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Y. Hakmi, H. Miloudi, M. Miloudi, A. Gourbi, M.H. Bermaki 
 

Frequency experimental identification approach for single-phase induction motor 
common-mode parameters 
 

Introduction. The presence of broad-spectrum and high-amplitude electromagnetic interference (EMI) within a single-phase induction 
motor (SPIM) drive poses a significant threat to both the system and other electronic equipment. High-frequency (HF) models of electrical 
motors play a critical role in overcoming these challenges, as they are essential for characterizing electromagnetic compatibility (EMC) in 
drives and designing effective EMI filters. The novelty of this study proposes an enhanced HF motor model based on transfer functions 
(TFs) to accurately represent the motor’s behavior at HFs for frequency-domain analyses in the range of 100 Hz to 30 MHz. Purpose. The 
equivalent HF model for a SPIM is discussed in this paper. The suggested equivalent circuit describes a motor’s common-mode (CM) 
properties. Methodology. HF model was developed by a frequency-domain analysis utilizing an experimental setup and MATLAB software. 
The motor impedance analysis is based on the measurement of variations in motor characteristics as a function of frequency in the CM 
setup. Originality. TF has been tuned using an asymptotic identification method of Bode to match the behavior of the real impedances of the 
motor parameters as a function of the frequency in the CM configuration. This tuned TFs are then synthesized into a comprehensive 
wideband EMC equivalent circuit model using the Foster network technique, which can be then simulated in any Spice-based simulator 
tools. Results. The proposed mathematical model was employed to conduct simulations, and the resulting predictions were validated against 
experimental data. CM response of the EMC equivalent circuit at low, medium, and HFs were compared between simulations and 
experimental measurements using Lt-Spice simulator software. Practical value. It is observed that results show satisfactory agreement with 
the measurements over a large frequency bandwidth [100 Hz–30 MHz], and the equivalent model of SPIM can be cascaded with other 
electronic and electrical modules to form a complete single-phase electric drive system model for fast analysis and prediction of system level 
EMI and electromagnetic sensitivity. References 37, table 5, figures 13. 
Key words: common-mode, electromagnetic compatibility, experimental impedance measurement, high frequency, single-
phase induction motor. 
 

Вступ. Наявність широкоспектральних та високоамплітудних електромагнітних перешкод (ЕМП) в однофазному асинхронному 
електродвигуні (ОАЕД) становить значну загрозу як для системи, так і для іншого електронного обладнання. Високочастотні 
(ВЧ) моделі електродвигунів відіграють вирішальну роль у подоланні цих проблем, оскільки вони необхідні для характеристики 
електромагнітної сумісності (ЕМС) у приводах та проєктування ефективних фільтрів ЕМП. Новизна цього дослідження полягає 
в тому, що пропонується вдосконалена модель ВЧ-двигуна на основі передатних функцій (ПФ) для точного представлення 
поведінки двигуна на ВЧ для аналізу частотної області в діапазоні від 100 Гц до 30 МГц. Мета. У статті обговорюється 
еквівалентна ВЧ-модель для ОАЕД. Запропонована еквівалентна схема описує властивості двигуна у синфазному режимі (СР). 
Методологія. ВЧ-модель була розроблена за допомогою аналізу у частотній області з використанням експериментальної 
установки та програмного забезпечення MATLAB. Аналіз імпедансу двигуна заснований на вимірюванні змін характеристик 
двигуна в залежності від частоти встановлення СР. Оригінальність. ПФ були налаштовані за допомогою асимптотичного 
методу ідентифікації Боде для відповідності поведінці реальних імпедансів параметрів двигуна залежно від частоти конфігурації 
СР. Надалі ці налаштовані ПФ синтезуються в комплексну модель еквівалентної схеми ЕМС з використанням методу мережі 
Фостера, яку потім можна моделювати в будь-яких інструментах симулятора на основі Spice. Результати. Запропонована 
математична модель використовувалася щодо моделювання, а отримані прогнози було перевірено з урахуванням 
експериментальних даних. Реакція СР еквівалентної схеми ЕМС на низьких, середніх та високих частотах порівнювалась між 
моделюванням та експериментальними вимірами з використанням програмного забезпечення симулятора Lt-Spice. Практична 
цінність. Результати показують задовільне співпадіння з вимірюваннями у значному диапазоні частот [100 Гц-30 МГц], а 
еквівалентна модель ОАЕД може бути каскадована з іншими електронними та електричними модулями для формування повної 
моделі однофазної системи електроприводу для швидкого аналізу та прогнозування ЕМП на рівні системи та електромагнітної 
чутливості. Бібл. 37, табл. 5, рис. 13. 
Ключові слова: синфазний режим, електромагнітна сумісність, експериментальний вимір імпедансу, висока частота, 
однофазний асинхронний двигун. 

Abbreviations 
CM Common-Mode PSCM Permanent Split Capacitor Motor 
EMC Electromagnetic Compatibility PWM Pulse Width Modulation 
EMI Electromagnetic Interference SPIM Single-Phase Induction Motor 
FEM Finite Element Method TF Transfer Function 
HF High-Frequency   

 
Introduction. Electric motors account for more than 

53 % of electricity consumption in developed nations and 
approximately 65 % in the industrial sector [1]. SPIMs 
boast efficiencies ranging from 30 % to 65 %, rendering 
them popular for low power applications [2]. SPIM 
drivers find applications in a wide range of equipment, 
including domestic and industrial settings, for controlling 
pumping operations [3], variable speed fans [4], 
compressors [5] and vehicle electric systems [6].  

Using a variable frequency driver with SPIM (Fig. 1) 
offers numerous advantages in terms of speed control, 
energy efficiency, starting torque, noise and vibration [4]. 
This combination is finding increasing use in a wide 
range of applications [3–6]. 

Researchers are investigating diverse driving 
technologies to improve the performance and efficiency of 
SPIMs, prompted by concerns regarding operational costs 
and energy consumption [7, 8]. Adapting SPIM speed to 
loading conditions optimizes energy savings and system 
performance through PWM inverter control (Fig. 1). 
However, internal HF switching in PWM inverters 
induces significant voltage changes (dv/dt), causing 
serious CM EMI issues. These challenges have a 
substantial impact on the EMC of the system. SPIMs play 
a central role in amplifying these disturbances as they 
serve as the primary conduit for the propagation of CM 
currents. 
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Fig. 1. Topology of SPIM driven by the single-phase inverter 

 

Furthermore, the presence of CM voltage in the 
motor’s output can give rise to various issues, including 
leakage current, shaft voltage, and bearing currents. These 
complications not only substantially reduce the life cycle 
of machines and drives but also have the potential to 
violate international EMI standards [9–12]. Therefore, 
responsible management of these technologies is crucial 
to both maximize the benefits and mitigate the risks 
associated with EMI. 

Given the complexity of power generation and 
transmission in electric drive systems, conventional post 
processing methods relying on experience and 
experimentation are insufficient for precisely identifying 
and addressing EMC issues [13–15]. Therefore, 
establishing advanced system level EMI simulation, 
prediction, and optimization design methods is imperative 
during the early stages of SPIM driver development. 

In this context, assessing CM impedance 
characteristics at HFs for the SPIM is crucial. The CM 
impedance of SPIMs significantly influences the 
magnitude of CM currents induced by the CM voltage of 
the inverter in SPIM drive systems. SPIMs contribute to 
CM currents due to their intrinsic asymmetry and the 
presence of parasitic capacitance and inductance inherent 
in their design. At HFs, these parasitic elements become 
more pronounced and can substantially affect the CM 
impedance of the motor. The impedance of these parasitic 
elements varies with frequency, resulting in complex 
networks and changes in the overall CM impedance of the 
motor. Understanding CM impedance up to 30 MHz is 
essential to ensure compliance with stringent EMC 
standards established by organizations like the 
International Special Committee on Radio Interference 
[16], which govern conducted EMI assessments across 
frequencies ranging from 150 kHz to 30 MHz. 

Previous research on SPIMs has primarily 
concentrated on design optimization [8, 17], fault diagnosis 
[18, 19], and control methodologies [2, 4–7, 20], resulting 
in notable enhancements in SPIM performance and 
operational efficiency. However, there exists a notable gap 
in understanding the electromagnetic behavior of SPIMs 
from an EMC perspective. While some studies have 
explored EMC aspects, such as the work of [9], which 
focused on EMC characterization of capacitor start SPIMs 
using a HF model based on a genetic algorithm, further 
research is needed to address this gap. This paper aims to 
address this gap by introducing a pioneering study on the 
electromagnetic behavior of SPIMs with start capacitors 
from an EMC perspective. Through the development of a 
comprehensive HF model tailored specifically for start 
capacitor SPIMs based on motor port impedance 
characteristics, the objective is to investigate their 
electromagnetic characteristics, including CM impedance 
and propagation paths. By incorporating advanced 
simulation and predictive modeling techniques, this 
model enhances the electromagnetic environment of 
adjustable drive systems, enabling accurate investigation 

and proactive resolution of EMI issues. Specifically, the 
model effectively addresses critical EMI concerns such as 
motor terminal overvoltage ringing and bearing discharge 
current, facilitating the design of effective dv/dt filters and 
improving overall EMC performance. 

HF SPIM model. Researchers have proposed diverse 
EMI modeling approaches for various electrical machines, 
including three phase induction motors [21–28], DC 
motors [11, 29], and permanent magnet machines [12, 
30–32]. These approaches fall into two main categories: 
FEM and measurement-based methods, a numerical 
technique, adeptly capture the intricate geometry and 
material characteristics of machines. Employed in the 
preliminary design phase, engineers use FEM to assess 
the impact of motor design choices on undesirable HF 
phenomena, establishing a 3D or 2D electromagnetic 
analysis that requires an understanding of the motor’s 
geometric structure and electromagnetic parameters [12, 
30, 31]. However, this method not only increases the 
workload for researchers, but also places limitations on 
the model’s accuracy at higher frequencies. 

In contrast, measurement-based methods rely on 
experimental data from impedance measurements, usually 
in common and differential modes, and involve a 
parameterization process. They provide higher accuracy 
than numerical models, do not require detailed motor 
geometry, and are well-suited for system level simulations 
predicting HF phenomena such as overvoltage and 
conducted emissions. The main types of measurement-
based models are the physics-based circuits, and the 
behavioral or black-box models. Physics-based circuits 
use pre-defined equivalent circuit topologies with 
parameters that reflect the physical components of the 
machine to represent the real HF behavior of the machine. 
Some examples of physics-based circuit models can be 
found in [22, 23, 26, 29]. Although they have a rather low 
number of circuit elements and therefore low complexity, 
they need an extraction procedure to determine the 
unknown circuit parameters, and most of them are only 
validated up to 10 MHz. Black-box models adeptly 
represent dynamic behaviors, especially in HF 
resonances, accounting for complex internal structures 
and parasitic coupling in electrical machines. Rational 
functions achieve this by easily converting to equivalent 
electric circuits, accurately reproducing measured 
behaviors at terminals [14, 25, 27, 28, 33]. 

In [20] was presented a broadband equivalent circuit 
model for three phase AC motors using the vector fitting 
algorithm. Despite its high accuracy in capturing 
resonance behavior across a broad frequency range, the 
method’s complexity in mathematical procedures may 
constrain its practical application. 

In summary, previous relevant studies in EMC and 
HF electrical machine modeling have identified several 
limitations. These include: 

1. A notable gap in HF modeling, particularly tailored 
for SPIM, despite facing analogous challenges to three 
phase motors. 

2. The precision of existing modeling approaches relies 
heavily on the detailed internal structural features of the 
machine. 

3. The proposed modeling methods face challenges in 
meeting EMI requirements, primarily because of 
constraints in effectively handling the required frequency 
ranges (150 kHz – 30 MHz). 
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Addressing the aforementioned issues, this paper 
proposes a measurement-based wide-frequency EMC 
model for the PSCM, treating the motor as a black box. 
The model accurately depicts CM characteristics from 
100 Hz to 30 MHz, offering key analyses of EMI 
emission and coupling mechanisms in a single-phase 
electric drive system. A 175 W SPIM with PSCM is 
utilized as a case study. The CM port impedance, is 
mathematically fitted using Bode’s asymptotic 
identification method. The resulting tuned TF is 
synthesized into an EMC equivalent circuit using the RLC 
Foster network.We validate the model’s effectiveness and 
accuracy by comparing it with experimental results using 
the Lt-Spice simulator. Besides modeling the behavior of 
the PSCM, this article explores the influence of internal 
parameters on the EMC behavior of the motor. Crucially, 
it identifies dominant effects at specific frequencies. The 
analysis encompasses CM of dominant parasitic 
capacitances within the electric machine critical for 
understanding primary motor-to-ground CM pathways.  

Key properties of the proposed model: 
1. The model identification process is straightforward, 

achieving high accuracy by relying only on the impedance 
magnitude and phase angle of the structure’s parasitic 
parameters, independent of motor manufacturer data. 

2. The equivalent circuit model seamlessly integrates 
with other components to form complete electric drive 
system models, enabling thorough assessment of 
conducted emissions and ensuring EMC compliance. It 
accurately predicts stator winding overvoltage and 
bearing discharge current, facilitating optimal design of 
mitigation measures such as dv/dt filters. 

3. The methodology is versatile and can be extended to 
each individual component in the drive system (e.g., 
cable, inverter), allowing its application across a wide 
range of motors. 

The proposed method provides the capability to 
characterize the motor impedance over a wide frequency 
range, which is one of its key practical advantages. This 
enables designers to more effectively adjust the motor 
parameters to ensure optimal performance under varying 
operating conditions, a crucial necessity for many industrial 
and commercial applications such as pumping or ventilation. 
Given that variable speed drives operate at HF, it becomes 
imperative to find a HF model of the motor associated with 
the variable speed drive. This method thus allows for 
modeling the motor behavior under extreme conditions. 

CM measurement setup for PSCM. SPIM, 
resembling the design of a three-phase motor, consists of a 
stator and a squirrel-cage rotor with two perpendicular 
windings: primary «running» and auxiliary «starting». Upon 
motor initiation, a centrifugal switch disconnects the 
auxiliary winding at around 75 % of the nominal speed [8, 
20]. PSCM is a specialized variant known for its 
incorporation of a start split capacitor [2]. In this 
configuration, the auxiliary winding, and capacitor are 
connected in series, enhancing the motor’s starting 
efficiency. The capacitor plays a crucial role in optimizing 
the initial startup process. Specific motor characteristics 
examined in this paper are detailed in Table 1. 

The Wayne Kerr 6500B precision impedance analyzer 
for impedance analysis are used. This analyzer offers high 
resolution measurements from 100 Hz to 30 MHz, meeting 
the IEEE Std 112-2017 reliability requirements. With an 
impressive impedance accuracy of ±0.05 %. 

Table 1 
PSCM parameters 

Rated 
voltage, V

Rated 
power, 

W 

Rated 
current, 

A 

Speed, 
rpm 

Rated 
torque, 

Nm 

Efficiency, 
% 

230 <175 <1.5 1400 <4 87 
 

To anticipate HF behavior, the impedance between 
the motor terminals and the housing was assessed using 
the configuration shown in Fig. 2. This approach provided 
insights into the CM characteristics of the tested PSCM. 

 

 
Fig. 2. CM test configuration 

 

Figures 3, 4 show that this impedance starts to be 
capacitive due to the parasitic capacitance between the stator 
windings and the motor frame. Then, at medium frequency, 
the parasitic inductance becomes more dominant, so that the 
CM impedance drops at a certain frequency, and multiple 
peaks and drops can occur thereafter. However, at HFs, 
beyond the antiresonance frequency fn, ZCM demonstrates a 
weaker increase and exhibits inductive behavior. 

Z3 

f, Hz 

Z1 Z2 Z4 Z6 Z5 

Z, 

fd1 

fp1 

fn 

 
Fig. 3. CM impedance magnitude measurement 

 

f, Hz 

Phase, deg 

 
Fig. 4. CM impedance phase measurement 

 

HF modeling of the CM impedance of the PSCM. 
The obtained measurement results facilitate the progression 
to the subsequent stage, where the TF is modeled. 
Specifically, Bode’s asymptotic identification method is 
applied to model the magnitude and phase of the CM 
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impedance. The approach involves extracting the impedance 
TF for PSCM, utilizing the identification method. The 
modeling strategy is grounded in the observation that the 
overall magnitude curve of the impedance measurement 
undergoes a change in slope at each break frequency. 
Additional details about the method can be found in [34–36]. 

The modeling process involves the following 
succinct steps: 

1. Identify break frequencies (pole and zero positions) 
from measured data, as depicted in Fig. 3. 

2. Define the slopes of asymptotes and terms for the 
corresponding TF segments. 

3. Derive the comprehensive system TF by multiplying 
the TFs at different frequencies. 

From the characteristics of the magnitude depicted in 
Fig. 3, several break frequencies fd1, fp2,..., fn related to the 
poles and zero’s locations have been exhibited. The 
asymptotic magnitude Bode plots of basic TFs terms are used 
to obtain the approximate plot for the real CM impedance.  

Before the first dipping frequency fd1, the magnitude 
curve decreases with a slope of –1, and the phase is –90°: 

Z1(s) = 1 / s,                                (1) 
where s is the Laplace transform variable or complex 
frequency; Z1(s) is the TF of the pole at the origin.  

At the first dipping and peaking frequencies (fd1 and 
fp2) suggest the presence of 2nd-order systems (2 and 3 
are the damping ratios). The corresponding terms are 
calculated by: 
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where Z2(s) is the TF of a 2nd-order system; the undamped 
natural frequency wn2 is given by: 

12 2 dn fw   ,                            (3) 

Z3(s) is for 2nd-order system with two poles: 
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where the undamped natural frequency wn3 is given by: 

23 2 pn fw   .                           (5) 

Applying the same analysis to each pair of 
remaining dipping and peaking frequencies in the CM 
impedance measurement yields TFs at different 
frequencies. The complete TF is obtained by: 

)()()()( 21 sZsZsZsZ nCM  .            (6) 

The estimated CM TF can be expressed as a ratio of 
two frequency-dependent polynomial representations: 
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where an, bm  Re are the unknown polynomial 
coefficients; n is the order of the desired model. 

The coefficients of the ZCM TF are given in Table 2. 
Table 2 

Coefficients of the 5th-order TF 
a0 a1 a2 a3 a4 a5 
0 9.3221020 1.0881016 1.8441011 3.692105 1 

 

b0 b1 b2 b3 b4 b5 b6 
8.2451028 1.1521024 2.7561019 6.491013 2.491108 6.849 4.908106

Figures 5, 6 display the frequency response of the 
estimated TF compared to the measurement curves. This 
comparison reveals the superposition of curves for both the 
magnitude and phase of the CM impedance from 100 Hz to 
30 MHz, sufficiently confirming the validity of the 
modeling principle in the CM frequency range. To achieve 
a better approximation, introducing more poles and zeros 
into the TF is advisable. However, our primary aim is to 
obtain a less complex yet more physically accurate model.  

Z, 

f, Hz

 
Fig. 5. Measured and simulated magnitudes of CM impedance 

Phase, deg

f, Hz

 
Fig. 6. Measured and simulated phases angle of CM impedance 

 

Figure 7 shows the pole-zero distribution in the 
complex frequency plane. As we can see, all the poles of 
the polynomial function are located on the left half-plane, 
which gives us sufficient information about the stability 
of the system. 

Imaginary Axis, s-1

Real Axis, s-1

 

 
Fig. 7. Zero and pole locations of the CM impedance 
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Approach to get PSCM equivalent circuit. This 
section delves into the practical approach for the successful 
passive network synthesis of the TF of PSCM, utilizing the 
approximate Foster equivalent method. The goal is to 
propose a Spice-compatible equivalent circuit that 
accurately reproduces the frequency response of the CM 
impedance. To achieve this, a series of steps must be 
undertaken, starting with the expansion of the previously 
derived TF into a partial fraction representation, 
specifically pole-residue pairs. Subsequently, this 
representation is synthesized into a series of parallel 
combinations of resistance, inductance, and capacitance, as 
illustrated in Fig. 8, at which the subscripts r and c indicate 
the real and complex numbers and their orders are Nr and 
Nc for real and pair complex poles respectively. 

