particle velocities change according to linear 
laws, in which the movement of particle i swarm j is 
described by the following expressions [49] 
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      11  tvtxtx ijijij , (24) 

where, are the position xij(t) and speed υij(t) of the particle 
i of the swarm j; c1, c2 – positive constants that determine 
the weights of the cognitive and social components of the 
speed of particle movement; r1j(t), r2j(t) are random 
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numbers from the range [0, 1], which determine the 
stochastic component of the particle velocity component. 

Here, yij(t) and *
jy  – the best local-lbest and global-gbest 

positions of that particle i are found, respectively, only by 
one particle i and by all particles i of that swarm j. The 
use of the inertia coefficient wj allows improving the 
quality of the optimization process. 

In order to increase the speed of finding a global 
solution, special nonlinear algorithms of stochastic multi-
agent optimization have recently become widespread [51-53]. 

Naturally, the formalization of the solution of the 
multiobjective optimization problem by reducing it to a 
single-objective problem makes it possible to reasonably 
choose one single point from the area of compromises – the 
Pareto area [48]. However, this «single» point can be further 
tested in order to further improve the trade-off scheme from 
the point of view of the decision maker [52, 53]. 

Simulation results. Let us consider the results of the 
design of combined electromagnetic passive and active 
shielding of overhead power lines magnetic field 
generated by a double-circuit power line in a residential 
building, as shown in Fig. 2. 

 
Fig. 2. Residential building cloused to double-circuit power line 

 

Figure 3 shows the scheme of the shielding system 
design. 

Figure 4 shows the distribution of the calculated 
initial magnetic field induction. 

Figure 5 shows the distribution of the calculated 
resulting magnetic field induction whith only 
electromagnetic passive shield. The calculated shielding 
factor maximum value of resulting magnetic field whith 
only electromagnetic passive shield is more 4 units. 

 Arrangement of active elements 
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Fig. 3. Scheme of the shielding system design 
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Fig. 4. Distribution of the calculated initial magnetic field induction 
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Fig. 5. Distribution of the calculated resulting magnetic field 

induction with only electromagnetic passive shield 
 

Figure 6 shows the distribution of the calculated 
resulting magnetic field induction with only active 
shield. The calculated shielding factor maximum value 
of resulting magnetic field whith only active shield is 
more 4 units. 
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Fig. 6. Distribution of the calculated resulting magnetic field 

induction with only active shield 
 

Figure 7 shows the distribution of the calculated 
resulting magnetic field induction with electromagnetic 
passive and active shield. The calculated shielding 
factor maximum value of resulting magnetic field 
whith electromagnetic passive and active shield is 
more 13 units. 
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Fig. 7. Distribution of the calculated resulting magnetic field 

induction with combined electromagnetic passive and active shield 
 

Results of experimental studies. Let us now consider 
the results of experimental studies of the electromagnetic 
passive and active shielding. 

Figure 8 shows the compensation winding and 
electromagnetic passive shield of the experimental setup. 

Figure 9 shows the control system of the experimental 
setup of electromagnetic passive and active shielding. 

 
Fig. 8. Compensation winding and electromagnetic passive 

shield of the experimental setup of electromagnetic passive and 
active shielding 

 
Fig. 9. Control system of the experimental setup 

 

Figure 10 shows the experimental spatio-temporal 
characteristic of the initial magnetic field. 

Figure 11 shows the experimental shielding factor of 
resulting magnetic field whith only electromagnetic passive 
shield. The experimental shielding factor maximum value 
of resulting magnetic field whith only electromagnetic 
passive shield is more 2 units. 

Figure 12 shows the experimental spatio-temporal 
characteristic of the resulting magnetic field with only 
electromagnetic passive shield. 

The experimental spatio-temporal characteristic of 
the resulting magnetic field with only electromagnetic 

passive shield is about 2 times less than the original 
characteristic, which is shown in Fig. 10 and rotated 
counterclockwise about 20 degrees clockwise. 

 
Fig. 10. Experimental spatio-temporal characteristic of the initial 

magnetic field 
. 

Distribution of the Kxz for Bxz of the HPVL+Solid Protective Screen 
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Fig. 11. Experimental shielding factor of resulting magnetic 

field with only electromagnetic passive shield 

 
Fig 12. Experimental spatio-temporal characteristic of the 

resulting magnetic field with only electromagnetic passive shield 
 

Figure 13 shows the experimental shielding factor of 
resulting magnetic field whith only active shield. The 
experimental shielding factor maximum value of resulting 
magnetic field whith only active shield is more 5 units. 

Figure 14 shows the experimental spatio-temporal 
characteristic of the resulting magnetic field with only 
active shield. The experimental spatio-temporal 
characteristic of the resulting magnetic field with only 
active shield actually represents a point which is blurred 
by the noise of the magnetic sensors of the spatio-
temporal characteristic measurement system. 

Figure 15 shows the experimental shielding factor of 
resulting magnetic field with electromagnetic passive and 
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active shield. The experimental shielding factor maximum 
value of resulting magnetic field with electromagnetic 
passive and active shield is more 10 units. 

. 

Distribution of the Kxz for Bxz of the HPVL+SAS 
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Fig. 13. Experimental shielding factor of resulting magnetic 

field whith only active shield 

 
Fig. 14. Experimental spatio-temporal characteristic of the 

resulting magnetic field with only active shield 
. 

Distribution of the Kxz for Bxz of the HPVL+SAS+Solid Protective Screen 
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Fig. 15. Experimental shielding factor of resulting magnetic 

field with combined electromagnetic passive and active shield 
 

Conclusions. 
1. For the first time the method of designing a 

combined electromagnetic shield, consisting of active and 
passive parts, to improve the effectiveness of reduction of 
industrial frequency magnetic field created by two-circuit 
overhead power lines in residential buildings. 

2. The problem of design of combined 
electromagnetic passive and active shielding solved based 
on the multi-criteria two-player antagonistic game. The 
game payoff vector calculated based on the finite element 
calculations system COMSOL Muliphysics. The solution 

of this game calculated based on algorithms of multi-
swarm multi-agent optimization from sat of Pareto-
optimal solutions based on binary preferences. 

3. During the design of combined electromagnetic 
passive and active shields spatial location coordinates of 
shielding winding, the currents and phases in the shielding 
winding of active shielding, geometric dimensions and 
thickness of the electromagnetic passive shield are calculated. 

4. Based on the developed method the combined 
electromagnetic passive and active shields for magnetic 
field generated by double-circuit overhead power lines in 
residential building were design. The results of 
calculating and experimental studi the shielding efficiency 
of the initial magnetic field using designed combined 
active and electromagnetic passive shielding are given. 

5. The results of the performed theoretical and 
experimental studies have shown that the shielding factor 
is only passive electromagnetic screen made of a solid 
aluminum plate with a thickness of 1.5 mm is about 2 
units, only active screen made in the form of a winding 
consisting of 20 turns is about 4 units. When using a 
combined electromagnetic passive and active screen, the 
shielding factor was more 10 units, which confirms its 
high efficiency, exceeding the product shielding factors of 
passive and active shields. 

6. The practical use of the developed combined 
electromagnetic screen will allow reducing the level of the 
magnetic field in a residential building from a double-circuit 
power transmission line with a «barrel» type arrangement of 
wires to a safe level for the population of 0.5 μT. 
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Artificial neural network and discrete wavelet transform for inter-turn short circuit and 
broken rotor bars faults diagnosis under various operating conditions 
 
Introduction. This work presents a methodology for detecting inter-turn short circuit (ITSC) and broken rotor bars (BRB) fault in variable 
speed induction machine controlled by field oriented control. If any of these faults are not detected at an early stage, it may cause an 
unexpected shutdown of the industrial processes and significant financial losses. Purpose. For these reasons, it is important to develop a new 
diagnostic system to detect in a precautionary way the ITSC and BRB at various load condition. We propose the application of discrete 
wavelet transform to overcome the limitation of traditional technique for no-stationary signals. The novelty of the work consists in developing 
a diagnosis system that combines the advantages of both the discrete wavelet transform (DWT) and artificial neural network (ANN) to identify 
and diagnose defects, related to both ITSC and BRB faults. Methods. The suggested method involves analyzing the electromagnetic torque 
signal using DWT to calculate the stored energy at each level of decomposition. Then, this energy is applied to train neural network classifier. 
The accuracy of ANN based on DWT, was improved by testing different orthogonal wavelet functions on simulated signal. The selection 
process identified 5 pertinent wavelet energies, concluding that, Daubechies44 (db44) is the best suitable mother wavelet function for 
effectively detecting and classifying failures in machines. Results. We applied numerical simulations by MATLAB/Simulink software to 
demonstrate the validity of the suggested techniques in a closed loop induction motor drive. The obtained results prove that this method can 
identify and classify these types of faults under various loads of the machine. References 31, table 1, figures 9. 
Key words: diagnosis, short circuit, broken bars, induction motor, discrete wavelet transform, artificial neural network, 
indirect field oriented control. 
 
Вступ. У цій роботі представлена методологія виявлення міжвиткового короткого замикання (ITSC) та несправності стрижнів 
ротора (BRB) в асинхронних машинах з регульованою швидкістю, керованих полеорієнтованим керуванням. Якщо будь-яка з цих 
несправностей не буде виявлена на ранній стадії, це може призвести до несподіваної зупинки виробничих процесів та значних 
фінансових втрат. Мета. З цих причин важливо розробити нову діагностичну систему для профілактичного виявлення ITSC та 
BRB за різних умов навантаження. Ми пропонуємо застосувати дискретне вейвлет перетворення, щоб подолати обмеження 
традиційної техніки для нестаціонарних сигналів. Новизна роботи полягає в розробці системи діагностики, що поєднує в собі як 
переваги дискретного вейвлет перетворення (DWT), так і штучної нейронної мережі (ANN) для виявлення та діагностики 
дефектів, пов'язаних як з несправностями ITSC, так і з BRB. Методи. Пропонований метод включає аналіз сигналу 
електромагнітного моменту, що крутить, з використанням DWT для розрахунку запасеної енергії на кожному рівні розкладання. 
Потім ця енергія застосовується на навчання класифікатора нейронної мережі. Точність ANN, заснованої на DWT, була 
підвищена за рахунок тестування різних ортогональних вейвлет функцій на сигналі, що моделюється. У процесі відбору було 
визначено п’ять відповідних енергій вейвлета, і було зроблено висновок, що Daubechies44 (db44) є найбільш підходящою 
материнською вейвлет функцією ефективного виявлення і класифікації відмов у машинах. Результати. Ми застосували чисельне 
моделювання за допомогою програмного забезпечення MATLAB/Simulink, щоб продемонструвати ефективність запропонованих 
методів приводу асинхронного двигуна із замкнутим контуром. Отримані результати доводять, що цей метод дозволяє виявити 
та класифікувати дані види несправностей при різних навантаженнях машини. Бібл. 31, табл. 1, рис. 9.  
Ключові слова: діагностика, коротке замикання, обрив стрижнів, асинхронний двигун, дискретне вейвлет перетворення, 
штучна нейронна мережа, непряме полеорієнтоване керування. 
 

Introduction. The squirrel cage induction motor (IM) 
by its robustness, simplicity and relatively low cost, plays a 
most significant role in applications requiring high power in 
industrial applications, particularly for constant or variable 
speed applications. Despite these great benefits, various 
stresses may occur, during operating conditions. For these 
reasons, early recognition of abnormalities is important to 
identify any faults at an incipient stage can help to avoid 
catastrophic failure and global damage. Literature has reports 
that electrical faults are principal causes [1-3], inter-turn 
short circuit (ITSC) have a significant share with 
approximately 30 % to 40 % and broken rotor bars (BRB) 
which represent 5-10 % of all the IM faults. These faults are 
caused by several forms of stress such as thermal, electrical, 
mechanical and environmental. 

Several publications have focused on stator winding 
defects. In [2] a mathematical model of an IM based on 
coupled magnetic circuit theory is presented. This model 
allows detection of short circuit (SC) faults in stator 
winding and predicts it before it grows and damages the 
machine completely. In [3], a thermal model analysis of 
IM relies on finite elements method used to identify how 
ITSC faults of different severity affect the temperature of 
the IM. However, this method needs times after starting 
the motor to estimate the failure severity. Another useful 

technique was proposed in [4], combines the genetic 
algorithm and simulated annealing method to identify 
ITSC in IM during load current variations. In [5] Least 
Squares Support Vector Machine technique is proposed 
for fault detection and classification of the short circuit in 
the stator phases of an IM using information provided by 
the stator current. Moreover In [6], the estimations of 
rotor and stator resistances parameters based on Model 
Reference Adaptive System technique. Work [7] proposes 
axial stray flux based on analysis of flux signals collected 
by sensor. The pattern obtained from two-phase quantities 
is observed to be circular in nature for healthy case and 
elliptical nature for stator malfunctions. However, it is 
costly and challenging to install a sensor on the inside of 
the machine. Also in [8], an off line signal processing 
techniques called the Fortescue transform is applied to 
obtain the zero sequence of the current and the Fast 
Fourier Transform (FFT) is applied to detect the 
occurrence of the ITSC from the current and voltage 
signals of synchronous reluctance motor. Other work [9] 
use the three-phase stator voltages of IM as inputs, and by 
using the short-time least square Prony’s method, to 
extract phases and magnitudes of the fundamental 
harmonics to calculate indicator called zero voltage factor 
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that allows a rapid ITSC fault detection. However, this 
method is susceptible to load variation and the presence 
of unbalanced supply voltage. In [10], the residuals 
current between the estimated currents provided by the 
Extended Kalman Filter and the actual ones using FFT 
and Short-Time Fourier transform approaches are used for 
ITSC fault diagnosis and identification. The Artificial 
Neural Network (ANN) and Discrete Wavelet Transform 
(DWT) are proposed in [11], for ITSC fault diagnosis of 
IM. Three parameters (energy, Kurtosis and singular 
values) of DWT technique are computed under load 
variation and used as the input for the ANN classifier, 
using a single wavelet function db40. In [12], continuous 
and discrete wavelet methods are applied to study the 
stator current, at the start-up to identify BRB fault. But 
the limitation is that it is not always feasible to frequently 
restart the motor to capture starting current. The detection 
of BRB faults are detected by DWT based on harmonics 
characteristic, using vibration signal decomposition and 
ANN is presented in [13].The detection and classification 
of BRB fault in the IM, based a combination of the DWT, 
the slip and the ANN algorithm to solve the problem of 
low load has been discussed in [14]. Similarly, in [15, 16] 
the multiple signal processing tools using Hilbert 
Transform and ANN, are proposed for BRB fault 
diagnosis. In [17] suggests a hybrid combining a new 
electrical-time synchronous-averaging, DWT and fuzzy 
logic techniques was employed for dealing with the early 
identification of an incipient defect occurring at the rotor 
bar and classification of the severity of this defect. 

Problem definition. Generally, diagnostic methods 
used for open-loop machine operation are not efficient 
when the control structure becomes more complex, 
particularly, in closed-loop drives. It’s necessary to 
employ different analysis to interpret the acquired signals 
for the detection process. The FFT approach is widely 
applied and proven to be effective for stationary signals. 
However, this approach is not efficient and has limitations 
for non-stationary signals. In this context, to ameliorate 
the diagnosis procedure taking into account different 
faults of IM, a combination of DWT and ANN technique 
becomes our main focus to resolve these drawbacks for 
processing non-stationary, low load and over load. 
However, different types of the wavelet function can be 
used for early fault detection based electromechanical 
signal decomposition in closed loop operation. The 
comparison between the proposed methodology and the 
previously used methods is made based on the faults 
severity, operating mode, different load torques, and fault 
diagnosis methods. The work [18] focuses on the analysis 
of BRB faults in open-loop asynchronous machines 
powered by electrical network. The study utilized a single 
db40 wavelet function, and the acquisition of three 
current sensors for phases (Ia, Ib, Ic), the calculated energy 
of three-phase (E7a, E7b, E7c), are employed as input of 
ANN to determine the faulty phases (as, bs, cs). However 
this work deals with the diagnosis of both short circuit 
faults and BRB at speeds, with a reference speed set to 
100 rad/s controlled by Indirect Field Oriented Control 
(IFOC) technique. Various wavelet functions are used to 
compare the best suitable function such as BiorSplines, 
ReverseBior, Symlet, Coiflet, and Daubechies are used 
for diagnosis. Only one acquisition signal is used, which 

is the torque signal to differentiate between stator and 
rotor faults. The energy calculation of the electromagnetic 
torque signal involves selecting the pertinent energy, 
resulting 5 energies (E1, E2, E6, E7, E8), after that these 
energies are used as input of ANN. The wavelet function 
db44 was found to be the best function to identify these 
faults. The application of this work is used in the first step 
to determine which fault occurs ITSC or BRB after that 
we use the method from [18], to locate the faulty phases. 
This study presents an effectiveness percentage of 98 %, 
taking into account both different severity levels of short 
circuited turns, 1, 2 and 3 BRB with different mechanical 
load levels (ranging from 1 to 7 Nm), in contrast to other 
works reviewed in [19-21], which analyze levels of fault 
and different operating conditions or different levels of 
fault and a constant load operating condition in open loop 
machine. Whereas, works [22-24] introduced a signal 
transformation and several nonlinear indices is required, 
along with an expert to interpret the obtained results. 
Other works [25-27] have good accuracy in diagnosing 
the highly incipient faults based fuzzy logic method but 
using number of fuzzy rules causes significant 
computation time, which is always longer 

The goal of the paper is to identify ITSC and BRB 
fault when the IM operates in a closed-loop drive to 
preserve high performance. The used method for the fault 
detection combines DWT and ANN method to provide 
intelligent methodology for the diagnosis system. 

Subject of investigations. This approach used DWT 
of electromechanical torque signal at steady state to 
compute the stored energy at each level of decomposition. 
Then, this energy is applied as input for the Neural Network 
(NN) classifier. Many test of orthogonal wavelet function 
are evaluated with ANN to find the best classification and 
lowest Root Mean Square Error (RMSE), and justified that 
db44 is the best suited mother wavelet function to detect and 
identify different severity for both the ITSC and BRB faults 
under various loads operation of IM. 

IM mathematical model. An accurate model 
including a fault is needed to test fault diagnosis strategies 
in IM. The equivalent circuit diagram of the IM, in the 
reference frame (d-q) is considered, taking into account 
ITSC and BRB fault. Additionally, the following non-
linear system equations are developed to validate IM 
performance [18]: 

   







),()()(

);()(

tDutCXtY

tButXAtX 
                    (1) 

where 

  






















qs

ds
T

qs

dsT
qrdrqsds i

i
Y

U

U
uiiX ,, . 

The expression of equivalent rotor resistance is: 

;
3

;
3

2
;)(

1 0
b

bc
rreq N

N
RKIRR 


 




 (2) 














2
000

00
2

0
0

)sin()sin()cos(

)sin()cos()cos(
)(


K ,           

where Nb, Nbc, Rr, Req are the total number of bars in the 
rotor, the number of BRB, the rotor resistance and the 
equivalent resistance of rotor, respectively; θ0 is the initial 
phase of the rotor. 
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By adding the mechanical equation to the system 
equation, we obtain the complete model of the machine taking 
account the ITSC and BRB in the Park coordinate system. The 
mechanical speed ω is the solution of the equation: 


vle

r fTT
t

J 
d

d
,                     (4) 

and the electromagnetic torque in the Park coordinate 
system is given by the expression:  

)( qrdsdrqse iipT   ,                    (5) 

where Te is the electromagnetic torque; Tl is the load 
torque; J is inertia moment; fv is friction coefficient. 

Indirect field oriented control. The most significant 
aspect of field oriented control of the IM is transformation 
that converts a three-phase system into 2 components, 
which used to generate both the magnetizing flux and the 
electromagnetic torque [16, 24]. This transformation 
simplifies the structure of IM similar that of a DC machine 
as shown in Fig. 1. It implies that the 2 stator current 
components would be aligned as input references: the flux 
component (aligned with the d coordinate) and the torque 
component (aligned with the q coordinate). 

 
Fig. 1. Block diagram of the diagnosis system 

 

The IFOC technique is known for its simplicity of 
implementation and high effectiveness what makes it 
widely used in industry applications. The flux component 
is aligned in the direction of rotor flux r to achieve field 
orientation along the rotor flux direction: 

0,0,0,  qrdrqrrdr VV .          (6) 

The advantage of using a reference linked to the rotating 
field frame is to have constant magnitudes. The control is 
then made easier by relying on the variables of direct axis 
current ids and the quadrature axis current iqs. The magnitudes 
of flux r and torque Te are independent controlled is assumed 
as [16, 24]. The calculated rotor flux, given by: 
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where Lr, Lsm are the rotor and mutual inductance; s is the 
Laplace transform. The slip frequency is expressed by: 
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where Tr = Lr / Rr is the rotor time constant. 
The equation of the electromagnetic torque can be 

given by: 
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where p is the number poles pairs; r is the rotor flux. 
Therefore, the relation with DC motor is clearly 
demonstrated by holding the flux constant.  

The two components magnetizing flux r and 
electromagnetic torque Te can independently controlled by 
acting on each variable separately, establishing the high 
performance of a DC machine. The simulation results of 
IFOC control IM drive in cases of healthy and faulty motors 
demonstrated through simulation in MATLAB/Simulink. 

Figures 2-4 show the dynamic performance of speed, 
stator current and electromagnetic torque in healthy and 
when a fault appears in stator or rotor bars fault with 
reference speed set to 100 rad/s. After reaching the set 
value of motor speed, the step change of load torque 
(from 1 to 7 Nm) at the moment t = 0.6 s. It is evident 
that, the actual speed accurately follows the reference 
speed in healthy and faulty state, which be explain by the 
fact that the PI speed controller minimize the effects of 
ITSC and BRB faults on the speed (Fig. 2). 

Figure 3 depicts the stator currents that are sinusoidal 
and have the same amplitude. But in the occurrence of the 
fault, there will be an imbalance at the level of the stator 
currents which increase in term of amplitude. 

Similarly, we observe the influence of ITSC and 
BRB in the electromagnetic torque. During a fault 
condition, motor suffers from oscillations. The amplitude 
of these oscillations increases when the severity of fault 
increases (Fig. 4). 

 
Fig. 2. Actual speed at full load 

 
Fig. 3. Evolution of stator currents under full load 

 
Fig. 4. Electromagnetic torque at full load 
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Discrete Wavelet Transform (DWT). The wavelet 
transform is an effective method for acquiring time-
frequency information in both stationary and non-stationary 
signal processing, with the intention to solve the limitations 
of Fourier transform. This signal processing tool, 
characterized by robust time and frequency localization, is 
divided into Continuous Wavelet Transforms (CWT) and 
DWT. Adopting a mother wavelet Ψ(t), the CWT of a 
function x(t) can be expressed as: 

t
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where ψ(t)* is the complex conjugates form; τ is the time 
parameter; a is the scale factor; a  is the energy 

normalization. 
The translation and the expansion transform the 

signal into another timescale. The high-frequency 
components correspond to the smallest scales [28, 29]. 

A more computationally efficient form of the CWT 
which gives optimal accuracy at low frequency and non-
stationary state is the DWT given by [20, 22]: 
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The DWT decompose a given signal into its 
constituent level (scales), each one representing that part 
of the original signal occurring at particular time and 
frequency band. DWT is performed by a sequential 
operation using a high-pass filters H (details) and through 
a series of low-pass filters L (approximations). 

The original signals x(t) is divided into 2 parts high 
frequency part, and low frequency part used to 
decompose and reconstruct a signal (Fig. 5) [18-20]. 

 
Fig. 5. DWT decomposition process of the signal at level 3 

 

The low frequency part called approximations (Aj) 
contains the low-frequency information of the original 
signal belong to [0, fs2–(j+1)]. The high-frequency part 
called detail (Dj) contain high frequency information 
included in the interval [fs2–(j+1), fs2–j]. Practically, the 
DWT decomposition at level N of signal x(t), giving rise 
to one approximation coefficient vector AN and N detail 
coefficient vectors Dj are expressed by [29, 30]: 
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It can be shown that the approximation and detail 
coefficients can be recursively calculated by: 
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The effectiveness of DWT relies on the careful choice 
of the wavelet function. Different types of mother wavelets 
exist, such as: Meyer, Coiflets, Symlets and Daubechies. 