 R0 

RNc 

L 

LNc 

GN 

CNc 

Rc Lc 

Gc 

Cc 

Cr 

Rr RNr

CNr

 
Fig. 8. Equivalent circuit synthesis for the Foster expansion of TF 

 

Pole-residue formulation. The process of obtaining 
the partial fraction expansion of the CM TF (7) simply 
involves reexpressing the ratio of the polynomial 
representation into a sum of simpler positive real 
functions Z1(s), Z2(s),…, Zn(s), as follows: 
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where d is the real value constant; e is the s-proportional 
term; Nr, Nc are the numbers of real poles and complex 
conjugate pole pairs; prn, rrn are the real poles and 
residues; pcn, pcn

*, rcn, rcn
* are the pairs of complex and 

conjugate poles and residues respectively. 
Equivalent circuit synthesis. Converting the partial 

fraction expansion (8) into an equivalent circuit compatible 
with Spice [37]. Table 3 summarizes the synthesis methods 
for real-pole and complex-pole pair terms. 

Table 3 
The equivalent circuit synthesis of ZCM TF 

Z(s) Equivalent circuit model Parameters 
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A calculation was conducted to determine the values 
of the circuit components. The extracted poles and 
residues are presented in Table 4, while the synthesized 
component values for the equivalent circuit HF model of 
the PSCM – in Table 5. 

Table 4 
Poles and residues of the TF of ZCM 

d = 5.03626;   e = 4.9082710–6 
Poles pi Residues ri 
pr = 0 rr = 5.5573108 

pc = –1.769105 ± i4.442105 rc = 1.957e8 ± i3.537107 
pc = –9.831105 ± i2.321106 rc = 3.002e8 ± i8.108107 

 

The frequency responses obtained from measurements 
and the equivalent circuit using the Lt-Spice simulator are 
compared in Fig. 9, 10. 

Table 5 
Component values of the equivalent circuit 

R0 = 5.0362 Ω  L∞ = 7.811710–7 H 
Real branch no. Rr, Ω Cr, F 

1 0 1.799410–9 
Branch no. Lc, H Rc, Ω Cc, F Gc, S 

1 1.0410–4 37.01 1.6610–9 3730 
2 1.9210–3 185.7 2.5510–9 1522.4 

 

As depicted in Fig. 9 and detailed in Table 5, the 
variation in CM impedance for PSCM with frequency is 
effectively represented by a series connection of the 
components: resistance R0, inductance L∞ and capacitance 
Cr. This model is particularly relevant in the frequency 
range of 100 Hz to 7 MHz, where Cr signifies the 
capacitive interaction between the stator windings and the 
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motor frame. Above 7 MHz, the predominantly inductive 
behavior is attributed to the inductance L∞, wherein the 
main impact is observed in the internal and external feed 
lines of the motor. Simultaneously, resistance R0 plays a 
crucial role in damping the resonance that results from the 
interaction between L∞ and Cr. Two additional R-L-C-G 
branches are introduced, cascading with the previous 
components to capture further resonant phenomena. The 
first cell resonates at 80 kHz, while the second cell 
represents the resonance frequency at 446 kHz. 

Z,  

f, Hz

 
Fig. 9. Comparison of measurement and simulated magnitude of 

a Foster equivalent circuit for CM impedance 
 

f, Hz 

Phase, deg 

 
Fig. 10. Comparison of measurement and simulated phase 

of a Foster equivalent circuit for CM impedance 
 

CM impedance analysis in PSCM based on motor 
parameters. Graphing impedance characteristics of the 
main winding Zm, auxiliary winding Za and start capacitor 
Zc in a CM up to 30 MHz offers insights into the 
frequency-dependent behavior of the SPIM. In Fig. 11 the 
measurement configurations for motor parameters are 
described, and the impedance frequency responses are 
presented in Fig. 12, 13. The measurement setup involves 
connecting the two probes of the precision impedance 
analyzer between the terminals of each parameter shorted 
together and the motor frame. 

Initial impedance comparison observations reveal a 
decline in spectrum amplitudes with slopes of (–1) at low 
frequencies. The impedances of the CM ZCM, main Zm and 
auxiliary Za windings overlap, indicating capacitive 
behavior attributed primarily to parasitic capacitances 
between conductors and slot walls. Their impact is 
minimal at 100 Hz due to typically large impedance. 
However, as frequency increases, impedance decreases, 
promoting the circulation of CM current. 

a)

b)

 Main winding or 
auxiliary winding 

 
Fig. 11. Measurement setups of the main or auxiliary 

winding (a) and start capacitor (b) 
Z,  

f, Hz

f = 7.06 MHz 
Z = 4.66 Ω 

 

 

 
Fig. 12. Magnitude evolution of the PSCM parameters 

 

f, Hz 

Phase, deg 

 
Fig. 13. Phase angle evolution of the PSCM parameters 

 

In the medium-frequency range, interactions among 
inductive, resistive, and capacitive elements govern motor 
impedances, exhibiting multiple resonances and anti-
resonances in the impedance modulus. This spectrum 
distribution highlights electromagnetic diversity within the 
motor. Results show a parallel trend in the number and shape 
of resonances between the CM impedance of PSCM and the 
main impedance, indicating the significant influence of 
dominant parasitic capacitances from the main winding. This 
profoundly impacts PSCM’s CM impedance behavior, with 
parasitic capacitances in the main winding becoming the 
primary path for CM currents at specific frequencies.  

At higher frequencies, impedances continue to decrease 
with slopes of (–1), signifying reduced impedance of 
parasitic capacitances and decreased CM current resistance. 
Results emphasize the significant impact of the auxiliary 
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winding on shaping the motor’s CM impedance 
characteristics within this frequency range. This underscores 
the substantial influence of the auxiliary winding on the CM 
impedance of PSCM, with associated parasitic capacitances 
creating a low impedance route and establishing new current 
flow paths within the motor. Notably, at the antiresonance 
frequency of 7 MHz, the motor impedance is only 4.66 Ω, 
representing the lowest impedance path for CM leakage 
current across the frequency range. At this frequency, CM 
current through the auxiliary winding can be significant, 
posing a risk of stator winding failure. Therefore, careful 
consideration in EMC design is required to assess the current 
driven by the CM voltage of the voltage source inverter. 
Additionally, the start capacitor has no significant effect on 
total CM impedance, allowing its influence on the HF model 
to be neglected.  

Understanding these paths is vital for assessing risks 
linked to CM current. CM noise circulation, driven by 
dominant parasitic capacitances at specific frequencies, 
poses threats to motor efficiency and interconnected 
equipment performance. Increased motor heating from CM 
current may lead to premature aging, while interference 
with control circuits can cause erratic behavior and reduced 
system reliability. To mitigate risks, consider strategies like 
filters, optimized grounding, and shielding.  

This study examined the implications of modeling 
results for practical applications, such as environmental 
impact, potential effects of SPIM, and the mode of 
circulation of common currents in SPIMs. The models could 
be used to improve the electromagnetic environment of 
adjustable drive systems, thus ensuring optimal operation 
while avoiding EMC compatibility issues. Furthermore, 
these results could be used to develop a model for an 
adjustable drive system. On the other hand, by considering 
the model of the motor implanted in a variable speed drive 
system, researchers could identify conducted emissions 
generated by this system. Through simulation, engineers can 
quantify EMI noise amplitude and propagation paths within 
the system, including overvoltage amplitude and waveform. 
This requires developing an accurate HF model of key motor 
driving components, SPIM, cables, and inverters. 
Consequently, EMI reduction techniques can then be 
proposed based on such HF EMI models, minimizing 
interference risks and enhancing EMC of the system.  

Conclusions. This paper introduces a practical method 
to model the common-mode impedance of permanent split 
capacitor motor across a wide range of frequencies relevant 
to conductive common-mode electromagnetic interference. 
Common-mode impedance for single-phase induction motor 
with 175 W has been measured, tested and utilized to 
synthesize the motor equivalent circuit. The simulated data 
closely aligns with the experimental data up to 30 MHz. The 
accuracy relies on the order of approximation. Moreover, the 
impact of each parameter of the permanent split capacitor 
motor on the common-mode impedance has been 
investigated in a wide frequency range. Results indicate that 
the auxiliary winding notably influences the main path of the 
high-frequency common-mode current, as this is the key for 
the electromagnetic compatibility optimization. The model is 
presented as Spice circuits, allowing for direct inclusion into 
a circuit model suitable for predicting terminal overvoltage 
and addressing electromagnetic interference issues. 

Additionally, it can predict and address high-frequency 
problems and aid in designing electromagnetic interference 
filters to enhance electromagnetic compatibility in cable-fed 
motor-drive systems. 
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system for the region of Oran, Algeria 
 

Introduction. This paper presents the novel design and analysis of a hybrid renewable energy system that combines a wave energy 
converter (WEC) with a floating photovoltaic (FPV) system for offshore installation, with a specific focus on Oran as a case study. The 
purpose of integrating these two technologies is to harness both wave and solar energy, thereby maximizing energy output and enhancing 
the reliability of renewable energy sources in offshore environments. The goal of this study is to develop a hybrid system that leverages the 
complementary nature of WEC and FPV technologies to maximize energy output and improve reliability. By integrating these technologies, 
the system aims to overcome the limitations of standalone energy systems. The methodology includes selecting suitable WEC and FPV 
technologies, optimizing their configurations, and analyzing their combined performance under various environmental conditions. To assess 
the energy production potential, structural stability, and economic feasibility of the hybrid system, computational simulations and data 
analysis are employed. This comprehensive approach ensures rigorous testing and optimization for real-world applications. The results 
demonstrate substantial improvements in energy yield and system resilience compared to standalone WEC or FPV systems. The hybrid 
system shows enhanced performance, particularly in consistent energy output and structural robustness. These findings indicate that 
combining WEC and FPV technologies can lead to more reliable and efficient offshore renewable energy solutions. The practical values are 
significant, providing insights into efficient and sustainable offshore renewable energy solutions. By focusing on Oran, it offers a localized 
perspective that can be adapted to similar coastal areas globally, contributing to the advancement of renewable energy technologies. The 
hybrid system’s enhanced reliability and efficiency support the broader goal of sustainable energy development in marine environments, 
highlighting its potential for widespread application and impact. References 23, tables 4, figures 17. 
Key words: wave energy converter, maximum power point tracking, hybrid system, floating photovoltaic system. 
 

Вступ. У статті представлено нову конструкцію та аналіз гібридної системи відновлюваної енергії, яка поєднує в собі 
перетворювач хвильової енергії (WEC) з плавучою фотоелектричною (FPV) системою для морської установки, з особливим 
акцентом на регіоні Оран як тематичному дослідженні. Призначенням інтеграції цих двох технологій є використання хвильової та 
сонячної енергії, таким чином максимізуючи вихід енергії та підвищуючи надійність відновлюваних джерел енергії в морському 
середовищі. Метою цього дослідження є розробка гібридної системи, яка використовує взаємодоповнюючий характер технологій 
WEC і FPV для максимізації виходу енергії та підвищення надійності. Інтегруючи ці технології, система має на меті подолати 
обмеження автономних енергетичних систем. Методологія включає в себе вибір відповідних технологій WEC і FPV, оптимізацію 
їх конфігурацій і аналіз їх спільної продуктивності в різних умовах навколишнього середовища. Для оцінки потенціалу виробництва 
енергії, структурної стабільності та економічної доцільності гібридної системи використовується обчислювальне моделювання 
та аналіз даних. Цей комплексний підхід забезпечує ретельне тестування та оптимізацію для реальних застосувань. Результати 
демонструють суттєві покращення у виході енергії та стійкості системи порівняно з автономними системами WEC або FPV. 
Гібридна система демонструє покращену продуктивність, зокрема стабільну вихідну енергію та міцність конструкції. Ці висновки 
вказують на те, що поєднання технологій WEC і FPV може призвести до більш надійних і ефективних рішень для морських 
відновлюваних джерел енергії. Практичні значення є значними, що дають змогу зрозуміти ефективні та стійкі рішення для 
відновлюваних джерел енергії в морських умовах. Зосереджуючись на Орані, пропонується локальна перспектива, яку можна 
адаптувати до подібних прибережних районів у всьому світі, сприяючи розвитку технологій відновлюваної енергії. Підвищена 
надійність і ефективність гібридної системи підтримує більш широку мету сталого енергетичного розвитку в морському 
середовищі, підкреслюючи її потенціал для широкого застосування та впливу. Бібл. 23, табл. 4, рис. 17. 
Ключові слова: перетворювач енергії хвиль, відстеження точки максимальної потужності, гібридна система, плавуча 
фотоелектрична система. 
 

Introduction. This paper presents the design and 
analysis of a hybrid renewable energy system combining a 
wave energy converter (WEC) and a floating photovoltaic 
(FPV) system for offshore installation, specifically focusing 
on Oran, Algeria as a case study. The integration of these 
two technologies aims to harness both wave and solar 
energy, maximizing the energy output and improving the 
reliability of renewable energy sources in offshore 
environments [1]. The design process involves the selection 
of suitable WEC and FPV technologies, optimization of 
their configurations, and analysis of their combined 
performance under varying environmental conditions [2]. 
Computational simulations and experimental data are 
utilized to assess the energy production potential, structural 
stability, and economic feasibility of the hybrid system. 
Results indicate significant improvements in energy yield 
and system resilience compared to standalone WEC or FPV 
systems. The findings provide valuable insights into the 
development of efficient and sustainable offshore renewable 
energy solutions, contributing to the advancement of hybrid 
energy systems for coastal regions [3]. 

The control and the power management of hybrid 
power generation systems involves sophisticated 
strategies to ensure seamless integration of diverse energy 
sources such as solar, wind, and energy storage with the 
electric grid. Centralized, decentralized, and hierarchical 
control methods are deployed to balance efficiency, 
reliability, and scalability. Advanced energy management 
systems, leveraging artificial intelligence and machine 
learning, optimize power flows and storage utilization, 
enhancing overall system performance [4]. Load 
forecasting and demand response techniques play a 
pivotal role in maintaining grid stability by adjusting 
loads based on generation availability. Additionally, peak 
shaving and load leveling techniques help in managing 
demand and reducing grid strain. 

Compliance with interconnection standards is 
essential to ensure safety, reliability, and interoperability 
of hybrid systems with the grid. These systems can also 
provide ancillary services like voltage regulation, 
frequency control, and reactive power support, 
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contributing to grid resilience. Case studies demonstrate 
successful applications of hybrid systems in various 
settings, from island communities to industrial plants, 
highlighting their versatility and benefits. Current 
research is focused on improving control algorithms, 
power electronics, and integrating emerging technologies 
such as block chain and advanced data analytics to 
enhance system reliability and transparency. 

The goal of the paper is to develop a comprehensive 
hybrid renewable energy system combining wave energy 
and floating solar panels. The study aims to optimize the 
design for effective offshore deployment, considering the 
unique environmental and oceanographic conditions of 
Oran. By analyzing the performance and integration of these 
technologies, the paper seeks to enhance energy efficiency 
and sustainability. The ultimate objective is to provide a 
viable solution for clean energy generation in coastal 
regions, contributing to the reduction of carbon emissions. 
The case study of Oran serves as a practical example to 
validate the system’s feasibility and potential benefits. 

Subject of investigations. This paper involves a 
comprehensive exploration of integrating WECs with 
FPV systems for offshore energy production. The 
research delves into the design and engineering aspects, 
assessing the structural and functional synergy between 
these renewable energy technologies. Key investigations 
include analyzing the performance, efficiency, and 

durability of the hybrid system under the specific marine 
conditions of Oran. Additionally, the study examines the 
economic viability and environmental impact of 
deploying such a system offshore. The goal is to identify 
the potential benefits and challenges, providing insights 
for future applications in similar coastal regions. 

Designs of hybrid FPV-WEC technologies. Hybrid 
projects combining floating solar panels and WECs have 
the technological capacity to produce a large portion of 
the world’s annual electricity [5, 6]. This hybrid solution 
is particularly suitable for countries with abundant wave 
energy resources. Developers can utilize existing 
infrastructure, such as transmission lines, if the floating 
solar farm is built near WECs. An innovative technology 
using floating solar with battery storage and wave energy 
was proposed for coastal regions. The intermittent 
floating solar resource is integrated with a battery energy 
storage system to meet peak demands. Colocation with 
WECs will help to boost the generation of such assets and 
smooth out the generation curve. The addition of a 
floating solar system near a WEC compensates for the 
unstable generation of these systems by adjusting wave 
energy production, while PV systems can compensate for 
the wave energy shortfall in the medium to long term [7]. 
This hybrid FPV-wave energy system is flexible and 
complementary. A schematic of a hybrid FPV-WEC 
system is shown in Fig. 1. 

 

 
Fig. 1. Illustration of a hybrid FPV and WEC system 

 

Study region, data and wave models. The study 
concentrated on the area with the highest wave energy 
potential in Algeria, specifically the northwest coast in the 
Oran region. Figure 2 of the map highlights the Oran 
region in Algeria, identified for its high wave energy 
potential and favorable solar conditions. This strategic 
location is ideal for installing a hybrid station combining 
FPV panels and WEC. The hybrid system aims to harness 
both solar and wave energy to provide a reliable and 
sustainable power supply to the Oran region. The map 
illustrates the targeted area for exploitation, showcasing 
the geographical advantages that make Oran a prime 
candidate for this innovative energy solution. 

Table 1 provides comprehensive information about the 
Mediterranean coasts of Oran, detailing the potential for 
installing FPV systems and utilizing wave energy in this 
region. It includes key metrics such as average solar 
irradiance and wave energy density, highlighting the dual 
renewable energy resources available. The table also outlines 
suitable coastal areas for FPV installation, considering 
factors like water depth and proximity to the shore. Seasonal 
data on wave heights and periods further emphasize the 
region’s capacity for wave energy exploitation. 

This combination of solar and wave energy data 
underscores the feasibility of developing a hybrid 
renewable energy system in Oran to ensure a sustainable 
and efficient power supply. 
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Fig. 2. Map of potential deployment sites in the region of Oran 

 

Table 1 
Potential for wave energy utilization in the region of Oran 

Parameters Values 
Average wave height, m 1.5-2.5 
Wave period, s 5-7 
Peak sun hours, h/day 5 
Distance from shore (FPV), m 500 
Distance from shore (WEC), km 1-5 
Surface area available, km2 20 
Wave energy flux, kW/m 10-20 
Water depth, m 20-50 
Seabed conditions Sandy to rocky 
Environmental impact Low to moderate
Proximity to grid, km 5-10 
Accessibility Good 
Number of WEC units 10 
Grid connection proximity, km  5 
CO2 emissions avoided, tons/year 80000 

 

Hydrodynamics modelling of multi-point 
absorber. One kind of WEC that uses energy from ocean 
waves is a point absorber. A point absorber is modeled 
from both an electrical and hydrodynamic perspective. The 
following are the essential formulas for point absorber 
modeling. To illustrate the idea and layout of a WEC, a 
simple sketch might be utilized. The primary purpose of a 
WEC is to convert the kinetic and potential energy of 
waves in the ocean into electrical power that can be used 
[8, 9]. In the sketch, you might illustrate how a buoyant 
building rises and falls in response to the passing waves. 
Figure 3 serves as a typical illustration of a self-reacting 
point absorber, showcasing how the device efficiently 
harnesses ocean wave energy for power generation. 

 
Fig. 3. OPT  power buoy device serves as a typical illustration 

of a self-reacting point absorber [10] 

This buoy is connected to a mechanical linkage that, 
as shown in Fig. 4, transforms the vertical motion into 
mechanical motion. This mechanical linkage is often in 
the form of a piston or hydraulic system. Since WEC 
hydrodynamic modeling is the subject of numerous 
research, this paper only offers a general review of point 
absorber hydrodynamic modeling [11]. 

 

 
Fig. 4. Concept and layout of the WEC in a sketch 

 

Wave equation. The incoming wave motion affects 
the point absorber’s motion. Equation (1) from linear 
wave theory can be used to characterize the wave 
elevation [12]. Figure 5 depicts a smooth, periodic 
oscillation pattern representing a sinusoidal wave, 
characterized by its consistent amplitude and wavelength: 

   tkxAtx   cos, ,                        (1) 

where η is the free surface elevation with respect to z = 0 (m); 
A is the amplitude of the wave (m); k is the number of 
wave (rad/m); ω is the frequency of angular motion 
(rad/s); x is the horizontal position (m); t is time (s). 

 
Fig. 5. Sinusoidal incidence wave form 

 

Particle velocity. The particle velocity of the water 
particles beneath the absorber is given by: 

   tkx
k

A
txu 

 sin, .                 (2) 

This velocity is important for estimating the kinetic 
energy of the incident waves. 

Buoyancy force. The buoyancy force acting on the 
point absorber can be calculated using Archimedes’ 
principle [13]: 

gVFb  ,                               (3) 

where Fb is the force of buoyancy (N); ρω is the water’s 
density (kg/m3); g is the acceleration brought on by 
gravity (m/s2); V is the volume that the point absorber has 
displaced (m3). 

Power capture. The electrical power captured by 
the point absorber can be calculated as [14]: 
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gdse PvCgVHP 3

2

1
 ,                 (4) 

where Pe is the output of electrical power (W); Hs is the 
noteworthy wave height (m); Cd is the coefficient of power 
capture; v is the difference in velocity between the waves and 
the absorber (m/s); Pg is the effectiveness of the generator. 

To investigate the nonlinear effects of the device, 
time domain models are required. All the forces acting on 
a wave energy device are captured by (5), without going 
into detail about how they interact. 

Then, considering a floating body that is just limited 
in heave motion, Newton’s second law is considered. It 
says that the total force of the body, or Fnet, is equal to the 
mass times the translational acceleration (the same laws 
apply to moments, which are not discussed here): 

       

       ,        
d

d
2

2

tFtFtFtF

tFtFtF
t

tz
mF

addspringPTOres

radFKgnet




      (5) 

where Fnet is the total force exerted on the buoy (N); m is the 
point absorber’s mass (kg); z(t) relates to the point 
absorber’s vertical movement over time (m); Fg(t) is the 
force of gravity (N); FFK(t) is the force of Froude-Krylov 
(N); Frad(t) is the force of radiation (N); Fres(t) is the force of 
viscosity (N); FPTO(t) is the power take-off (PTO) force (N); 
Fspring(t) is the force of mooring (N); Fadd(t) is the additional 
force (N); Fadd is another force operating on the structure, 
such as drift, wind, tidal, or other body-water interactions. 

Gravity force. The gravitational force exerted on 
the point absorber: 

  mgtFg  .                            (6) 

Froude-Krylov force. The hydrodynamic force due 
to the motion of the point absorber. It depends on the 
acceleration of the point absorber: 

 
2

2

d

d

t

tz
mFFK  .                       (7) 

Radiation force. The force brought on by the waves 
that the point absorber’s motion radiated. It is also dependent 
on the velocity of the absorber. The radiation force Frad 
depletes the system’s energy, as was previously stated. Since 
of this, Frad is proportional to the floater’s velocity in the 
following manner since it is functioning as a damper [15]: 

   
t

tz
btFrad d

d
 ,                         (8) 

where b is the radiation damping coefficient (kg/s); 
dz(t)/dt is the first time derivative of the vertical 
displacement of the buoy, i.e. the velocity (m/s). 

The restoring force Fres according to Archimedes’ 
law of buoyancy, is taken proportional to the vertical 
displacement of the buoy according to: 

   tcztFres  ,                        (9) 

where c is the coefficient of restoration (kg/s2); z is the 
buoy’s vertical displacement (m). 

Power take-off (PTO) force. The force produced by 
the PTO system, which uses the point absorber’s motion 
to extract energy. These forces, like the PTO damping 
force FPTO, radiation force Frad, mechanical spring force 
Fspring and restorative force Fres are produced by: 

   tzktF SPspring  ;                     (10) 

   
t

tz
tFPTO d

d
 ,                        (11) 

where ksp is the spring coefficient in mechanical terms 
(kg/s2); β is the damping coefficient of the PTO (kg/s). 

Additional force. Any other forces – like drift, 
wind, tidal forces, or other body-water interactions – that 
can have an impact on the point absorber. As implied by 
its name, the additional mass force Fadd acts in addition to 
the buoy’s absolute mass. As a result, it is assumed to be 
proportionate to the floater’s acceleration as: 

   
2

2

d

d

t

tz
atFadd  ,                       (12) 

where a is the mass coefficient added (kg); d2z(t)/dt2 is the 
acceleration (m/s2), or the second time derivative of the 
buoy’s vertical displacement z(t). 

Gaining insight into the behavior and energy 
conversion efficiency of the point absorber can be 
achieved by solving (5) of motion using suitable 
numerical techniques while taking into account the unique 
features and design of the device. 

Modeling of the PV array. Many similar circuits 
have been devised thus far to simulate solar cells. 
Generally speaking, they can be divided into two main 
categories: single- and two-diode. The single diode model 
(Fig. 6) is one of the most widely used equivalent circuits 
for PV cells [16]. 

 
Fig. 6. The equivalent circuit of a PV cell 

 

The PV current iPh, diode current iD, series resistance 
RS, parallel resistance RSh and net cell current iPV are 
shown in Fig. 6. When the equivalent circuit of the PV 
panel is considered, equation (13) produces the net cell 
current iPV: 

PDPhPV iiii  .                     (13) 

Using the established linkages in [17], the final 
mathematical Eq. (14) of this model, which characterizes 
the I–V properties of the solar panel, can be found as: 
















 


nv

iRV
ii PVsPV

D exp0 ;                (14) 






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 
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P

PVsPV
P R

iRV
ii 0 ;                     (15) 
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PhPV R

iRV
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iRV
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
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













 
 1exp0 ,  (16) 

where iPV is the PV output current that flows through the 
series resistance RS; VPV is the PV output voltage; iPh is 
the photo generated current; iD is the diode saturation 
current; i0 is the reverse saturation current; iP is the 
current passing via shunt resistance RSh; n is the number 
of series connected solar PV cells; v is the junction 
thermal voltage. 
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The open circuit voltage of the PV panel is given by: 












 1log

D

Ph
OC i

i

q

Tka
V ,                 (17) 

where a is the ideality constant of a diode; q is the charge 
of an electron (1,60210–19 C); k is the Boltzmann constant 
(1,381.10–23 J/K); T is the p-n junction’s temperature. 

As demonstrated by the equations above, the PV cell 
current is a complex function of temperature and photon 
intensity. Since the power produced by PV cells is the 
result of the product of cell current and voltage, the power 
of a PV cell is a complex function of temperature and 
radiation intensity [18, 19]. 

Figure 7 illustrates the varying electrical output of a 
PV cell as it responds to changes in light intensity, 
highlighting the relationship between irradiation and 
power generation efficiency [20, 21]. 

 

V, V 

a

bP, W

I, A

V, V

 
Fig. 7. Characteristics of the PV cell at different irradiation 

levels: a – I = f(V); b – P = f(V) 
 

Control strategy applied to the PFV-WEC. The 
control strategy for the PFV-WEC hybrid system (Fig. 8), 
designed to supply the Oran region in Algeria, involves 
several advanced algorithms. 

 
Fig. 8. Different control strategies applied to the hybrid conversion chain 

 

Maximum power point tracking optimizes the energy 
harvested from the FPV panels. The DC bus voltage 
regulation ensures stable operation and efficient energy 
conversion [22, 23]. Additionally, the control of active and 
reactive power balances the power supply and maintains 
grid stability. These algorithms work in tandem to 
maximize energy output and ensure a reliable power supply 
to the Oran region from the hybrid FPV and WEC system. 

Simulation results and discussion. The hybrid FPV 
and multi-point absorber model with grid connection 
simulation aims to accomplish three things: first, it will 
investigate the behavior of important system variables 
over time; second, it will verify that power produced by 
the FPV-PTO is successfully injected into the grid; and 
third, it will verify that current is injected into the grid 
with unity power factor. It was determined that a 25-
second simulation period was sufficient to achieve these 
objectives. Figure 9 displays a number of variables as 
trends over time, including the applied wave form with an 
amplitude of 1 m, the rod speed, the buoy’s position, the 
force produced (250 kN), and the point absorber’s 
response. The parameters used in this simulation are 
shown in Tables 2–4. 

Table 2 
Detailed specifications of solar PV station 

Parameters Values
Maximum power, W 255.74
Parallel strings 180 
Series connected modules per string  7 
Open circuit voltage Voc, V 42 
Short circuit current isc, A 8.03 
Cell per module Ncell 60 
Voltage at maximum power point Vmp, V 34.56
Current at maximum power point imp, A 7.4 
Temperature coefficient of Voc 0.361
Temperature coefficient of ioc 0.007

Table 3 
Detailed specifications of WEC station 

Parameters Values 
Wave amplitude, m 0.8 – 1.2 
Number of the PTO 4 
Stator resistance Rs, Ω 0.01 
Armature inductance, H 80 
Flux linkage, Wb 0.8 
Moment of inertia, kgm2 0.002008
Viscous friction coefficient, kgs-1 0.0028 
Pole pairs 18 
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Table 4 
Electric filter and grid parameters 

Parameters Values 
Resistance of the filter, Ω 10  
Inductance of the filter, H 0.5 
Grid voltage, V 380 
Frequency, Hz 50 
DC capacitor, mF 10 
DC link voltage, V 1200 

 

The simulation results evaluating the transient and 
steady-state performance of the controllers under sudden 
changes in wave speed are illustrated in Fig. 9. Both 
controllers perform effectively in steady-state conditions, 
as evidenced by Fig. 10,a, which shows the linear 
permanent magnet synchronous generator (LPMSG) 
rotational velocity response to wave speed using the 
model controllers. The electromagnetic torque generated 
by the LPMSG is illustrated in Fig. 10,b. Figure 10,c 
presents the active and reactive power components of the 
LPMSG. The employed control strategy demonstrates a 
satisfactory decoupling between these components. This 
approach ensures a high active power yield and a highly 
stable direct bus voltage by maintaining the reactive 
power at zero throughout the simulation period. 
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Fig. 9. Time evolution of important parameters 

in the multi-point absorber based on WEC: 
a – sinusoidal wave signal; b – travel curve; c – force curve 

 

Figure 11 displays the voltage and current outputs of 
the LPMSG along with detailed zoomed-in views of these 
waveforms. The main plots show the overall behavior, 
while the zooms highlight finer details such as amplitude 
and frequency. This provides insight into the LPMSG’s 
performance and stability under various conditions. 

The DC bus voltage varies with amplitude of 
approximately 1200 V, showing fluctuations of about 1.5 % 
of the nominal value, which corresponds to changes in the 
applied wave’s waveform. As illustrated in Fig. 12, the 
performance of the PV station is analyzed under different 
levels of solar irradiation. The surface temperature of the 
PV array is maintained at a constant 25 °C during the 
simulation. As depicted in Fig. 12, the performance of the 
PV system is primarily influenced by the cell’s temperature 
and the level of irradiation received. Higher temperatures 
reduce efficiency. Figure 12,a illustrates the variation in 
solar irradiation, showing how sunlight changes throughout 

the day and the effect of a cloud casting a shadow, for 
example. Figures 13,a,b depict the grid voltage and current, 
illustrating that the signals are purely sinusoidal. The 
voltage amplitude remains constant at 380 V, and the 
current amplitude is 20 A. 
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Fig. 10. LPMSG electrical variables during the maritime 

substation test: a – speed; b – electromagnetic torque; 
c – active and reactive power 
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Fig. 11. In a normal maritime operation, the LPMSG’s output of 

three phases of voltage (a) and current (b) 
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Fig. 12. Performance of FPV farm: a – solar irradiance profile; 
b – generated power; c – PV voltage 
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Fig. 13. FPV-WEC hybrid system performance at point of 
common coupling bus: a – grid voltages; b – grid current 

 

Figure 14 shows the three-phase voltage and current 
outputs of the inverter, including detailed zoomed-in 
views of the waveforms. The main plots illustrate the 
overall behavior of the voltage and current, revealing their 
consistent and balanced nature across all phases. The 
zoomed-in views highlight finer details, such as 
waveform amplitude and frequency, providing a closer 
look at the inverter’s performance. This comprehensive 
depiction emphasizes the inverter’s ability to deliver 
stable and efficient power output under various operating 
conditions. 

When the applied wave oscillates, Fig. 15,a and 
Fig. 16 show the waveforms of the active power grid and 
DC link voltage, respectively. Figures 15,a,b indicate the 
apparent active power and reactive power as 1 MW and 
0 VAR, respectively. 

Energy management is maintained throughout this 
study (Fig. 17). The power demanded by the load equals 
the sum of the power generated by the combined 
FPC-WEC system and the power supplied by the public 
grid. 
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Fig. 14. Three phase voltage (a) and current (b) of the output of 

inverter 
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Fig. 15. Delivered active (a) and reactive (b) power 
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Fig. 16. DC link voltage 
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Fig. 17. Actual active power flow between the load, grid, and 

hybrid system 
 

Conclusions. This paper presents the design and 
analysis of a hybrid wave energy converter (WEC) and 
floating photovoltaic (FPV) system specifically designed for 
offshore deployment in the Oran region. By integrating WEC 
and FPV technologies, a synergistic approach is achieved, 
harnessing both wave and solar energy to enhance energy 
output and improve system reliability. The comprehensive 
design process involved identifying suitable WEC and FPV 
components and optimizing their configurations to meet the 
unique environmental and operational conditions of the Oran 
site. Computational simulations and numerical data were 
utilized to assess the performance, structural stability, and 
economic feasibility of the hybrid system. The findings of this 
study show substantial enhancements in energy yield and 
system resilience compared to standalone WEC or FPV 
installations. The hybrid system leverages the complementary 
nature of wave and solar energy, offering a more consistent 
and reliable energy supply, thereby addressing the 
intermittency challenges common to renewable energy 
sources. Additionally, the economic analysis suggests that the 
hybrid system is a viable investment, offering potential cost 
savings and enhanced energy production efficiency in the 
long term. These findings highlight the potential of hybrid 
renewable energy systems as a sustainable solution for 
offshore energy generation. 
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This research provides valuable insights into the design 
and implementation of hybrid WEC and FPV systems for 
offshore use. The Oran case study exemplifies how such 
integrated renewable energy solutions can be effectively 
applied to similar coastal regions, highlighting their 
feasibility and benefits. Future research should focus on 
further optimization, scaling, and real-world deployment of 
these hybrid systems to maximize their potential in achieving 
a sustainable and low-carbon energy future. 
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An application of multi-magnetic circular planar spiral relay to improve the performance of 
wireless power transfer system 
 

Introduction. The system of delivering electricity without wires is known as wireless power transfer (WPT). The WPT system has been 
extensively used in a number of industries, health, telecommunications, and transportation. However, the distance between the transmitter 
and receiver coils has a significant impact on its efficiency. Lower power can be generated between coils the farther apart they are, and vice 
versa. The novelty of the proposed work is innovative in that it develops a multi-magnetic circular planar spiral relay to improve the WPT 
system’s performance and designs circular planar spiral coils to achieve an appropriate inductance value for the 5 kHz matching frequency. 
The goal of paper is to create a circular planar spiral coil with an appropriate inductance value for the 5 kHz matching frequency. Methods. 
The transmitter circuit, receiver circuit, and DC voltage source are parts of the WPT system. The inverter circuit uses the inductive coupling 
technique to transform the DC power source into AC voltage on the transmitter coil. The suggested coil is additionally employed as a multi-
magnetic circular planar spiral relay in order to increase the mutual inductance between the receiver and transmitter coils. Results. To 
monitor the power improvement that results from adding a multi-magnetic relay to the system, the transmitter coil, receiver coil, and multi-
magnetic relay are positioned at specific distances from each other. With Vdc = 30 V and dtr = 21 cm, the power received at the receiver coil 
can therefore be improved by up to 67 %. Practical value. The multi-magnetic circular planar spiral relay applied in the WPT system has 
been investigated in an experimental study and it can be applied for DC load. References 26, table 1, figure 18. 
Key words: wireless power transfer, performance improvement, magnetic relay, multi-magnetic circular planer spiral relay. 
 

Вступ. Система доставки електроенергії без дротів відома як бездротова передача енергії (WPT). Система WPT широко 
використовується у ряді галузей промисловості, охорони здоров’я, телекомунікацій та транспорту. Однак відстань між 
передавальною та приймальною котушками істотно впливає на її ефективність. Чим далі котушки один від одного, тим нижча 
потужність, і навпаки. Новизна запропонованої роботи полягає в розробці багатомагнітного круглого плаского спірального реле 
для покращення продуктивності системи WPT і в проєктуванні круглих пласких спіральних котушок для досягнення відповідного 
значення індуктивності для частоти узгодження 5 кГц. Метою роботи є створення кругової плоскої спіральної котушки з 
відповідним значенням індуктивності для частоти узгодження 5 кГц. Методи. Схема передавача, схема приймача та джерело 
постійної напруги є частинами системи WPT. Схема інвертора використовує метод індуктивного зв’язку перетворення джерела 
постійного струму в змінну напругу на котушці передавача. Пропонована котушка додатково використовується як 
багатомагнітне кругле плоске спіральне реле для збільшення взаємної індуктивності між приймальною і передавальної 
котушками. Результати. Для контролю поліпшення потужності, яке відбувається в результаті додавання багатомагнітного 
реле в систему, котушка, що передає, приймальна котушка і багатомагнітне реле розташовуються на певних відстанях один від 
одного. При Vdc = 30 В і dtr = 21 см потужність, яка приймається приймальною котушкою, може бути покращена до 67 %. 
Практичне значення. Багатомагнітне кругле плоске спіральне реле, що застосовується в системі WPT, було досліджено 
експериментально, і його можна застосовувати для постійного навантаження. Бібл. 26, табл. 1, рис. 18. 
Ключові слова: бездротова передача живлення, підвищення продуктивності, магнітне реле, багатомагнітне спіральне 
пласке реле. 
 

Introduction. Nowadays, there is a growing amount 
of work being done on the development and applications 
of wireless power transfer (WPT) in numerous fields. For 
instance, wireless power transmission has been effectively 
applied in a number of industries, including biomedicals 
[1, 2], battery chargers [3–6], the electrical industry, and 
even the transportation industry, including electric 
vehicles [7–9]. Activities are made simpler and more 
efficient by doing this. Additionally, it helps reduce the 
expense of using wires as a power conductor. 

WPT system typically has three primary parts: the 
transmitter circuit, receiver circuit and DC voltage source 
[10, 11]. An inverter circuit and coil make up the 
transmitter circuit; the inverter circuit converts the 
primary DC power source to AC voltage [12, 13], which 
is then connected to the transmitter coil. AC power 
produced at the transmitter coil is then transferred to the 
receiver coil using the principle of inductive coupling. 
The transmitted AC power is determined by the quantity 
of magnetic flux that reaches the receiver coil, which in 
turn is determined by the magnetic field created by the 
transmitter coil. The transmitter coil diameter is the final 
factor that influences this [14].  