Preliminary step before selecting the wavelet 
function involves judiciously choosing the number of 
levels in order to cover the whole range of frequencies 
approximation and detail, given by the relationship: 

eN
s f

f


12
,                               (14) 

where fe is the fundamental frequency of the signal, 
fe = 22 Hz; fs is the sampling frequency, fs = 10 kHz; 
N is the number of decomposition levels. 

Wavelet energy. The consumed energy at each level 
of decomposition is calculated, to identify and validate 
the frequency bands containing the defect frequency for 
both faulty and healthy cases under different load 
conditions. For this purpose, the energy linked to each Dj 
detail signal of the torque signal is expressed as follow:  
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where j is the decomposition level (j[1, N]); Ej is the 
detail energy; Dj,k is the magnitude of the coefficient in 
corresponding level j; n is the DWT decomposition time. 

The energy extracted from the torque signal through 
wavelet transformation, using db44 under different load 
and faults severity. The number of decomposition levels 
N depends on the sampling frequency fs of the signal were 
performed up to the 10th level of the decomposition. By 
computing associated coefficient at each decomposition 
levels of the torque signal. The results of detail energy Dj 
for various instances of shorted turns and broken 1 bar 
and 2 bars under different loads are depicted in Fig. 6. 

 
Fig. 6. The comparison of total energy 

 

Artificial Neural Networks are complex intelligent 
structures inspired by biological neurons, have 
demonstrated remarkable performances to solve 
analytically challenging problems and the automation of 
the monitoring process. The most frequently used NN for 
classification purposes is feed forward multilayer 
perceptron NN, known for its simple structure making it 
easily implementable. Hence, it was chosen for the 
developing of the monitoring process. The training function 
used was Levenberg–Marquardt trained by back 
propagation algorithm and training results are used to attain 
the minimum Mean Square Errors (MSE) [28, 29]. 
Typically, an ANN consists of an input layer, hidden layers 
and an output layer, where each layer connected to other 
layer, with weights assigned to the connections. The 
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activation function used for the hidden layer is tangent 
sigmoid «tansig», while the activation function for the 
output layer is Logsigmoid «logsig» [30, 31]. 

The inputs are the pertinent wavelet energy value 
and outputs are the fault class of IM, respectively. 

The training performance and parameters related to 
the training algorithm are illustrated in Fig. 7. After 85 
epochs, a low training MSE of 2.356110–11 is achieved, 
indicating suitability for accurately classifying the test set. 

 
Fig. 7. Neural network performance 

 

Preparation of training data. The NN is trained 
using a dataset comprising input and output sets. The 
number of input units in the ANN corresponds to the fault 
indicators, while the output units are determined by the 
number of faulty states. The inputs represent the pertinent 
stored energy calculated from the torque signal, which 
found the best value are 5 energies (E1, E2, E6, E7, E8) and 
the outputs signify the fault classes: healthy case, short 
circuit and BRB fault. For an optimal compromise between 
complexity and accuracy, one hidden layer with 10 neurons 
is chosen. Input data are gathered through simulations 
under various loading conditions and fault severities, 
ranging from no load to full load. The NN is exposed to 
examples under 7 load torques (1–7 Nm), representing 
different operating conditions, including healthy states 
(7 samples), faults with an even number of shorted turns 
(2, 4, 6, 8, 10), and faults with single and 2 BRB. This 
results in a total of 56 cases ((7 healthy) + (7×5 shorted 

turns with different loads and severities) + (7×2 BRB with 
different loads)), as shown in Fig. 8. Consequently, the 
dimension of the training vector inputs for the NN is 5×56. 

The target data required for supervised learning in 
the NN are defined accordingly: 

T1 = [1; 0; 0] – healthy case; 
T2 = [0; 1; 0] – short circuit fault; 
T3 = [0; 0; 1] – BRB. 

a b 

c d 

e f 

 
Fig. 8. Training and classification errors of the NN 

 

Simulation results. The NN ability to generalize is 
assessed through its performance on the testing dataset. 
To evaluate classification effectiveness, 2 distinct datasets 
are compiled, representing both healthy and faulty cases. 
Various tests are conducted to determine the optimal 
structure and outcomes. The results indicate that the 
selected ANN model has achieved significant success in 
detecting and classifying these faults. 

The dataset is divided into 2 parts, with 1 set applied 
for training while another for testing. An effective NN is 
expected to perform well on both training and testing 
data, showcasing its generalization capacity. The testing 
process involves a dataset separate from the one used for 
training, providing an assessment of the network’s ability 
to generalize to new, unseen data. 

Figure 9 depicts the test data set of the system under 
different operating cases of IM: healthy case (7 samples), 
fault of shorted turns (1, 3, 5, 7, 9), and fault for 1 and 2 
BRB, are obtained under 7 load torques (0.5, 1.5, 2.5, 3.5, 
4.5, 5.5 and 6.5 Nm). 
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Fig. 9. Test and classification errors of the NN 

 
As a result, the total number of combinations of load 

variation, shorted turn and BRB was 143 ((7 healthy) + 
(7×5 load of different severities of ITSC) + (7×5 different 
load of ITSC) + (7×5 different load and severities of 
ITSC) + (7×2 different load of BRB) + (7×2 different 
load + 3 BRB)). 

The test output of the NN (T1, T2, T3) is accurately 
equal to (1, 0, 0), (0, 1, 0), and (0, 0, 1). The NN test 
outputs and classification errors for faults of ITSC and 
BRB, respectively is shown in Fig. 9. The test output of 
NN from (Fig. 9,a,b) is accurately identical to (1, 0, 0) in 
healthy state and classification error is very low. The NN 
output in (Fig. 9,c,d) give the output (0, 1, 0), with 
minimal amount of testing error in short circuit faults. As 
a result, the ITSC can be accurately located by the NN. 
According to (Fig. 9,e,f), the NN accurately gives the 
outputs (0, 0, 1) for the BRB indicating the occurrence of 
small errors. Therefore, we can observe that the NN can 
accurately identify the ITSC and BRB faults. 

Table 1 shows a comparison of the performance of a 
simulated model. In this study, the accuracy of ANN is 

evaluated using the RMSE with the expression given by: 

m

xx

RMSE

m

i
ii




 1

2*)(

,                   (16) 

where xi and xi
* represent respectively the measured and 

desired outputs; m is the total number of input sets. 

The test data are simulated under various wavelet 
functions, using BiorSplines (bior6.8), ReverseBior 
(rbior6.8), Symlet (sym8), Coiflet (coif5) and Daubechies 
(db44) wavelet families. The input of NN are chosen by 
selecting the pertinent energy, we found 5 energies (E1, E2, 
E6, E7, E8) identified as the most effective. Subsequently, 
the best classification and the minimum classification error 
are achieved using Daubechies44 (db44) which found 
better than any other wavelet transform. The achieved 
results clearly demonstrate that the db44 of the 
electromechanical torque signal can used as an effective 
indicator for stator and rotor condition monitoring. 

Table 1 
Performance of different wavelets functions 

with 5 energies (E1, E2, E6, E7, E8) 

Wavelet mother bior6.8 rbior 6.8 sym8 coif5 db44 
ANN-RMSE (test) 0.0235 0.0164 0.0339 0.0308 0.0011
Classification 
accuracy, % 

97.24 98.16 96.32 97.24 98.62 
 

Conclusions. This paper introduces a precise method 
for diagnosing inter-turn short circuit (ITSC) and broken 
rotor bars (BRB) in variable speed drives using discrete 
wavelet transform (DWT) and artificial neural network 
(ANN). The proposed approach involves analyzing the 
electromechanical torque signal of a squirrel cage induction 
motor (IM) through DWT. This analysis computes the 
stored energy at each level of decomposition, which then 
serves as input for an ANN classifier. 

The proposed technique has been applied for fault 
detection under various loads, instances of ITSC, and 
different occurrences of BRB in the IM. The results 
obtained are highly significant, demonstrating the ability to 
automatically detect and locate faults related to BRB and 
ITSC. The best result is achieved through the application of 
5 pertinent energies, particularly using db44. According to 
the test results, DWT and ANN prove to be a powerful 
method for diagnosis, offering a means to automatically 
identify faults under variable load conditions. Future 
research could further develop this work to determine the 
specific number of short circuits and BRB, enabling 
continuous and real-time monitoring. 
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Experimental electromagnetic compatibility of conducted electromagnetic interferences 
from an IGBT and a MOSFET in the power supply 
 
Introduction. Most electromagnetic compatibility studies carried out in the context of power switch research are generally valid for low 
frequencies. This frequency restriction appears to be too restrictive for a complete analysis of the electromagnetic interference 
conducted. The novelty of this work lies in the load-dependent an optimal selection of IGBTs and MOSFETs for least-disturbance power 
switching in the frequency range from 150 kHz to 30 MHz, based on an optimal experimental selection procedure and show the impact 
of load value on switch switching and noise generation. Purpose. Analysis of the fundamental possibility of selecting a switching device 
with a power supply based on an experimental measurement which allows to increase the reliability of the entire mechanism operation 
and significantly simplify the design. Methods. In this paper, the proposed study is used and compared with experimental results at low 
and high frequencies. Then, a comparison is made for conducted electromagnetic interference (common-mode and differential-mode) 
generated by IGBT and MOSFET for different loads, and the proposed methodology is verified on an experiment suitable for predicting 
terminal overvoltage analysis and conducted electromagnetic interference problems. Practical value. The primary method for 
establishing a conducted electromagnetic interference source for switching devices is based on IGBT and a MOSFET depending on the 
resistive load. References 22, figures 17. 
Key words: electromagnetic interference, electromagnetic compatibility, common-mode, differential-mode, IGBT, MOSFET. 
 
Вступ. Більшість досліджень електромагнітної сумісності, які проводяться в контексті досліджень силових вимикачів, зазвичай 
застосовуються для низьких частот. Це обмеження за частотою видається занадто жорстким щодо повного аналізу 
електромагнітних перешкод. Новизна даної роботи полягає у залежному від навантаження оптимальному виборі IGBT і MOSFET 
для комутації потужності з найменшими перешкодами в діапазоні частот від 150 кГц до 30 МГц, на основі оптимальної 
експериментальної процедури вибору і впливу величини навантаження на перемикання перемикачів і генерацію шуму. Мета. 
Аналіз принципової можливості вибору комутаційного пристрою з джерелом живлення на основі експериментального виміру 
дозволяє підвищити надійність роботи всього механізму та суттєво спростити конструкцію. Методи. У цій статті 
запропоноване дослідження використовується та порівнюється з експериментальними результатами на низьких та високих 
частотах. Потім проводиться порівняння кондуктивних електромагнітних перешкод (синфазних та диференціальних), що 
генеруються IGBT і MOSFET для різних навантажень, і запропонована методологія перевіряється в експерименті, який 
підходить для прогнозування аналізу перенапруги на клемах і проблем кондуктивних електромагнітних перешкод. Практична 
цінність. Основний метод створення кондуктивного джерела електромагнітних перешкод для комутаційних пристроїв 
ґрунтується на використанні IGBT та MOSFET залежно від резистивного навантаження. Бібл. 22, рис. 17.  
Ключові слова: електромагнітні перешкоди, електромагнітна сумісність, синфазний режим, диференціальний режим, 
IGBT, MOSFET. 
 

Introduction. The proliferation of devices 
employed in power electronics has witnessed a significant 
upsurge in recent times. Rooted in the principles of 
semiconductor switching, these devices have now 
permeated diverse domains, including land and air 
transportation, consumer-focused household applications, 
and even the realm of renewable energies [1, 2]. 

The functionality of static converters carries an 
environmental detriment due to their swift switching 
intervals marked by substantial amplitudes. These rapid 
switching processes serve to curtail losses during 
transitions by virtue of the simultaneous presence of 
voltage and current within the switches. The orders of 
magnitude for the gradients of these transitions may span 
from 100 to 1000 A/μs for dI/dt, while dV/dt values range 
from 5 to 50 kV/μs [3]. Additionally, the markedly high 
switching frequency stands as an additional contributor to 
electromagnetic pollution, varying from 100 Hz to 1 MHz.  

Electromagnetic compatibility (EMC) has emerged as 
a critical design requirement for switching power supplies. 
The required standards ensure that a system can work 
satisfactorily in its environment without causing unbearable 
electromagnetic disruptions to neighboring equipment. 

Because the main electromagnetic interference 
(EMI) sources in power electronics are converter 
switching and essentially produce conducted emissions 
[4-8] disturbances can be classified into two types based 
on their modes of propagation: 

1) conducted disturbances, which propagate through 
electrical conduction; 

2) radiated disturbances, which circulate through an 
electromagnetic field [9-11]. 

A switch-mode power supply must follow the same 
piping requirements as most modern electrical equipment. 

In the field of power electronics, a conversion chain 
typically consists of multiple stages (Fig. 1).  

 
Fig. 1. Multi-stage power converter 

 

These stages often include a rectifier followed by a 
switching stage, which could be a variable speed drive, a 
switching power supply, or an inverter for induction 
heating systems. The assessment of EMC takes place at 
various levels, including power lines, rectifiers, converters 
and their control systems, filters, and loads [12-14]. 

The switching cell and its control energy conversion 
in power electronics is based on two complementary 
phases: switching and energy storage. Switching is 
achieved using power switches with semiconductor 
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components. There are switches with controlled switching 
(MOSFET, IGBT, JFET) that require control, and others 
with natural switching (diode, Schottky). Energy storage 
occurs in passive components like capacitors and 
inductors. The integration of these two phases is the 
principle behind the switching cell. The study of power 
transistors is not a new issue [15-17], and relevant studies 
have been carried out throughout the evolution of power 
systems and power conversion technologies. Power 
transistors are the primary source of EMI and EMC issues 
in power equipment. 

This paper focuses on the EMI-EMC (common-mode 
(CM) and differential-mode (DM)) design of high-
frequency (150 kHz to 30 MHz) power transistors 
(MOSFET and IGBT) for high-frequency and high-power 
applications. A background description and review are 
provided to assist characterize this work and its originality. 
The experimental method used for identifying high-
frequency behavior is presenting oneself in simple 
circumstances with only two separate potentials. 
Considering EMI generated by MOSFET and IGBT during 
the original design stage can help designers satisfy EMC at 
a reasonable cost before reality. EMI forecast should be 
closely paid to in order to save design cycle and expense. 

Purpose. Analysis of the fundamental possibility of 
selecting a switching device with a power supply based 
on an experimental measurement which allows to increase 
the reliability of the entire mechanism operation and 
significantly simplify the design. 

The tests EMC in this paper underscore the 
importance of carefully selecting the type of switching 
device (IGBT or MOSFET) based on the specific 
requirements of different loads and switching constraints. 
MOSFETs are generally preferred for fast switching and 
low-frequency (LF) applications, while IGBTs are better 
suited for slower switching and high-frequency (HF) 
applications. Proper thermal management is also essential 
to ensure optimal performance. The results of these tests 
contribute to a better understanding of switching device 
performance in series chopper applications and guide 
design choices accordingly. 

EMC measurement and standards of conducted 
EMI. Conducted emissions refer to disruptions in 
measurable electrical properties that are directly 
observable at the conductor level (voltage and current). 
These emissions encompass undesired high-frequency 
currents that traverse within the device, along with 
overvoltages that may arise at the load’s terminals when 
powered through an extended cable [18]. 

To make measurements meaningful and repeatable, 
it is desirable to decouple the assembly under test from 
the network, providing a known impedance through 
which disturbances can be forced to pass. This is the 
purpose of a device known as a Line Impedance 
Stabilizing Network (LISN), which is inserted between 
the network and the assembly under test (Fig. 2). 

LISN is equivalent to a filter inserted between the 
supply network and the input of the equipment under test. 
Its role is multiple: it isolates the equipment under test 
from the power supply network, sets the prescribed 
impedance at the measurement points, and channels 
conducted disturbances to the measurement receiver. 

 
Fig. 2. Line Impedance Stabilization Network (LISN) 

 

Conducted disturbances often pertain to high-
frequency currents circulating within the device. The term 
high-frequency typically encompasses frequencies 
ranging from 150 kHz to 30 MHz, as this frequency range 
aligns with the bandwidth regulated by prevailing EMC 
standards. This current can be dissected into two modes 
(CM and DM), as depicted in Fig. 3. 

 

 
Fig. 3. High-frequency CM (Icm) and DM (Idm) currents 

 

The DM current (Idm) characterizes the portion of the 
current that forms a loop within the power conductors between 
the power source and the load. This is the normal current path, 
but the high-frequency components are undesirable. 

The CM current (Icm) refers to the portion of the 
current that flows through the ground wire. This path 
typically does not participate in power transfer, but it can 
carry high-frequency components, especially through 
capacitive coupling. Regardless of their coupling mode, 
these high-frequency currents ultimately loop back 
through the internal impedances of the electrical network, 
making their measurement dependent on the specific 
network configuration and layout. 

All power transistors are sources of pollution due to 
parasitic elements coming from the power supplies 
themselves. Like most electrical equipment today, they 
must comply with EMC standards. Even if their 
predominant use in the industrial sector means that they can 
sometimes escape this constraint, their progressive use in 
the tertiary sector means that the normative aspect must be 
met, or at least anticipated. Companies specializing in the 
design of power supplies and, more generally, of static 
converters, are today faced with this type of requirement. 
Power transistor applications, which are now common 
place in many service sectors, represent some of the most 
complex power structures in terms of design and modeling. 

Each regulatory body has a specific standard for 
carrying out EMC tests. Measurements are carried out in 
accordance with EN 55022 [19-22]. The latter imposes a 
specific measurement protocol. This protocol guarantees 
the reproducibility and reliability of measurements carried 
out on the equipment under test. In order to explain the 
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layout of the various system components and the 
configuration of the normative measurements, we present 
the synoptic diagram of the test bench in Fig. 4. The 
conducted emission test configuration complies with EN 
55022. All devices are placed on a copper ground plane. 

The equipment under test is placed on a plane 
electrically isolated from the surrounding area. 

 
Fig. 4. EMC bench for measuring conducted EMI 

 

In the context of conducting a comparison regarding 
conducted EMI in CM and DM, involving a series chopper 
associated with a resistive load, two static converters were 
utilized for reference purposes: the IGBT reference 
FGH40N60 and the MOSFET reference IRFP4060, along 
with a BYT12 diode. An experimental setup was 
established to assess the conducted EMI, where a chopper 
(Fig. 5) fed a resistive load at a continuous 24 V voltage 
level. The primary measurement elements included the 
LISN connected before the chopper, as well as a spectrum 
analyzer to measure the conducted disturbances in both CM 
and DM across various load values.  

 
Fig. 5. Chopper (equipment under test) 

 
We have focused on the conducted mode, which is 

largely responsible for the majority of disturbance 
phenomena generated by these devices. The distribution 
of CM and DM currents in the system will be presented. 
To illustrate their origins, CM currents are essentially 
transmitted via capacitive CM couplings. Conducted 
disturbances propagate to other parts of the system by 
looping through the ground. 

For the analysis of EMI produced by the converter, 
spectral estimates must be referred to EN 55022, the standard 
for measuring disturbances. To comply with current 
regulations, a frequency range of 150 kHz to 30 MHz must 
be taken into consideration. The standard aims to estimate 
EMI in the measurement receiver at the chopper input. 

A method of EMC analysis commonly used in 
power electronics has been employed. To illustrate this 

method, we will first use a chopper with the MOSFET 
(IRFP4060), and then the same chopper with the IGBT 
(FGH40N60). From there, we’ll choose the analysis 
method and the resulting measurement tool for what 
would appear to be the most suitable for this study. 

Results and discussion. Figures 6, 7 show the 
frequency spectrum of disturbances after using the 
MOSFET respectively in CM and DM with different 
loads (50 , 100  and 200 ).  

 
Fig. 6. CM EMI (MOSFET) 

 
Fig. 7. DM EMI (MOSFET) 

 

When parasitic currents flow through the links in the 
same direction, closing at equipotential bonding, we 
speak of CM. In this case, parasitic currents propagate via 
the parasitic capacitances created between each hot spot 
subject to voltage variations (MOSFET drain) and the 
ground plane, and via the parasitic capacitances between 
the semiconductor and the heat sink. These parasitic 
currents flow through the two parallel resistors of 
standardized value equal to 50 Ω.  

In DM, when parasitic currents flow in both 
conductors. These currents are due to the switching of 
switch currents (MOSFET). Part of the switching current 
flows through the switching capacitor, and the other part 
through the two resistors of 50 Ω in series. 

In the linear amplification region of the MOSFET 
transistor, when the input voltage exceeds the threshold 
voltage, a small current begins to appear at the output. 
This current creates a voltage across the resistor, causing 
the output voltage to decrease. Conducted EMI (CM and 
DM) is very small. Transitioning to the linear region, we 
observe similar conducted disturbances in both CM and 
DM. However, once the output current reaches a certain 
value, the VDS voltage drops below the VGS – Vth voltage, 
as seen in the case of a load equal to 50  in Fig. 8. 
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Fig. 8. CM/DM EMI (MOSFET) 

 

As the load increases, the occurrence of interference 
spikes in the DM increases in the first operating region 
(switching state or closure) of the switch. This is due to 
rapid voltage fluctuations exceeding the threshold voltage 
and significant current appearing at the switch’s output (for 
a load of 200 Ω) (Fig. 9). In contrast, the MOSFET does 
not exhibit any CM propagation during the switching 
phase, which is similar to that of the 50 Ω load (Fig. 8). 

The conducted interference diagrams in CM 
observed for the IGBT power switch are nearly identical 
for different loads (Fig. 10). However, there is a notable 
interference peak for the 50 Ω and 100 Ω loads compared 
to the 200 Ω load. 

In this study, the behavior of the EMIs (CM and 
DM) from the two static converters is nearly the same, but 
with different amplitudes and peaks, and higher with the 
lower load. 

 
Fig. 9. CM/DM MOSFET 

 
Fig. 10. CM EMI IGBT 

In DM, the impedance of the load can play a crucial 
role. An increase in the resistive load can lead to an 
increase in differential impedance, which can influence 
the time required for the current to reach its nominal level 
in DM. On the other hand, higher loads (200 Ω load in 
our test) can generate more heat, which can affect the 
performance of the IGBT device. Elevated temperatures 
can influence the switching behavior (Fig. 11). 

 
Fig. 11. DM EMI IGBT 

 
The IGBT power switch behaves in a similar manner 

in both CM and DM for a 50  load (Fig. 12) and a 200  
load (Fig. 13). However, for a low load, the IGBT takes 
longer to transition from the first region to the linear region. 

 
Fig. 12. CM/DM IGBT 

 
Fig. 13. CM/DM IGBT 

 

In Fig. 14, 15, for a 50 Ω resistive load, both power 
switches exhibit similar interference patterns. However, in 
DM, the IGBT may show a more significant switching 
delay compared to the MOSFET.  
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Fig. 14. CM MOSFET/IGBT 

 
Fig. 15. DM MOSFET/IGBT 

 

This last difference can be attributed to the intrinsic 
switching times of the two devices. The MOSFET, 
typically being faster, responds more swiftly in this 
context, while the IGBT may require more time to reach 
its switching state in DM with this load. 

The conducted (CM and DM) interference tests 
using a series chopper employing both an IGBT and a 
MOSFET revealed several key observations. 

When the load is increased to 200 , the conducted 
disturbances in CM (Fig. 16) remain the same as those for 
a 50  load in both operational regions for both switches. 
However, in the case of DM (Fig. 17), a significant 
current appears across the terminals of the load when the 
input voltage exceeds the threshold voltage for the 
MOSFET. The IGBT, on the other hand, does not reach 
saturation in this region. 

 
Fig. 16. CM MOSFET/ IGBT 

 

The main difference between IGBTs and MOSFETs 
is that IGBTs have an additional p-n junction compared to 

MOSFETs, which gives them the properties of both 
MOSFETs. The least disruptive power switch is the one 
that produces the least amount of transients when it is 
turned on or off. These transients can cause damage to 
sensitive electronic equipment. 