Power transfer of inductive coupling occurs by 
conducting an alternating magnetic field on the 
transmitter coil [15, 16]. Consequently, in the receiver 

coil, the magnetic flux produced will be transformed into 
an electric current. The electric current that the transmitter 
coil delivers is always greater than the electric current that 
the receiver coil generates. The receiver coil receives less 
current the farther apart the two coils are [17–20]. The 
entire magnetic field that flows through the transmitter 
and receiver coil is measured as magnetic flux. The centre 
of the coils is where the flux is always focused. The 
distance between the transmitter and receiver coil impacts 
the amount of AC power that the receiver coil can 
receive; the greater the distance, the lower the AC power 
that can be obtained on the receiver coil [21, 22] and it 
can be classified in a low power electrical device and also 
as an electrical energy harvested [23]. To prevent the 
magnetic field from passing out of the centre between the 
transmitter and reception coils, the flux level can still be 
increased. To maximize the flux and raise the AC power 
on the reception coil, a multi-magnetic relay must be 
positioned between the transmitter and the receiver coil.  

The goal of this study is to create a circular planar 
spiral coil with an appropriate inductance value for the 5 kHz 
matching frequency. The usage of a higher frequency will 
result in a lower coil inductance since frequency and coil 
inductance have an inversely proportionate relationship. 
Conversely, the coil’s inductance is directly correlated with 
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its number of turns, meaning that an increase in turns will 
result in a larger coil inductance. To achieve the matching 
frequency of 5 kHz, a suitable type of coil and its inductance 
value are needed because the shape of the coil impacts the 
value of its inductance. With reference to [6], the receiver 
coil’s AC power is always low, and the greater the distance 
between the transmitter and the coil, the lower the AC power 
is on the coil. Consequently, mutual inductance is needed to 
increase the induction between the transmitter and receiver 
coils in order to increase the power of 5 kHz WPT system. 
To obtain the mutual inductance in this instance, a multi-
magnetic circular planar spiral relay is utilized. Because of 
this, the main focus of this study will be on enhancing the 
power of 5 kHz wireless power transmission through the use 
of mutual inductance to reinforce the magnetic field between 
the transmitter and receiver coils as well as multi-magnetic 
circular planar spiral relays. 

Methodology. This section offers the design of a 
circular planar spiral coil for getting a sufficient inductance 
value for the matching frequency of 5 kHz. The construction 
of WPT system with inclusion of a multi-magnetic circular 
planar spiral relay is detailed in this part. This section also 
explains the assessment of the measurement findings of the 
WPT system’s performances with and without the multi-
magnetic circular planar spiral relay.  

A block diagram of a proposed WPT system with a 
multi-magnetic relay is displayed in Fig. 1. The multi-
magnetic planer spiral relay, receiver circuit, and 
transmitter circuit make up its three primary components. 
Circular planer spiral coils are the shapes of the magnetic 
planer spiral relay, transmitter coil, and receiver coil. 

 
Fig. 1. Block diagram of proposed WPT system with multi-

magnetic relay 
 

The transmitter coil, full bridge inverter circuit, and 
5 kHz pulse driver circuit make up the transmitter circuit. 
The PIC16F628A-I/P microcontroller, which powers the 
entire bridge inverter circuit, is responsible for creating 

the 5 kHz pulse wave and driving the MOSFETs’ gate 
terminals. The primary purpose of the complete bridge 
inverter circuit is to change the DC voltage source into an 
AC voltage of 5 kHz for the transmitter coil.  

The receiver coil, AC-DC converter, and DC load 
make up the receiver circuit. A 5 kHz AC voltage is 
applied to the receiver coil as a result of mutual magnetic 
flux leaking from the transmitter coil into the receiver coil. 
A rectifier (AC-DC converter) is needed when DC 
electrical is applied in the system [24, 25]. In this research, 
a rectifier rectifies 5 kHz AC voltage, which is then applied 
by the DC load. 

Increasing the strength of the magnetic field between 
the transmitter and receiver coils is the primary purpose 
of a multi-magnetic relay. As a result, the receiver coil’s 
AC voltage, current, and power can all be increased. This 
indicates that the WPT system performs better when using 
a multi-magnetic relay than when it does not. 

Proposed design of circular planar spiral coil. The 
occurrence of an electromagnetic force in a conducting wire 
or coil as a result of variations in the magnetic force lines 
(magnetic flux) is known as electromagnetic induction. The 
fundamental idea of electromagnetic induction between 
transmitter and receiver coils is depicted in Fig. 2. 
Furthermore, Fig. 2 depicts the idea design of coils, 
including the wire diameter (dw), the distance between turns 
(s), the inner diameter (din), and the outer diameter (dout). 

 
Fig. 2. The fundamental idea of transmitter and receiver coils 

 

In this design, the turn numbers of the transmitter coil Nt 
and the receiver coil Nr are the same (Nt = Nr= N). The 
distance dt separates the coils of the transmitter and receiver. 
Following (1) [18], the transmitter coil produces the magnetic 
flux Фt when an AC voltage Vt is supplied to it. This causes 
the AC current to pass through the transmitter coil. 

t
NV t

tt d

d
 .                                (1) 

The magnetic flux flows to the receiver coil through 
the air medium and produce the mutual magnetic flux Фtr. 
Thus, an induced voltage Vr is generated on the receiver 
coil and the current Ir flows through the receiver coil if it 
is a closed loop circuit.  

In this setup, the circular planer spiral coil and a 
capacitor C are linked in parallel to yield a math 
frequency f of 5 kHz. Therefore, (2) can be used to 
compute the coil inductance L [17, 26]: 
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
 .                             (2) 

The specifications and computations of the 
parameter utilized in the following (2) must be understood 
before constructing the circular planer spiral coil design. 
Table 1 displays the characteristics of the circular planar 
spiral coil that was utilized in the experiment. 

Table 1 
Specification of the proposed circular planar spiral coils 

Parameter Value 
Wire diameter dw, mm 1.25 
Inner diameter din, mm 20 
Number of turns N 66 
Spacing between turns s, mm 0.001 
Outer diameter dout, mm 185.131 
Capacitance of capacitor C, µF 3 
Inductance of coil L, µH 338 

 

The circular planar spiral coil, which can be utilized 
as a multi-magnetic relay as well as a transmitter and 
receiver coil, is depicted in Fig. 3. Up to four circular 
planar spiral coils with the same inductance value L and 
number of turns N can be used in the WPT system created 
in this study. The coil was built using computations from 
the formulas given in this section and the design concept.  

 
Fig. 3. Proposed circular planar spiral coil 

 

Hardware construction of 5 kHz WPT system. A 
WPT system requires more than just the coils that are 
employed, circuit design and construction are essential for 
system application. It is important to build the circuits in a 
way that allows the WPT system to function correctly and 
in accordance with the intended mechanism. As a result, 
the construction of the circuits that are employed, such as 
the receiver side AC-DC converter and the transmitter 
side full bridge inverter is covered in this part.  

Pulse driver circuit. The frequency of operation for 
the WPT system in this study is 5 kHz. The PIC16F628A-I/P 
microcontroller serves as the primary driver in the pulse 
driver circuit, which generates the frequency. The PIC 
compiler software’s C language is used to program the 
PIC16F628A-I/P microcontroller to operate at a 
frequency of 5 kHz. Consequently, the complete bridge 
inverter is driven by the ensuing pulse wave. 

A schematic representation of the pulse driver circuit 
employed in this study is presented in Fig. 4. The 
D1 1N4007 diode protects the battery’s polarity and permits 
a current flow of 1 A before the 12 V voltage source from 
the battery enters the LM7805 voltage regulator. The LED, 
which serves as a voltage indication in the circuit, is 
connected in parallel to the LM7805 output terminal. On the 
other side of the connection, pins 4 and 14 are the positive 
5 V terminal of the PIC16F628A-I/P microcontroller and 
pin 5, which is the negative terminal, where the 5 V output 
voltage that results from the regulation of the LM7805 is 
filtered by capacitors C1 and C2 to reduce noise. Conversely, 
pins 15 and 16 represent the oscillator terminals that are 
linked to the crystal, together with two parallel capacitors C3 
and C4. With the use of a coding program, this oscillator 
determines the speed at which the processor will execute 
instructions to create two pulse waves at a frequency of 
5 kHz, corresponding to pin numbers 11 and 12. 

 
Fig. 4. Schematic diagram of pulse driver 

 

Full bridge inverter circuit. As illustrated in Fig. 5, 
this study employs a full bridge inverter with four power 
MOSFET switches. Pins 11 and 12 of the pulse driver are 
connected to the input terminal of the full bridge inverter 
by terminals A and A'. The terminals B and B' link the 
full bridge inverter to the DC voltage source, enabling the 
nominal voltage to be set by the DC input provided at the 
transmitter side.  

 
Fig. 5. Full bridge inverter schematic diagram 
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Four IRF 840 MOSFETs transform the DC input 
voltage into an AC voltage so that the inverter’s output 
side (terminals C and C') can generate a full waveform 
output at a frequency of 5 kHz. In order to get a pure 
sinusoidal waveform, the outputs of the C and C' 
terminals can be routed to a 3 µF filter capacitor and a 
100 µH inductor before being sent to the transmitter coil. 

Receiver circuit. A DC waveform must be created 
by rectifying the 5 kHz AC voltage waveform that was 
received at the receiver coil on the receiving side. As a 
result, a device is required to change the waveform from 
AC to DC. As seen in Fig. 6, this study uses a full wave 
AC-DC converter with four diodes acting as switches. 

 
Fig. 6. Full bridge rectifier circuit 

 

In accordance with the schematic diagram in Fig. 6, the 
connections at input terminals D and D' originate from the 
receiver coil. An 8.5 µF capacitor filters the input power that 
the receiver side of the circuit receives before it is sent to the 
full wave converter. A full wave AC-DC converter using 
four 6A10 diodes as switches rectifies AC-DC waveforms. 
Before connecting the DC load through the output terminals 
(+ and –), the AC-DC waveform’s rectification results are 
filtered by a 0.1 µF capacitor to lessen noise. 

Overall hardware and experimental setup of 
WPT system. The overall design and experimental 
configuration of the 5 kHz WPT system suggested in this 
study are described in this section. Figure 7 depicts the 
overall hardware of the suggested WPT system. As seen 
in Fig. 4, the battery may supply 5 V of DC voltage to the 
pulse driver circuit after the LM7805 reduces 12 V to 5 V. 
In Fig. 5 the battery supplies 12 V of DC voltage to the 
entire bridge circuit. As seen in Fig. 5, the DC voltage 
source (Vdc source) has the ability to supply the DC 
voltage source to the entire bridge inverter circuit at 
terminals B and B'.  

 
Fig. 7. Overall design of the proposed WPT system 

 

The design of multiple experimental setups, ranging 
from the production of a 5 kHz pulse wave to the power 
transfer procedure utilizing the WPT system suggested in 
this study. In order to collect the required data, various 
settings were used in each experiment. This experiment 

involves setting a number of parameters, including the 
number of circular planar spiral coils utilized in the WPT 
system, variations in the DC voltage source (Vdc source), 
and variations in the distance between coils. 

The waveform and frequency received on each coil 
must be verified to show that the proposed WPT system in 
this experiment operates at a frequency of 5 kHz in the 
form of a sine voltage waveform. Consequently, the system 
is set by connecting each coil to the oscilloscope as shown 
in Fig. 8. The multi-magnetic relay is connected to 
channels 2 and 3, respectively, and the transmitter coil is 
connected to oscilloscope channel 1. While the 
oscilloscope’s channel 4 is linked to the receiver coil. In 
this experiment, the DC voltage is set to 15 V, and the coil 
spacing is adjusted to be 0 cm, 15 cm, 30 cm, and 45 cm. 
Verifying the waveform and frequency value that occur in 
each coil is the aim of this experiment. 

 
Fig. 8. Verification of waveform and frequency on all coils 

 

There are just two coils (the transmitter coil and the 
receiver coil) used in the experiment shown in Fig. 9. The 
two coils are positioned vertically between three and thirty 
centimeters apart. Additionally, a voltage value ranging 
from 3 V to 30 V is supplied to the specified Vdc source. 
This arrangement allows findings on many parameters, 
including voltage, current, and power, to be obtained and 
shown graphically for the additional analysis.  

 
Fig. 9. WPT system without multi-magnetic relay 

 

As illustrated in Fig. 10, this experiment is similar to 
the setup discussed previously, but it adds a multi-magnetic 
relay consisting of two circular planer spiral coils positioned 
between the transmitter and receiver coils. The four coils 
that are being used are separated by 7 cm due to the multi-
magnetic relay’s positioning between 7 and 14 cm. The 
transmitter side’s input voltage (Vdc = 30 V) and the 
reception coil’s distance (dtr = 21 cm) are both fixed at the 
DC voltage source. This setup makes use of the output 
obtained on the receiver side to determine how adding a 
multi-magnetic relay affects the created WPT system’s 
performance. 
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Fig. 10. WPT system with multi-magnetic relay 

 

Results. The study findings are covered in this 
section, beginning with the development of a 5 kHz 
frequency in the pulse driver circuit using the 
microcontroller PIC16F628A-I/P. Additionally, the 
hardware produced in this research has been used in 
studies to convert DC to AC as the result waveform on 
full bridge inverters. Above all, the analysis results of the 
power development tests are provided by this section, 
which examines the power output data from the 
transmitter, receiver, and multi-magnetic relay sides. 

Generation of 5 kHz pulse wave. The pulse driver 
circuit, which has the microcontroller PIC16F628A-I/P as 
its primary component, produces the 5 kHz frequency. In 
order to achieve a frequency of 5 kHz, this pulse driver 
circuit applies frequency through the MOSFETs’ gate 
terminals. Four MOSFETs make up the entire bridge 
inverter circuit utilized in the driver circuit.  

The configuration of the four MOSFETs allows for 
continuous operation. Simultaneous driving of MOSFET-1, 
MOSFET-4, MOSFET-2 and MOSFET-3 is observed. In 
order to provide the transmitter coil with an AC voltage, 
this is done to reverse the direction of current flow through 
the coil. This is a result of MOSFET-1 and MOSFET-4 
having identical phase angles, ranging from 0 to 180, 
configured. In contrast, the phase angles of MOSFET-2 and 
MOSFET-3 are arranged from 180 to 360. Stated 
otherwise, MOSFET-2 and MOSFET-3 are «OFF» when 
MOSFET-1 and MOSFET-4 are «ON». Conversely, 
MOSFET-1 and MOSFET-4 are «OFF» when MOSFET-2 
and MOSFET-3 are «ON». Thus, Fig. 11 displays the result 
of the coordination of these four MOSFETs as an output of 
the hardware that was constructed. 

 
Fig. 11. 5 kHz pulse wave generations 

 

AC voltage waveform and magnetic flux generated 
on the transmitter coil. The four MOSFETs’ rectification 

produced an AC voltage on the transmitter coil, but it is 
still not entirely functional. Consequently, in order to 
change the square waveform into a sinusoidal waveform, a 
filter is required. Here, the wave filters are a 3 µF capacitor 
and a 100 µH inductor. Furthermore, when an inductor has 
electricity flowing through it, it can also produce a 
magnetic field. The entire magnetic field that flows through 
the transmitter and receiving coil is measured as magnetic 
flux. As a result, it is important to choose an inductor value 
that will produce the intended result. When an excessively 
big inductor is used, the transmitter coil experiences a 
lower voltage but a better waveform (sinusoidal 
waveform). On the other hand, even though the voltage that 
results is larger, an inductor that is too small cannot provide 
a perfect sinusoidal waveform. 

The results of the transmitter coil voltage pulse 
waveform in the simulation can be seen in the form of a 
sine voltage waveform with a half cycle formed in 100 µs 
and one cycle formed in 200 µs. On the other hand, the 
pulse waveform generated in the experiment is also a sine 
wave with a frequency of 4.9 kHz where it is very close to 
get 5 kHz. Figure 12 shows the rectification result of the 
square waveform into a sine waveform that occurs in the 
full bridge inverter and filtering by 3 µF capacitors and 
100 µH inductors. Based on the oscilloscope’s scale, this 
is clear. One cycle sine wave’s length is composed of two 
divisions, each taking 100 µs of time. Afterwards, 200 µs 
is needed to generate one cycle of the AC sine voltage 
waveform. This indicates that the AC sine voltage 
waveform has 5000 cycles in a second. 

 
Fig. 12. 5 kHz sine voltage waveform of transmitter coil 

 
In order to generate the magnetic flux (Fig. 13,b) 

following (1), the sine voltage waveform in Fig. 12 is 
formed (Fig. 13,a) with a peak voltage of 50 V. The link 
between the coil’s number of turns and the integral of the 
voltage on the transmitter coil side is represented by the 
magnetic flux. The waveform and frequency broadcast in 
the system are identical to the sine voltage waveform that 
forms at a frequency of 5 kHz in the transmitter coil. 

AC voltage waveform on the transmitter coil, multi-
magnetic relay and receiver coil. Verification of the 
waveform on the multi-magnetic relay and receiver coil has 
also been done in order to confirm the waveform created in 
the transmitter coil. Figure 14 displays the verification 
outcomes for each coil’s frequency and waveform.  
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a) sine voltage 

 
b) magnetic flux 

Fig. 13. 5 kHz sine voltage (a) and magnetic flux (b) waveform 
on the transmitter coil following (1) 

 

 
Fig. 14. Waveform and frequency on all coils 

 

The output of the transmitter coil is represented by 
channel 1 of the oscilloscope, the multi-magnetic relay is 
represented by channels 2 and 3, and the waveform 
produced in the reception coil is represented by channel 4. 

The output waveform and frequency reported in Fig. 14 
reveals almost 5 kHz. It is shown that the WPT system 
and all coils are working properly and the experiment is 
ready to proceed in the data gathering and analysis stage. 

Performance improvement of 5 kHz WPT system. 
The impact of incorporating a multi-magnetic relay on the 
designed WPT system’s performance is covered in this 
subsection. This part also covers the performance 
comparison between the WPT system with and without 
multi-magnetic relays based on the output produced in the 
experiment. The transmitter and receiver coil distances, the 
constant Vdc at 30 V, and the dtr constant at a distance of 
21 cm are the settings for the tests conducted in this 
section. This is done to monitor the performance and 
determine the best spacing between multi-magnetic relays. 

WPT performance with the addition of one 
magnetic relay. This configuration is done to see how 
adding a magnetic relay affects the output voltage, 
current, and power in the receiver side of the developed 
WPT system. The experiment is set up with the DC 
voltage source Vdc = 30 V, and the distance between the 
transmitter and receiver coil dtr = 21 cm. Additionally, 
one magnetic relay is placed between the transmitter and 
receiver coils with distances set at 3 cm, 6 cm and 9 cm. 
As a result, a graph of the receiver side output comparison 
based on the system configuration with a magnetic relay 
added is displayed in Fig. 15. In contrast, Fig. 16 
illustrates the percentage improvement of the WPT 
system with a magnetic relay added when compared to 
the WPT system without one. 

 
Fig. 15. WPT performance with the addition of one magnetic relay 

 
Fig. 16. Improvement of WPT by addition of one magnetic relay 

in percent (%) 
 

The output of the receiver coil produced from the 
experiment without a magnetic relay is 3.56 V and 0.2 A 
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with a power of 0.71 W. However, after adding a magnetic 
relay, the observed parameters have increased. The power 
achieved at the magnetic relay point (dtm = 3 cm) is 0.91 W 
at 3.79 V of voltage and 0.24 A of current. When the 
magnetic relay is positioned at dtm = 3 cm (Fig. 16) the 
receiver coil’s output improves by 22 % in power, 6 % in 
voltage, and 17 % in current. Conversely, however, there 
was also improvement at dtm = 6 and 9 cm. The resulting 
output experiences a 20 % voltage rise, a 38 % current 
increase, and a 50 % power gain at dtm = 6 cm. At dtm = 9 cm, 
there is a 16 % increase in voltage, a 35 % increase in 
current, and a 46 % increase in power. 

The magnetic relay placed 6 cm away from the 
transmitter coil produced the maximum output that was 
measured. Stated otherwise, this is the best position relative 
to other positions. The amount of flux that the magnetic relay 
can capture can be large at the distance between the 
transmitter and the magnetic relay, dtm = 3 cm, but the flux 
cannot completely reach the receiver coil due to the distance 
between the magnetic relay and the receiving coil being 
relatively far. Conversely, the output obtained is marginally 
less than the distance dtm = 6 cm at dtm = 9 cm or higher. This 
is due to the transmitter coil’s action, which is where the flux 
is initially generated. As a result, the magnetic coil acts to 
retain the flux in the magnetic field between coils before it 
escapes. Because of this, the flux received at dtm = 6 cm is 
more than at dtm = 9 cm or higher, but it is still capable of 
reaching the receiver coil with magnetic flux. As is well 
known, mutual induction involves a magnetic coil in addition 
to the transmitter and receiver coils in this experiment. 

This experiment involves rectifying the waveform from 
AC to DC in addition to the process of power transfer 
between the coils. Rectifiers or AC-DC converters are used 
in the rectification process. Because the created WPT system 
operates at a frequency of 5 kHz and prevents it from being 
delivered directly to the load, this rectification procedure is 
necessary. The trend of the observed DC voltage and the AC 
parameters in the receiver coil are consistent (Fig. 15, 16). 
But the outcome of the rectification is marginally less than 
the input, which in this instance is the receiver coil. This 
results from a decrease brought on by the rectifier circuit’s 
kind of diodes’ threshold voltage value. 

WPT performance with the addition of multi- 
magnetic relay. This experiment is comparable to the one 
discussed previously, but it adds a multi-magnetic relay 
(two coils). The distance between the transmitter and 
receiver coils, dtr = 21 cm, and the DC voltage source, 
which serves as the transmitter side’s DC input voltage, 
are both fixed at Vdc = 30 V. The multi-magnetic relay is 
positioned at a distance of 7 and 14 cm from the 
transmitter and receiving coils, respectively. By using the 
output received on the receiver side, this setup is done to 
observe how adding a multi-magnetic relay affects the 
created WPT system’s performance. Consequently, a 
comparison graph of the WPT system’s performance that 
was enhanced by the addition of a multi-magnetic relay is 
displayed in Fig. 17. Furthermore, a comparison of the 
percentage improvement that happens when the system 
uses a multi-magnetic relay is shown in Fig. 18. 

The performance of the WPT system with a multi-
magnetic relay is compared to the experiment without a 
magnetic relay and with the addition of one magnetic relay 

(one coil) in Fig. 17. Using one magnetic relay at dtm = 6 cm, 
the maximum receiver power in the experiment is utilized as 
a comparison, with reference to Fig. 17, 18. As a result, with 
a voltage gain of 0.58 V (12 %) and a current improvement 
of 0.11 A (26 %), the receiver power received at the receiver 
coil by 0.74 W, or 34 %. Concurrently, the experiment’s 
receiver power increased by roughly 1.45 W, or 67 %, from 
the system without a magnetic relay to the one with a multi-
magnetic relay added. The system also had a higher voltage 
difference of 1.47 V, or 29 % higher, and a higher current 
difference of 0.12 A, or 53 % higher, than the system 
without a multi-magnetic relay. 

 
Fig. 17. WPT performance with the addition of multi-magnetic relay 

 
Fig. 18. Improvement of WPT by addition of multi-magnetic 

relay in percent (%) 
 

Conclusions. The purpose of this research is to 
create a circular planar spiral coil with an appropriate 
inductance value for the 5 kHz matching frequency. The 
following conclusions can be been conducted. 

1. A circular planar spiral coil is developed by 
designing and calculating a number of parameters, 
including the number of turns, inner and outer diameter, 
wire diameter and the spacing between turns. According 
to the findings, 338 µH is the proper circular planar spiral 
coil inductance value for the 5 kHz WPT system. 

2. System performance is improved when a multi-
magnetic circular planar spiral relay is incorporated into 
the WPT system. Consequently, there was a 67 % 
improvement in the power received at the receiver coil, 
going from 0.71 W to 2.16 W. 

3. The percentage error between simulation and 
experiment is still less than 10 %, according to the 
validation data. This indicates that the WPT system 
hardware created for this investigation is dependable and 
matches the simulation. 
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Research for an enhanced fault-tolerant solution against the current sensor fault types 
in induction motor drives 
 

Introduction. Recently, three-phase induction motor drives have been widely used in industrial applications; however, the feedback 
signal failures of current sensors can seriously degrade the operation performance of the entire drive system. Therefore, the motor 
drives require a proper solution to prevent current sensor faults and improve the reliability of the motor drive systems. The novelty 
of the proposed research includes integrating the current sensor fault-tolerant control (FTC) function according to enhanced 
technique into the field-oriented control loop for speed control of the motor drive system. Purpose. This research proposes a hybrid 
method involving a third difference operator and signal comparison algorithm to diagnose various types of current sensor faults as a 
positive solution to enhance the stability of the induction motor drive system. Methods. A hybrid method involving a third difference 
operator for the measured speed signals and a comparison algorithm between measured and estimated current signals are proposed 
to diagnose the current sensors’ health status in the fault-tolerant process. After determining the faulty sensor, the estimated current 
signals based on the Luenberger observer are used immediately to replace the defective sensor signal. Results. The current sensor is 
simulated with various failure types, from standard to rare failures, to evaluate the performance of the FTC method implemented in 
the MATLAB/Simulink environment. Simultaneously, a fault flag corresponding to a defective sensor should be presented as an 
indicator to execute the repair process for faulty sensors at the proper time. Practical value. Positive results have proven the 
feasibility and effectiveness of the proposed FTC integrated into the speed controller to improve reliability and ensure the stable 
operation of the induction motor drive system even under current sensor fault conditions. References 29, tables 3, figures 10. 
Key words: current sensor fault, estimated current, fault-tolerant control, field-oriented control, induction motor drive. 
 

Вступ. Останнім часом трифазні приводи з асинхронними двигунами широко використовуються у промисловості; однак 
відмови сигналу зворотного зв'язку датчиків струму можуть погіршити експлуатаційні характеристики всієї системи 
приводу. Тому для електроприводів потрібне належне рішення для запобігання відмов датчиків струму та підвищення 
надійності систем приводу. Новизна пропонованого дослідження полягає в інтеграції функції відмовостійкого управління 
датчиком струму (FTC) відповідно до вдосконаленої методики в контур управління полем для управління швидкістю системи 
приводу. Мета. У цьому дослідженні пропонується гібридний метод, що включає оператор третьої різниці та алгоритм 
порівняння сигналів для діагностики різних типів відмов датчиків струму як позитивне рішення для підвищення стійкості 
системи приводу з асинхронним двигуном. Методи. Пропонується гібридний метод, що включає оператор третьої різниці для 
виміряних сигналів швидкості та алгоритм порівняння між виміряними та оціночними сигналами струму, для діагностики 
стану справності датчиків струму у відмовостійкому процесі. Після визначення несправного датчика сигнали оцінки струму 
на основі спостерігача Люенбергера негайно використовуються для заміни сигналу несправного датчика. Результати. 
Датчик струму моделюється з різними типами відмов, від стандартних до рідкісних відмов, з метою оцінки продуктивності 
методу FTC, реалізованого у середовищі MATLAB/Simulink. Одночасно прапорець несправності, що відповідає несправному 
датчику, повинен бути представлений як індикатор для виконання процесу ремонту несправних датчиків у належний час. 
Практична цінність. Позитивні результати довели здійсненність та ефективність пропонованого FTC, інтегрованого в 
регулятор швидкості, для підвищення надійності та забезпечення стабільної роботи системи приводу з асинхронним 
двигуном навіть в умовах несправності датчика струму.. Бібл. 29, табл. 3, рис. 10. 
Ключові слова: несправність датчика струму, розрахунковий струм, відмовостійке керування, орієнтоване на поле 
керування, привід з асинхронним двигуном. 
 

Introduction. Three-phase induction motors (3~IM) 
with the advantages of size, reliability, performance, and 
flexible control are currently widely used electrical 
machines in various fields [1, 2], such as industry, 
transportation, agriculture and so on. A system that 
includes a 3~IM connecting to the load, an inverter power, 
a sensor system, and a controller is called the induction 
motor drive (IMD). Modern speed control techniques 
applying inverter technology for IMD include two primary 
control groups: scalar and vector technique control [3, 4]. 
The principle of the scalar control method is based on 
keeping the flux according to the V/f ratio. This method has 
advantages: it is a simple control algorithm and has a low 
cost. However, the control performance is low and only 
used for simple applications. In contrast, the group of 
vector control methods, typically the field-oriented control 
(FOC) method, has high performance, but complex control 
algorithms and high costs are used for applications 
requiring high precision [5, 6]. Modern 3~IMD structure 
includes four main parts: motor, voltage source inverter, 
controller integrated control algorithm, and sensor system. 

Problems and the relevance. All of the parts in the 
IMD’s structure play an essential role in the system’s stable 

operation. Hence, the accuracy of the sensors is vital to 
ensuring the stability of the drive system [7, 8]. Loss of 
connection or accuracy of sensor feedback signals can lead to 
function degradation or damage to the motor drive system. 
Therefore, it is necessary to develop functions against sensor 
faults to improve the reliability of the motor drive system; the 
function is called the fault-tolerant control (FTC) technique 
[9, 10]. A comprehensive sensor FTC function includes three 
distinct processes: fault diagnosis, fault signal isolation, and 
reconfiguration to maintain stable operation under fault 
conditions. During the fault diagnosis stage, the health status 
of the sensor should be determined, and any faulty sensor 
needs to be accurately located. Faulty sensors must be 
isolated immediately whenever a fault condition is identified. 
Immediately, the signal from this faulty sensor must be 
replaced with an estimated signal; in other words, switch 
from sensor control mode to sensorless control [11, 12]. 

Review of recent publications about the FTC and 
unsolved tasks. The sensor system in the motor drive 
system includes two types of sensors: the current sensor 
and the speed sensor. Therefore, research on sensor faults is 
also divided into two subjects: the speed sensor fault (SSF) 
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and the current sensor fault (CSF). Most research on sensor 
FTC focuses on completely damaged or disconnected 
faults, where the feedback signals to the controller become 
zero. Corresponding to this fault type, with SSF cases, 
diagnosis methods mainly rely on comparison algorithms 
between measured and estimated signals [13–15]; with the 
CSF cases, various techniques exist for diagnosing sensor 
failures, such as relying on the difference between the 
measured signal and the estimated signal [16], phase 
imbalance and missing error phase [17], or sudden changes 
in the measured signal [18, 19], or using a mixed 
evaluation index [20]. However, besides total damaged 
failure, several other types of fault can occur for current 
sensors, but most studies pay little attention to them. 

Purpose of the paper. This research proposes a 
hybrid method involving a third difference operator 
(TDO) and signal comparison algorithm [21] to diagnose 
various types of current sensor faults, such as bias, drift, 
and gain fault [22] as a positive solution to enhance the 
stability of the IMD system. Once the faulty sensor is 
identified, current signals estimated based on direct 
estimators [23, 24] or observers like Luenberger [25, 26] 
are used instead of the faulty current signal. 

FTC solution against the current sensor failure for 
3~IMDs. This section briefly describes an IMD model 
integrating the current sensor-FTC function, various types of 
CSF, and the applied FTC algorithm. The motor modeling 
operations and the Clarke and Park transformations are also 
summarized to clarify the proposed FTC solution. 

A. IMD model integrating the current sensor 
FTC function. The structure of the IMD includes a 3~IM 
connecting to the load, an inverter power, a sensor 
system, and a controller (Fig. 1). An FTC algorithm is 
integrated into the controller function to enhance the CSF 
protection feature (Fig. 1). FTC block receives the stator 
current and rotor speed as input signals for calculating the 
corresponding estimated quantities to implement the fault 
diagnosis algorithm (Fig. 2). 

 
Fig. 1. 3~IMD integrated FTC function 

 
Fig. 2. FTC function block 

 

In the FTC function block, the current estimator 
receives the measured motor speed and calculated stator 
voltage from the DC-link, combining inverter switching 

impulse [27] to generate the estimated current by proper 
methods. The estimated and measured current signals are 
provided for implementing the CSF diagnosis algorithm 
[21] and providing proper current signals to the FOC 
controller. The estimation equation system of the virtual 
currents based on the Luenberger observer [28, 29] is 
presented briefly below: 
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RS, RR are the stator and rotor resistance; LS, LR, Lm are the 
stator, rotor and magnetizing inductance; r = pm is the 
rotor speed; p is the number of pole pairs; iS, iS, u*

S, 
u*

S, R, R, are the stator current, voltage and rotor flux 
components in the stationary frame;  

The real-time stator current can be converted to the 
stationary coordinate system using the Clarke formula (5) 
and the inverse transformation (6): 
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B. Current sensor failure types. During the operation 
of the IMD, under the influence of various factors of the 
operating environment such as temperature, vibration, 
electromagnetic field impact, and deterioration of 
equipment life, sensors may be damaged or degraded 
function. A sensor is considered faulty when its signal to the 
controller seriously deviates beyond the available threshold 
compared with the actual signal. Some typical types of 
sensor faults considered in the FTC technique correspond to 
soft fault type: drift, scale, bias, precision degradation, and 
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hard fault type (total failures): constant feedback value, 
constant feedback value with noise, and bottom noise [22]. 
Suppose the measurement standard deviation of the sensors 
is ignored. In that case, the mathematical expressions 
describing the sensor fault types are presented in Table 1 
and Fig. 3 according to the types of CSF signals. 

Table 1 
Mathematical expressions according to sensor fault types 

Type Expression Note 
Soft fault 

Drift im(t)=i(t)+a+bt 
Scale im(t)=Ki(t) 
Bias im(t)=i(t)+K 
Precision 
degradation 

im(t)=i(t)+e(t) 

Hard fault 
Constant im(t)=K 
Constant with 
noise 

im(t)=K+e(t) 

Bottom noise im(t)=0+e(t) 

- im(t) is the measured phase 
current corresponding to the fault 
type; 
 
 

- i(t) is the true value of the 
measured phase current; 
 
 

- a, b, K are the constants 
corresponding to the fault type; 
 

- e(t) is the excessive random 
noise; 
 

- t is the time variable 
 

 
Fig. 3. Graphical signals of healthy state and fault state types of 

the phase current 
 

C. FTC against current sensor failures. A hybrid 
method involving a TDO for the measured rotor speed 
and a comparison algorithm of estimated and measured 
current signals is applied to diagnose the current sensors’ 
health status. First, the TDO algorithm corresponding to 
(7) is used to check whether there are signs of failure with 
the speed sensor: 

If (TDOw  Thw) {
wTDOF = 1},                (7) 

where  pwTDOw
3 ; 
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where p is the current sampling time; (p–1) is the previous 
sampling time; Thw is the defined threshold selected to 
determine the fault state of the speed sensors. The 
threshold can be chosen with a value 10 % corresponding 
to the reference speed, as shown in [21]. 

Then, suppose the measured speed signal is determined 
the normality state. In that case, the estimated and measured 

signal comparison algorithms are implemented to check the 
current sensor faults, as in (8) and (9): 

    0else;1If   COMjCOMjiestjmj FFThii ,  (8) 

      0else;1;1and!If  jjCOMjTDO FFFF
w

,    (9) 

where ij–m are the measured current signals of ia, ib; ij–est is 
the estimated current signals of ia est, ib est; Fj is the fault 
indication flag for each current sensor; Thi is the threshold 
selected to determine the fault state of the current sensor 
with a value 10 %. 
Remark: The «NOT» operator in (9) ensures that the 
measured rotor speed signal is in good condition, which 
means the estimated current signal is correct. 

If the fault indication flags are low, the FTC 
function will transfer the feedback-measured current to 
the FOC controller. Otherwise, if the fault indication flags 
are high, the FTC unit will provide the corresponding 
estimated current signals for the speed control in IMD. 
The principle of the FTC unit is shown in Table 2. 

Table 2 
Judgment of FTC function 

Fault indication flag Current sensor status The output 
FIA = 0, FIB = 0 Normal im, im 
FIA = 1, FIB = 0 A-phase fault i est, i est 
FIA = 0, FIB = 1 B-phase fault i est, i est 

 

Simulation results. The operation of the 3~IMD 
using the FOC method is carried out in the normal speed 
zones, and the failures corresponding to seven types of 
current faults are simulated to evaluate the performance of 
the FTC solution integrated into the controller. The 
machine parameters of the motor are shown in Table 3.  

Table 3 
Parameters of the induction motor 

Rated power, W 2200 
Rated voltage, V 400 
Nominal speed, rpm 1420 
Pole pairs number 2 
Stator resistance,  3.179 
Rotor resistance,  2.118 
Stator inductance, H 0.209 
Rotor inductance, H 0.209 
Magnetizing inductance, H 0.192 

 

A reference speed will be set, including acceleration 
from 0 to 500 rpm in 0.3 s, and kept constant throughout 
the operation. CSF types are simulated to test the speed 
controller’s FTC performance. Corresponding to the soft 
faults of the current sensors, drift fault, scale fault, bias 
fault, and precision degradation are simulated to 
investigate the performance of the proposed FTC method. 

In Fig. 4, the motor is operating stably; when 1.2 s 
a drift-fault occurs at phase A (Fig. 4,a), the FTC function 
immediately operates to diagnose the fault accurately and 
quickly, and the phase A current fault flag is pushed high 
while the corresponding phase B fault flag remains low 
(Fig. 4,b). The estimated current replaces the measured 
current signal, making the IMD stable. 

In Fig. 5, similar to the first case, a scale fault occurs 
at phase B (Fig. 5,a); the FTC function immediately 
operates to diagnose the scale fault at the fault phase, and 
the phase B current fault flag is pushed high while the 
corresponding phase A fault flag remains low (Fig. 5,b). 
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Fig. 4. FTC function according to the drift fault: (a) measured 
phase currents and motor speed; (b) the fault-indication-flags 

 

 

t, s

t, s

ia, ib, A 

v, rpm a)

 
 

` 

t, s

t, s
b)

level 

level 

 

Fig. 5. FTC function according to the scale fault: (a) measured 
phase currents and motor speed; (b) the fault-indication-flags 

 

In Fig. 6, the bias fault occurs at phase A (Fig. 6,a), 
the FTC function diagnoses the fault at phase A, and the 
phase B fault flag remains low (Fig. 6,b). 

In Fig. 7, the final fault in the soft fault group, the 
precision degradation fault, occurs at phase B (Fig. 7,a), 
and the FTC function operates precisely according to the 
proper indication fault flags (Fig. 7,b). 

Next simulation cases corresponding hard fault types: a 
constant feedback value of the phase A current corresponds 
to a value of 3 A (Fig. 8,a), constant feedback value with 

noise, phase B current value is a noise around the value 3 A 
(Fig. 9,a), bottom noise is around zero in phase A (Fig. 10,a). 
The FTC function accurately identified the faulty sensor 
locations in Fig. 8,b, 9,b, and 10,b, respectively. The 
estimated current is used instead of the measured current to 
supply the FOC loop and control the motor speed stably and 
accurately. 
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Fig. 6. FTC function according to the bias fault: (a) measured 
phase currents and motor speed; (b) the fault-indication-flags 
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Fig. 7. FTC function according to the precision degradation 

fault: (a) measured phase currents and motor speed; 
(b) the fault-indication-flags 
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Fig. 8. FTC function according to the constant feedback value: 

(a) measured phase currents and motor speed; 
(b) the fault-indication-flags 
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Fig. 9. FTC function according to the constant feedback value 

with noise: (a) measured phase currents and motor speed; 
(b) the fault-indication-flags 

 
Conclusions. A hybrid method combining a third 

difference operator for the measured rotor speed and 
comparison algorithms of phase current signals is 
proposed to be applied to induction motor drive against 
various current sensor fault types. The third difference 
operator is used to check the signal quality status of the 
measured speed to ensure the estimated current calculated 
from the measured speed is accurate. 