 
Fig. 17. DM MOSFET/ IGBT 

 

Conclusions. 
1. The difference between using an IGBT and a MOSFET 

is that the IGBT tends to have smoother switching, resulting 
in fewer high harmonics and less electromagnetic 
interference (EMI) during switching. This can be 
advantageous in terms of electromagnetic compatibility as 
smoother current transitions reduce the potential for EMI 
emissions. Conversely, MOSFETs, especially when used in 
high-speed switching applications, can generate higher peaks 
of EMI due to their rapid switching in the low-frequency 
(LF) and high-frequency (HF) ranges. 

2. MOSFET is better suited for fast switching and low-
frequency applications, whereas IGBT is more suitable for LF 
and HF. The difference in behavior between the IGBT and 
MOSFET is linked to their intrinsic switching characteristics. 
MOSFET tend to have shorter switching times, making them 
faster in responding to variations in load and voltage. 
Conversely, IGBT may exhibit longer switching delays. 

3. The load defines the switch’s electrical characteristics, 
such as rated power, current and voltage. It is important to 
choose a switch whose characteristics correspond to the load 
to which it will be connected. 

4. Impact of the load value: played a critical role in test 
results. Resistive loads of varying values influenced 
interference levels and observed switching delays. 

5. Thermal effects: tests also demonstrated that higher 
loads could generate more heat, potentially affecting the 
performance of switching devices, particularly IGBT. 
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Obtaining the maximum power from the source using step-up and step-down type pulse 
regulators that work on battery 
 
Introduction. Pulse regulators are widely used to match the output resistance of the source with the load resistance in order to 
ensure the possibility of taking maximum power when the value of the load resistance changes. Problem. In the case of using non-
traditional and renewable sources of electrical energy, for a more uniform supply of energy to the load, a battery is often connected 
to the output of the pulse regulator, which works in buffer mode. In such cases, the load for the pulse regulator will be the battery 
itself, and the role of the source load will be performed by the input resistance of the regulator. To ensure the mode of operation of 
the pulse regulator, in which the maximum power will be transmitted from the source to the load, it is necessary to know the 
regulating characteristics of the regulator. There are works that analyze the regulating characteristics of step-up and step-down 
pulse regulators, which are used to match the load with the output resistance of the source. At the same time, for the same purpose, 
pulse regulators of the step-up and step-down type can be used. Goal. The purpose of the work is to analyze the features of the 
operation of step-up and step-down type pulse regulators in the mode of maximum power transmission from the source to the battery, 
as well as to determine the conditions under which it is possible and appropriate to use such regulators for the specified purpose. 
Methodology. The regulating characteristics of step-up and step-down type pulse regulators with sequential and parallel switching 
on of the controlled key were determined and analyzed, taking into account the presence of a battery at their output. Results. It is 
shown that the transfer of energy from the source to the battery is possible only under certain modes of operation of the regulator, 
which depend on the type of regulator, as well as the amount of voltage on the battery. The conditions under which it is possible to 
draw the maximum power from the source are determined. Originality. Since the output resistance of the source and the load 
resistance are of the same order in the maximum power selection mode, the internal resistance of the power source was taken into 
account when determining the regulating characteristics of the regulators. Practical value. The obtained results made it possible to 
formulate practical recommendations for a justified choice of the regulator’s operating modes, depending on its type and the value of 
voltage on the battery. References 15, tables 1, figures 4. 
Key words: source output impedance, matching pulse regulator, battery operation, maximum power transmission, step-up 
and step-down type regulators. 
 
Проаналізовано регулювальні характеристики імпульсних регуляторів підвищувально-понижувального типу з урахуванням 
внутрішнього опору джерела живлення, за умови підключення акумулятора на їх виході. Показано, що за наявності 
акумулятора, регулятори напруги працюватимуть у режимі регулювання струму заряджання акумулятора. При цьому 
діапазон регулювання відносного часу замкненого стану ключа буде обмеженим. Дано рекомендації щодо вибору режимів 
роботи регулятора, за яких забезпечується передавання енергії від джерела до акумулятора, в залежності від схеми 
регулятора, а також значення напруги на акумуляторі. Визначено умови, за яких забезпечується передавання максимальної 
потужності від джерела живлення до акумулятора. Бібл. 15, табл. 1, рис. 4. 
Ключові слова: вихідний опір джерела, узгоджувальний імпульсний регулятор, робота на акумулятор, передавання 
максимальної потужності, регулятори підвищувально-понижувального типу. 
 

Introduction. When using different types of non-
traditional and renewable sources, they strive to obtain the 
maximum possible amount of electrical energy. For this, 
the operating point of the source must be at the point of 
maximum power (MP) on its output characteristic. 
However, this mode of operation of the source is possible 
only in the case when the output resistance of the source r 
coincides with the resistance of its load R [1, 2]. 

To ensure the possibility of selecting MP from the 
source in a wide range of changes in the load resistance, a 
pulse regulator (PR) is switched on between the source 
and the load, which matches the output resistance of the 
source with the load resistance [3-6]. In such cases, the 
role of the source load will be performed by the input 
resistance of the regulator Rе = f(R, t*), which is a function 
of the load resistance of the regulator R, as well as the 
relative time of the closed state of the regulator key 
t* = tclosed / T during the period of operation of the key T. 
By changing the parameter t* it is possible to ensure the 
fulfillment of the condition Rе = r in a wide range of 
changes in the load resistance R. 

The amount of energy coming from non-
conventional and renewable sources often depends on 
external conditions. Therefore, to ensure a more uniform 
supply of energy to the load, a battery is switched on at 

the PR output, which operates in buffer mode. In such 
cases, the PR load will be the battery itself, and the source 
load will be the input resistance of the regulator. 
Transmission of MP from the source to the battery can be 
ensured by choosing the appropriate operating mode of 
the PR [5, 7, 8]. 

In [9], the conditions under which it is possible and 
expedient to transfer the MP from the source to the 
battery using step-up and step-down PRs, as well as the 
peculiarities of the operation of these regulators in the 
specified mode, were analyzed. To match the output 
resistance of the source with the load, well-known PR 
circuits of the step-up-step type can also be used [10-12]. 

The goal of the work is to analyze the peculiarities 
of the step-up and step-down PRs operation in the mode 
of MP transmission from the source to the battery, as well 
as to determine the conditions under which it is possible 
and expedient to use such regulators with the indicated 
purpose. 

Circuits of regulators. Let’s consider those variants 
of IP circuits of the step-up and step-down type, which 
provide the possibility of sampling MP from the power 
source [13]. The corresponding circuits of the regulators 
are presented in Fig. 1, 2. 
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Fig. 1. Regulator of the step-up and step-down type 

with serial key activation 
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Fig. 2. Regulator of the step-up and step-down type 

with parallel key activation 
 

We determine and analyze the control characteristics 
of these regulators, with the help of which the PR 
operating mode can be determined, in which the MP will 
be selected from the power source. Since in the MP 
selection mode, the load resistance and the output 
resistance of the source are values of the same order, 
when determining the control characteristics of the 
regulators, we will take into account the internal 
resistance of the source, considering it to be linear. 

The regulator of the step-up and step-down type 
with serial activation of the key (Fig. 1). If the losses in 
the elements of the PR circuit are not taken into account, 
in the continuous current mode of the inductance L, the 
conditions will always be fulfilled [12] 
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If it is assumed that the internal resistance of the 
battery is much smaller than the internal resistance of the 
source, it can be argued that during the regulation process, 
the output voltage of the regulator will remain practically 
unchanged and will be equal to the voltage on the battery 
Uout = Ea. Therefore, in order for the system to be in a 
state of equilibrium during the regulation process, the 
input voltage of the regulator must be equal to 
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where t* = tclosed / T is the relative time of the closed state 
of the key S in the period T, tclosed is the duration of the 
closed state of the key.  

Due to the presence of the internal resistance of the 
source, the input voltage of the regulator will change with 
changes in the consumed current and will be determined 
by the output characteristic of the source [12] 

,in oc outU U І r                             (3) 

where Uoc is the no-load voltage of the power source. 
Thus, in a state of equilibrium, conditions (2), (3) 

must be fulfilled simultaneously 
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or moving to relative units [12] 
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where *
cа oаЕ UЕ ; *

cin sinІ ІІ ; sc ocІ U r  is the 

short-circuit current of the source. 
Taking into account that the no-load voltage of the 

source, as well as the battery voltage, are fixed, by 
changing the parameter t*, we will thereby adjust the input 
and, accordingly, the output current of the regulator 
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Taking into account (1) 
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Therefore, (6), (7) are the regulating characteristics 
of PR according to the circuit (Fig. 1). 

The regulator of the step-up and step-down type 
with parallel activation of the key (Fig. 2). For this 
circuit in the continuous current mode of the inductance 
L0, a relationship is valid [12] 
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where t* = topen / T; topen is the duration of the open state of 
the key S during the period T. 

Therefore, in the steady state of operation, the input 
voltage of the regulator should be 
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In order for the system to be in a state of 
equilibrium, the condition must be fulfilled 
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or in relative units 
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Therefore, the control characteristics of the PR 
according to the circuit (Fig. 2) will look like this  
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Thus, if there is a battery at the output, the regulators 
under consideration will operate in the mode of regulating 
the input and output current (battery charging current). At 
the same time, the output voltage of the regulators will 
remain almost constant and equal to the battery voltage. 

Analysis of control characteristics of regulators. 
If there is a battery at the output, the PR will operate in 
the battery charging current regulation mode. In the case 
of t* = 0, the power source and the load are disconnected 
from each other and there will be no energy transfer to the 
battery. If t* > 0, to ensure the transfer of energy from the 
source to the battery, the condition Іin > 0 must be 
fulfilled. For the circuit (Fig. 1), taking into account (6), 
this condition takes the form 
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*
*

*

1
1 0а

t
Е

t

 
  

  
,                      (14) 

and for the circuit (Fig. 2) 
*

*
*

1 0
1

а
t

Е
t

 
  

  
.                      (15) 

Taking into account that, in general, the parameter t* 
can vary in the range [0...1], taking into account (14), 
(15), we come to the conclusion that in the presence of a 
battery, the permissible range of changes in the parameter 
t* will be limited. For the circuit (Fig. 1), the permissible 
change of the parameter lies in the range 

*
*

*
1 ,

1
а

а

Е
t

Е
 


                         (16) 

and for the circuit (Fig. 2) 

*
*

1
0

1 а

t
Е

 


.                           (17) 

Therefore, the higher the voltage on the battery *
аЕ , 

the more limited the permissible range of regulation of the 
parameter t* in the PR will be. At the same time, the 
analysis of (16), (17) shows that the battery voltage can 
be both higher and lower than the no-load voltage of the 
power source Uoc.  

As is known [1], in the case of linear internal 
resistance of the power source, at the MP point, the 
relative value of its output current (input current of the 

PR) should be * 0.5inI  . 

Therefore, the condition of MP selection from the 
source for the regulator circuit (Fig. 1) will look like this 

*
*

*

1
1 0.5,а

t
Е

t


                         (18) 

and for the circuit (Fig. 2) 
*

*
*

1 0.5.
1

а
t

Е
t

 


                      (19) 

Thus, the MP will be transmitted from the source to 

the load under the condition that * *
МPt t , where for the 

regulator circuit (Fig. 1) 
*

*
* 0,5
а

МP
а

Е
t

Е



,                        (20) 

and for the circuit (Fig. 2) 

*
*

0,5

0,5
МP

а

t
Е




.                         (21) 

The regulatory characteristics of the considered 
circuits presented in Fig. 3, 4, confirm the results of the 
analysis carried out. The main properties of these circuits 
are similar. However, if for the circuit (Fig. 1) the 
permissible regulation range is limited to the left [tmin ... 1], 
then for the circuit (Fig. 2) it is limited to the right [0 ... tmax]. 
This is a consequence of the duality of the circuits of the 
considered regulators [13]. 
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Fig. 3. Regulatory characteristics of PR with serial key 

activation 
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Fig. 4. Regulatory characteristics of PR with parallel key 

activation 
 

To compare the properties of the four main PR 
circuits Table 1 shows their main features when operating 
in the MP transmission mode from the power source to 
the battery, namely: 

 condition of energy transfer from the source to the 
battery; 

 condition of MP selection from the source; 
 reasonable battery voltage Ea change range. 

 
Table 1 

Conditions of energy transfer from the source to the battery 

No.
Regulator 

type 

Energy 
transfer 

condition 

Condition of 
MP selection 

Reasonable 
range of 

change of *
аЕ

1 Step-down * *
аt Е  * *2МP аt Е  *0,1 0,5аЕ   

2 Step-up * *1 аt Е  * *1 2МP аt Е  *0,5 5аЕ   

3 
Step-up and 
step-down 
(Fig. 1) 

*
*

*1
а

а

Е
t

Е



 

*
*

* 0,5
а

МP
а

Е
t

Е



 *0,1 5аЕ   

4 
Step-up and 
step-down 
(Fig. 2) 

*
*

1

1 а

t
Е




 *
*

0,5

0,5
МP

а

t
Е




 *0,1 5аЕ   

 
Today, there are modified versions of step-up and 

step-down PR circuits that differ from the considered ones 
by the polarity of the output voltage (ZETA and SEPIC 
converters) [14, 15]. Changing the polarity of the output 
voltage is achieved by the appropriate construction of the 
output circuit of the regulator. However, since the main 
properties of the regulator are determined by the method 
of construction of its input circuit, and first of all by the 
method of connecting the controlled key S, the obtained 
results will be valid for the corresponding types of 
modified circuits of the step-up and step-down type 
regulators. 

Conclusions. 
1. If there is a battery at the output, the pulse voltage 

regulators will operate in the current regulator mode. 
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2. The nature of the regulation characteristic and the 
permissible range of regulation depend on the type of 
regulator and the value of the voltage on the battery. 

3. The maximum power from the source will be 

selected at a certain value of the parameter * *
МPt t , 

which is determined by the type of regulator and the value 
of the voltage on the battery.  

4. The pulse regulator of the step-up and step-down 
type, in comparison with separately the step-up and step-
down type regulators, have the widest permissible range 
of changes in the relative voltage on the battery. 
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Analytical determination of a quasi-stationary electromagnetic field created by magnetic 
moments and eddy currents in conducting half-space 
 

Aim. Study of the distribution of a three-dimensional alternating quasi-stationary electromagnetic field at the surface of conducting 
half-space with strong skin-effect, the source of which is an arbitrarily oriented magnetic moment. Methodology. The expressions for 
non-uniform electromagnetic field with strong skin effect are used for the analysis, which is based on the found exact analytical 
solution of the general three-dimensional problem and the use of expansion into asymptotic series with respect to a small parameter 
that is proportional to the ratio of the field penetration depth to the distance between the sources of the external field and the surface 
of body. Specific expressions at the surface are completely determined by the known field of external sources. In this work, the 
external magnetic moment field is used. Results. For strong skin effect, expressions for the electric and magnetic field strength are 
obtained separately for the components of the magnetic moment oriented perpendicularly and parallel to the flat surface between the 
dielectric and conducting areas. The features of the electromagnetic field distribution are analyzed depending on the value of 
introduced small parameter. The results are presented for the module and phase shift of the field strength with respect to the phase of 
the external field source. Originality. The expressions found for the electromagnetic field appear to be more general than the use of 
closed contours with alternating current, since they extend types of external field sources and allow the use of the superposition 
method instead of integration over the entire contour. Practical value. The found specific analytical expressions of the 
electromagnetic field at the surface for the external field of magnetic moments significantly  simplify  the solution of the problems, 
since they do not require additional solution of the field equations. References 20, figures 8.  
Key words: three-dimensional quasi-stationary electromagnetic field, strong skin effect, external field of magnetic moments, 
asymptotic method, analytical solution. 
 
Мета. Дослідження в умовах прояву сильного скін-ефекту розподілу на поверхні електропровідного півпростору тривимірного 
змінного квазістаціонарного електромагнітного поля, джерелом зовнішнього поля якого є довільно орієнтований магнітний 
момент. Методологія. Для аналізу використаний аналітичний розв’язок загальної тривимірної задачі для випадку 
неоднорідного електромагнітного поля при сильному скін-ефекті і використанні розкладання в асимптотичні ряди по малому 
параметру, який пропорційний відношенню глибини проникнення поля до відстані між джерелами зовнішнього поля і 
поверхнею тіла. Конкретні вирази на поверхні повністю визначаються відомим полем зовнішніх джерел, в якості яких 
використовується поле магнітного моменту. Результати. Для сильного скін-ефекту отримано вирази для напруженостей 
електричного і магнітного полів окремо для компонентів магнітного моменту, що орієнтовані перпендикулярно і паралельно 
до плоскої поверхні між діелектричною і електропровідною областями. Проаналізовано особливості розподілу 
електромагнітного поля в залежності від величини введеного малого параметру, Результати представлено для модулів і зсуву 
фаз компонентів напруженостей полів відносно фази джерела зовнішнього поля. Оригінальність. Знайдені вирази для 
електромагнітного поля уявляються більш загальними, ніж використання замкнених контурів зі зміннім струмом, оскільки 
розширюють види джерел зовнішнього поля, що враховуються, і дозволяють використати метод суперпозиції замість 
інтегрування по всьому контуру. Практична цінність. Знайдені конкретні аналітичні вирази електромагнітного поля на 
поверхні для зовнішнього поля магнітних моментів значно спрощують вирішення конкретних задач, оскільки не потребують 
для цього додаткового розв’язку рівнянь поля. Бібл. 20, рис. 8.  
Ключові слова: тривимірне квазістаціонарне електромагнітне поле, сильний скін-ефект, зовнішнє поле магнітних 
моментів, асимптотичний метод, аналітичний розв’язок. 
 

Introduction. The interaction of an alternating 
electromagnetic field with electrically conducting bodies is 
accompanied by the manifestation of the skin effect. In 
high-frequency and short-time pulsed electromagnetic 
processes, there is a strong skin effect, then the current and 
electromagnetic field are concentrated in the thin surface 
layer of the body. In this case, the formulation of 
mathematical models for calculating the electromagnetic 
field is significantly simplified. The simplest mathematical 
model of the ideal skin effect can be imagined, when the 
characteristic dimensions of the conducting body L 
significantly exceed the field penetration depth . Here, it is 
enough to consider a stationary problem for a body with 
ideal electrical conductivity and, accordingly, zero field 
penetration depth 0 [1, 2]. In this case, the normal 
component of the magnetic and the tangential component 
of the electric fields are equal to zero. 

The further development of approximate models of 
the electromagnetic field penetration into conducting 
medium at   0 is associated, first of all, with studies 
based on the impedance boundary condition [3, 4].  

In the mathematical model proposed by 
M. Leontovich back in the middle of the 20th century [3], 
the model with ideal electrical conductivity remained the 

starting point. From this model, the magnetic field 
strength tangent to the surface of the conducting body was 
determined. The bounded depth of field penetration was 
calculated using the concept of the impedance boundary 
condition, where the magnetic field strength at the surface 
of the body is related to the electric field strength by a 
specific ratio. It is assumed that electromagnetic field 
locally penetrates into metallic body in the same way as 
uniform field penetrates into conducting half-space. The 
model is approximate and one of the issues is determining 
the limits of the model's application. A detailed analysis 
of many years of research in the development of the 
concept of the impedance boundary condition is 
presented, for example, in [5, 6]. 

The development of effective methods for solving 
3D problems of electromagnetic field theory in a fairly 
general formulation is a topical problem, despite 
significant progress in the use of numerical calculation 
methods. Analytical methods of solving similar problems 
still have a certain appeal for theoretical research. This is 
due to their positive aspects. First, there is a wide range of 
objects where specialized analytical or combined 
numerical and analytical approaches remain effective. 
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Such objects include, in particular, systems whose 
geometric features are characterized by a different nature 
of the field change in space – a rapid change near 
concentrated sources of the field or near the interface 
between media and a much slower one in another region 
of space with a much larger volume. Secondly, the 
availability of an analytical solution makes it possible to 
obtain general features of the formation of a 3D field, and 
make it possible to carry out an in-depth analysis of the 
causes and features of physical processes. There is also an 
opportunity to develop well-grounded approaches to 3D 
modeling of complex electromagnetic systems. Finally, 
analytical solutions provide a certain set of exactly 
solvable problems, which can be a benchmark for 
comparison when developing other methods for 
calculating systems of more complex geometry, where 
obtaining analytical solutions is impossible. 

The book [7] presents the exact analytical solution 
obtained by the author and published in separate articles 
for alternating and pulsed electromagnetic fields created 
by a system of spatial contours with a current of arbitrary 
configuration, located near a magnetized conducting body 
with a flat surface, where eddy currents are induced. The 
solution for closed contours was found in the integral 
form for vector and scalar potentials, magnetic and 
electric field strengths in dielectric and conducting media 
without restrictions on the geometry of the contours, 
medium properties and field frequency. The obtained 
solution made it possible, in particular, to establish the 
following general features of field formation [8]. The 
components of current density and electric field strength, 
perpendicular to the surface, have a zero value in the 
entire conducting half-space. The result is also a boundary 
condition for the normal component of the electric field 
strength in the dielectric medium, which is completely 
determined by the known field of external sources. 
Another consequence of the exact solution is the 
conclusion that non-uniform electromagnetic field, when 
penetrating into conducting half-space, always decays 
with depth faster than uniform field.  

Simplification of computational procedures is also 
necessary for the analytical solution, especially when 
solving optimization and inverse problems of field theory. 
The calculation is simplified significantly not only for 
ideal skin effect at 0, but also for the strong skin effect 
in its extended sense, when the distance r between the 
sources of external field and observation points at the 
body surface is limited. An effective technique is the 
expansion of potentials and field vectors into an 
asymptotic series [9, 10] with respect to the small 

parameter   12  r , where  is the relative 

magnetic permeability of the conducting medium. This 
representation also allows to draw further conclusions 
regarding the general features of the 3D electromagnetic 
field formation. In particular, it was established that at the 
flat boundary the field strength is determined not only by 
the value of the components of known external field, as in 
the model of ideal skin effect, but also by its derivatives 
along the coordinate perpendicular to the media interface. 
Thus, the effect of field non-uniformity at the surface is 
determined, and the distribution of the field at the surface 

does not require the solution of additional boundary value 
problems. 

The peculiarity of the applied power asymptotic series 
of the Poincaré type [11, 12] is the limited number of their 
members N. This is due to the error of determining each 
term of the series, which increases with the increase in the 
value of the parameter  and the number of the series term 
n. Therefore, there is such a number of terms at which the 
error is minimal and further increasing their number only 
increases the error. In [9, 10], issues of the limits of 
application of the asymptotic method for the general case 
of an arbitrary external field, error analysis, determine of 
the number of terms of limited series, as well as their 
optimal number are presented. In addition, when 
calculating the value of the field due to the error in 
determining the terms of the series, their values are taken 
into account with a weight function, the value of which 
depends on the error estimate. 

In [9], in particular, it is shown that calculations with 
sufficient accuracy can be performed for the value of the 
small parameter   0.3. This condition is fulfilled in 
many technological processes, where it is necessary to 
ensure a strong interaction between the electromagnetic 
field of inductor and the conducting body. For example, 
in devices for high-frequency induction heating of flat 
metal products [13, 14], the distance between the inductor 
and the body usually does not exceed h = 3 cm. In this 
case, at  = 0.3, for example, for brass products ( = 1, 
 = 1.25107 –1 m-1) at h = 0.03 m calculations can be 
performed for frequencies f = /2  125 Hz. In 
equipment for exposure to a strong field to improve the 
mechanical properties of metal products [15, 16], the 
distance is h = 0.01-0.02 m. In this case, at h = 0.01 m for 
aluminum ( = 1,  = 3.71107 –1 m–1) permissible 
frequencies are f  380 Hz. It should be noted that the 
devices for the technological processes indicated here are 
examples of objects in the development of which the 
calculation methods under investigation can be used.  