 

t, s

t, s

ia, ib, A

v, rpm a)

 
 

t, s

t, s
b)

level 

level 

 
Fig. 10. FTC function according to the bottom noise: 

(a) measured phase currents and motor speed; 
(b) the fault-indication-flags 

 

Then, the comparison algorithm between the 
measured and the estimated signals of each current phase 
is used to determine whether a discrepancy occurs or not. 
After determining the healthy status of each current 
sensor, if both current sensors are healthy, the measured 
currents are sent to the field-oriented control loop. If a 
failure occurs with any current sensors, the feedback 
signal corresponds to the estimated currents. 

Through the results achieved, the proposed fault-
tolerant control method has proven to be effective in 
accurately determining the health and location of the 
faulty phase currents in all simulation cases. The 
induction motor drive has enhanced stability and 
reliability in the motor control process, corresponding to 
the current sensor’s health status. 
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Improving the efficiency of a non-ideal grid coupled to a photovoltaic system 
with a shunt active power filter using a self-tuning filter and a predictive current controller 
 

Introduction. Recently, photovoltaic (PV) systems are increasingly favored for converting solar energy into electricity. PV power systems have 
successfully evolved from small, standalone installations to large-scale, grid-connected systems. When the nonlinear loads are connected to a 
grid-tied PV system, the power quality can deteriorate due to the active power supplied by the PV array, there’s a noticeable decline in the 
quality of power delivered to consumers. Its combination with the shunt active power filter (SAPF) enhances system efficiency. Consequently, this 
integrated system is adept at not only powering local loads but also at compensating for reactive power and filtering out harmonic currents from 
the main grid. The novelty of the work describes how an operation of a small scale PV system connected to the low voltage distribution system, 
and nonlinear load can be achieved, the investigation aims to analyze the system’s behavior and elucidate the advantages of employing various 
control algorithms. These proposed algorithms are designed to ensure a unity power factor for the utility grid while prioritizing high 
convergence speed and robustness against load power fluctuations across different levels of solar irradiation affecting the PV modules. The 
purpose of this work is to enhance the dynamic performance of the SAPF by cooperatively using a self-tuning filter (STF) based instantaneous 
active and reactive power method (PQ) with a novel predictive current control, enhance the system resilience, ensure optimal management of the 
total active power between the PV system, the electrical network and the non-linear load by integrating the functionalities of the SAPF under 
different levels of solar irradiation and maintain the DC-link capacitor voltage constant. Methods. A novel predictive current controller is 
designed to generate the switching signals piloted the three phase source voltage inverter, also a novel algorithm of instantaneous active and 
reactive power is developed, based on STF, to extract accurately the harmonic reference under non ideal grid voltage, also the perturb and 
observe algorithm is used to extract, under step change of solar irradiation, the maximum power point tracking of the PV module and the PI 
controller is used to maintain constant the DC-link capacitor voltage of the SAPF. Results. The efficacy of the proposed system is primarily 
centered on the grid side, and the performance evaluation of the control system is conducted using the STF based PQ algorithm and predictive 
current control. In addition, comprehensive testing encompasses all modes of operation, including scenarios involving distorted voltage sources, 
step changes in solar radiation, and variations in nonlinear loads. Results highlight superior performance in both transient and stable states, 
affirming the robustness and effectiveness of the proposed controllers. Practical value. The total harmonic distortion value of the grid current for 
all tests respects the IEEE Standard 519-1992. References 21, tables 7, figures 25. 
Key words: photovoltaic system, shunt active power filter, active and reactive power algorithm, self-tuning filter, total 
harmonic distortion, predictive current control, maximum power point tracking. 
 

Вступ. Останнім часом фотоелектричні (PV) системи все частіше використовуються для перетворення сонячної енергії на 
електрику. Фотоелектричні системи успішно еволюціонували від невеликих автономних установок до великомасштабних систем, 
підключених до мережі. Коли нелінійні навантаження підключені до мережевої фотоелектричної системи, якість електроенергії 
може погіршитися через активну потужність фотоелектричної матриці, що подається, спостерігається помітне зниження 
якості електроенергії, що постачається споживачам. Його поєднання із шунтуючим активним фільтром потужності (SAPF) 
підвищує ефективність системи. Отже, ця інтегрована система здатна як живити локальні навантаження, так і компенсувати 
реактивну потужність і відфільтровувати гармонійні струми з основний мережі. Новизна роботи описує, як можна домогтися 
роботи маломасштабної фотоелектричної системи, підключеної до розподільчої системи низької напруги та нелінійного 
навантаження, дослідження спрямоване на аналіз поведінки системи та з’ясування переваг використання різних алгоритмів 
управління. Ці алгоритми розроблені для забезпечення одиничного коефіцієнта потужності для комунальної мережі, при цьому 
віддаючи пріоритет високої швидкості конвергенції та стійкості до коливань потужності навантаження на різних рівнях 
сонячного опромінення, що впливає на фотоелектричні модулі. Метою даної роботи є підвищення динамічних характеристик 
SAPF шляхом спільного використання фільтра, що самоналаштовується (STF), на основі методу миттєвої активної та 
реактивної потужності (PQ) з новим предиктивним управлінням струмом, підвищення стійкості системи, забезпечення 
оптимального управління загальною активною потужністю між фотоелектричною системою, електричною мережею та 
нелінійним навантаженням шляхом інтеграції функцій SAPF при різних рівнях сонячного опромінення та підтримання постійної 
напруги конденсатора ланки постійного струму. Методи. Новий предиктивний контролер струму, призначений для генерації 
сигналів перемикання, пілотованих трифазним інвертором напруги джерела, також розроблений новий алгоритм миттєвої 
активної та реактивної потужності, заснований на самонастроюючому фільтрі, для точного вилучення гармонійного опорного 
значення при неідеальній напрузі мережі, також використовується алгоритм обурення та спостереження при ступінчастій зміні 
сонячного випромінювання, відстеження максимальної точки потужності фотоелектричного модуля, а ПІ-регулятор 
використовується для підтримки постійної напруги конденсатора постійного струму SAPF. Результати. Ефективність 
пропонованої системи в першу чергу зосереджена на стороні мережі, а оцінка продуктивності системи керування проводиться з 
використанням алгоритму PQ на основі STF та керування струмом. Крім того, комплексне тестування охоплює всі режими 
роботи, включаючи сценарії, що включають спотворені джерела напруги, ступінчасті зміни сонячного випромінювання та зміни 
нелінійних навантажень. Результати підкреслюють чудову продуктивність як у перехідних, так і у стабільних станах, 
підтверджуючи надійність і ефективність пропонованих контролерів. Практична цінність. Загальне значення гармонійних 
спотворень мережі для всіх випробувань відповідає стандарту IEEE 519-1992. Бібл. 21, табл. 7, рис. 25. 
Ключові слова: фотоелектрична система, шунтуючий фільтр активної потужності, алгоритм активної та реактивної 
потужності, фільтр, що самоналаштовується, повне гармонічне спотворення, предиктивне управління струмом, 
відстеження точки максимальної потужності. 
 

Introduction. The increasing use of semiconductor 
devices and nonlinear loads (NLs) in industrial, 
residential, and commercial sectors has resulted in the 
degradation of power grid voltage and current waveforms. 
This, in turn, leads to harmonic distortion in the electrical 

system [1]. Such harmonics in the power network can 
cause significant issues including increased power losses, 
overloading of transmission lines, diminished power 
quality, reduced equipment efficiency, and disruptions in 
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device performance. Today, NLs are prevalent in both 
residential and office spaces [2].  

Photovoltaic (PV) systems are increasingly favored for 
converting solar energy into electricity. In recent times, PV 
power systems have successfully evolved from small, 
standalone installations to large-scale, grid-connected 
systems. When the NLs are connected to a grid-tied PV 
system, the power quality can deteriorate due to the active 
power supplied by the PV array. As the adoption of NLs 
increases, there is a noticeable decline in the quality of 
power delivered to consumers [3–6]. The shunt active 
power filter (SAPF) emerges as an adaptable remedy for 
harmonic compensation. It operates by connecting parallel 
to the grid and consistently injecting currents that, at any 
given time, match the harmonic components caused by the 
NL. The sole use of SAPF is less attractive in practice due 
to the still high effort involved, especially for powerful 
systems to be filtered. Hence we are much more interested 
in filtering system coupled with PV system to ensure several 
advantages. Integrating a PV system into the grid to benefits 
local load supply, and its combination with the SAPF 
enhances system efficiency. Consequently, this integrated 
system is adept at not only powering local loads, but also at 
compensating for reactive power and filtering out harmonic 
currents from the main grid. This ensures that the grid 
current maintains a sinusoidal waveform and upholds a 
unity power factor (PF) [7–9]. 

The first task is to extract the power from the PV 
generator under varying weather conditions. Hence, 
employing maximum power point tracking (MPPT) method 
known perturb and observe (P&O), to maximize energy 
harvest from a PV generator across diverse radiation levels 
[10–12]. Then his control is integrated at the DC bus control 
level of the SAPF, which can be provide the power via an 
appropriate control of SAPF to fed the NL. 

The effectiveness of the SAPF is judged by the 
shape of the signal which must be the inverted image of 
the harmonics to be compensated, contained in the load. 
Then the detection method of reference harmonics plays a 
role in active filtering because the detected signal presents 
a reference quantity for controlling the voltage source 
inverter (VSI) of the SAPF. Many algorithms have been 
used to generate these harmonics reference [1, 13, 14] and 
the most used is the instantaneous active and reactive 
power (PQ) algorithm, the primary algorithm on the grid 
side is dedicated to determining the optimal reference 
filter currents crucial for the proficient governance of the 
SAPF. And advanced approach leverages a self-tuning 
filter (STF), designed specifically to navigate the control 
intricacies of the SAPF when faced with voltage 
distortions [9], the major positive behavior of the STF lies 
in extracting the fundamental components of the voltage, 
which also facilitates the computation of an accurate 
harmonic reference current for scenarios involving non-
ideal grid voltage, and fluctuating load conditions [15]. 
This, in turn, aids in producing compensator currents, 
achieved through the amalgamation of predictive current 
control (PCC) and supplementary algorithms [16–19].  

The secondary controller utilizes a PI controller for 
ensuring the DC link voltage remains consistent around 
its predetermined reference value, especially during 
sudden load shifts or alterations in solar irradiation, and 

its capability of has been investigated across all 
operational modes of the proposed system. Other hand, a 
novel control current loop applied of SAPF in order to 
generate the filter currents by thanks the PCC, the 
development of an efficient PCC design for active power 
filtering system. In order to extract, for such a system, the 
filter current and generates the switching signals of SAPF, 
the modified predictive current controller is considered 
here as an appropriate technique [20, 21]. 

The goal of the paper is to enhance the dynamic 
performance of the SAPF by cooperatively using a STF 
based PQ algorithm with a novel PCC, enhance the system 
resilience, ensure optimal management of the total active 
power between the PV system, the electrical network and 
the non-linear load by integrating the functionalities of the 
SAPF under different levels of solar irradiation and 
maintain the DC-link capacitor voltage constant. 

Subject of investigations. This paper describes how 
an operation of a small scale PV system connected to the 
low voltage distribution system, and NL can be achieved, 
the investigation aims to analyze the system’s behavior 
and elucidate the advantages of employing various control 
algorithms. These proposed algorithms are designed to 
ensure a unity PF for the utility grid while prioritizing 
high convergence speed and robustness against load 
power fluctuations across different levels of solar 
irradiation affecting the PV modules. 

Topologies of an SAPF fed via PV system. The 
power circuit of the suggested topology of three-phase 
grid-connected PV and active power filter system can be 
viewed in Fig. 1. It is designed firstly to inject the real 
power generated by the PV system to the load on whole 
days [3]. This topology includes PV panels, a DC-DC 
boost converter, and a three-phase VSI linked to the low 
voltage grid via a link inductor. In addition, there’s three-
phase full bridge rectifier followed by a series resistor and 
inductor, in parallel with capacitor, which creating NL. 
The objectives that have been mainly focused in the 
proposed work are as follows: 

1. To effectively demonstrate the multifunctional 
system’s behavior across diverse operating modes and 
showcase its resilience under challenging conditions. 

2. To maintain constant DC-link capacitor voltage of 
the SAPF under solar irradiance change. 

3. To enhance the dynamics performance of SAPF by 
using STF based PQ algorithm and PCC. 

4. To ensure the complete integration of the 
functionalities of SAPF to compensate the reactive power, 
suppress the harmonic currents and inject the surplus of 
active power in the utility grid. 

PV array model and its MPPT controller. The 
combination of numerous PV cells arranged in series and 
parallel configurations forms a PV generator. Several 
articles in the literature extensively cover the modeling of 
these modules [9–11]. The prevalent adoption of a single 
diode model is attributed to its consistently favorable 
outcomes. Here, we use the single-diode model to describe 
the characteristics of PV cells (Fig. 2). 

Figure 2 depicts the equivalent circuit of a solitary solar 
cell, featuring a single diode VD, a parallel resistor Rp, a 
series resistor Rs, and via Kirchhoff’s current law, the output 
current of the solar PV cell can be expressed as [9]: 
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pRdphpv IIII  ;                        (1) 
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where Iph is the solar-generated current; Ipv is the output 
current; Id is the diode current; Vpv is the output voltage; I0 
is the diode reverse saturation current; A is the ideality 
factor of the diode (1<A<2). 

3 phase full bridge 
rectifier 

PV 

VSIDC-DC Boost Converter 

Fig. 1. 
Topology circuit of an SAPF 

powered by the PV system
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Fig. 2. Equivalent circuit of PV panel 

 

Figure 3 shows the generated outputs characteristics 
of PV module at T = 25 °C and diverse irradiance. To 
generate the specified voltage from the simulated model, 
120 cells connected in series are required. This system 
achieves the desired voltage level by applying a gain on 
the cell voltage equal to the number of sum cells.  
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Fig. 3. Characteristic curves Ppv = f (Vpv) and Ipv = f (Vpv) 

of the PV module 
 

The voltage is determined by ensuring that the PV 
array operates at its maximum power point (MPP). The 

P&O algorithm stands out as the most widely adopted 
MPPT technique, which is used in this work, due to its 
simplicity and easy implementation. It is based on tracking 
the MPP by comparing power at different samples times 
and by periodically perturbing voltage [12]. The working 
principle of the P&O algorithm is shown in Fig. 4. 

Start 

Sensored VPV(k) and IPV(k) 

ΔVref (k)=Vref (k)–Vref (k–1) 

PPV(k)=VPV(k)IPV(k) 

ΔPPV(k) = PPV(k)–PPV(k–1) 

PPV(k)>0 

ΔVref (k)>0ΔVref (k)<0
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Fig. 4. Flow chart of the P&O algorithm 
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When PV power PPV and PV voltage VPV increase, the 
perturbation step size Δd is added to the duty cycle, thus 
d(k+1) is the next duty cycle value of perturbation, which 
forces the operating point to move towards the MPP and vice 
versa. Then, when power PPV increases and VPV decreases, 
the Δd will be subtracted for the next cycle of perturbation 
and vice versa. The process is repeated periodically until the 
MPP is reached. Once the MPP is located by extracting the 
optimum duty ratio of the boost converter d(k). 

The adjustment of the duty ratio for the boost 
converter is achieved by manipulating the IGBT switches. 
Gating signals for these IGBT switches are generated by a 
high carrier frequency pulse-width modulator block, 
operating at a frequency of 15 kHz (Fig. 5). 

 
Fig. 5. Scheme control of the PV with DC-DC boost converter 

 

The DC-DC boost converter is driven by the pulse-
width modulator’s control input S(t). Its operating 
principle can be expressed by duty cycle D and switching 
period Ts as follows: 

 








;,1

;0,0

ss

s

TtDT

DTt
tS ;   (3)                 

D

V
V

pv
dc 


1

.  (4) 

Dependent on the switching duty cycle and input 
voltage Vpv, when the IGBT is open, the input capacitor 
Cdc1 is charged via the PV panel as per the input voltage, 
when the IGBT switches ON, current charges up through 
L, when the IGBT switches back OFF, an opposing 
voltage is generated and released, the inductor now acts as 
a voltage source in series with the supply voltage, the 
output voltage Vdc is now charged up to a higher voltage 
than before, therefore stepping up the voltage. 

Indenting the reference harmonics currents. The 
PQ algorithm is based on a set of instantaneous power 
defined in the time domain, where the three-phase supply 
voltages (vs1, vs2, vs3) and currents load (il1, il2, il3) are 
transformed using the Clarke transformation (α-β) [13], 
which are written as: 
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In scenarios where the sources voltage are distorted 
and unbalanced, the performance of the PQ algorithm is 

degraded [13], for this a STF is involved and introduced to 
accurately cleaning the source voltage from these 
disturbances on the (α-β) axis. This new filter, initially 
developed in [14, 15] is designed to extract the 
fundamental component of source voltage amidst distorted 
and unbalanced conditions. The transfer function of the 
STF is obtained in the (α-β) axis, it can be expressed as: 

22
=)(

c

c

s

Fs

s

js
K

v

v
sH












 .                 (7) 

The value of K is chosen via the frequency response 
of the STF (Fig. 6,a,b), when we plot the 3D Bode 
diagram of the STF for the gain and the phase. It can be 
noticed that at ωc = 2πfc (fc = 50 Hz) and K=20, the phase 
angle is equal to 0, and gain is equal 0. This feature 
allowed us to judge that the fundamental components of 
the grid voltage are correctly extracted. 
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Fig. 6. Frequency response of the STF: 

gain (a) and phase (b) of the H(s) for the fundamental 
 

The fundamental of the grid voltage on the (α-β) 
axis are extracted through (8), (9): 
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Then, the active and reactive instantaneous powers 
«p» and «q» are given in matrix form: 










































l

l
FsFs

FsFs

i

i

v

vv

vv

q

p

000

0

0

= .         (10) 



Електротехніка і Електромеханіка, 2024, № 6 37 

The currents reference in (α-β) axis is obtained as: 
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The three phase reference current of the SAPF can 
be obtained by applying the inverse Clarke transformation 
to the stationary reference currents as: 
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(12) 

The three phase reference current of the active 
power filter can be obtained by applying the inverse 
Clarke transformation to the stationary reference currents 
as illustrated by (7). 

The required active component Ic, essential for 
compensating switching losses, is derived from the DC 
voltage controller. The main task is assigned to the PI 
controller to maintain the DC-link voltage Vdc fixed and 
ensure the reduced of fluctuation voltage under step change 
of irradiance solar and sudden change of NL. Furth more 
the PI regulator provides good performance and high 
robustness in controlling the system. Voltage control loop 
diagram can be seen in Fig. 7. It delivered the active 
component ic necessary to cover also the switching losses. 
The final reference harmonic is given as: 
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A graphical representation of the STF based PQ 
algorithm for determining the reference current filter is 
depicted in Fig. 7. The resultant reference current derived 
from this process will be employed in the PCC block of 
the SAPF, as detailed in the subsequent section, where the 
STF based PLL is the modified phase looked loop and 
explained in [16]. 

 
Fig. 7. Diagram of STF based PQ algorithm 

 

Current loop regulation of SAPF using a new PCC. 
This section concentrates on developing a point of common 
connection strategy for PV systems feeding SAPFs, while 
also addressing the generation of reference currents [17, 21]. 
The initial step involves creating a predictive current model 
for the SAPF. By deriving the dynamic model of the SAPF 
from the equivalent single-phase circuit of a three-phase VSI 
connected to the point of common connection, the strategy is 
formulated in (14) and as shown in Fig. 8. 

 
Fig. 8. Simplified scheme of an SAPF 
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where e is the mains phase voltage at the point of common 
connection; if is the pertinent phase current drawn by the 
SAPF; vf is the averaged value of SAPF leg voltage; Rf and Lf 
are the resistance and the inductance of AC filter inductors. 
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Introducing a and b parameters as: 
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where the coefficients a, b are approximated by a Taylor 
series. The time constant of the output stage of the SAPF 
is denoted as τ = Lf /Rf. 

The SAPF current at time instants k and k+1 is 
denoted by if(k) and if(k+1), respectively. The SAPF 
behavior may be then rewritten as: 

         bkVkEakiki fff 1 .      (16) 

The discrete SAPF model for the sample period 
between the time instances k+1 and k+2 can be rewritten 
from (16) in order to design two-steps ahead PCC, as: 

         bkVkEakiki fff  1112 .    (17) 

It is remarked that point of common connection 
voltage is predictable to exhibit a quite sinusoidal 
waveform, for its prediction, a simple linear extrapolation 
algorithm was used according to:

 
 

     121  kEkEkE .                 (18) 

The aim of this PCC is to calculate for the next 
sampling period Ts between the time instances k+1 and 
k+2 such an SAPF voltage reference Vf =Vi (i = a, b, c), 
which is the current error at the time instant k+2 is 
omitted as shown in Fig. 9. 

 
Fig. 9. Predictive current controller 

 

For the purposes of controlling the current error at 
the sampling period between the time instants k+1 and 
k+2 can be introduced as: 
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     222   kikiki fff ,           (19) 

where: 
  02 ki f .                         (20) 

The reference SAPF average voltage to eliminate 
current error at the time instant k+2, can then be given 
from (16) – (18) as: 

        akiki
b

kEkV fff 12
1

11   .      (21) 

In applications of the SAPF, current references typically 
involve the 5th and 7th harmonics, resulting in a complex 
prediction of the current reference. To overcome this 
challenge, a polynomial extrapolation technique is suggested 
for generating current references during transient conditions. 
Typically, a second-order two-ahead extrapolation method 
utilizes values from previous sampling instants to estimate the 
current reference value at time instant k+2 
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
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   (22) 

where ai (i = 0...n) are the polynomial coefficients to be 
calculated. There are 9 coefficients to be determined if a 
compensation of 5th, 7th and 11th harmonics is wanted. 
Those parameters have been chosen using a genetic 
algorithm optimization (GAO) based on the minimization 
of the subsequent fitness function given as: 

      kikii fff ,                      (23) 

where if
*(k) represents the predicted current reference at 

time instant k. The search results obtained using the GAO 
is summarized in Table 1. 

Table 1 
Reference generation based GAO parameters 

h 5th 7th 11th 
ah 5.3695 –0.2398 11.4581 
bh –7.1420 2.7384 18.2503 
ch 2.5985 –2.4251 12.8374 

 

Considering the disparity between the modeled filter 
inductance Lf and its actual value L, the closed-loop transfer 
function for the current control loop can be described using 
the following three discrete equations in the z-domain. The 
first two equations illustrate the behavior of the PCC, while 
the 3rd equation characterizes the actual plant: 

        12   kizki
L

T
kEzkV ff

f

s
f ;     (24) 

       kiLkV
L

T
kEki fff

f

s
f 1 ;       (25) 

        11   zkiki
T

L
zkEzkV ff

s

f
f .      (26) 

From (24) – (26), taking into account the grid voltage 
as a disturbance, the closed current loop transfer function is: 
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Ignoring the parameters mismatch (i.e Lf /L = 1) in (27) 
the closed current loop poles must to be moved from the 
origin to attain better noise rejection. In order to move the 
current loop closed loop poles from the origin, a new 
prediction method for the SAPF current at the instant k+1 is: 
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  (28) 

The block diagram of the overall control structure 
considering both the voltage, and current control loop is 
shown in Fig. 10. From this diagram we observe that the 
SAPF voltages reference values obtained from (21) are 
forwarded to a space vector modulator functioning in 
asymmetric [20]. 

 
Fig. 10. General control scheme of the SAPF 

 

Simulation results. The efficacy of the proposed 
system is primarily centered on the grid side. The 
performance evaluation of the control system is conducted 
using the STF based PQ algorithm and PCC. 
Comprehensive testing encompasses all modes of operation, 
including scenarios involving distorted voltage sources, step 
changes in solar radiation, and variations in NLs. These 
assessments are carried out through the MATLAB/Simulink 
software. Key simulation parameters are outlined in Table 2, 
and additional details – in Table 3. 

Table 2 
Physical and electrical characteristics of the PV 

Physical characteristic BP MSX-150 
Number of cell in series Ns 72 
Number of cell in parallel Np 1 
Standard test conditions 1000 W/m2, 25 °C
Maximum power Pmax, W 200 
Maximum point voltage Vmpp, V 65 
Current at maximum point Impp, A 5.375 

Open short circuit voltage Voc, V 26.5 
 

Table 3 
System parameters simulated 
Parameter Value 

Source resistor Rs, m 20 
Source inductance Ls, mH 0.5 
DC-Link capacitance Cdc, μF 2300 
Source frequency f, Hz 50 
Source voltage Vs, V 100 
Coupling inductance Lf, mH 4.3 
Coupling resistor Rf,  1 
Load resistance Rd,  290 
Load inductance Ld, mH 2 
Boost inductance Lb, H 0.04 
Load capacitor Cd, μF 1800 
KI 0.1 
K 15 
Ts, ms 0.005 
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Testing performance of the proposed system under 
distorted grid voltage with irradiation G = 900 W/m2. 
In this test, the solar irradiation is 900 W/m2, the waveforms 
of the first phase of current load (iL1), voltage source (vs1), 
grid current (is1), filter current (if1), DC-link voltage (Vdc) 
and its reference (V*

dc) are illustrate in Fig. 11, the first 
one, when the grid voltage is sinusoidal and before 
connected the SAPF into grid, the grid current is distorted 
with a total harmonic distortion (THD) of 28.27 % and 
the injected current (if1 = 0), after switching ON the SAPF 
at t = 0.05 s and when the PQ algorithm is switched OFF, 
we observe that the grid current remain distorted and in 
phase opposite with the grid voltage, its THD pass to 
25.14 % (Fig. 12,b), which mean the filter current contain 
only the fundamental (Fig. 12,c), in this case, there are no 
harmonics current filtering. 
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Fig. 11. Performances of the system with ideal grid voltage 
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Fig. 12. Harmonic spectrum of iL1, is1 and if1 

 

After the PQ algorithm is switched ON at 0.1 s, it 
can be observed that the grid current is sinusoidal with a 
THD of 2.6 % (Fig. 12,d) and the injected current became 
distorted with a THD of 13.1 % (Table 4), which mean 
that the SAPF have compensate the harmonic current and 
the reactive power and inject the fundamental current into 
grid, which justify the capability of the PCC to manage 
the dual functionality of the SAPF with the PV system; 
also we observe that the DC-link voltage track its 
reference value thanks the PI controller with a less 
fluctuations, which is dispersed after 0.02 s. 

From Fig. 13, when the grid voltage became distorted at 
the instant 0.2 s with a THD of 9.35 % (Fig. 14,a), the grid 

current is distorted and its THD pass from 2.6 % to 8.96 % 
(Fig. 14,c), we can say that the PQ algorithm is not suitable to 
generate the reference harmonics current. But after turned ON 
the STF-PQ algorithm at the instant 0.03 s, the grid current 
recovers its sinusoidal wave form and noted an enhanced of 
its THD, it passes from 8.86 % to 2.72 % (Fig. 14,d). The 
detailed results are depicted in Table 4. 
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Fig. 13. Performance of the system with distorted grid voltage 
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Fig. 14. Harmonic spectrum of vs1, iL1 and is1 

 

The flow of the active power and reactive power is 
illustrated in Fig. 15, which demonstrate clearly how the 
system control proposed have mange all the operation 
modes under distorted grid voltage.  
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Fig. 15. Behavior the grid, PV and NL under distorted grid voltage 
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It can be seen that active power of grid Ps is negative 
after turned ON the SAPF, which mean that the active 
power Ppv generated by the PV is injected into the grid after 
satisfying the need of active power PL of the NL; also 
reactive power of the grid is null, which means that the 
unity PF is reached. This major performance has been 
degraded when the grid voltage is distorted by the 
appearance of fluctuations of power system; values of the 
power are recapped in Table 4. 

Table 4 
Performance of the proposed system under distorted voltage  
G, W/m2 900 W/m2 [0 – 0.4 s] and Rd, Ld 

Vs, V Sinusoidal [0 – 0.1 s] Distorted THD = 9.43 % 
State/SAPF SAPF/OFF SAPF/ON [0.1 – 0.3 s] and PF=0.989 

STF, PQ PQ/OFF PQ/OFF PQ/ON STF-PQ/ON 
THDis1, % 28.14 25.14 2.6 8.8 2.72 
THDif1, % 0 1.85 13.1 14.5 16.7 

Ps, W 80 –95 –95 –89 –95 
Qs, VAR 6 6 0 0 0 
Pch, W 80 80 80 82 82 
Ppv, W 0 175 175 175 176 

Testing performance of the system under 
distorted and unbalanced grid voltage with irradiation 
900 W/m2. At the instant 0.2 s, under solar irradiation of 
900 W/m2 and under grid voltage distorted and unbalanced 
condition we observe that as the grid current is distorted and 
in phase with the grid voltage (Fig. 16), which is justified by 
the harmonic spectrum of the grid current that take the value 
of 16.7 % (Fig. 17,a).  
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grid voltage 
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Fig. 17. Harmonic spectrums of is1 without (a) and with (b) 

using the STF based PQ algorithm 
 

That means that the PQ algorithm is not efficient in 
this condition, and after having activated the STF-PQ 
algorithm at the instant 0.3 s, the grid current recover its 
sinusoidal wave form, and we can say that the proposed 

system has become robust to this change. Additionally, the 
predictive current controller proves its faster response time 
to quickly generate the switching signal for the VSI of the 
SAPF. The performances guaranteed by this test have been 
specified in Table 5. 

Table 5 
Performance of the system under distorted unbalanced voltage 

G, W/m2 900 W/m2 [0 – 0.6 s] 
Vs, V Distorted unbalanced THD=15.81 % [0.2 – 0.6 s] 

State/SAPF SAPF/ON [0.1 – 0.3 s] and PF = 1 
STF, PQ PQ/OFF PQ/ON STF-PQ/ON 

THDis1, % 25.14 2.72 16.7 2.6 
THDif1, % 1.85 13.1 17.5 12.06 

Ps, W –95 –95 –89 –88.9 
Qs, VAR 6 0 0 0 
Pch, W 80 80 82 60 
Ppv, W 175 175 175 175 

 

Testing performance of the proposed system under 
NL change. In this test (Fig. 18, 19), the dynamic 
performance of proposed system is investigated under solar 
irradiation G = 900 W/m2 and under step change of NL, 
where a capacitor of 15 µF is inserted in parallel with the 
inductance load at the instant of 0.4 s and disconnected at 
the instant 0.45 s, we notice that the value of the grid 
current is decreased to 0.016 A (Fig. 19,a), and the filter 
current provided by the SAPF is similar to the NL current, 
which mean that the NL is supplied by the PV generator 
and all the active power generated is provide to the NL.  
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Fig. 18. Waveforms of iL1, vs1, is1, if1 and Vdc under NL change 
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Fig. 19. Harmonic spectrum of is1, iL1 and if1 under NL fluctuations 

 

In this case the grid does not provide any active power, 
also, when we disbranched the capacitor load at the instant 
of 0.45 s. The an extra sinusoidal current is appeared into 
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grid with a THD of 2.72 %, and through these very 
satisfactory results we confirm the good operation of the 
proposed system in this case, and the PI controller with PCC 
reached its main role to manage the flow of active power 
between the grid, the NL and PV generator. 

Testing performance test under gradual change 
of solar irradiation and NL change. From Fig. 20, when 
we proceed a step change of solar irradiation from 
G = 900 W/m2 to 200W/m2 (between the instant time of 
0.6 s and 0.85 s), when the STF-PQ/ON and under 
distorted grid voltage (THDvs1 = 9.45 %), we remark 
that the source current drops to 0 after one period 
(Is1 = 0.00667 A) as depicted by the harmonics spectrum 
in Fig. 21,a, indicating that all the active power generated 
by the PV array is entirely consumed by the NL, and grid 
no provide any active power as can be seen in Fig. 22. For 
the second test, under G = 200 W/m2 and when we 
increasing the NL current by decreasing the value of the 
value of NL between the instants (0.7 s – 0.8 s), we 
observe that grid current is sinusoidal and in phase with 
the grid voltage which confirm that the PF is unity, also 
proved the capability and the robustness of the controllers 
to precisely track their reference current. And by reading 
the value of spectrum of the grid current in this test, it can 
be noticed that the THD take the value of 2.66 % as 
depicted in Fig. 21,b. 
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Fig. 20. Performance under step change in solar irradiation and NL 
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Fig. 21. Harmonic spectrum of is1 and if1 under step change of 

solar irradiation 
 

Additionally, Fig. 22 illustrates that both active and 
reactive power sources become null, indicating that the 
grid does not supply any power to the load. These 
findings provide insights into the system’s robust 
performance under varying irradiation conditions, 
showcasing its ability to adapt and maintain stable 
operation, and all the obtained results of this sever test are 
presented in Table 6. 

Table 6 
Performance of the system under distorted unbalanced voltage 

G, W/m2 900 200 
Load type (Rd+Ld+Cd) (Rd+Ld) (Rd+Ld)/2 

t, s [0.4–0.45] [0.6–0.7] [0.7–0.8] 
THDis1, % 0 (Is≈0) 0 (Is=0) 2.66 %, PF=1 
THDif1, % 29.31 30.94 84.54 
THDiL1, % 31.16 30.75 % 30.75 

Ps, W 0.05 0 128 
Qs, VAR 0.05 0 0 
Pch, W 175 82 192 
Ppv, W 175 82 82 
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Fig. 22. Flowed of PPV, Qs, Ps and PL under change of solar 

irradiation and NL 
 

Testing performance of the proposed system 
under fluctuations of solar irradiation. At the instant 
0.9 s, when solar radiation increased from 200 W/m² to 
900 W/m², we noticed from Fig. 23 that the SAPF is 
capable of cleaning the grid from the current harmonics 
generated by the NL and the grid current will be in 
opposite phase with the grid voltage, which means that 
the unity PF is reached in this operation condition. In 
addition, the efficiency the SAPF’s algorithm control is 
confirmed by injecting filter current to compensate the 
harmonic load current and injecting the fundamental 
current in the grid, this results is justified by reading the 
THD of the grid current, it passes from 28.14 % to 3.51 % 
after switching ON the SAPF as depicted in Fig. 22, then 
the IEEE-519 standard is satisfactory. 

0.85 0.9 0.95 1 1.05 1.1 1.15
-1

0

1

iL
1(

A
)

0.85 0.9 0.95 1 1.05 1.1 1.15
-2

0

2

is
1-

vs
1(

A
-V

)

 

 

0.85 0.9 0.95 1 1.05 1.1 1.15
-2

0

2

if
1(

A
)

0.85 0.9 0.95 1 1.05 1.1 1.15
255

260

265

V
dc

 (
V

)

 

 

Vdc

Vdc*

vs1/80is1

THDvs1=9.43% 

THDis1=2.75% THDis1=2.51% 

THDif1=14.52% 
THDif1=30.94% 

Ts=0.025s 

THDil1=30.75% 

Is1=0.0016A 

THDif1=246.96% 

200W/m2 0W/m2
900W/m2 

t, s

i l1
, A

 
i s1

, A
; v

s1
, V

 
i f1

, A
 

V
dc

, V
 

 
Fig. 23. Behavior of the system when the solar irradiation change 

(200 / 0 / 900) W/m2 
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Its can be observed that the reactive source is drawn 
to 0, which justify the good behavior of the proposed system 
to compensate the reactive power generated by the NL. Also 
the active power is 90 W, which illustrate that the SAPF 
inject into grid the surplus of the active power provided by 
the PV system and the NL is fed from the PV system. 

The third test is carried out at the instant 1 s, when the 
solar irradiation is drawn to G=0, it can be observed from  
Fig. 23 that the grid current is become positive and in phase 
with the grid voltage, and kept its sinusoidal waveform and 
its THD pass to 2.52 % (Fig. 24,a), the filter current is high 
distorted and contain only the reactive fundamental and 
harmonic current (its THD pass from 14.52 % to 246.9 %), 
then we can say the unity PF is obtained in this condition and 
the harmonic current are suppression. 
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Fig. 24. Harmonic spectrum of is1 and iL1 

 

On the other hand, from Fig. 25, it can be remarked 
that the active power source become positive, which 
signify that the PV system no provide any power and the 
NL is supplied by the grid (Ps = 90 W). We can prove, 
through these performance tests, that the control 
algorithms applied to the proposed system have fulfilled 
their main roles, for which they were designed, under 
different solar radiations, different types of loads and 
under non-optimal grid voltage. The results of this 
performance test are given in Table 7. 
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Fig. 25. Flowed of the Ppv, Qs, Ps and PL under solar irradiation 

changes 
 

Table 7 
Performance of the system under distorted unbalanced voltage  

G, W/m2 
0 W/m2 [1–1.2 s] 

STF-PQ 
900 W/m2 [1.2–1.3 s] 

STF-PQ 
THDiL1, % 30.75 30.75 
THDis1, % 2.52 % and PF=1 2.72 % and PF=1 
THDif1, % 246.96 14.52 

Ps, W 81 –90 
Qs, VAR 0 0 
Pch, W 81 81 
Ppv, W 0 175 

 

Conclusions. In this work, a dual functionality of a 
double stage grid connected PV system has been 
performed, analyzed and examined. The majors’ tasks of 
the proposed system have been realized desired target 
throughout inserting a series active filter concept with 
injection of the surplus active power into the grid during 
periods of low overall demand. 

From electrical network side, a novel PCC based on 
discrete-time model for controlling source voltage 
inverter of the SAPF has been developed. Moreover, 
modified PQ algorithm, which based on the STF was used 
for accurately extracting the reference filter currents 
required for PCC, of which turn, facilitates the generation 
of the SAPF’s switching signals. 

From the PV generator side, a P&O based MPPT 
algorithm has been used to extract MPP generated by the 
PV array which governs the duty cycle of the DC-DC 
boost converter. To prove the efficiency of the proposed 
framework, multiples comprehensive testing has been 
undergone considering the variations in nonlinear loads 
and solar radiation fluctuations. 

Simulated results highlight superior performance in 
both transient and stable states, affirming the robustness 
and effectiveness of the proposed controllers, and thanks to 
them, we achieved impressive results, by reading the power 
supply current distortion index, which reduced the THD to 
less than 5 % according to IEEE-519 standard, which 
indicates that the proposed system is robust, homogeneous, 
and performs its assigned role with distinction. 
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Power quality enhancement of grid-integrated solar photovoltaic system with unified power 
quality conditioner 
 
Introduction. To enhance the quality of power and ensure a consistent electricity supply, this study proposes the utilization of a unified 
power quality conditioner (UPQC) system integrated with solar photovoltaic (PV) technology. The innovation involves single DC-link 
connecting back-to-back voltage-compensating components arranged in series and shunt, forming the PV-UPQC. The shunt 
compensator utilizes energy from a PV array to address harmonics in the load current. The objective is to mitigate voltage dips and 
spikes by injecting voltage that is either in phase with or out of phase with the common coupling point through a series compensator. The 
method combines the benefits of generating renewable energy to enhance electrical quality. The goal of the paper is the power quality 
enhancement of grid-integrated solar PV system. The novelty of the proposed work consists of enhancement of grid-integrated solar PV 
system with UPQC. The purpose of integrating a UPQC into a grid-connected solar PV system is to enhance power quality by mitigating 
issues such as voltage fluctuations, harmonics and reactive power imbalance. Methods. The proposed topology is implemented in 
MATLAB/Simulink with grid-integrated solar PV system with UPQC. Results. Integrating UPQC with a grid-connected solar PV system 
yields substantial improvements in power quality. This includes effectively mitigating voltage fluctuations and harmonics, resulting in 
smoother operation and reduced disturbances on the grid. Practical value. The proposed topology has proven to be extremely useful for 
grid-integrated solar PV system with UPQC applications. References 15, table 2, figures 9. 
Key words: grid integration, unified power quality conditioner, power quality, photovoltaic array. 
 