Sources of the external field can be not only 
contours with alternating current. In the general case, 
sources of the external field can also be represented by a 
system of magnetic moments [17]. This representation is 
even more convenient, since in the quasi-stationary 
approximation the contour must be closed and cannot be 
divided into parts [18]. At the same time, the principle of 
superposition is valid for the magnetic field of the system 
of magnetic moments. Each magnetic moment m is a 
individual field source whose vector A (A=0) and scalar 
m magnetic potentials in a non-magnetic medium  
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here the vector r is directed from the point of source 
(moment) to the observation point. 
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Each contour with current I0, for the electromagnetic 
field of which calculation expressions are given in [7], can 
be replaced by a surface S resting on a closed contour with 
field sources in the form of a double layer of magnetic 
charges (magnetic moments) dm = 0I0dSn, where 0I0n is 
the surface density vector of the distributed magnetic 
moment directed along the normal n to the surface (Fig. 1). 

dm 

 
Fig. 1. Replacement of a contour with a current by the surface of 

a double layer of magnetic charges (magnetic moments) 
 

Now, in contrast to the found expressions for the 
contour, the calculations allow the application of the 
principle of superposition with the summation of the fields 
created by the system of magnetic moments covering the 
surface S. As the distance from the source of the field to the 
observation point increases, the number of magnetic 
moments that provide the required accuracy decreases. At a 
considerable distance, the field source can be represented 
by one total magnetic moment that creates the field (1), (2). 

Currently, despite the fairly general nature of the use 
of the field of magnetic moments, there are not enough 
specific studies of their application to represent the field of 
external sources in the asymptotic method of calculating the 
electromagnetic field. Therefore, the study of the possibility 
of their application in the practice of analytical calculations 
of 3D quasi-stationary fields is a topic problem. 

The goal of the work is to obtain specific calculation 
relationships and to study the features of the distribution 
for non-uniform quasi-stationary electromagnetic field at 
the surface of conducting half-space created by external 
source in the form of one magnetic moment and eddy 
currents in conducting medium which change in time 
according to a sinusoidal law under the conditions of 
strong skin effect. 

Mathematical model. It is assumed that near the 
conducting half-space with electrical conductivity  and 
relative magnetic permeability  at a distance h in 
dielectric non-magnetic medium there is a magnetic 
moment  mmm  ||  that varies in time according to a 

sinusoidal law with cyclic frequency  (Fig. 2). Here and 
in the below, complex amplitudes are denoted by a dot 
above the corresponding symbol. 

x ,   
Fig. 2. The location of the magnetic moment nearby 

conducting half-space 

In the general case, the magnetic moment is arbitrarily 
oriented relative to the media interface: the component 

|||||| em m   is oriented parallel to the surface along the unit 

vector e||; the component zzm em    is oriented along the 

unit vector normal to the surface ez.  
The solution of the problem for the electromagnetic 

field at the surface between dielectric and conducting 
areas based on the exact solution for the system: «an 
arbitrary spatial contour with sinusoidal current as a 
source of the external field – a conducting half-space» [7]. 
It was shown in [8] that in the case of strong skin effect in 
the extended sense when  < 1, taking into account the 
external field non-uniformity at the surface of conducting 
body with flat surface, the electric and magnetic field 
strengths are completely determined by the magnetic field 

strength of external sources 0H . The resulting 

expressions in the form of expansion into limited 
asymptotic series for the tangential and normal 

components of the electric  EEE 
||  and magnetic 

 HHH 
||  field strengths are as follows: 

- Tangential components of fields that are the same 
at the surface in dielectric and conducting media: 

    
0

||0

)(

0
|| 20

 






















 

z

zn

n

n

n

n
zj

r
az HeE

N



 ; (3) 

    
0

||0
)(1

0
1|| 20






























 

z

n

nN

n

n

n
zj

r
az




H

H


 , (4) 

where  = p/ is the surface impedance, 0jp   is 

the propagation constant, j is the imaginary unit. In (3), 

(4) it is taken into account that pjr   . The an() 

are the coefficients of the Taylor series expansion of the 
function 
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it is assumed a–1 = –1. The number N of terms of the 
limited asymptotic series is determined, first of all, by the 
value of small parameter  [9, 10]. 

- Normal components of the electric 
E , 

E and 

magnetic 
H , 

H  fields at different sides of the surface 

in the dielectric (z = 0+0) and conducting (z = 0–0) media 
are different. 

At any point of the electrically conducting medium, 
the component of the electric field intensity directed 
perpendicular to the surface is equal to zero for arbitrary 
values of the parameter  and then at the surface of the 
body in dielectric medium the electric field strength is 
completely determined by the induced electric field of 
external sources which is considered as known 

   00 zzE ;    02 0 
 zAjE z

  , (5) 

where  00 zA z
  is the normal component of the vector 

potential of the magnetic field of external sources. 
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Taking into account the continuity of the normal 
component of the magnetic flux density, the expressions 
for the normal components of the strength on different 
sides of the surface are 
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The zero term of the asymptotic series in (3), (4) 
corresponds to approximate model in which it is assumed 
that the field at the surface is uniform and the normal 
component of the magnetic field strength is zero. At the 
same time, the value of the tangential magnetic field at 
the surface corresponds to the magnetic field at the 
surface of a body with ideal conductivity and, 
accordingly, zero field penetration depth 0. 

Expressions (3) – (6) take into account the non-
uniformity of the field of external sources. This is 
evidenced by the presence in the expressions of 
derivatives with respect to coordinates directed 
perpendicular to the surface of interface media. The 
influence of the non-uniformity of the electromagnetic 
field for tangential components is revealed in terms of the 
series with numbers n  1. The normal component of the 
external field is already taken into account in the first 
term of the asymptotic series.  

The given expressions of electromagnetic field 
distribution are approximate. In the calculation examples 
presented below, the value of the small parameter does 
not exceed the assumed value  = 0.3. The number of 
terms of the asymptotic series was equal to four (N = 3). 
At the same time, according to the estimates made in 
[9, 10], the relative error in determining the field strengths 
did not exceed the value N = 510–3.  

The electric and magnetic components of the field at 
the flat surface of the conducting body are calculated 
below separately according to expressions (3), (4), (6) for 
the components of the magnetic moment oriented along 
the normal and parallel to the surface. 

Electromagnetic field of magnetic moment m 
oriented along the normal to the surface. The external 
magnetic field of the magnetic moment zzm em    has 

axial symmetry, and it is convenient to write its 
expression in the cylindrical coordinate system (, , z) 
with standard basis vectors (e, e, ez) directed along the 
corresponding coordinates. Then, in accordance with (2), 
the magnetic moment creates the following field at 
arbitrary point of the space  
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 (7) 

The parameter  depends on the distance r between 
the source and observation points. At the point Q0 at the 
surface directly below the magnetic moment the distance 
r = h is minimal and parameter  takes its maximum 
value. Accordingly, at this point the error of the 
approximate calculation method is the largest. 

For further analysis, we will use the single 
maximum value of the small parameter 

   hrhm   2 . Using the h and m values, the 

surface impedance is found to be mhj  0 .  

By substituting the value of the external magnetic 
field (7) into the expressions for the field strengths (3), (4), 
(6), we obtain their distribution along the radial coordinate 
 at the surface of the conducting body, depending on the 
value of the small parameter m, as well as the height of the 
location h and cyclic field frequency . 

The normalized values of the electric and magnetic 
field strengths are entered as follows: 
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The expression for the normalized value of the 
tangential component of the electric field strength takes 
the following form: 
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In turn, the normalized values of the tangential and 
normal to the surface components of the magnetic field 
strength are revealed 
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From the presented dependencies, it can be seen that 
in this case of axisymmetric electromagnetic field, the 
electric field strength has only one azimuthal component, 
and the magnetic field strength is represented by radial 
and normal components. 

In Fig. 3–5, the dependencies of the distribution of the 
normalized components of the complex-value amplitudes 
of the electric and magnetic field strengths are given as 

  EjEE exp**    and  Hkkk jHH exp**    

where k = , z. The sign «–» before the module of the 
complex-value amplitude is used to indicate the opposite to 
the selected direction of the field vector component. In this 
case, at the same time, the phase shift angle relative to the 
phase of the magnetic moment changes by π.  

 a b

/h /h  
Fig. 3. Distribution along the surface of the module *

E  (a) 

and the phase shift angle E (b) of the tangential component of 
the electric field strength for the source m  
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a b

/h m  
Fig. 4. Radial component of the magnetic field strength: 

dependence of the module *
H  on the radial coordinate (a); 

dependence of the phase shift angle H on the parameter m (b) 

 a b 

/h /h  
Fig. 5. Distribution along the surface of the module *

zH  (a) 

and phase shift angle Hz (b) of the normal component 
of magnetic field strength 

 

For an ideal skin effect at m0, the tangential 
strength of the electric field, as well as the normal 
component of the magnetic field, are equal to zero. In this 
case, the tangential strength of the magnetic field is equal 
to double value of the tangential component of external 
magnetic field [9]. Such field is used in a simplified 
model of the diffusion of a locally uniform field into a 
conducting body. In this case of the field of the magnetic 
moment, the phase shift is equal to zero, the tangential 
component is directed towards the radial coordinate (9), 
reaches its maximum value at the points of the circle of 
radius  = h/2 and is equal to 

717,115,05,06 2*
||max H . 

From the data presented in Fig. 3–5 it can be seen 
that with an increase in the parameter , that is, with 
increase in the influence of the external electromagnetic 
field non-uniformity during its diffusion into the 
conducting half-space, the character of the field 
distribution over the surface changes.  

The tangential component of the electric field 
(Fig. 3) is no longer zero and increases with the growth of 
the parameter . On the contrary, the tangent component 
of the magnetic field strength decreases with increasing . 
At the same time, as can be seen from Fig. 4,b, the 
dependence on the parameter  of the phase shift has a 
non-monotonic character. 

For non-uniform field at the bounded thickness of the 
skin layer, that is, in the case of  > 0, the normal 
component of the magnetic field strength is no longer zero. 
Note that even for the parameter   0.2, the normal 

component *
zH  becomes commensurate with the 

tangential component *
H  and neglecting this field 

component in simplified models can lead to significant 
calculation errors. We also note that the normal component 
of the magnetic field becomes insignificant at the distance 
of /h  0.8. In the area /h  0.81.0, the phase shift of 
the normal component of field changes sharply by 
approximately 180. This means that in this area there is 
change in the direction of normal component of field 
compared to the direction in the area /h  0.8.  

Note also that the magnetic field is elliptically 
polarized. This is evidenced by the fact that, as can be 
seen from Fig. 4,b and Fig. 5,b that the phases of the 

mutually perpendicular magnetic field components *
H  

and *
zH  are differ from each other. 

Electromagnetic field of magnetic moment m||, 
oriented parallel to the surface. In contrast to the previous 
case of normally oriented magnetic moment, the magnetic 
field of magnetic moment |||||| em m   oriented parallel to the 

surface of media interface is convenient to write in the 
Cartesian coordinate system (x, y, z), the x and y axes of 
which lie at the surface, and the x axis is directed along the 
projection of the vector ||m  to flat surface (Fig. 2). The 

standard basis vectors of the coordinate system are (ex, ey, ez).  
The external magnetic field of the considered 

magnetic moment in the Cartesian coordinate system has 
all three components 
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After substituting (11) into expressions (3), (4), (6) 
for the electric and magnetic field strengths at the surface 
of media interface, we obtain 
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In this case, the electromagnetic field at the surface 
of the half-space is symmetrical about the x axis. The 

components of the electric xE||
  and magnetic yH||

  field 
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strengths have even symmetry, the components yE||
 , 

xH||
 , zH

  of the electromagnetic field have odd 

symmetry relative to the x axis. 
An understanding of the electromagnetic field 

formation can be obtained if we first consider the ideal 
skin effect. In this case, it is sufficient to consider the 
formation of a magnetic field only in dielectric medium. 
The method of mirror images can be used to calculate the 
magnetic field of the moment located above the media 
interface. In the case of ideal skin effect, the general 
solution of the problem for finding the magnetic field is 
reduced to taking into account the current of the source 
and mirrored from the surface of the contour with the 
oppositely directed current [7]. This representation for 
magnetic moments, in contrast to currents, is reduced to 
the same direction of the tangential components and the 
opposite direction of the normal components of the initial 
m and mirrored m1 moments [17] (Fig. 6,a). 

 

b a  
Fig. 6. The structure of the magnetic field of the magnetic 
moment located over half-space with ideal conductivity 

 
 

The structure of the magnetic field of two equally 
directed magnetic moments m|| and m1|| (Fig. 6,b) is 
convenient to analyze by defining critical points [19, 20] 
at which the vector field is zero. Let’s find such points in 
the vertical plane y = 0. The field component 
perpendicular to this plane is zero Hy = 0. Due to the 
symmetry of the two magnetic moments, the field 
component perpendicular to the x axis and directed along 
the z axis is also zero Hz = 0. It remains to find the zero 
value of the Hx component on the x axis. Both magnetic 
moments have the same Hx field components. As a result, 
we get for this component 
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  (15) 

It follows from this that the critical points of the field 

in the plane y = 0 are located at the points 2hx   of 

the axis parallel to the direction of the magnetic moments. 
These are critical points of the hyperbolic type (saddle) S, 
through which the separatrixs pass – the field lines (shown 
by bold lines), which separate areas with different character 
of field formation. In Fig. 6,b for clarity, magnetic field 
lines are shown not only above the surface of the body, but 

also in the area z < 0, where the field is absent in the case of 
an ideal skin effect. 

Figure 7 illustrates the dependence of the various 
components of the magnetic field strength on the 
coordinates at the plane and on the value of the small 
parameter m, the difference from zero of which indicates 
the influence of the bounded value of the penetration 
depth of the non-uniform electromagnetic field. In all 
figures, the dependencies for the ideal skin effect  = 0 are 
shown by bold curves. 

x/h 

a b 

x/h  
c d 

y/h x/h  
Fig. 7. Distribution of the tangential component of the magnetic 

field at the media interface for the source ||m  

As can be seen from Fig. 6,b, at m = 0, the tangential 
component of the magnetic field strength at the surface of 
the body changes direction when passing through critical 
points S. This feature of the field distribution is also shown 
in Fig. 7,a. When m > 0, when the eddy currents no longer 
flow along the surface, but occupy a certain layer of finite 
thickness, a general tendency to decrease the magnetic field 
is observed. Here, the position of the critical hyperbolic 
point practically does not change. 

When moving away from the plane y = 0, the 
longitudinal (parallel to the direction of the magnetic 
moment) component of the magnetic field strength 
decreases (Fig. 7,c). The zero value of this component 
still exists. However, not all components of the field 
strength are equal to zero at the corresponding points of 
the surface when y  0. The tangential strength 
component perpendicular to the x axis will be different 
from zero (Fig. 7,d). This feature is illustrated in Fig. 8. 

y/h 

a b

x/h  
Fig. 8. Distribution over the surface of the modules of the 

normal component of the magnetic field (a) and the tangential 
component of the electric field (b) for the source m|| 
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The normal component of the magnetic field strength 
(Fig. 8,a) remains insignificant compared to the maximum 
value of the tangential component of the magnetic field 
(Fig. 7,a). But in the area near critical points of the field, 
the normal component becomes dominant. 

The electric field strength under the external field of 
the horizontal magnetic moment (Fig. 8,b) is comparable 
in value to the electric field created by the action of the 
magnetic moment oriented normal to the surface (Fig. 5). 

Conclusions. From the presented results for both 
the normally oriented magnetic moment and the moment 
directed parallel to the media interface, it follows that 
mathematical models with ideal skin effect at 0 have 
a limited scope of application. In the case of non-uniform 
field of external sources, when the field penetration depth 
is commensurate with the distance between the source 
and conducting body, it is necessary to use more correct 
mathematical models for electromagnetic field. 
Analytical approaches using the expansion of the field 
into asymptotic series based on the introduced small 
parameter  are convenient way of describing the 
electromagnetic field. 

The specific expressions found for the 
electromagnetic field at the surface between the dielectric 
and conducting half-space under the action of arbitrarily 
oriented magnetic moment appear to be more general than 
the use of closed contours with alternating current, since 
they expand the types of considered external field sources 
and allow the use of the superposition method instead of 
integration over the whole contour. 

In cases that allow the use of the conducting half-
space model with strong skin effect, specific expressions 
for the field at the surface are found, which are completely 
determined by the known field of external sources (in this 
case, the field of magnetic moments). This significantly 
simplifies the solution of the corresponding problems, since 
there is no need to separately solve the field equations. 

Further development of research can be aimed at 
determining the field under the action of other types of 
sources of a non-uniform external field, finding the 
impedance boundary condition for such fields, and finally, 
as a general program, spreading the applied approach to 
systems with curvilinear surfaces of media interface. 
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Electrical engineering equipment for generating and measuring of complete pulse current of 
artificial lightning in the conditions of high-voltage electrophysics laboratory 
 

Goal. Decision of problem scientific and technical task on the reliable generating and measuring in the conditions of high-voltage 
electrophysics laboratory basic component of complete pulse current of artificial lightning with the rationed amplitude-temporal 
parameters (ATPs) with the use of the modernized generator of current of lightning of type of UITOM-1. Methodology. Bases of the 
applied electrical engineering, electrodynamics and electrophysics, electrophysics bases of technique of high-voltage and high pulse 
currents, bases of high-voltage pulse technique and measuring technique. Results. Information, which specify on a decision at 
Research and Design Institute «Molniya» of National Technical University «Kharkiv Polytechnic Institute» problem scientific and 
technical task, related to the reliable generating and measuring in the conditions of high-voltage electrophysics laboratory of 
complete pulse current of artificial lightning, which contains pulse A- (repeated pulse D-), intermediate B- and long-term C- 
(shortened long C*-) components of this current, is resulted, ATPs which answer the hard technical requirements of normative 
documents of the USA of SAE ARP 5412: 2013, SAE ARP 5414: 2013 and SAE ARP 5416: 2013. Short information is indicated 
about the applied electrical circuits of separate high-voltage generators of pulse currents of condenser type of GIC-A (GIC-D), GIC-
B and GIC-C (GIC-C*), which it is worked as synchronous appearance on the general electrical loading in composition the 
modernized powerful high voltage generator of complete pulse e current of artificial lightning of type of UITOM-1, and in-use high-
voltage measuring facilities which contain the heavy-current low-resistance shunts of type of SHK-300 for simultaneous registration 
with their help on examinee on stability to lightning devices objects of aviation and space-rocket technique of ATPs proper 
component of complete i pulse current of artificial lightning. Technical examples are resulted and the row of results of practical 
application of the indicated domestic powerful high-voltage proof-of-concept electrophysics equipment is described at the tests of 
elements of some aircrafts (ACs) on resistibility to the direct action on them of complete pulse current of artificial lightning with 
rationed ATPs. Originality. A problem is formulated and having the important applied value in area of aviation and space-rocket 
technique for the leading countries of the world scientific and technical task on the reliable generating and measuring in the 
conditions of high-voltage electrophysics laboratory indicated component of complete pulse current of artificial lightning with 
rationed ATPs and concrete electro-technological ways and hardware are indicated for its successful decision. Practical value. The 
use of the modernized powerful high-voltage generator of complete pulse current of artificial lightning of type of UITOM-1 
developed in practice and created in Ukraine will allow to conduct the real verification on resistibility to the action of lightning of 
different side systems, devices and construction elements, containing metallic and composition materials, both again developed and 
modernized ACs, that will be instrumental in the increase of vitality of such ACs in the extreme terms of their flight and stay in an 
electrical active earthly atmosphere with flowing in it storm electrical discharges. References 30, tables 3, figures 20. 
Key words: pulse current of artificial lightning, modernized high-voltage generator of current of lightning, shunt, generating, 
measuring, components of current of lightning. 
 

Приведені дані, які вказують на вирішення в НДПКІ «Молнія» НТУ «ХПІ» проблемної науково-технічної задачі, пов’язаної з 
надійним генеруванням і вимірюванням в умовах високовольтної електрофізичної лабораторії повного імпульсного струму 
штучної блискавки, що містить імпульсну А- (повторну імпульсну D-), проміжну В- і тривалу С- (укорочену тривалу С*-) 
компоненти даного струму, які відповідають технічним вимогам нормативних документів США SAE ARP 5412: 2013, SAE 
ARP 5414: 2013 і SAE ARP 5416: 2013. Вказані відомості про застосовані електричні схеми окремих високовольтних 
генераторів імпульсних струмів конденсаторного типу ГІС-А (ГІС-D), ГІС-В і ГІС-С (ГІС-С*), що синхронно працюють на 
загальне електричне навантаження у складі модернізованого потужного високовольтного генератора струму штучної 
блискавки типу УИТОМ-1, і використовувані високовольтні вимірювальні засоби, які містять удосконалені низькоомні 
шунти типу ШК-300 для одночасній реєстрації за їх допомогою на випробовуваних на блискавкостійкість пристроях 
об’єктів авіаційної і ракетно-космічної техніки амплітудно-часових параметрів (АЧП) відповідних компонент повного 
імпульсного струму штучної блискавки. Приведені технічні приклади і описані деякі результати практичного застосування 
вказаного модернізованого вітчизняного високовольтного електрофізичного обладнання при випробуваннях елементів 
вітчизняних літальних апаратів на стійкість до прямої дії на них основних компонент імпульсного струму штучної 
блискавки з нормованими АЧП. Бібл. 30, табл. 3, рис. 20. 
Ключові слова: імпульсний струм штучної блискавки, модернізований високовольтний генератор струму блискавки, 
шунт, генерування, вимірювання, компоненти струму блискавки. 
 

Relevance of the topics. The direct (indirect) effect 
of powerful natural thunderstorm long spark discharges 
(lightning) on objects of aviation and rocket and space 
technology during their stay in the Earth’s electrically 
active atmosphere can lead to accidental damage to their 
metal (composite) structural parts (elements) and 
irreversible failure of their electrical equipment and on-
board systems (for example, computer equipment, 
control, navigation and communication systems), which 
can have catastrophic consequences [1-7]. No less 
dangerous are direct lightning strikes to ground technical 
objects (for example, TV and radio antennas, energy 
objects and their overhead power lines) [1, 3, 8]. Here, the 
main factors of damage to the specified objects are 

powerful electromagnetic disturbances arising from the 
propagation of a high-current plasma channel of lightning 
in the air and causing the appearance in the on-board 
(internal) electrical circuits of these objects of large 
electrical currents (overvoltages and shock currents 
caused by them ), as well as large pulse currents flowing 
in the zone of local attachment of the lightning plasma 
channel on their surfaces and which are characterized by 
strong electrothermal and electrodynamic action [1, 3, 9]. 
In this regard, various electrotechnical approaches and 
surge protection devices are used for lightning protection 
of the specified technical objects [1-3, 10, 11]. 
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According to [4-9], a reliable method of checking 
the used electrotechnical approaches and fail-safe devices 
when providing lightning protection equipment and 
systems for both aircrafts (ACs) and ground objects is 
their full-scale test for the direct (indirect) effect of 
powerful artificial thunderstorm spark discharges 
reproduced in the conditions of a high-voltage 
electrophysical laboratory. For the practical 
implementation of such electromagnetic tests of ACs and 
other technical objects, appropriate powerful high-voltage 
electrical test equipment is required. 

In [7, 9], the circuit of a high-voltage electrical 
installation is indicated, which allows, in accordance with 
the technical requirements of the NATO Standard 
AESTR-500: 2016, to form an aperiodic current pulse of a 
time shape of 50 μs/500 μs with amplitude of up to 
±10 kA on various devices and systems of ACs tested for 
lightning resistance at constant voltage of the electric 
charge of its capacitor bank up to ±2 kV. At the same 
time, in accordance with the technical requirements of US 
regulatory documents [12-14], other amplitude-time 
parameters (ATPs) of individual components of the full 
pulse current of artificial lightning are required during 
lightning resistance tests of on-board systems, component 
parts and elements of the aircraft (Table 1). 

Table 1* 
Normalized ATPs of the main components of the full pulse 

current of artificial lightning [12-14] 
Lightning 

current 
component 

ImL, 
kA 

Ic, 
kA 

qL, 
C 

Ja, 106 
J/ 

τf, 
s 

τp1, 
ms 

A 200±20 – – 2±0,4 ≤50 ≤0,5 
B – 2±0,4 10±1 – – 5±0,5 
С 0,2-0,8 – 200±40 – – (0,25-1)103

C* – ≥0,4 6-18 – – 15-45 
D 100±10 – – 0,25±0,05 ≤25 ≤0,5 

*Note. ImL – the amplitude of the lightning current pulse; 
Ic≈qL/τp – the average value of the pulse current; qL – the amount 
of charge flowing in the current pulse; Ja – the integral of the 
action of the lightning current pulse; τf, τp1 – respectively, the 
duration of the front of the current pulse between the levels 
(0.1-0.9) ImL and the duration of the lightning current pulse at 
the level ≤0.1 ImL 

At the same time, it should be noted that, according 
to [12-14], depending on the AC’s area affected by 
lightning in the Earth’s atmosphere, its full pulse current 
may contain the following main components, the ATPs of 
which differ significantly from each other: pulse A- 
(repeated pulse D-), intermediate B- and long-term C- 
(shortened long C*-) components. Moreover, in the 
practice of electromagnetic tests on the lightning 
resistance of technical devices and on-board systems of 
civil and military ACs, the following combinations of the 
specified components of the full pulse current of artificial 
lightning are most often used [9, 12-14]: A-, B- and C-
components (area 3 of damage); A-, B- and C*- 
components (area 1A of damage); D-, B- and C*- 
components (area 2A of damage). The sequence of flow 
of these components of the lightning current for the 
corresponding zones of damage to the AC in the 
atmospheric air by the lightning discharge must 
correspond to the order indicated above, and each of the 
given components of the lightning current must 
monotonically transition into another one. 

To meet the technical requirements [12-14], [15] 
shows a diagram of a powerful high-voltage electrical 
installation, which was intended for testing on-board 
systems and AC elements for lightning resistance. The 
practice of operating a powerful lightning current 
generator (LCG) according to [15] revealed a number of 
technical deficiencies in its construction circuits and 
operation: insufficient protection of the used high-voltage 
capacitors in a total number of several hundred pieces of 
pulse current generators (PCGs) of LCG from emergency 
shock currents with amplitude of up to ±500 kA in the 
microsecond time range; lack of recommendations for the 
simultaneous selection of the lengths h1−h3 of the 
insulating air gaps in the used high-voltage high-current 
commutators of PCG when changing the levels of their 
charging electric voltage Uc, as well as the length hе of the 
air gap between the edge of the electrically explosive wire 
(EEW) and the tested sample (TS) of the AC; the 
presence of cases of non-synchronous parallel operation 
in the LCG circuits of its individual generators GIC-A, 
GIC-D, GIC-B, GIC-C* and GIC-C on the total RLLL – 
the load of the TS of the corresponding AC, which 
excludes obtaining the necessary according to the 
requirements [12-14 ] test pulses of artificial lightning 
current.  

From the data in Table 1 for the indicated ATPs, the 
component of the full pulse current of artificial lightning 
and the application of the necessary for their practical 
production of the PCG, built on the basis of individual 
high-voltage LCG of the capacitor type, it follows that the 
development and creation of such PCG in the field of 
high-voltage pulse technology (HPT) is a complex 
scientific and technical task. At the same time, the one 
related to the simultaneous registration from one high-
voltage measuring device at once of at least three 
components of the pulse current of artificial lightning 
with ATP, which are sharply different from each other, 
turns out to be an equally difficult task. One of the 
indirect confirmations of this is the fact that at present we 
do not know the electrotechnological construction circuits 
and technical designs of similar high-voltage PCGs and 
means for measuring lightning currents, which were given 
in the open literature of the leading countries of the world. 

The goal of the article is to solve the problematic 
scientific and technical task of reliable generation and 
measurement in the conditions of a high-voltage 
electrophysical laboratory of the main components of the 
full pulse current of artificial lightning with normalized 
ATPs using a modernized PCG of the UITOM-1 type. 

1. Electrotechnological circuits of the construction 
of a powerful UITOM-1 type PCG. Figure 1 shows the 
modernized electrical circuit of the construction of a 
powerful high-voltage PCG of the UITOM-1 type [16], 
which includes five separate high-voltage LCG (GIC-A, 
GIC-D, GIC-B, GIC-C and GIC-C*) with the possibility of 
their parallel and reliable synchronous operation on a 
common low-impedance active-inductive RLLL – load in 
the mode selected by the researcher for the formation of 
the corresponding components of the full pulse current of 
artificial lightning. The necessary combination of the 
components of the full pulse current of artificial lightning 
and the corresponding powerful high-voltage PCG, 
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specified in accordance with the technical requirements of 
the specified regulatory documents [12-14], is carried out 
with the help of electrical switches X1-X4 (Fig. 1) and 
which allow them to be manually switched on or off from 
the electromagnetic circuit of TS tests. 

2 H 

11.43 mH 2.74  

1.5 H 1 H 

123 H 

0.076  0.26  0.05  

0.5  
1.09  2 

0.158 m243 F 90 F 
1.96 mF 1.40 mF 45.36 mF

GIC-A GIC-D GIC-B GIC-CGIC-C*Load 
equivalent  

Fig. 1. Improved electrical circuit for the construction of a 
powerful high-voltage PCG of the UITOM-1 type with one 
common electric RLLL – load and discharge circuits of its 

separate high-voltage generators working in parallel GIC-A, 
GIC-D, GIC-B, GIC-C and GIC-C* (F1, F2 – three- and two-
electrode high-current air commutators for nominal constant 
voltage of ±50 kV and ±5 kV; X1-X4 – electrical switches; 

RS ≈(0.158±0.005) mΩ – active resistance of the SHK-300M1 
type measuring shunt; R1- R5, R1-R5, L1-L3 – intrinsic 

electrical parameters of discharge circuits of high-voltage 
generators GIC-A, GIC-D, GIC-B, GIC-C* and GIC-C; R6, L4 – 

electrical parameters of forming RL elements for discharge 
circuits of high-voltage generators GIC-C and GIC-C*) [16] 

 
It should be noted that the GIC-D generator in the 

improved LCG circuit of the UITOM-1 type is assembled 
from 30 parallel-connected pulse capacitors of the IK-50-3 
type, which are part of the GIC-A generator. In this 
regard, during the operation of GIC-D in the electrical 
circuit of the LCG, the switch X1 is removed and the 
GIC-A generator is switched off from the working circuit 
of the LCG (Fig. 1). This decision allows to significantly 
save time and material resources when creating this LCG. 

With the selected electrical circuit for the formation 
of the necessary components, according to the 
requirements [12-14], the full pulse current of artificial 
lightning, reliable synchronization of the operation of the 
corresponding PCG in the LCG is ensured by the supply 
from a separate high-voltage pulse generator of the GVZI-
100 type [16] to the middle control steel electrode of the 
three-electrode air switch F1 (Fig. 2) for nominal constant 
voltage of ±50 kV of high-voltage rapidly decaying 
sinusoidal voltage pulse with amplitude of ±100 kV of 
microsecond duration, which causes activation of both air 
switch F1 (see Fig. 1, 2) and two-electrode air switch F2 
(Fig. 3) for nominal DC voltage of ±5 kV. To ensure 
reliable operation of the three-electrode commutator F1 of 
the improved LCG, the polarity of this voltage pulse from 
the GVZI-100 generator is selected opposite to the charge 
polarity of the capacitor batteries of the used PCG. Our 
modernized electrotechnological circuit for artificial 
lightning pulse current introduction into the TS contains, 
in accordance with the requirements of regulatory 
documents [12-14], a thin copper EEW with diameter of 
~0.1 mm and length of le≈50 mm, separated from the 

surface of the TS by air gap of length hе≈2 mm. During 
the electric explosion (EE) of a thin EEW above the 
surface of the TS in the local zone of introduction into it 
of the given components of the simulated lightning 
current from a powerful LCG, a low-temperature plasma 
is formed, through which the charges of the pre-charged 
high-voltage capacitor batteries of the LCG flow into the 
investigated TS. In Fig. 4 with the help of a Canon A-530 
type digital camera, the moment of synchronous 
activation of the indicated air switches F1 and F2 and the 
explosion of the EEW in the formation circuit using an 
improved powerful UITOM-1 type LCG (see Fig. 1) of 
standardized A-, B- and С*- components of the full 
current of artificial lightning (area 1A) was recorded in 
the TS of one of the devices of the domestic AC [17]. 

 

 
Fig. 2. General view of the high-voltage three-electrode high-
current air commutator F1 of cascade type with massive main 
hemispherical electrodes made of steel St. 3 grade at nominal 

constant voltage of ±50 kV and pulse current with amplitude ImL 
up to ±300 kA [16] 

 

 
Fig. 3. General view of the high-voltage two-electrode high-

current air commutator F2 with graphite electrodes of a 
rectangular shape for nominal constant voltage of ±5 kV and 

charge qL up to ±300 C, which is placed in the discharge circuit 
of a powerful LCG of the UITOM-1 type [16] 

 

 
Fig. 4. General view of the desktop of a powerful modernized 

LCG of the UITOM-1 type at the moment of synchronous 
electrical activation of three charged powerful high-voltage test 
generators of pulsed currents GIC-A, GIC-B and GIC-C* during 
lightning resistance tests (area 1A) of the TS of the device of the 

domestic LA [17] 
 

Let us point out that when the charging constant 
voltage Uc1 in powerful high-voltage generators GIC-A 
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and GIC-D changes in the range Uc1≈ ±(28−33) kV in the 
three-electrode commutator F1 (Fig. 2), the length of the air 
gaps between its steel (two main and one controlling) the 
electrodes should numerically be h1≈4 mm and h2≈9 mm, 
and when changing the charging DC voltage Uc2 in high-
voltage generators GIC-B, GIC-C and GIC-C* in the 
range Uc2 ≈ ±(3.6−4.5) kV in the two-electrode 
commutator F2 (Fig. 3), the length of the air gap between 
its graphite electrodes is chosen equal to h3 ≈ 3 mm [16]. 
At the same time, the physical conditions for atmospheric 
air must correspond to [18]: pressure 
Pa ≈ (1.013±0.015)ꞏ105 Pa; absolute temperature 
Ta ≈(293.15±10) K; relative humidity βa ≈ (45±25) %.  

Note that in Fig. 4, on the left is the TS of the AC 
device with the corresponding copper EEW, which glows 
brightly when its EE is in the discharge circuit of a 
powerful LCG and which is connected to the non-
potential (grounded) steel electrode of the commutator F1 
(Fig. 1); above, we can see the F1 commutator of a 
powerful LCG with a high-current pulse spark that glows 
brightly, rigidly fixed on the desktop; at the bottom of the 
LCG desktop, the F2 commutator is shown with its pulse 
spark channel, which also glows brightly. 

Figure 4 visually illustrates the correctness of the 
electrotechnological solutions proposed and indicated by 
us above to ensure reliable synchronous parallel operation 
of individual high-voltage generators GIC-A (GIC-D), 
GIC-B and GIC-C (GIC-C*) when creating a modernized 
powerful UITOM-1 type LCG. 

Table 2 shows the main electrical characteristics of 
individual high-voltage generators GIC-A, GIC-B, GIC-C, 
GIC-C* and GIC-D, which are part of the improved 
powerful UITOM-1 type LCG. 

Table 2 
Technical characteristics of the generators GIC-A, GIC-B, GIC-C, 
GIC-C* and GIC-D, which are included in the UITOM-1 type LCG 

PCG name 
Number of 
capacitors 

Type of 
capacitors 

Total 
capacity 
Сg, mF 

Energy 
intensity
Wg, kJ 

GIC-А 111 IK-50-3 0,333 416,2 
GIC-В 14 IM-6-140 1,96 24,5 
GIC-С 324 IM-5-140 45,36 567,0 
GIC-С* 10 IM-6-140 1,4 17,5 
GIC-D 30 IK-50-3 0,09 112,5 

 
From the data in the Table 2 it follows that the total 

number of high-voltage pulse capacitors with a metal case of 
three types (IK-50-3, IM-6-140 and IM-5-140 [19]) in a 
powerful UITOM-1 type LCG is 489. At the same time, the 
total nominal electrical energy Wg∑ stored by the high-voltage 
pulse capacitors of this LCB is equal to Wg∑≈1.25 MJ. At the 
price of 1 kJ of electric energy stored by powerful high-
voltage electrophysical equipment of the capacitor type, 
equal to the application case of its formation on an 
electrical load of pulse currents of micro- and millisecond 
duration of approximately $1000 [20-22], the cost of 
construction of such a powerful high-voltage LCB will be 
at least $1.25 million. As we can see, the development 
and creation of a powerful high-voltage, high-current 
LCB of the UITOM-1 type (Fig. 5) is associated not only 
with significant scientific and technical difficulties, but 
also with large financial costs. 

 
Fig. 5. General view of the improved powerful high-voltage 
LCB of the UITOM-1 type (in the foreground is a work table 

with a three-electrode switch F1 for nominal constant voltage of 
±50 kV and an air extraction system, and in the background is 

an individual high-voltage powerful generators GIC-A (GIC-D), 
GIC-B, GIC-C and GIC-C*) 

 

It is important to point out that in the improved LCB 
of the UITOM-1 type, all high-voltage pulse capacitors of 
generators GIS-A, GIC-D, GIC-B, GIC-C and GIC-C* are 
equipped with resistive systems to protect them from the 
action of emergency shock currents in the LCB [23]. 

The data of the system of reliable protection of 
impulse capacitors in the modernized LCB are based on 
the use of high-voltage constant graphite-ceramic resistors 
of the TVO-60 type with nominal value of 24 Ω and 
100 Ω [24], which sharply limit the operation of the LCB 
in emergency modes (for example, in the event of an 
electrical breakdown of the internal or external insulation 
of its pulse capacitors) shock pulse currents and dissipate 
the thermal energy released at the same time on them. 

Thanks to: 
 performed modernization in accordance with the 

technical solution [23] of resistive circuits for protection 
against emergency shock pulse currents with calculated 
amplitude of up to ±500 kA of high-voltage pulse 
capacitors of separate powerful generators GIC-A (GIC-D), 
GIC-B, GIC-C and GIC-C* (Table 2), 

 improvement of the circuit of controlled electric start 
from a separate high-voltage generator type GVZI-100 
[16] of the three-electrode air commutator F1 (Fig. 2) and 
the two-electrode air commutator F2 (Fig. 3), 

 recommended simultaneous selection of the lengths 
h1−h3 of the air gaps in the used high-voltage commutators 
F1 and F2 of the high-current discharge circuits of the 
specified LCBs and the length hе of the air gap between the 
edge of the EEW and the TS of the object, the modernized 
PCG of the UITOM-1 type, despite the similarity of the 
electrotechnological circuits used earlier in the PCG [15] 
for the construction of discharge circuits of the 
corresponding LCGs (Fig. 1), has a significant difference 
from the PCG, which was proposed in [15]. This difference 
of powerful high-voltage PCG ensures more reliable 
operation of the modernized PCG of the UITOM-1 type in 
comparison with PCG [15] when generating pulses of full 
current of artificial lightning (Table 1) according to 
technical requirements [12-14]. 

2. Results of measurement of the main components 
of artificial lightning current in the discharge circuit of a 
powerful UITOM-1 type PCG. In [25, 26], the main 
methods of measuring ultra- and high-pulse voltage in 
electrical installations during tests of various electrical 
engineering and electric power equipment are given. As for 
the methods of measuring high pulse currents (HPC) in the 
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field of HPT, certain technical techniques and means for this 
were given in [20-22, 27, 28]. Unfortunately, for the practical 
implementation of complex metrological tasks related to the 
simultaneous measurement of a number of components of 
the full pulse current of lightning in a powerful PCG of the 
UITOM-1 type, given in [20-22, 27, 28], materials and data 
on high-voltage measuring devices designed for 
simultaneous registration with the help of one meter, both 
HPC (with amplitude ImL of tens and hundreds of 
kiloamperes) and relatively weak pulse currents (with 
amplitude ImL of hundreds and tens of amperes) in a wide 
time interval of their flow in the discharge circuits of its 
series of parallel operating LPC (from units microseconds 
to hundreds of milliseconds), was not enough. In 
connection with this, the authors had to independently 
develop, create and modernize non-standardized high-
voltage high-current meters of similar electric pulse 
currents, which are able to reliably register the necessary 
components of the pulse current of artificial lightning on 
the total electric RLLL – load when individual high-voltage 
LCG of this PCG is activated [16, 17, 29, 30]. 

Figures 6-10 show the main typical oscillograms of 
pulse A-, intermediate B-, long-term C-, shortened long C*- 
and repeated pulse D- components of the full pulse current 
of artificial lightning with normalized ATPs according to 
[12-14], which were obtained in a high-current discharge 
circuit of a powerful high-voltage PCG of the UITOM-1 
type, which contains the lightning resistance-tested TS 
made of aluminum alloy D16 of the fuel tank skins of one 
of the modernized domestic aircraft «An» [17]. 

 
Fig. 6. Oscillogram of the pulse A- component of the artificial 
lightning current with normalized ATP in the discharge circuit 
of the GIC-A generator of the powerful UITOM-1 type PCB 

(Uc1≈−29.7 kV; ImA1≈–211.7 kA; JaA≈2.09ꞏ106 J/; tmA1≈32 − time 
corresponding to the first amplitude ImA1; τfA≈tmA1/1.6≈20 μs; 

τp1A≈500 μs; vertical scale − 56.3 kA/div; horizontal scale − 50 μs/div) 

 
Fig. 7. Oscillogram of the intermediate B- component of the 
artificial lightning current with normalized ATP in the high-

current discharge circuit of the high-voltage generator GIC-B of 
the powerful PCG type UITOM-1 (Uc2≈−4 kV; ImB≈–5.27 kA; 

IcB≈−2.08 kA; qLB≈–10.4 C; τp1B≈5 ms; vertical scale − 1126 A/div; 
horizontal scale − 1 ms/div) 

 
Fig. 8. Oscillogram of the long-term C- component of the full 

current of artificial lightning with normalized ATP in the 
discharge circuit of the high-voltage GIC-C generator of the 

powerful PCG of the UITOM-1 type (Uc2≈−4 kV; ImC≈–833 A; 
qLC≈–186.2 C; τfC≈7 ms; τp1C≈1000 ms; vertical scale − 281.5 A/div; 

horizontal scale − 100 ms/div) 
 

 
Fig. 9. Oscillogram of the shortened long-term C*- component of 
the full pulse current of artificial lightning with normalized ATP 
in the discharge circuit of the high-voltage generator GIC-C* of 
the powerful PCG type UITOM-1 (Uc2≈−4 kV; ImC*≈–1148 A; 

τpC*≈14.8ꞏms; qLС*≈–6.16 C; IcC*≈qLС*/τpC*≈–416 A) 
 

 
Fig. 10. Oscillogram of the repeated pulse D- component of the 
full pulse current of artificial lightning with normalized ATP in 

the discharge circuit of the GIC-D generator of the powerful high-
voltage PCG of the UITOM-1 type (Uc1≈−33 kV; ImD1≈–102 kA; 

tmD1≈20 μs − time, which corresponds to the amplitude ImD1; 
τfD≈tmD1/1.6≈12.5 s; τp1D≈500 s; JaD≈0.26ꞏ106 J/) 

 

The powerful high-voltage PCG of the UITOM-1 type 
is equipped with several high-current meters (improved disk 
coaxial low-resistance shunts of the ShK-300 type) of 
artificial lightning pulse current components, the main 
technical characteristics of which are given in Table 3. 

The novelty of shown in Fig. 6-10 oscillograms 
consists in the fact that they are obtained on the specified TS 
with the help of modernized electrotechnological circuits for 
the formation of these components of the full pulse current of 
artificial lightning in the discharge circuit of the UITOM-1 
type PCG, as well as high-voltage measuring devices, which 
are based on high-current low-resistance shunts of the type 
ShK-300 (Table 3). Note that for the simultaneous 
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measurement of several components of the full pulse current 
of artificial lightning, generated in the discharge circuit of 
the improved high-voltage PCG of the UITOM-1 type, it 
was necessary to develop and create a measuring matching 
special voltage divider (SVD), which is connected at the 
output of the used in similar high-voltage measurements of 
the cable communication line (Fig. 11). 

The modernization of the measuring instruments 
carried out by us was to exclude, when measuring in the 
discharge circuit of a high-voltage PCG of the UITOM-1 
type of the corresponding components of the artificial 
lightning current, a high electric potential enters the 
channels of digital storage oscilloscopes (DSOs). As it is 
known, applying such a potential to the input of the DSO 
leads to its failure. The following new technical solution 
was proposed: the radio-frequency coaxial cable of the 
length lc of the communication line, which connects the 
measuring shunt of the ShK-300 type with the SVD and 
the DSO, must be placed in an additional copper braid 
screen, which must be securely grounded before the SVD. 

 
Fig. 11. General view of a high-voltage measuring shunt of the 

ShK-300M type, connected to the input of an additionally 
shielded radio-frequency coaxial cable of the RK 75-7-11 brand 

lc≈70 m long, the output of which is connected to the input of 
the SPN-300 shielded matching voltage divider with two output 
coaxial 1:1 and 1:2 connectors for the coordinated connection of 

the measuring channels of three DSOs to them (for example, 
Tektronix TDS 1012 series) with simultaneous registration in 

the discharge circuit of a powerful UITOM-1 type PCG at once 
of three components of the full pulse current of artificial 

lightning with different ATPs [16] 
 

Table 3* 
Main technical characteristics of high-voltage high-current 

shunts of the ShK-300M, ShK-300M1 and ShK-300M2 type 
Value of the characteristic 

Shunt name 
RS, m KS, A/V LS, nH Mass, kg

KSA≈11260 
ShK-300М 0,178±0,005 

KSC≈5630 
10±0,3 3,0 

KSA≈12625 
ShK-300М1 0,158±0,005 

KSC≈6312 
10±0,3 3,1 

KSA≈25000 
ShK-300М2 0,080±0,003 

KSC≈12500 
10±0,3 3,2 

*Note. RS, LS – the active resistance (mΩ) and inductance (nH) 
of the shunt; KS≈2/RS – the shunt conversion factor, A/V; 
KSA – the shunt conversion factor when measured in the 
discharge circuit of the UITOM-1 type PCG the ATPs of A- and 
D- components of the artificial lightning current, A/V (from the 
1:1 connector of the SPN-300 type divider [16]); KSC – the shunt 
conversion factor when measured in the discharge circuit of the 
UITOM-1 type PCG of the ATPs of B-, C- and C*- component 
of the artificial lightning current, A/V (from the 1:2 connector of 
the SPN-300 type divider [16]). 

Figure 12 shows the electrical diagram of the 
coordinated connection of the high-voltage shunt of the 
ShK-300M1 type with its measuring coaxial resistor 
(MCR) to the measuring coaxial cable (MCC), SVD and 
the corresponding DSO. 

 INPUT OUTPUT

MCC

SVD MCR

 
Fig. 12. Schematic electrical diagram of connecting a high-

voltage shunt of the SHK-300M1 type to a low-voltage 
measuring circuit of a communication cable line and DSO 

(the shunt MCR with an active resistance RS≈0.158 mΩ, which 
is connected to the input of the communication line cable; MCC 

brand RK 75-7-11 of the triaxial communication line; SVD, 
which coordinates the operation of the shunt, MCC and DSO 

inputs and is connected to the output of the MCC, which 
transmits an electrical signal from the zone of the steel disk of 

the shunt to the SVD and DSO) 
 

According to Fig. 12, we can see that at the output of 
the MCC cable, the additional copper cylindrical shield of 
which is reliably grounded before the SVD, the SVD is 
connected, which coordinates the operation of the shunt, 
the MCC and the inputs of the DSO and which is made of 
concentrated resistors R1−R3 with nominal value of 110  
with total active resistance equal to the wave resistance of 
the MCC cable Zc  75 . The task of the SVD applied in 
the circuit of the high-voltage shunt of the ShK-300M1 
type is to ensure not only the agreed mode of operation of 
the measuring circuit of this shunt, but also the 
simultaneous registration of several oscillograms of the 
corresponding components of the full current of artificial 
lightning of micro- and millisecond duration with 
amplitude values that differ sharply. For this purpose, this 
SVD was equipped with two output coaxial connectors 1:1 
and 1:2 (Fig. 12). 

To strengthen the mutual decoupling of coaxial 
connectors 1:1 and 1:2 in the SVD by increasing the input 
resistance of the output connector 1:2, an additional 
concentrated resistor R4 with nominal value of 5.6 kΩ is 
electrically connected to its potential electrode (see Fig. 12). 
At the same time, the SVD is performed in the form of a 
separate low-voltage device that is connected to the 
output of the MCC coaxial cable of an additionally 
shielded triaxial communication line and is placed in a 
shielded metal case (see Fig. 11), which must be reliably 
isolated from the grounded edge of the additional copper 
cylindrical screen of the MCC.  

The SPN-300 type voltage divider (Fig. 11) has two 
coaxial connectors 1:1 and 1:2, which are designed for the 
coordinated connection of the corresponding outputs to 
the inputs of the measuring channels of the DSO. At the 
same time, according to Table 3, the specified connectors 
1:1 and 1:2 of SPN-300 are characterized by different 
conversion factors KS of the used measuring shunts when 
registering with their help ATPs as A- and D- components 
of artificial lightning current (in this case they are denoted 
as KSA), as well as B-, C- and C*- components of artificial 
lightning current (in this case they are designated as KSC). 

Figure 13 shows a general view of the improved 
measuring high-current disk shunt of the ShK-300M1 
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type, used in the discharge circuit of the powerful 
UITOM-1 type PCG. 

 
Fig. 13. General view of a high-voltage measuring shunt of the 
ShK-300M1 type, connected to the collector of a high-current 

discharge circuit of a powerful UITOM-1 type PSG 
 

Coaxial designs of measuring shunts of the ShK-300 
type (Table 3), which are used as part of a powerful high-
voltage PSG of the UITOM-1 type, are characterized by 
small values of their own electrical parameters – 
inductance LS (no more than 11 nH) and active resistance 
RS (no more than 0.2 mΩ), which ensures a small 
influence of the RSLS − parameters of the measuring 
shunts on the electromagnetic processes occurring in the 
RLLL − load (see Fig. 1). 

Figure 14 schematically shows the design of the 
measuring high-voltage high-current shunt of the 
ShK-300M2 type in its longitudinal section. 

 
Fig. 14. Schematic representation of the improved design of the 
high-voltage coaxial disk shunt of the ShK-300M2 type in its 

longitudinal axial section (1 − massive internal cylindrical brass 
electrode; 2, 3 − insulating bushings made of fluoroplastic; 

4 − massive external cylindrical brass electrode; 5 − measuring 
high-resistance steel disc of thickness hS =2 mm; 6, 7 − massive 
pressing insulating discs; 8 − banded brass disc; 9, 10, 12 − steel 

fastening screws; 11 − output coaxial connector type SR-75; 
13 − massive brass clamping ring; 14, 15 − input (potential) and 
output (grounded) elements of the brass bolt connection of the 

shunt to the high-current discharge circuit of the powerful 
UITOM-1 type PSG 

 

A significant difference between the improved 
designs of high-voltage high-current shunts of the 
ShK-300M1 and ShK-300M2 type [16, 29, 30] from the 
ShK-300M shunt specified in [15] is the use of a high-
resistance manganin disc instead of a thin-walled 
(thickness hS≈0.3 mm) disc. which is subjected to huge 
electrothermal and electrodynamic shocks measured in 
the discharge circuit of the LCG of powerful pulses of the 
full current of artificial lightning and from which the drop 
of the pulse voltage US from the passage of the 
corresponding components of the pulse current of 

artificial lightning through it is removed, a disk with 
thickness of hS = (1-2) mm of stainless steel grade 
12Х18Н10Т. The practice of operating a measuring shunt 
of the ShK-300M type with a manganin disc as part of the 
LCG according to [15] showed that after ~100 
measurements, its disc cannot withstand the further action 
of powerful electrothermal loads and it fails. 

Using the data of Table 3 and the numerical 
indicators (in fractions or units of volts) registered on the 
DSO screen using a high-voltage measuring shunt of the 
corresponding type of pulse voltage drop US, the desired 
value of the pulse current IL of artificial lightning, which 
is generated and measured in laboratory conditions in the 
LCG circuit, is determined in the form: IL≈KS∙US. 

When deciphering the oscillograms (Fig. 6-10) 
obtained in the discharge circuit of a powerful PCG type 
UITOM-1 of the main components of the pulse current of 
artificial lightning and determining the numerical values 
of their ATPs, the following calculation analytical 
relationships can be used: 

  for sinusoidal decaying current in the discharge 
circuit of a modernized PCG of the UITOM-1 type: 

- when calculating the action integrals JaA and JaD, 
respectively, for A- and D- components of the artificial 
lightning current: 

)];164/()4([ 2212
1

2   
AAAAAmAAaA TTIkJ    (1) 

)],164/()4([ 2212
1

2   
DDDDDmDDaD TTIkJ   (2) 

where ImA1(ImD1), ImA3(ImD3), TA(TD), ΔA(ΔD) are, 
respectively, the first and third current amplitudes IA(ID), 
the period and the logarithmic decrement of oscillations 
for the pulse A- and repeated pulse D- components of the 
artificial lightning current; ΔA=ln(ImA1/ImA3), 
ΔD=ln(ImD1/ImD3) are, respectively, the logarithmic 
decrement of oscillations for the pulse A- and repeated 
pulse D- components of the artificial lightning current; 
kA = [exp(–0,5π –1ΔAarcctg0,5π –1ΔA)sin(arcctg0,5π –1ΔA)]–1, 
kD = [exp(–0,5π –1ΔDarcctg0,5π –1ΔD)sin(arcctg0,5π –1ΔD]–1 
are, respectively, the normalizing coefficients for the 
pulse A- and repeated pulse D- components of the full 
pulse current of artificial lightning; 

- when calculating electric charges qLA and qLD, 
respectively, for the sinusoidal A- and D- components of 
the full pulse current of artificial lightning: 

)4/(2 22
1   AAmAALA TIkq ;                 (3) 

)4/(2 22
1   DDmDDLD TIkq .               (4) 

  for aperiodic pulse current in the discharge circuit 
of a powerful PCG at R1(2)≥2[L1(2)/С1(2)]

1/2: 
- when calculating the action integrals JaA and JaD 

for the aperiodic A- and D- components of the lightning 
current: 

];633,0658,0[22
fApAmAAaA IkJ              (5) 

]633,0658,0[22
fDpDmDDaD IkJ   ,         (6) 

where ImA(ImD) are, respectively, the amplitudes of the 
aperiodic pulse A- and repeated pulse D- components of 
the full current of artificial lightning; τfA(τfD) is, 
respectively, the duration of the pulse front of A- and D- 
components of the full lightning current at their level (0.1-
0.9)ImA or (0.1-0.9)ImD; τpA(τpD) is the duration of pulses 
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of A- and D- components of the full artificial lightning 
current at their level of 0,5ImA or 0,5ImD, respectively; 
kA=[(α1A/α2A)n − (α1A/α2A)m]–1, kD=[(α1D/α2D)l − (α1D/α2D)k]–1 
are, respectively, normalizing coefficients for aperiodic 
pulse A- and repeated pulse D- component of the full 
pulse current of artificial lightning; α1A≈0,76/τpA; 
α2A≈2,37/τfA; α1D ≈ 0,76/τpD; α2D ≈ 2,37/τfD; n = α1A/(α2A − α1A); 
m = α2A/(α2A − α1A); l = α1D/(α2D − α1D); k = α2D/(α2D − α1D); 

- when calculating electric charges qLA and qLD, 
respectively, for aperiodic A- and D- components of the 
full pulse current of artificial lightning: 

];422,0315,1[ fApAmAALA Ikq                (7) 

]422,0315,1[ fDpDmDDLD Ikq   .         (8) 

Let us point out that formulas (7), (8) can be used in the 
calculations of the corresponding ATPs for intermediate 
B-, long-term C- and shortened long-term C*- components 
of the full pulse current of artificial lightning. 

3. Technical examples and results of tests on 
lightning resistance of some AC devices on a powerful 
UITOM-1 type PCG. Figure 15 shows the results of the 
direct shock simultaneous action in the high-current discharge 
circuit of the modernized PCG of the UITOM-1 type on the 
TS of the sheet cladding of the AC made of aluminum alloy 
of the AMr2M brand with thickness of h = 1 mm of the pulse 
A- and long-term C- components of the pulse current of 
artificial lightning with normalized ATPs. 

 
Fig. 15. General view of the outer rounded zone of through 

burning with radius re≈13 mm of a sheet TS when testing on the 
lightning resistance of the AC cladding of the aluminum alloy of 

the AMr2M brand with thickness of h=1 mm from the 
simultaneous action on it in the discharge circuit of a powerful 
PCG type UITOM-1 of pulse A- (ImA1≈−216 kA; tmA1≈32 μs − 
time corresponding to the first amplitude ImA1 of the current 
pulse; τp1A ≈500 μs; JaA≈2,19∙106 J/Ω) and the long-term C- 

(ImC≈−869 A; tmC ≈11 ms − time that corresponds to the current 
pulse amplitude ImC; τfC≈7 ms; τp1С≈1000 ms; qLC≈−194.3 C) 

component of the full current of artificial lightning with 
normalized ATP 

 

Figure 16 shows the results of the indicated according 
to Fig. 15 the destructive electrothermal effect on the TS of 
the sheet covering of the AC made of aluminum alloy of 
the AMr2M brand with thickness of h = 1 mm of the pulse 
A- and long-term C- components of the current of artificial 
lightning with the corresponding normalized ATP from its 
inner surface. 

Figure 17 shows the results of tests on lightning 
resistance (damage area 1A) in the discharge circuit of a 

powerful high-voltage PCG of the UITOM-1 type with 
thickness h = 1.2 mm of a flat duralumin panel of the fuel 
tank lining of the domestic aircraft «An». 

 
Fig. 16. General view of the inner rounded zone of the through 

burning of the sheet TS during the lightning resistance test of the 
AC cladding of the aluminum alloy of the AMr2M brand with 
thickness of h = 1 mm from the combined action on it in the 

discharge circuit of a powerful high-voltage PCG of the 
UITOM-1 type of pulse A- and long-term C- components of the 

full current of artificial lightning with normalized ATP 

 
Fig. 17. General view from the side of the anchoring zone of the 
results of through burning on the outer surface of the TS of the 

flat duralumin panel with thickness of h=1.2 mm of the fuel tank 
lining of the domestic aircraft «An» of the plasma channel 

simulated in the discharge circuit of a powerful high-voltage 
PCG of the UITOM-1 type of artificial thunderstorm discharge 

with radius re≈3.7 mm of its wall from the direct action of 
normalized A- ImA1≈–199.5 kA; tmA1≈42 s; τp1A≈500 s; 

JaA≈1.99ꞏ106 J/), В- (ImB≈−6.16 kA; IcB≈−2220 A; qLB≈–11.1 K; 
τp1B≈5 ms) and С*- (ImC*≈−1112 A; τp1C*≈13.6ꞏms; qLС*≈–5.79 K; 
IcC*≈qLС*/τp1C*≈–426 A) components of the full pulse current of 

artificial lightning (damage area 1A) [17] 
 

Figure 18 presents the results of direct action in the 
discharge circuit of a powerful high-voltage PCG of the 
UITOM-1 type, only of the pulse A- component of 
artificial lightning with the ATP normalized according to 
the requirements [12-14] on the TS of the composite skin 
of the aircraft. 

Figures 15-18 clearly indicate that the indicated 
experimental sheet metal and composite samples of ACs 
cannot withstand high-energy electrothermal action from 
the high-current channel of artificial lightning with 
normalized ATPs of its main current components. 

In order to reflect the complex nature of the 
performed full-scale electromagnetic research on the 
modernized UITOM-1 type PCG, Fig. 19,a,b show the 
results of the direct action in the discharge circuit of this 
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high-voltage, high-current PCG on a factory-made pilot 
model of a domestically produced aircraft receiving-
transmitting antenna of a powerful pulse A- component of 
the artificial lightning current with normalized ATPs. 

 
Fig. 18. General view of the damage zone with diameter up to 

100 mm with through burning in sheet TS with thickness 
h=2.9 mm of the experimental composite cladding of the aircraft, 

tested for lightning resistance in the discharge circuit of a 
powerful high-voltage PCG of the UITOM-1 type, when it is 

directly affected by only the pulse A- component of the artificial 
lightning current with normalized ATP (ImA1≈−212 kA; 

tmA1≈32 s; τp1A≈500 s; JaA≈2.11∙106 J/) [16] 

a

 

 
 
 

b

 

 
 

Fig. 19. General view of the experimental model of the aviation 
receiving-transmitting antenna of the AC before (a) and after (b) 

direct action on it in the high-current discharge circuit of the 
modernized powerful PCG of the UITOM-1 type of the pulse 

A-component of the artificial lightning current with normalized ATP 
(ImA1≈−211.9 kA; tmA1≈32 s; τp1A≈500 s; JaA≈2,1∙106 J/) [16] 

 
From the experimental data of Fig. 19, it follows that 

the experimental model of the receiving-transmitting antenna 
of the domestic aviation equipment, developed and created 
without taking into account the current requirements for 
lightning protection, cannot withstand lightning resistance 
tests according to the requirements of US regulatory 

documents [12-14]. Here, it was destroyed and disabled due 
to the specified impact of the powerful pulse A- component 
of the artificial lightning current (see Fig. 19,b). 

Figures 20,a,b show the results of the test of the TS 
panel of the fuel tank of the «An» design aircraft with a 
hatch cover made of D16 aluminum alloy for lightning 
resistance (to sparks in its middle from a lightning strike in 
the aircraft) for area 1A under direct action on this TS with 
the help of a copper EEW from pulse current generators 
(GIC-A, GIC-B and GIC-C*) of a powerful modernized 
high-voltage PSG of the UITOM-1 type, of the necessary 
A-, B- and C*- components of the artificial lightning pulse 
current with standardized ATPs (Uc1≈−30 kV; Uc2≈−4 kV) 
to the corresponding points directly on its duralumin cover 
of the hatch. 

a

 
 

b

 
Fig. 20. External view of the TS of the panel of the domestic 

aircraft with hatch cover and D16 aluminum alloy fuel tank ring 
with stiffeners and various variants of their metallization before 
(a) and after (b) direct simultaneous action on it in the discharge 

circuit of the modernized powerful high-voltage PCG of the 
UITOM-1 type of normalized А- (ImA1≈–196 kA; tmA1≈42 s; 

τp1A≈500 s; JaA≈2.13ꞏ106 J/), В- (ImB≈−7.32 kA; IcB≈−2431 A; 
qLB≈–12.4 C; τp1B≈5.1 mc) and С*- (ImC*≈−1032 A; τp1C*≈15ꞏms; 

qLС*≈–7.2 C; IcC*≈qLС*/τp1C*≈–480 A) components of the full 
pulse current of artificial lightning (the zone of damage to the 

AC in atmospheric air by lightning discharge 1A) 
 

Obtained according to Fig. 20 experimental data 
indicate that for damage area 1A, the action of A-, B-, and 
C*- components of the lightning current with 
standardized ATPs on the TS of the panel of the cladding 
of the AC fuel tank made of aluminum alloy D16 with 
hatch cover leads to the penetration of the corresponding 
electric discharge products (black soot around the sealing 
perimeter of the lid of this hatch and sparks recorded by 
our camera) from the direct action of lightning discharges 
simulated in laboratory conditions to the area of its inner 
surface, which can lead to an explosion of steam in the 
fuel tank of the AC and its catastrophe. 
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From the experimental data obtained in the open air 
in the conditions of a high-voltage electrophysical 
laboratory (see Fig. 15-20), despite their fragmentary 
nature, the conclusion follows that the metal (composite) 
elements of the aircraft structure and the receiving and 
transmitting radio technical devices of the AC before their 
manufacture and implementation in practice, should be 
checked in the conditions of a high-voltage 
electrophysical laboratory for electromagnetic 
compatibility and resistance to direct action on them of 
the corresponding components of the full pulse current of 
artificial lightning (see Table 1). 

Conclusions. Currently, Research and Design 
Institute «Molniya» of National Technical University 
«Kharkiv Polytechnic Institute» has at its disposal a 
powerful, modernized high-voltage PCG of the UITOM-1 
type with improved high-voltage high-current measuring 
devices included in its composition, which are capable of 
reliably generating and measuring the main components 
in the conditions of a high-voltage electrophysical 
laboratory full pulse current of artificial lightning 
operating in the open air and to test the lightning 
resistance of various on-board devices (systems) of 
objects of aviation and rocket and space technology. It is 
shown that in the high-current discharge circuit of the 
indicated powerful high-voltage PCG, the pulse A- 
(repeated pulse D-), intermediate B- and long-term C- 
(shortened long-term C*-) components of the full pulse 
current of artificial lightning are simulated, the ATPs of 
which satisfy the strict technical requirements of 
regulatory documents of the USA SAE ARP 5412: 2013, 
SAE ARP 5414: 2013 and SAE ARP 5416: 2013. Field 
electromagnetic tests of aviation and rocket-space 
equipment being developed and modernized for resistance 
to direct action on its main on-board devices (systems) 
and structural elements with metal and composite 
materials of the specified main components of the full 
pulse current of artificial lightning will contribute to 
increasing the survivability of the aircrafts in the 
conditions of their flight and stay in the electrically active 
Earth’s atmosphere with powerful lightning pulse spark 
discharges. 
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The effect of thermal ageing on electrical and mechanical properties 
of thermoplastic nanocomposite insulation of power high-voltage cables 
 

This research explores the thermal ageing influence on the Low Density Polyethylene (LDPE) dielectric properties, which is utilised as 
electrical insulation in high-voltage cables. An accelerated thermal ageing test was done at four temperature ranges ranging from 25 °C 
to 120 °C to define the degree of material deterioration under thermal ageing and to prevent its failure. LDPE composite samples were 
made by adding aluminium oxide (Al2O3) inorganic filler in two different grain sizes (nano and micro) with various concentrations. The 
effect of adding inorganic filler on the acceleration of the thermal ageing of the polymer was studied by heating the samples for different 
periods of time and measuring the dielectric strength of the samples. The obtained results show that thermal ageing considerably affects 
the electrical properties of the material. The LDPE/Al2O3 nanofiller sample has the highest dielectric strength value at different 
temperatures. Thermogravimetric analysis was used to investigate the thermal characteristics of materials. The mechanical characteristics 
of LDPE polymer are studied using tensile strength and elongation at break tests. References 27, table 4, figures 6. 
Key words: low density polyethylene, nano filler, micro filler, dielectric strength, thermal ageing, thermogravimetric analysis. 
 

У цьому дослідженні вивчається вплив термічного старіння на діелектричні властивості поліетилену низької щільності 
(LDPE), який використовується як електрична ізоляція у високовольтних кабелях. Випробування на прискорене термічне 
старіння було проведено в чотирьох температурних діапазонах від 25 до 120 °C, щоб визначити ступінь руйнування матеріалу 
при термічному старінні і запобігти його виходу з ладу. Композитні зразки LDPE були виготовлені шляхом додавання 
неорганічного наповнювача з оксиду алюмінію (Al2O3) з двома різними розмірами зерен (нано та мікро) у різних концентраціях. 
Вплив додавання неорганічного наповнювача на прискорення термічного старіння полімеру вивчали шляхом нагрівання зразків 
протягом різних періодів часу та вимірювання діелектричної міцності зразків. Отримані результати показують, що термічне 
старіння істотно впливає на електричні властивості матеріалу. Зразок нанонаповнювача LDPE/Al2O3 має найбільше значення 
діелектричної міцності за різних температур. Термогравіметричний аналіз використовувався для дослідження термічних 
характеристик матеріалів. Механічні характеристики полімеру LDPE вивчаються з використанням випробувань на міцність 
на розрив та подовження при розриві. Бібл. 27, табл. 4, рис. 6.  
Ключові слова: поліетилен низької щільності, нанонаповнювач, мікронаповнювач, діелектрична міцність, термічне 
старіння, термогравіметричний аналіз. 
 

Introduction. Super insulating polymers are 
commonly employed in high voltage insulators, particularly 
in high voltage cables. Thermal oxidation processes may 
occur for the insulation layers in contact with the cable core 
due to the high working temperature of the cable (around 
90 C) because of loading or overloading for short durations, 
resulting to insulation degradation and even failure. As a 
result, many researchers have been interested in the ageing 
and insulating properties of polymers in this environment 
[1, 2]. To create materials with better electrical and thermal 
properties, nanofillers were chosen to be added to 
polyethylene due to the high surface area presented to the 
matrix [3, 4]. Interestingly, with several weight percents of 
nanoparticles, PE-based nanocomposite can promote 
insulation properties effectively, which could be attributed to 
the nanoparticle-matrix interface [5, 6]. 

According to existing research on polyethylene 
insulating materials, filling nanoparticles can reduce the 
creation of space charge and enhance the dielectric, 
mechanical, and thermal properties of polyethylene [7-9]. 
Numerous studies make use of inorganic filler oxides like 
MgO, SiO2, TiO2, BN, etc., as well as how the 
improvement of polymer properties is impacted by the 
grain size of the filler (nano or micro) [10-12]. When 
evaluating the future application of polyethylene 
nanocomposites, the extended service life of insulating 
materials cannot be overlooked. Thermal ageing has been 
shown to have a major impact on the qualities of 
polyethylene materials, with numerous modifications 
possible, including variations in physicochemical 
parameters and microstructure [13]. During thermal 
ageing, several oxygenated compounds of low molecular 
weight may form in polyethylene, which may have a 
major influence on the space charge behavior of 
polyethylene insulating material [14, 15]. 

The purpose of this paper was to determine 
whether Al2O3 nano- and micro-particles, which have 
been shown to improve the dielectric strength of LDPE 
composites, can maintain these electrical properties after 
thermal ageing. To conduct thermal ageing tests, we 
chose four different percentages of nano composites and 
four different percentages of micro composites. The 
thermal properties of composites after thermal ageing 
were investigated using the thermogravimetric analysis 
(TGA) test. The dielectric strength test was used to 
evaluate the electrical characteristics of LDPE/Al2O3 
composites after thermal ageing and the anti-thermal 
ageing mechanism offered by nanoparticles. 

Literature review. Thermal deterioration of LDPE 
has been investigated. Chemical and electrical testings 
were performed on LDPE plaques that had been thermally 
stressed at high temperature (110 °C). Changes in the 
imaginary component of the dielectric constant have been 
connected to contributions from oxidation and 
morphological changes inside polymers. This comparison 
may serve as the starting point for the creation of non-
destructive methods for electrical measurements-based 
polymer diagnostics [16, 17]. 

Nanoparticles improve the anti-thermal ageing 
capability of PE-based nanocomposites. The three metal 
oxides – magnesium oxide (MgO), zinc oxide (ZnO), and 
silicon dioxide were combined to form nanocomposites 
with a 1 wt.% concentration in each. Fourier-transform 
infrared spectra revealed that LDPE/MgO nano filler 
composites had the best anti-thermal ageing performance 
when compared to LDPE/SiO2 nanocomposites, which 
had the worst using dielectric characteristics and space 
charge dispersion. The capacity of nanocomposites to 
maintain electrical properties was then investigated [18]. 
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The zeolite/LDPE nano filler samples were produced 
and thermally aged to produce samples with varying ageing 
times. It was demonstrated that nano-zeolite doping may be 
an efficient way to stop the internal structure of the 
nanocomposite from being damaged by thermal ageing; 
during thermal ageing, carbonyl and hydroxyl levels 
considerably decreased and crystallinity greatly increased. 
The nanocomposite’s shape and ageing resistance were 
greatly enhanced by nano-zeolite doping. It was discovered 
during the dielectric strength test that nano doping may 
significantly increase DC and AC breakdown field strength 
and stability during thermal ageing. Nanocomposite’s 
dielectric constant can be decreased, and the rate of dielectric 
loss did not alter noticeably as the material aged [19]. 

During thermal ageing, the crystallinity and space 
charge accumulation characteristics of pure LDPE and 
LDPE/TiO2 samples were assessed using a pulse electro-
acoustic method system and a differential scanning 
calorimeter. It was determined that TiO2 nano filler may 
increase LDPE crystallinity, and the capacity of 
LDPE/TiO2 to reduce space charge was substantial at a 
TiO2 mass concentration of 1 %. Furthermore, thermal 
ageing can degrade the microstructure and impair material 
crystallinity, increasing the sources of space charge [20]. 

Methods. Sample preparation. The basic polymer 
utilised was additive-free LDPE with a particle diameter 
of less than 0.2 mm on average, a melt flow index of 
2 g/10 min at 190 °C, and a density of 0.91-0.925 mg/cm3. 
It was purchased from SABIC, KSA, in the form of 
granules. The nano particles used were Al2O3 inorganic 
fillers with two different grain sizes (micro filler with a 
60 µm particle size and nano filler with a 50 nm particle 
size). In a twin-screw extruder at 448 K, LDPE and filler 
particles were melt-blended. Nanocomposites were made 
in concentrations of 1 wt.%, 3 wt.%, 5 wt.%, and 7 wt.%, 
and micro composites were made in concentrations of 
10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%. Composite 
samples were press-moulded at 433 K and at a pressure of 
10 MPa to produce sheets with dimensions of 150 mm by 
150 mm and a thickness of about 1 mm. 

Samples were thermally aged in a fixed-temperature 
vacuum oven at 25 °C, 60 °C, 100 °C, and 120 °C at 
regular intervals (0, 10, 20, and 30 min). The aged 
samples were subjected to dielectric strength testing. 

Table 1 shows the weight of the LDPE composite 
mixture (g) used in the manufacture of samples. It also 
shows the added weight of the LDPE polymer and the 
added weight of the Al2O3 filler at each mixing ratio. 

Table 1 
Different samples compositions 

Sample Symbol LDPE, g Al2O3, g
LDPE B 150 0 

10 % M10 135 15 
20 % M20 120 30 
30 % M30 105 45 

LDPE + micro Al2O3 

40 % M40 90 60 
1 % N1 148.5 1.5 
3 % N3 145.5 4.5 
5 % N5 142.5 7.5 

LDPE + nano Al2O3 

7 % N7 139.5 10.5 
 

Thermal ageing test. Heat causes some physical 
and chemical changes in polymers. These variations are 

determined by the severity of the temperature and the 
length of exposure. High temperatures do not always 
cause the polymer material to decompose. Prolonged 
exposure to high temperatures, on the other hand, will 
cause gradual changes in physical properties, eventually 
leading to collapse. The cable is subjected to overloads 
and short-circuit currents. When the current exceeds the 
rated value, it raises the temperature of the core. The 
electrical performance of the cable is affected by 
repeatedly exposing the insulation layers adjacent to the 
core to high temperatures. Thermal ageing of the samples 
is performed to determine the effect of temperature 
increases on the dielectric strength value. Thermal ageing 
was tested according to [21]. 

The required procedures and precautions to obtain 
highly accurate readings for each sample during the 
thermal ageing test are as follows: 

 Before beginning thermal ageing tests, clean and dry 
the samples. 

 The samples were heated to different temperatures 
(25 °C, 60 °C, 100 °C, and 120 °C) during specified 
periods of time (0, 10, 20, and 30 min) using a fixed-
temperature oven, as shown in Fig. 1. 

 As shown in Fig. 2, the dielectric strength of the 
aged samples was measured. The measurement was 
repeated ten times with three samples exposed to the same 
conditions, and an average value was taken for the 
experimental readings. 

 The time intervals between successive tests of each 
sample should be suitable and sufficient. 

 To apply electrical safety requirements, all testing 
circuit linkages must be correct. 

 The voltage was gradually raised until the voltage 
breakdown occurred at a nearly constant rate of 2 kV/s. 
The dielectric strength was recorded. 

 
Fig. 1. Fixed temperature oven 

 
Fig. 2. Dielectric strength schematic diagram 

 

Thermogravimetric analysis (TGA) test. TGA is a 
key test for understanding and identifying material thermal 
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characteristics. TGA is a thermal test that calculates the 
weight loss of volatile components with temperature rise 
uniformly. According to [22], based on weight loss at high 
temperatures as well as thermal stability in a brief period, it 
is a great approach for figuring out the filler and polymer 
content. The TGA test was carried out in the NSI nitrogen 
environment using Perkin-Elmer equipment [23-26]. 
Approximately 10 mg of Al2O3/LDPE samples were sliced 
and heated from 35 °C to 700 °C while the samples were 
weighed and shown on the computer screen. 

Mechanical analysis. Tensile strength (MPa) and 
elongation at break (%) are critical metrics for characterizing 
polymer mechanical performance and determining the 
influence of inorganic filler. A Zwick Roell LTM 
electrodynamic testing device was used to assess the tensile 
strength (MPa) and elongation at break (%) of the composite 
specimens. A schematic representation is shown in Fig. 3. 
The test results were evaluated using [27]. 

Results and analysis. Thermal ageing 
measurements. Table 2 shows average results for the 
dielectric strength of LDPE loaded with varied 
percentages of Al2O3 inorganic filler thermally strained 
over different time intervals at different temperatures. 

 
Fig. 3. Schematic diagram for measuring the tensile strength of 

LDPE composite samples 
 

Table 2 shows that, when compared to neat and micro 
filled with LDPE, all LDPE micro composites have increased 
dielectric strength. When compared to other concentrations of 
the same particle size of filler, the micro Al2O3 composite of 
30 % has the highest dielectric strength value. 

Table 2 
Average dielectric strength for micro- and nano-Al2O3 composite samples thermal stressed at 25 °C, 60 °C, 100 °C, 120 °C 

for different times 10 min, 20 min, 30 min 

Average dielectric strength, kV/mm 

at 25 °C at 60 °C at 100 °C at 120 °C Sample 

10 min 20min 30min 10 min 20min 30min 10 min 20min 30min 10 min 20min 30min 

B 20.45 18.28 17.08 18.33 16.02 15.11 14.61 12.08 11.21 12.77 11 9.89 

M10 25.81 25.27 24.71 22.83 22.29 21.74 20.38 19.85 19.29 16.55 16.02 15.46 

M20 28.59 28.17 27.64 25.66 25.21 24.69 22.46 22.01 21.49 18.04 17.59 17.07 

M30 32.67 32.25 31.74 30.54 20.09 29.58 27.34 26.91 26.39 23.94 23.49 22.95 

M40 29.77 29.25 28.7 26.59 26.06 25.5 24.00 23.47 22.97 21.09 20.55 20.01 

N1 26.89 26.69 26.12 25.81 24.38 24.00 23.11 21.83 21.11 20.39 19.08 18.27 

N3 29.09 27.84 27.06 26.55 25.28 25.00 24.25 23.54 22.86 22.35 20.89 20.03 

N5 35.61 35.18 34.68 34.31 33.72 33.04 32.04 31.32 30.85 29.67 28.86 28.3 

N7 39.85 39.34 38.79 36.96 35.12 34.56 34.37 32.89 32.31 31.85 30.34 29.74 
 

Table 2 also shows that the electrical properties of 
LDPE composites filled with Al2O3 are reliable at 7 % 
nano particle size and have a dielectric strength greater 
than that of micro Al2O3. 

As shown in Table 2, the dielectric strength of nano 
Al2O3 composites is greater than that of micro Al2O3 
composites at all concentrations. By increasing the filler 
concentration, the LDPE composite achieves maximum 
dielectric strength. The dielectric strength decreases when 
the filler concentration exceeds critical values. 

The physical properties of the samples, such as 
shrinkage and deformation, are affected by continuously 
raising the temperature (Fig. 4). High temperatures reduce 
dielectric strength. Lower filler contents, such as in nano 
composite, can result in greater flexibility, ease of 
processing during product manufacturing, and improved 
electrical performance of polymers. 
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Fig. 4. A photograph of the samples after 30 min of exposure 

to a temperature of 120 C 
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Thermogravimetric analysis. TGA provides the 
variation in the weight of sample loss with respect to 
temperature in a controlled environment. The release of 
moisture or gases from the material’s breakdown causes 
weight loss as the temperature rises. TGA provides ageing 
stability information within short test times. 

TGA analyses of the samples were done to 
comprehend the thermal performance. TGA of samples 
with various micro Al2O3 loadings is displayed in Fig. 5. 

T, C
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Fig. 5. TGA for LDPE with different micro Al2O3 filler 

concentration 
 

Temperature has no discernible impact on weight for 
all samples in the temperature range of 35 C to 450 C, 
as demonstrated in Fig. 4. The 1st maximum weight loss 
peak on the TGA curve above 450 C is caused by Al2O3 
filler water loss. The burning of the LDPE side chains 
may be the cause of the 2nd maximum weight loss peak. 
When the temperature was raised from 35 C to 700 C, 
the weight loss of pure LDPE was the least. When 
compared to all composite samples and a blank one, the 
weight loss of composites filled with 40 wt.% micro 
Al2O3 provides the highest thermal stability. 

Figure 6 studies the effect of thermal stability on 
LDPE samples filled with various concentrations of nano 
Al2O3 filler to determine changes in the weight of a 
sample in relation to changes in temperature. Thermal 
stability is the ability of a polymeric material to withstand 
the effects of heat while preserving its properties, such as 
toughness, strength, or elasticity, at a certain temperature. 
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Fig. 6. TGA for LDPE with different nano Al2O3 filler 

concentration 
 

Mechanical test results. Studying the tensile 
strength of LDPE composite samples. The maximum 
stress that a material can sustain when being stretched or 
pulled before necking is known as tensile strength. The 
load at break is divided by the initial minimum cross-
sectional area to determine tensile strength. 

The results from 3 samples of each test have been 
averaged to reduce error because the sheet’s structure is 
not homogeneous and because the sheet (20 cm  20 cm) 
obtained through mixing is not. Table 3 displays the 
tensile strength of micro and nano Al2O3 filled LDPE 
composites as a function of filler loading. 

Table 3 
Tensile strength (MPa) for nano and micro Al2O3/LDPE composites 

Tensile strength, MPa 
Sample 

1st 2nd 3rd 
Average values of

tensile strength 
B 10.27 6.73 7.4 8.13 

N1 9.83 8.61 12.24 10.23 
N3 10.83 12.75 9.23 10.93 
N5 11.88 11.27 10.96 11.37 
N7 11.36 14.32 11.91 12.53 

M10 11.25 10.13 10.19 10.53 
M20 10.32 12.31 12.75 11.8 
M30 10.19 12.10 12.3 11.75 
M40 12.21 10.92 10.41 11.18 

 

As shown in Table 3, LDPE composites with Al2O3 
loading improve tensile strength at a 7 wt.% loading level. 
As the amount of micro Al2O3 increases, the tensile 
strength of LDPE composites decreases in all values. 

Table 3 indicates that increasing micro Al2O3 
concentrations result in a substantial improvement in 
tensile strength. In comparison to the other concentrations 
for the same filler, LDPE loaded with 7 wt.% nano Al2O3 
records the highest tensile strength. 

Studying the elongation at break of LDPE 
composite samples. Table 4 displays the elongation at 
break characteristics off LDPE composites with micro- 
and nano sized Al2O3 loadings. 

Table 4 
Elongation at break for nano and micro LPDE/Al2O3 composites 

Elongation at break (Ɛ-F max %) 
Sample

1st 2nd 3rd 
Average values 

of elongation at break
B 110.32 101.8 103.52 105.21 

N1 116.54 114.36 109.65 113.2 
N3 129.23 117.65 121.39 122.7 
N5 142.5 135.62 136.85 138.32 
N7 144.92 136.42 140.85 140.73 

M10 105.52 106.58 113.52 108.54 
M20 120.65 125.02 119.54 121.7 
M30 112.65 118.2 111.95 114.3 
M40 102.35 100.65 98.9 100.63 

 

For LDPE composite samples, the values of 
elongation at break decrease as the amount of micro 
Al2O3 increases. 

Table 4 demonstrates how the addition of nano 
Al2O3 can enhance elongation at break. When nano Al2O3 
is added at a 7 wt.% concentration, the composite exhibits 
greater break elongation than pure LDPE. 

Discussion. By interfering with the polymer crystal 
and filling spaces and gaps, an inorganic filler – whether 
micro or nanosized – works to improve the fundamental 
polymer’s electrical, mechanical, and thermal properties.  

Heat exposure of the insulator throughout various 
operating situations reduces the cable’s lifespan. It is critical 
to conduct a thermal ageing test to determine the effect of 
temperature and exposure duration on the value of the 
polymer’s dielectric strength. According to the results of the 
thermal ageing test, the value of the insulating strength 
declined as the time of temperature exposure increased. 
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Compared to the percentage of micro filler, a small 
amount of nano filler gave better results in dielectric 
strength and tensile strength. Dielectric properties of 
LDPE composite loaded with Al2O3 are reliable at 7 wt.% 
nano scale and have maximum dielectric strength. 

Conclusions. This paper demonstrated the effect of 
adding micro- and nano- Al2O3 to Low Density 
Polyethylene (LDPE) composites. The experimental 
results lead to the following conclusions: 

 The physical properties of the samples are affected 
when they are exposed to high temperatures for extended 
periods of time. This effect causes deformations in the 
samples, which cause them to become more solid. 

 The high temperature and the length of time that the 
samples are exposed to high temperatures have a negative 
impact on their dielectric strength. 

 The thermal ageing has been decreased by adding 
Al2O3 filler to LDPE. 

 With the addition of nano filler, the electrical 
performance has been greatly enhanced. Lower filler 
contents, as in nano composite, can contribute to greater 
flexibility, ease of processing during product manufacturing, 
and improved thermal ageing performance of samples. 

 The optimal Al2O3 filler concentration for reducing 
thermal ageing in LDPE composites is 7 % nano Al2O3. 

 Thermogravimetric analysis (TGA) of nano 
composite outperforms that of micro composite. A7 wt.% 
nano Al2O3 filler composite provided the best dielectric 
strength and TGA. 

 The addition of micro-Al2O3 filler reduced the 
mechanical properties of LDPE. By increasing the amount 
of nano-Al2O3 filler in the sample to 7 wt.%, the tensile 
strength (MPa) and elongation at break (%) characteristics 
are enhanced. 

In the future, it is proposed to blend two or three 
fillers with LDPE and investigate their electrical, 
mechanical, physical, and thermal characteristics. It is 
also suggested that composite samples be immersed in 
water to investigate the effect of water leakage on the 
electrical characteristics of the insulator. 
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Solar shunt active power filter based on optimized direct power control strategy 
with disturbance rejection principle 
 
Introduction. This paper focuses on a renewable energy system coupled to a dual purpose power grid via a parallel active power filter 
for injecting photovoltaic energy into the grid and improving the power quality in the presence of the non-linear load. The novelty of the 
work consists in the combination of two advanced techniques – Fuzzy Logic Controller (FLC) and the optimized Anti-Windup Fractional 
Order Proportional-Integral Differentiator (AW-FOPID) regulator based on Particle Swarm Optimization with the Spreading Factor 
(PSO-SF) algorithm, applied to the improved Direct Power Control (DPC) strategy under different conditions related to climate 
changes and healthy or infected electrical network. Purpose. Its main role is to improve the power quality and reject the perturbations 
deforming the electrical network under distorted, unbalanced and balanced grid voltage conditions. Besides, the FLC is employed the 
Maximum Power Point Tracking (MPPT) under any weather conditions. In addition, the optimized AW-FOPID controller leads to keep 
the DC bus voltage at its reference value with small undershoots and overshoots in the voltage with a short response time in steady or 
dynamic states. Methods. The rejection of disturbances affecting the grid is offered by the improved DPC. On the other hand, an 
intelligent method based on fuzzy logic was used MPPT under any weather conditions. Furthermore, an AW-FOPID regulator based on 
PSO-SF algorithm is used to keep the DC bus voltage at its reference value with small undershoots and overshoots in the voltage, while 
keeping a fast response time. Results. The proposed system control is evaluated in various states of power source: distorted, unbalanced, 
and balanced by simulation using MATLAB/Simulink. The simulation results illustrate the effectiveness and performance of the studied 
control strategies. References 26, tables 8, figures 16. 
Key words: improved direct power control, particle swarm optimization, disturbance rejection principle, fuzzy maximum 
power point tracking. 
 
Вступ. У цій статті основна увага приділяється системі відновлюваної енергії, що з'єднана з енергосистемою подвійного 
призначення через паралельний фільтр активної потужності для подачі фотоелектричної енергії в мережу та покращення 
якості електроенергії за наявності нелінійного навантаження. Новизна роботи полягає у поєднанні двох передових методик – 
Fuzzy Logic Controller (FLC) та оптимізованого регулятора Anti-Windup Fractional Order Proportional-Integral Differentiator (AW-
FOPID) на основі оптимізації рою частинок з коефіцієнтом розширення (PSO-SF), що застосовується до покращеної стратегії 
прямого управління потужністю (DPC) у різних умовах, пов'язаних зі змінами клімату та справною або зараженою електричною 
мережею. Мета. Його основна роль полягає в покращенні якості електроенергії та усуненні збурень, що деформують електричну 
мережу в умовах спотвореної, незбалансованої та збалансованої напруги мережі. Крім того, у FLC використовується система 
відстеження точки максимальної потужності (MPPT) за будь-яких погодних умов. Крім того, оптимізований контролер AW-
FOPID дозволяє підтримувати напругу шини постійного струму на опорному значенні з невеликими відхиленнями і викидами 
напруги з коротким часом відгуку в стані динамічного стану. Методи. Відмова від перешкод, що впливають на мережу, 
забезпечує покращений DPC. З іншого боку, інтелектуальний метод, заснований на нечіткій логіці, використовувався MPPT за 
будь-яких погодних умов. Крім того, регулятор AW-FOPID, заснований на алгоритмі PSO-SF, використовується для підтримки 
опорного значення напруги постійного струму шини з невеликими відхиленнями і викидами напруги, зберігаючи при цьому малий 
час відгуку. Результати. Пропоноване управління системою оцінюється у різних станах джерела живлення: спотвореному, 
незбалансованому та збалансованому шляхом моделювання з використанням MATLAB/Simulink. Результати моделювання 
ілюструють ефективність та продуктивність вивчених стратегій управління. Бібл. 26, табл. 8, рис. 16.  
Ключові слова: покращене пряме керування потужністю, оптимізація рою частинок, принцип придушення перешкод, 
нечітке відстеження точки максимальної потужності. 
 

1. Introduction. Energy production is a major 
concern in the future because it is considered one of the 
engines of sustainability of development projects [1]. 
Currently, fossil fuels provide the majority of the world’s 
energy (gas, oil, and coal). Excessive use of non-renewable 
energy depletes reserves of this type of energy and 
contributes to greenhouse gas emissions, which pollute the 
environment and deadly threat to organisms [2]. Solar 
energy’s availability is as an environmentally friendly, 
limitless, and free power source on the entire glob’s surface 
[3]. Meanwhile, the growing usage of non-linear loads in 
the residential sector, and industrial sectors, causes 
problems related to the quality of energy [4]. These devices 
act as generators of harmonic currents inducing a 
consumption of reactive power [5]. To remedy these 
disadvantages, a curative solution consists in connecting a 
filtering device composing of an inverter in parallel with 
the system: nonlinear load – three-phase power source [6]. 
This Shunt Active Power Filter (SAPF) injects a current 
that opposes the reactive power and current harmonics 
emitted by the nonlinear load, to eventually makes the 

source current sinusoidal and in phase with its voltage, is 
frequently used [7, 8]. In the literature, many commands 
schemes have been adopted to control the SAPF. 
Hysteresis current approach is one of the most known 
methods [9]. However, it operates with a variable switching 
frequency [6]. To overcome such problem, authors have 
been suggested other commands such as Direct Power 
Control (DPC) [10, 11]. This command does not need 
Pulse-Width Modulation (PWM) or current control loops 
[12]. DPC is represented by a reference to the active power 
and another reference of the zero reactive power [13]. 
Nevertheless, these methods present also some issues 
related to high sampling rate and variable switching 
frequency [5]. To remedy these disadvantages, it is 
important to introduce other DPC structures. These later are 
represented in the DPC with space vector modulation 
which is used a linear Proportional Integral (PI) controllers 
and modulator of voltage instead of a hysteresis 
comparators and switching table [14]. However, this 
method requires the use of setting of the PI regulators and 
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coordinate transforms. For this reason, researchers, suggest 
other technique that known as predictive DPC, 
characterized by high accuracy [15]. Although this method 
needs complex calculations [9]. Nevertheless, when the 
aforementioned commands are used in distorted or 
unbalanced conditions of the power source, the 
performance of the system is deteriorated with degradation 
of the Total Harmonic Distortion (THD) contents which 
appears in input currents. 

Goal of the article. This paper presents a new DPC 
method in order to improve the power quality under 
distorted, unbalanced or balanced grid voltage conditions. 
Moreover, this command needs to have zero disturbance 
references in reactive and active power. 

Various regulators are used to keep the DC-link 
voltage at its desired value. Among them, the traditional 
PI regulator, which offers an excellent responsiveness in 
steady state [16], but performs poorly in transient states 
[11]. To remedy this problem, the suggested regulator in 
this paper is performed by an Anti-Windup Fractional 
Order Proportional-Integral Differentiator AW-FO(PIDη) 
regulator, replacing the traditional PI regulator that 
maintains the DC-link voltage at its reference value. This 
AW-FO(PIDη) regulator with two extra freedom degrees 
 and η presents shorter response time and better dynamic 
response compared to the traditional PI regulator [17, 18]. 
In contrast to the traditional PI regulator used in DPC, 
which has poor responses in dynamic conditions, the 
output of the AW-FOPID regulator contributes to the 
delivery of the active power. Concerning the setting of the 
AW-FOPID parameters, Particle Swarm Optimization 
(PSO) technique is used to minimize the objective 
function. In fact, this is the first time that the optimized 
AW-FOPID regulator has been integrated into the new 
DPC configuration. 

As the irradiation varies, several techniques of 
Maximum Power Point Tracking (MPPT) have been 
proposed [19, 20]. In our research, Fuzzy Logic Controller 
(FLC) has been used to track the MPPT and to solve the 
problem of the rapidly changing irradiance [9]. This work 
proposes a combination of two advanced techniques, the 
optimized AW-FOPID and FLC, applied to the Improved 
DPC (IDPC) strategy under different conditions related to 
climate changes and healthy or infected electrical network. 

2. Description of solar SAPF controlled by the 
IDPC with optimized AW-FOPID regulator based on 
PSO-SF algorithm. 

2.1. Description of IDPC strategy for the SAPF. The 
rejection of disturbances affecting the grid is provided by the 
IDPC command. Its principle role consists to eliminate the 
unwanted harmonics of the source currents due to 
contamination and unbalance of the power in the presence of 
the photovoltaic (PV) system. The IDPC approach needs no 
reactive and active power perturbation reference to reject the 
influence of the deformed electrical network as shown in 
Fig. 1 [21]. The currents participating to the calculation of 
reactive and active powers are assessed as follows: 
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Fig. 1. SAPF articulated on the IDPC method with PV system 

 

In the IDPC, the amplitude of the input currents Imax 
is given by the multiplication of the output voltage 
regulator AW-FOPID by the measured Vc voltage. This 
first result obtained is multiplied by a value gain 

2 / U3 . So, fundamental terms of these currents are 
delivered from the phase-locked loop block. The three 
reference source currents can be formulated as: 
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Substitution (2) in (1) gives the following equation: 
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Consequently, instantaneous reactive and active powers 
(Qsc and Psc) provided by the harmonic component: 

      scsbsasbsascsascsbsc IVVIVVIVVQ  
3

1
;(4) 

scscsbsbsasasc IVIVIVP   ,             (5) 

where Isa, Isb, Isc, Vsa, Vsb, Vsc are the distorted or unbalanced 
source currents and voltages of the phase A, B, C. 

In this IDPC controller, the references of the active 
and reactive powers are set to zero value to ensure 
rejection of grid disturbances which are emitted by the 
load and to achieve a sinusoidal input current. For this 
reason, both reference active (psc*) and reference reactive 
(qsc*) powers and are set to zero. 

2.2. AW-FOPID regulator based on PSO with the 
spreading factor (PSO-SF) algorithm. 

Optimized AW-FOPID regulator. The traditional PI 
regulator suffers from some problem in the transient states 
[16]. To remedy this issue, the proposed regulator is 
performed by AW-FO(PIDη), replacing the traditional PI 
regulator to keep the DC bus voltage at its reference value 
with small undershoots and overshoots in the voltage. The 
AW-FOPIDη has a general form that includes the derivative 
η and the integral ε actions order, which are not integers 
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(Fig. 2). From Fig. 2, the transfer function of the optimized 
AW-FOPID regulator is given: 

   
 

 sKsKK
sE

sU
sG dip   ,             (6) 

where Kd, Kp, Ki are the derivative, proportional and 
integral gain factors, respectively; η, ε are the derivative 
and integral orders respectively; Y(s) is the output signal; 
R(s) is the input signal, E(s) is the error; C(s) is the plant’s 
transfer function. It is obvious that the choice of η and ε 
gives the traditional regulators, i.e. PI regulator (η = 0) 
and PID regulator (ε, η = 1). 
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Fig. 2. General form regulator 

 

a) Fractional Order Method. The technique 
suggested by Oustaloup in 1995 [17] adequate to 
approximate the Fractional Order (FO) to Laplace transfer 
functions. The Oustaloup’s approximation model’s term 
sβ is valid in the range [–1; 1]. sβ as an FO integrator if 
β[–1; 0] and as an FO differentiator if β[0; 1]. In 
addition, this approximation employs a recursive 
distribution of zeroes and poles. So, the Oustaloup’s 
approximation is evaluated as: 
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where: 
hK  ,                                (8) 
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where ωh, ωb are the high and low frequencies, respectively; 
K is the adjustment gain; M is the number of zeros and 
poles; ωk and ωk' are respectively the poles and zeros of 
interval k; (2M + 1) is the approximation function order. 

b) PSO with the Spreading Factor (PSO-SF). 
Depending on (6), the optimized AW-FOPID regulator 
has 5 parameters to be tuned (Kd, Ki, Kp, η, ). Therefore, 
the PSO technique is used to tune the AW-FOPID 
parameters by minimizing the objective function f. PSO is 
a stochastic optimization algorithm based on the 
behaviour of swarms such as birds and fish [22-24]. In 
PSO technique, particle is regarded a potential solution 
for determining the best solution to the problem. 
Moreover, the position of a particle is influenced by its 
own best found position. The best position of the particle i 
is given as: 
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where f is the objective function; xi is the particle’s 
current position which is updated at time step t. 

The basic PSO equations can be represented as: 
     11  tVtxtx iii ,                   (12) 

  2211,, ΔΔ  cctvv jiji  ,            (13) 

where: 
    txtyr jijij ,,,11Δ  ;                    (14) 

    txtyr ji
n
jj ,,22Δ  ,                    (15) 

where c1, c2 are the acceleration constants, vi,j is the jth 

element of the velocity vector of the ith particle; r1,j, r2,j are 
the random coefficients; ω is the inertia weight. This 
operation is stopped when the velocity updates tend to zero. 

In PSO algorithm, each particle must update its own 
best individual objective function in each iteration. The 
individual objective function of each particle is calculated 
by using the integral time absolute error (MSE – Mean 
Squared Error): 

NeMSE
N

ts





0

2 ,                         (16) 

where ts is the time rang of simulation; N is the total 
number of points for which the optimization is carried 
out; e is the error signal. 

In this work, PSO with the spreading factor (PSO-SF) 
[25] is used instead of standard PSO to set the AW-FOPID 
regulator parameters. By applying the PSO-SF technique, 
the acceleration coefficient (c1 and c2) and inertia weight 
(ω) are given: 

c1 = c2 = 2(1 – (current epoch / total epoch));    (17) 
ω = e(–current epoch / (SFtotal epoch));                    (18) 

where SF = 0.5(spread + deviation). 
The algorithm’s instructions to be followed of the 

tuning this regulator by PSO-SF:  
1. Initialize the parameters of the 5 controller 

parameters: position range varies from 0.01 to 15; inertia 
weight ω from 0 to 1; velocity range varies from –0.001 
to 0.5; acceleration c1 and c2 from 0.01 to 2; 

2. Distribute particles at random within predefined 
ranges; 

3. Evaluate the objective function by using (16) with 
MSE tending to 0; 

4. Update new individual fitness if the present 
individual fitness is better to the prior individual fitness; 

5. Identify the best particle objective function among 
the swarm; 

6. Update the new population fitness if the present 
population fitness is better than the prior population 
fitness; 

7. Use (12), (13) to determine the velocity and update 
the position; 

8. Use (17), (18) to determine the new acceleration 
coefficients c1 and c2 and the inertia weight ω; 

9. End. 
2.3. Fuzzy MPPT. FLC is employed for tracking the 

MPP of PV array under any weather conditions [3]. This 
algorithm is very efficient for both nonlinear and linear 
systems [26]. The FLC has 3 steps: fuzzification, 
defuzzification and rules inference. The inputs of fuzzy 
MPPT are usually represented by a change in error ΔE 
and an error E [9]: 
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where: 
V = V(k) – V(k – 1);                   (20) 
P = P(k) – P(k – 1);                   (21) 

where V(k – 1), V(k), P(k – 1), P(k) are respectively the 
voltage and the power of the PV at the sampling times (k – 1) 
and k [9]. 

The input variables ΔE(k) and E(k) of fuzzy MPPT are 
divided into 5 fuzzy sets: Negative Small (NS), Positive Big 
(PB), Positive Small (PS), Zero (ZO) and Negative Big (NB). 
The rule base connects the fuzzy inputs to the fuzzy output 
by the syntax: «if L and M, then N» [9] (Table 1). 

Table 1 
Fuzzy MPPT 

E/∆E NB NS ZO PS PB 
NB PS PB PB NB NS 
NS ZO PS PS NS ZO 
ZO ZO ZO ZO ZO ZO 
PS ZO NS NS PS ZO 
PB NS NB NB PB PS 

 

The incremental duty cycle ΔD is calculated as [9]: 
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where ΔDi is the value corresponding to ΔD; w is the 
weighting factor; n is the maximum number of effective rules. 

Finally, the duty cycle is calculated by adding this 
modification to the control’s prior value: 

D(k + 1) = D(k) + D(k).                 (23) 
3. Presentation and discussion of results. To 

validate the performance and feasibility of the approaches 
suggested in this paper, several simulation tests were run 
in the MATLAB/Simulink. Table 2 lists the parameters 
that were used for these tests. 

Table 2 
Parameters for the simulation 

Parameter Value Parameter Value
Ls, mH 0.1  Ll, mH 0.566
Rs, Ω 0.1 Rl, Ω 0.01 
Switching frequency 
(DC/AC converter), kHz 20 Switching frequency 

(DC/DC boost converter), kHz 5 

Vs, V 70 Vcref, V 227.68
fs, Hz 50 Cpv, µF 20 
L, mH 10 Lpv, mH 3 
R, Ω 40 Ki 60 
Lf, mH 2.5  Kd 0.011
Rf, Ω 0.01 Kp 0.95 
Cdc, µF 2200 N 2 
η 0.5  0.4 

 

Figure 3 illustrates the relationship between the current 
I and power P generated by the PV generator in response to 
different solar irradiation profiles G. Initially, prior to time 
t = 0.5 s, no power or current is produced when the solar 
irradiation is at zero. Subsequently, from 0.5 s to 2 s, the 
PV’s power and current follow specific trajectories 
determined by the irradiation profile. During this period, the 
irradiation gradually rises from 0 to 800 W/m2 until t = 0.9 s, 
resulting in the generation of 30 A with 4 kW output by 
using the FLC. At t = 0.9 s, the solar irradiation decreases 
from 800 to 300 W/m2, leading to a decline in current 

from 30 A to 10 A and power from 4 kW to 1.43 kW. 
Then, at t = 1.3 s, the solar irradiation increases again, 
reaching 1000 W/m2 and maintaining this level, thereby 
providing 5 kW with 40 A output. 
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Fig. 3. Irradiation profile, power and current of the PV module 

 

Figure 4 illustrates powers evolutions, obtained by the 
IDPC with optimized AW-FOPID and FLC MPPT. When 
the solar irradiation G = 0, the grid supplies the power Ps to 
the non-linear load Pl. Subsequently, upon the integration of 
the PV system, during the time interval [0.5, 2] s, the PV 
generator caters to the load’s power demand Pf, with any 
excess power being fed back into the electrical network. 
From 0.1 to 2 s, the grid’s reactive power Qs is reduced to 
zero following the installation of the SAPF. 
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Fig. 4. Powers evolution for the proposed DPC 

 

Figures 5, 7 display the current Is and voltage Vs 
waveforms of the source, load current Il and filter current If 
before and after filtering with and without the PV module. 

In the absence of filtering and without PV 
integration, the source current exhibits distortion and 
deformation, with a THD of 30.35 %. However, upon the 
insertion of the SAPF at t = 0.1 s, the source current 
transforms into a sinusoidal waveform and synchronizes 
with the network voltage. Consequently, the THD is 
significantly reduced to 3.33 % for the IDPC with 
optimized AW-FOPID and 1.68 % for the IDPC with PI 
control (Table 3). Subsequently, during the period from 



76 Electrical Engineering & Electromechanics, 2024, no. 3 

0.5 s to 2 s, SAPF comes into operation, ensuring that the 
source currents remain sinusoidal and in opposite phase to 
their corresponding voltages. As a result, the THD further 
decreases to 2.47 % for the IDPC with optimized AW-
FOPID and 1.57 % for the IDPC with PI control (Table 3). 
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Fig. 5. Zoomed-in view on the SAPF articulated on 

IDPC with FLC and optimized AW-FOPID regulator: 
source currents and voltages, load and filter currents 

 

Table 3 
Comparison of source current THD for balanced network voltage 

Source current THD, % 
Control Without 

SAPF 
SAPF 

without PV 
SAPF 

with PV 
IDPC approach 
with optimized 
AW-FOPID regulator 

30.35 3.33 2.47 

IDPC approach with 
standard PI regulator 

30.35 01.68 1.57 
 

The DC-link voltage Vc stabilizes at its reference value 
Vcref during the introduction of the SAPF, and at each change 
in irradiation it returns to Vcref, justified by the exchange of 
energy between the nonlinear load, the grid, and the SAPF as 
shown in Fig. 6, 8 and Table 4.  
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Fig. 6. Zoom on DC-link voltage of the SAPF articulated on 

IDPC with FLC and optimized AW-FOPID regulator 
 

During the period [0.1, 0.5] s, where G = 0, it can be 
seen that Vc decreases from 226.27 V to 225.12 V for 
optimized AW-FOPID and 159.99 V for PI with response 
time 0.0182 s and 0.13 s, respectively. When G = 800 W/m2 
during [0.5-0.9] s, it can be noticed that Vc increases from 
226.27 V to 229.26 V for optimized AW-FOPID and 265.7 V 
for PI with response time 0.077 s and 0.19 s, respectively. 
When G = 300 W/m2 during the period [0.9-1.3] s, it can be 
observed that Vc decreases from 226.27 V to 221.99 V for 
optimized AW-FOPID and 193.68 V for PI with response 
time 0.047 s and 0.12 s, respectively. Finally, in the period 
[1.3-2] s, where G = 1000 W/m2, it can be seen that 

Vc increases from 226.27 V to 227.3 V for optimized 
AW-FOPID and 237.5 V for PI with response time 0.174 s 
and 0.29 s, respectively. 
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Fig. 7. Zoom of SAPF articulated on IDPC with FLC and PI 

regulator: source currents and voltages, load and filter currents 
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Fig. 8. Zoom on DC-link voltage of the SAPF articulated on 

IDPC equipped with FLC and PI regulator 
 

Table 4 
Comparison of the optimized AW-FOPID with traditional PI 
regulator under balanced network voltage and variations in 

solar irradiation 

Control 
IDPC approach with 

optimized AW-FOPID 
regulator 

IDPC approach with
PI regulator 

SAPF without 
PV ΔV, V 

Voltage drop 
of 1.15 

Voltage drop 
of 66.28 

SAPF without 
PV Δt, s 

0.0182 0.13 

Overshoot of 2.99 Overshoot of 39.43 
Voltage drop 

of 4.28 
Voltage drop 

of 32.59 
SAPF with 
PV ΔV, V 

Overshoot of 1.03 Overshoot of 11.23 
0.077 0.19 
0.047 0.12 

SAPF with 
PV Δt, s 

0.174 0.29 
 

The optimized AW-FOPID regulator demonstrates 
notable advantages over the traditional PI regulator under 
balanced network voltage and varying solar irradiation 
conditions. Figures 6, 8 and Table 4 present the performance 
comparison, highlighting the following key aspects: 

 Voltage drops. The optimized AW-FOPID regulator 
exhibits reduced voltage drops compared to the traditional 
PI regulator. This means that the AW-FOPID controller 
maintains a more stable voltage profile, minimizing 
fluctuations and ensuring a smoother operation. 
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 Voltage overshoots. The optimized AW-FOPID 
regulator also shows smaller voltage overshoots than the 
traditional PI regulator. This implies that the AW-FOPID 
controller achieves better control over the system’s response, 
preventing excessive deviations and maintaining tighter 
regulation. 

 Short response time. The optimized AW-FOPID 
regulator achieves a shorter response time compared to 
the traditional PI regulator. This indicates that the AW-
FOPID controller can rapidly adapt to changes in the 
system, providing quicker and more accurate adjustments. 

In summary, the optimized AW-FOPID regulator 
outperforms the traditional PI regulator in terms of 
voltage stability, response speed, and overall system 
control, making it a more efficient and effective choice 
for systems operating under balanced network voltage and 
varying solar irradiation conditions. 

Unbalanced and distorted network voltages tests. 
A first test based on unbalanced network voltages is 
performed to test the robustness of the IDPC: Vsa = 70 V, 
Vsb = 120 V, Vsc = 60 V. The simulation results of the 
SAPF articulated on IDPC equipped with the optimized 
AW-FOPID, PI regulator and FLC, operating under 
unbalanced network voltage, are shown in Fig. 9, 11. 

Figures 9, 11 display the source currents and 
voltages, the load currents and filter currents, after and 
before filtering, with and without PV array under 
unbalanced network voltages. Before filtering and without 
PV, the source current is deformed with THD is 30.32 %. 
After the SAPF is inserted at the instant 0.1 s, the source 
current becomes sinusoidal and synchronizes with 
network voltage. The THD in this situation is 3.76 % for 
the IDPC with optimized AW-FOPID and 3.21 % for the 
IDPC with PI (Table 5). Then from 0.5 to 2 s, the SAPF 
starts operating, where the source currents stay sinusoidal 
and in opposition phase with the corresponding voltages. 
So, THD is 4.57 % for the IDPC with optimized 
AW-FOPID and 3.8 % for the IDPC with PI (Table 5). 

Table 5 
Comparison of source current THD for unbalanced network voltage 

THD of source current, % 

Control IDPC approach 
with optimized 

AW-FOPID regulator 

IDPC approach
with standard
PI regulator 

Without SAPF 30.32 30.32 
SAPF without PV 3.76 3.21 
SAPF with PV 4.57 3.8 

 

During the period [0.1, 0.5] s, where G = 0, it can be 
seen that Vc increases from 226.27 V to 242.16 V for 
optimized AW-FOPID with response time 7.65 ms. The 
simulation results of the solar SAPF articulated on the 
IDPC equipped with the optimized AW-FOPID, PI 
regulator and FLC controller, operating under unbalanced 
network voltage, are shown in Fig. 9, 11. Whereas, it can 
be observed that Vc decreases from 226.27 V to 225.06 V 
for optimized AW-FOPID and 169.89 V for PI with 
response time 8 ms and 0.109 s, respectively. However, 
when G = 800W/m2 during [0.5-0.9] s, it can be noticed 
that Vc increases from 226.27 V to 229.79 V for 
optimized AW-FOPID and 275.1 V for PI with response 
time 22.5 ms and 0.155 s, respectively. 
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Fig. 9. Zoom of SAPF articulated on the IDPC with FLC and 
optimized AW-FOPID regulator under unbalanced network 

voltages: source currents and voltages, load and filter currents 
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Fig. 10. Zoom on DC-link voltage of the SAPF articulated on 
the IDPC with FLC and optimized AW-PID regulator under 

unbalanced network voltages 
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Fig. 11. Zoomed of SAPF articulated on the IDPC with FLC and 
PI regulator under unbalanced network voltages: source currents 

and voltages, load and filter currents 
 

During the insertion of the SAPF, the DC-link voltage 
Vc stabilizes at its reference value Vcref. Additionally, at each 
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change in solar irradiation, the DC-link voltage returns to the 
reference value Vcref (Fig. 10, 12, Table 6). Then, when 
G = 300 W/m2 during the period [0.9-1.3] s, it can be observed 
that Vc decreases from 226.27 V to 220.54 V for optimized 
AW-FOPID and 188 V for PI with response time 16.93 ms 
and 0.12 s, respectively. Finally, in the period [1.3-2] s, 
where G = 1000 W/m², it can be seen that Vc increases from 
226.27 V to 246.81 V for PI with response time 0.7 s. 
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Fig. 12. Zoom on DC-link voltage of the SAPF articulated on 

the IDPC equipped with FLC and PI regulator under unbalanced 
network voltages 

 
Table 6 

Comparison of the optimized AW-FOPID with traditional PI 
regulator under unbalanced network voltage and variations in 

solar irradiation 

Control 
IDPC approach with 

optimized AW-FOPID 
regulator 

IDPC approach with PI 
regulator 

SAPF without 
PV ΔV, V 

Overshoot of 15.89 
Voltage drop of 1.21 

Voltage drop 
of 56.38 

SAPF without 
PV Δt, s 

0.00765 
0.008 

0.109 

SAPF with PV 
ΔV, V 

Overshoot of 3.52 
Voltage drop of 5.73 

Overshoot of 48.83 
Voltage drop of 38.27 

Overshoot of 20.54 

SAPF with PV 
Δt, s 

0.0225 
0.01693 

0.155 
0.12 
0.7 

 
In summary, the optimized AW-FOPID controller 

demonstrates better performance in maintaining the DC-
link voltage Vc closer to its reference value Vcref during 
varying solar irradiation. It achieves faster response times 
and smaller voltage deviations compared to the traditional 
PI controller in most situations. 

As a result, the optimized AW-FOPID regulator has 
a smaller voltage drops and overshoots with a short 
response time under unbalanced network voltage with 
variations in solar irradiation compared to those obtained 
from the traditional PI controller (Fig. 10, 12, Table 6). 

The second test of the IDPC approach’s robustness 
is articulated on network voltage distortion. In this test, 
the fundamental input voltages are superimposed with the 
fifth harmonic voltage. The simulation results of the solar 
SAPF articulated on the IDPC equipped with the 
optimized AW-FOPID, PI regulator and FLC controller, 
operating under distorted network voltage (Fig. 13, 15). 

Figures 13, 15 present the waveforms of source 
currents and voltages, load currents, and filter currents 
before and after filtering, with and without the PV array 
under distorted network conditions. Initially, the source 
current is distorted and deformed with a THD of 36.9 %. 
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Fig. 13. Zoom of SAPF articulated on IDPC with FLC and 

optimized AW-PID regulator under distorted network voltages: 
source currents and voltages, load and filter currents 

 

Upon the insertion of the SAPF at t = 0.1 s, the source 
current undergoes significant improvement, transforming 
into a sinusoidal waveform and synchronizing with the 
network voltage. The THD reduces to 2.97 % for the IDPC 
with optimized AW-FOPID and 3.02 % for the IDPC with 
PI control (Table 7). 

Subsequently, from 0.5 s to 2 s, the SAPF becomes 
operational, resulting in the source currents remaining 
sinusoidal and in opposition phase to their corresponding 
voltages. During this period, the THD is 4.62 % for the 
IDPC with optimized AW-FOPID and 3.15 % for the 
IDPC with PI control (Table 7). 

During the introduction of the SAPF, the DC-link 
voltage Vc stabilizes at its designated value Vcref, and 
whenever there is a change in solar irradiation, it returns 
to this reference value (Fig. 14, 16, Table 8). 
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Fig. 14. Zoom on DC-link voltage of the SAPF articulated on 

the IDPC equipped with FLC and optimized AW-PID regulator 
under distorted network voltages 

 

Table 7 
Comparison of source current THD under distorted network 

voltage with variations in solar irradiation 
THD of source current, % 

Control IDPC approach 
with optimized 

AW-FOPID regulator 

IDPC approach
with standard
PI regulator 

Without SAPF 36.9 36.9 
SAPF without PV 2.97 3.02 
SAPF with PV 4.62 3.15 
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Table 8 
Comparison of the optimized AW-FOPID with classical PI 

under distorted grid voltage with variations in solar irradiation 

Control 
IDPC approach with 

optimized AW-FOPID 
regulator 

IDPC approach with PI 
regulator 

SAPF without 
PV ΔV, V 

Overshoot of 1.64 
Voltage drop 

of 69.27 
SAPF without 
PV Δt, s 

0.1 0.13 

SAPF with PV 
ΔV, V 

Overshoot of 3.29 
Voltage drop of 4.28 

Overshoot of 40.73 
Voltage drop of 32.28 

Overshoot of 12.23 

SAPF with PV 
Δt, s 

0.052 
0.0296 

0.18 
0.15 
0.313 
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Fig. 15. Zoom of SAPF articulated on IDPC with FLC and PI 

regulator under distorted network voltages: source currents and 
voltages, load and filter currents 
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Fig. 16. Zoom on DC-link voltage of the SAPF articulated on 
the IDPC equipped with FLC and PI regulator under distorted 

network voltages 
 

Let’s summarize the observations during different periods: 
 Period [0.1, 0.5] s (G = 0). 

Optimized AW-FOPID: Vc increases from 226.27 V to 
227.91 V with a response time 0.1 s. 
PI: Vc decreases from 226.27 V to 157 V with a response 
time 0.13 s. 

 Period [0.5, 0.9] s (G = 800 W/m²): 
Optimized AW-FOPID: Vc increases from 226.27 V to 
229.56 V with a response time 0.052 s. 
PI: Vc increases from 226.27 V to 267 V with a response 
time 0.18 s. 

 Period [0.9, 1.3] s (G = 300 W/m²): 
Optimized AW-FOPID: Vc decreases from 226.27 V to 
221.99 V with a response time 0.0296 s. 
PI: Vc decreases from 226.27 V to 193.99 V with a 
response time 0.15 s. 

 Period [1.3, 2] s (G = 1000 W/m²): 
PI: Vc increases from 226.2 V to 238.5 V with a response 
time 0.313 s.  

In summary, the DC-link voltage Vc in the system 
remains stable at the reference value Vcref during SAPF 
insertion and readjusts to this value at every change in solar 
irradiation. The optimized AW-FOPID regulator 
successfully maintains Vc close to its reference value with 
faster response times with fewer and smaller voltage 
deviations in most situations compared to the traditional PI 
regulator. However, during G = 1000 W/m², the PI regulator 
exhibits a higher response time and a slightly higher Vc value 
compared to the optimized AW-FOPID regulator. As a 
result, the optimized AW-FOPID regulator has a smaller 
voltage drops and overshoots with a short response time 
under distorted network voltage with variations in solar 
irradiation compared to those obtained from the traditional PI 
controller, as represented in Fig. 14, 16 and Table 8. 

4. Conclusions. This paper investigates an improved 
Direct Power Control (DPC) articulated on optimized Anti-
Windup Fractional Order Proportional-Integral 
Differentiator (AW-FOPID) regulator for a double-stage 
grid-interconnected photovoltaic system, associated with a 
Shunt Active Power Filter (SAPF). The primary objective 
is to reject the perturbations deforming the electrical 
network and ensures agreeable total harmonic distortion 
under distorted, unbalanced and balanced grid voltage 
conditions. The particle swarm optimization algorithm is 
employed to tune the parameters of the AW-FOPID 
regulator by minimizing an objective function. Therefore, 
the improved DPC strategy ensures efficient delivery of 
SAPF by replacing the traditional PI controller with the 
optimized AW-FOPID regulator. Moreover, a fuzzy logic 
controller is integrated into the system to effectively track 
the maximum power point under diverse weather 
conditions. The study’s results demonstrate the superior 
performance of studied control strategies in terms of 
response time, undershoots and overshoot in the DC link 
voltage under distorted, unbalanced and balanced network 
voltage with variations in solar irradiation compared to 
those obtained from the traditional PI regulator. 
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