Вступ. Для підвищення якості електроенергії та забезпечення безперебійного електропостачання пропонується 
використовувати систему уніфікованого стабілізатора якості електроенергії (UPQC), інтегровану із сонячною 
фотоелектричною (PV) технологією. Інновація включає одиночну лінію постійного струму, що з’єднує зустрічно-
паралельні компоненти компенсації напруги, розташовані послідовно, і шунт, утворюючи PV-UPQC. Шунтуючий 
компенсатор використовує енергію від масиву PV батарей для усунення гармонік струму навантаження. Мета полягає в 
тому, щоб пом’якшити провали та стрибки напруги шляхом подачі напруги, яке або збігається по фазі із загальною 
точкою з’єднання, або не збігається по фазі з нею через послідовний компенсатор. Метод поєднує переваги генерації 
відновлюваної енергії підвищення якості електроенергії. Метою статті є підвищення якості електроенергії інтегрованої в 
мережу сонячної фотоелектричної системи. Новизна запропонованої роботи полягає у покращенні інтегрованої у мережу 
сонячної PV системи за допомогою UPQC. Метою інтеграції UPQC у мережеву сонячну PV систему є підвищення якості 
електроенергії за рахунок пом’якшення таких проблем, як коливання напруги, гармоніки та дисбаланс реактивної 
потужності. Методи. Запропонована топологія реалізована у MATLAB/Simulink з інтегрованою в мережу сонячною PV 
системою з UPQC. Результати. Інтеграція UPQC із підключеною до мережі сонячною PV системою дає суттєве 
покращення якості електроенергії. Це включає ефективне пом’якшення коливань напруги і гармонік, що призводить до 
більш плавної роботи і зменшення перешкод в мережі. Практична цінність. Запропонована топологія виявилася 
надзвичайно корисною для інтегрованої в мережу сонячної PV системи із застосуваннями UPQC. Бібл. 15, табл. 2, рис. 9. 
Ключові слова: мережева інтеграція, уніфікований стабілізатор якості електроенергії, якість електроенергії, 
фотоелектрична батарея. 
 

Introduction. In contemporary times, digital, 
electronic, and nonlinear devices under the control of 
microprocessors find extensive applications in various 
industries. The incorporation of these technologies has 
become indispensable across diverse sectors. Such 
systems can lead to power quality problems such as 
voltage sag, voltage swell, flickering, harmonics, over-
voltage, lower power factor, etc. Data errors, memory 
loss, automated restarts, uninterruptible power supply 
alarms, equipment failure, circuit failure, software 
corruption, and distribution network overheating are 
occurred at various systems due to poor power quality. 
The significance of power quality has grown in light of 
these issues. Sensitive loads such as hospitals particularly 
diagnostic equipment, and classrooms have been affected 
severely due to poor power quality. This heightened 
dependence on digital and electronic devices raises 
concerns about the quality of electricity supplied to these 
systems. Consequently, ensuring optimal power quality 
has become a pressing concern to avoid disruptions and 
potential damage to sensitive equipment. Batteries, fuel 
cells, and ultracapacitors have been used for custom 
power devices so far. Among the most significant power 

quality issues is voltage swell, encompassing challenges 
related to harmonics, transients, flicker, and interruptions 
[1–4]. Protecting sensitive and important loads requires 
addressing power quality and voltage disruptions. Custom 
power devices have emerged as the most effective and 
efficient technique to addressing and correcting for 
voltage disturbances in this industry, while other solutions 
have been offered. Electric vehicles, microgrids, 
distribution static compensators, high-power and 
moderate-voltage motors, microcontrollers, and grid-
integrated or standalone systems are just a few of the 
many industrial applications where multilevel inverters 
(MLIs) play a significant role. They also play a pivotal 
role in diverse sectors, such as active power filters, 
photovoltaic (PV) systems, and more. The integration of 
PV systems with dynamic voltage restorer (DVR) leads to 
the simultaneous minimization of harmonics, voltage 
dips, and improvement of power factors, effectively 
meeting energy requirements. In the context of a PV-
supplied DVR, the implementation of a 23-level MLI 
utilizing a rotating d-q reference frame controller [5–8] 
plays a crucial role. The amalgamation of PV with MLI 
DVR significantly enhances power quality by reducing 
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instances of voltage sags and swells. The following 
features are listed below for improving power quality: 

 there are just 3 DC sources and 12 switches 
(7 unidirectional and 5 bidirectional) throughout the entire 
23-level MLI; 

 the majority of switches can function at medium 
voltages because of their minimal voltage stress. 

A power quality conditioner with shunt and series 
compensators can modify load voltage and preserve 
sinusoidal grid current at one power factor. Active power 
filters [3] come in 2 main varieties: shunt and series. 
Using the unified power quality conditioner (UPQC) in 
conjunction with a PV array might make the system 
energy-independent and environmentally friendly. 
Improved grid power quality, protection for critical loads 
from grid side disturbances, and enhanced converter 
capacity to ride over faults during transients are just a few 
of how the solar PV integrated UPQC excels above 
conventional grid-connected inverters. PV-UPQC control 
faces a significant challenge in creating the reference 
signal. Time-domain and frequency-domain approaches 
are the 2 main subcategories of reference signal 
generation techniques. Because real-time implementation 
calls for less processing, time-domain methods are 
frequently employed. Theories of instantaneous reactive 
power, synchronous reference frames, and instantaneous 
symmetrical components are the most often used 
approaches [9–11]. The main difficulty for the 
synchronous reference frame theory method is producing 
a d-axis current with a two-harmonic component. This 
becomes particularly prominent when uneven loads are 
present. The double harmonic component is removed 
using low-pass filtering techniques with incredibly low 
cut-off frequencies. As a result, dynamic performance is 
compromised. In this study, the primary load active 
current is obtained by filtering the d-axis current using a 
moving average filter (MAF). This provides the best 
attenuation without affecting the controller’s bandwidth 
[11–14]. Lately, MAF has been used to synchronize the 
grid utilizing phase-locked loops and increase the 
performance of DC link controllers.  

The goal of the paper is listed below for improving 
power quality enhancement of grid-integrated solar PV 
system: 

 Power quality improvement and renewable energy 
generation together. 

 Improving both current and voltage quality 
simultaneously. 

 Better load current compensation as a result of d-q 
PV-UPQC’s control using the MAF. 

Using PV technology helps provide cleaner, greener 
power while lowering pollution. In the case of a grid 
outage, it can keep critical loads operating, improving 
dependability and tackling energy issues simultaneously. 

Grid-integrated solar PV system with UPQC. 
DVR setup for solar power input. Figure 1 shows 

the system’s components, which include solar PV array, a 
three-phase, three-wire digital voltage regulator, a load, 
and a boost converter. A power source, a voltage-applying 
transformer, an LC filter, and a DC link capacitor make 
up the DVR. The second part of the PV system is the 

DVR equivalent circuit (Fig. 2). It includes both boost 
and maximum power point tracking controller. A voltage 
source VComp is established in the DVR circuit by 
connecting it to a load voltage VL, another voltage source 
Vs and the impedances of the 2 sources (ZS and ZL). The 
current IS divided in half at the point of common coupling 
(PCC) source: IL, which stands for a sensitive load 
current, and IOT, which stands for a different type of load 
current [15]. A voltage representation for PCC is VG and 
DVR rectifies the voltage, which is VDVR. By integrating 
the equivalent components of RDVR and XDVR with VDVR, 
we can determine the resistance R and inductance L from 
the impedance ratings of the filter and injection 
transformer. There is an impedance of ZS for the supply, 
ZL for the load, and ZDVR for the DVR. The voltage of a 
sensitive load is depicted as: 

t

i
LtRitVtVtV L

LGDVRL d

d
)()()()(  .       (1) 

 

 
Fig. 1. MLI-DVR setup was merged by PV 

 

 
Fig. 2. DVR equivalent circuit 

 

23-level MLI. In this particular setup, 3 DC sources 
(Va, Vb and Vc) together with 7 one-way switches and 5 
two-way switches are recommended [4] a cross-linked 
arrangement of 4 bidirectional switches. The DC voltage 
sources’ magnitudes are configured for asymmetric 
operation as: 

dccdcbdca VVVVVV 7;3;1  .            (2) 

According to levels NLev, the following provides the 
necessary DC sources NDC:  

6

)5( 
 LevAsym

DC
N

N .                     (3) 

According to the levels NLev, the number of switches 
NSW needed is calculated as:  

2

)1( 
 LevAsym

SW
N

N .                      (4) 

All of the switches in the recommended architecture 
are unidirectional power switches: 

2

)1( 
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SW
Asym
GDK

N
NN .             (5) 
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The following factors influence the highest voltage 
output VL.max: 

2

)1(
max.


 LevAsym

L
N

V .                       (6) 

By the suggested design, the output voltage has 23 
levels and magnitudes that range from 0 V, positive (+Vdc 
to +11Vdc) and negative (–Vdc to –11Vdc) respectively.  

Boost converter analysis for solar PV. Selecting 
the appropriate PV panel is vital as the voltage and 
current produced by the solar array are affected by factors 
such as heat, irradiation, and the configuration of series 
and parallel strings [5]. In this setup, the series 
combination of two Trina Solar TSM-200 DC/DA01A 
solar panels is connected in parallel with another two such 
stacks to form a PV system. 

Output power PPV can be expressed as: 

PVPVPV IVP                            (7) 

where Vpv, Ipv are respective the PV panels output voltage 
and current. 

The current flow can be expressed as: 
  1

0
 TD VV

psdpsPV eIIIIIII .      (8) 

Saturation current can be expressed as: 

])(1[)()( RTRsTs TTII                    (9) 

where Ip is the photocurrent generated by light; Id is the 
recombination current; I0 is the reverse saturation current; 
VD is the voltage across PV; VT is the thermal voltage; fs is 
the switching frequency, and the ripple factors for the 
output voltage (Vdc) and current (IL) are crucial 
parameters. It is essential to conduct a thorough 
assessment of inductors and capacitors. 

The change in current (∆IL) should be restricted to 
30 %, while the variation in voltage (Vdc) is conventionally 
considered as 5 %. Table 1 provides a concise overview of 
the solar PV and boost converter characteristics. 

Table 1 
PV module and boost converter’s specifications 

Module of 200 W Boost converter 

V, V 37.6 L, mH 1.28 

P, W 200 C, µF 1.31 

I, A 5.32 Vin = VPV, V 112.8 

Voc, V 46 Duty cycle, D 0.718 

Isc, A 5.6 Vdc, V 400 

 
Management of PV-fed MLI-DVR. Various 

compensation techniques are used by DVR to handle 
different loads and voltage sag scenarios. A PV-fed DVR 
is an integrated system designed to address voltage 
fluctuations and provide a stable electricity supply using 
both PV technology and dynamic voltage restoration 
capabilities. It is recognized that not all loads are sensitive 
to changes in voltage magnitude; some respond to both 
variations and others to changes in phase angle. 
Depending on the characteristics of the load, a control 
strategy is chosen. One approach is the pre-sag 
compensating method, which takes into consideration 
both the magnitude and phase angles of the voltage sag 
[6]. The PI controller for a DVR, which makes sure that 

the amplitude and phase angle of the load voltage and pre-
sag voltage are equal, keeping them at the same level, 
respectively. The DVR’s ability to provide active power 
from an energy source and inject reactive power during 
sag becomes increasingly crucial. Moreover, the DVR’s 
regulation of external power consumption impacts the 
efficiency ratings of batteries and grid electricity. 

System construction of UPQC. PV-fed UPQC is a 
specialized power electronic device used in electrical 
power systems to mitigate power quality issues while 
integrating PV systems into the grid. 

The proposed system comprises series-shunt 
compensating converters arranged in a basic block 
diagram (Fig. 3). These basic blocks serve the purpose of 
injecting voltage in series with the load to rectify the 
sinusoidal nature of the voltage, thus mitigating the 
effects of harmonics. 

 
Fig. 3. PV fed UPQC 

 
Additionally, the shunt converter plays a crucial role 

in regulating the DC link and provides reverse blocking 
capability for enhanced control. Power filtration is 
employed to improve the reliability of the power supply. 
The PV-UPQC is constructed using converters with 
series-shunt compensation, where shunt and series 
compensators are interconnected through a single DC bus. 
The shunt converter is connected to the load side and 
assists in voltage management. The series compensator 
addresses grid voltage fluctuations such as sags and 
swells while operating in voltage management mode. 
Interface inductors facilitate the connection between the 
grid and the shunt and series compensators. The proposed 
system incorporates series-shunt compensating converters 
to rectify voltage irregularities and mitigate harmonics, 
with additional features like reverse blocking capability 
and power filtration to enhance the supply reliability. 
Since the proposed system is a hybrid system, it meets the 
load demand from a PV source and from a grid. 

Figure 4 illustrates the DVR pre-sag voltage 
injection method and can be expressed as: 

))cos(2())(()(2 .
22

p
Sag

pGLL
Sag

GDVRp VVVVV  , (10) 

where VDVR is the DVR injected voltage;  is the phase 

angle between VL and IL; Sag
pGV .  is the grid peak voltage at 

sag;  is the corresponding angle of phase jump to Sag
GV . 



Електротехніка і Електромеханіка, 2024, № 6 47 

 
Fig. 4. DVR pre-sag voltage injection method 

 
Results and discussion. PV-fed DVR. 10 kVA 

injection transformer rated at 400 V (1:1) connects the 
DVR to the system. The PV array’s output voltage is 
increased to 400 V with the help of a boost converter. An 
8 kW linear load running at a 0.85 lag power factor and a 
regular 400 V battery supply allow the system to maintain 
a steady DC connection voltage. At maximum power point 
the PV array’s output voltage is 112.8 V; however, with 
the help of the boost converter, it is increased to 400 V, 
making it compatible with the DC connector. In addition, 
the phase voltage of the 23-level MLI is shown in Fig. 5. 

 

 
Fig. 5. The phase voltage of a 23-level MLI  

 
Figures 6, 7 display the load voltages at 0.5 pu sag 

condition and 1.2 pu swell conditions and their associated 
total harmonic distortion (THD) voltage value at the load 
side. 

 

 
Fig. 6. Load voltages THD at 0.5 pu sag mode 

 

 
Fig. 7. Load voltage THD at 1.2 pu swell condition 

 

PV fed UPQC. Figures 8, 9 display the load voltages 
at 0.5 pu sag condition and 1.2 pu swell condition and its 
associated THD voltage value at the load side.  

 

 
Fig. 8. Load voltage at 0.5 pu sag mode 

 

 
Fig. 9. Load voltage at 1.2 pu swell mode 

 
In Table 2, a thorough comparison of the PV-fed 

DVR and PV-fed UPQC is shown. 
Table 2 

Comparison of PV-fed UPQC and PV-fed DVR 

Load voltage THD 
Conditions 

PV-fed DVR PV-fed UPQC 
0.5 pu sag 1.61 % 0.32 % 

1.2 pu swell 3.24 % 1.80 % 
 

Conclusions. Solar photovoltaic (PV) systems are most 
impacted when connected to non-linear loads during sag-
swell circumstances because harmonics are created. To 
mitigate these effects of harmonics, the unified power quality 
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conditioner (UPQC) approaches help to improve the 
operation of such systems. It is discovered that the PV-fed 
UPQC system operates effectively while compensating for 
voltage sag. A solar-powered asymmetrical 23-level 
multilevel inverter (MLI) with dynamic voltage restorer is 
equipped with a rotating d-q reference frame controller. By 
using fewer circuit components, the proposed MLI’s 
synthesized output voltage is produced with a lower THD. 
The PV-UPQC system simulation has been put into practice. 
It has been demonstrated that with such a configuration, 
THD is greatly minimized and the system’s performance has 
increased to a decent level. 
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Novel modular multilevel matrix converter topology for efficient high-voltage AC-AC power 
conversion 
 

Introduction. This paper delves into the practical application of multilevel technology, particularly focusing on the capacitor-clamped 
converter as a promising solution for medium-to-high voltage power conversion, with specific emphasis on direct AC-AC switching 
conditions. Problem. The limitations of conventional single-cell matrix converters (MC) in efficiency and performance for medium-to-high 
voltage power conversion applications are well-recognized. Goal. The primary objective is to investigate the performance of the 3 phase 
modular multilevel matrix converter (3MC) with three flying capacitors (FCs) modeling. This investigation utilizes the Venturini method for 
gate pulse generation, aiming to compare the performance of the 3MC with standard converter designs. Methodology. To achieve the 
research goal, the Venturini method is adopted for generating gate pulses for the 3MC, representing a departure from conventional 
approaches. Detailed simulations employing MATLAB/Simulink are conducted to comprehensively evaluate the performance of the 3MC in 
comparison to conventional converter designs. Results. The simulation outcomes reveal a significant reduction of 73 % in total harmonic 
distortion (THD) achieved by the 3MC. This reduction in THD indicates improved robustness and suitability for medium-to-high voltage 
power conversion systems necessitating direct AC-AC conversion. These results highlight the efficacy of the 3MC in enhancing power 
conversion efficiency and overall performance. Originality. This paper contributes novel insights into the practical implementation of 
multilevel technology, particularly within the realm of capacitor-clamped converters. Furthermore, the utilization of the Venturini method 
for gate pulse generation in the 3MC represents an original approach to enhancing converter performance. Practical value. The research 
findings present significant advancements in multilevel transformer technology, offering valuable guidance for optimizing transformer 
design in various industrial and renewable energy applications. These contributions serve to enhance the development of reliable and 
efficient power systems, addressing critical needs in the energy sector. References 54, tables 3, figures 4. 
Key words: matrix converter, Venturini method, modular multilevel matrix converter, power conversion. 
 

Вступ. У цій статті розглядається практичне застосування багаторівневої технології, зокрема, з упором на перетворювач з 
конденсаторною фіксацією як перспективне рішення для перетворення потужності середньої та високої напруги з особливим 
акцентом на умовах прямого АС-АС перемикання. Проблема. Обмеження звичайних одноелементних матричних перетворювачів 
(MC) в ефективності та продуктивності для додатків перетворення потужності середньої та високої напруги загальновідомі. 
Мета. Основною метою є дослідження продуктивності трифазного багаторівневого модульного матричного перетворювача 
(3MC) з моделюванням трьох навісних конденсаторів (FC). У цьому дослідженні використовується метод Вентуріні для генерації 
стробуючих імпульсів з метою порівняння продуктивності 3MC зі стандартними конструкціями перетворювачів. Методологія. 
Для досягнення мети метод Вентуріні прийнятий для генерації стробуючих імпульсів для 3MC, що є відмінністю від традиційних 
підходів. Проведено докладну симуляцію з використанням MATLAB/Simulink для всебічної оцінки продуктивності 3MC порівняно з 
традиційними конструкціями перетворювачів. Результати моделювання показують значне зниження на 73 % загального 
коефіцієнта гармонічних спотворень (THD), досягнуте 3MC. Це зниження вказує на покращену надійність та придатність для 
систем перетворення електроенергії середньої та високої напруги, що вимагають прямого АС-АС перетворення. Ці результати 
підкреслюють ефективність 3MC підвищення ефективності перетворення електроенергії та загальної продуктивності. 
Оригінальність. Ця стаття робить новий внесок у практичну реалізацію багаторівневої технології, особливо в області 
перетворювачів з конденсаторною фіксацією. Крім того, використання методу Вентуріні для генерації імпульсів затвора в 3MC є 
оригінальним підходом до підвищення продуктивності перетворювача. Практична цінність. Результати дослідження 
представляють значні досягнення в технології багаторівневих трансформаторів, пропонуючи цінні рекомендації щодо оптимізації 
конструкції трансформаторів у різних промислових та відновлюваних джерелах енергії. Ці вклади служать для поліпшення 
розробки надійних і ефективних енергосистем, задовольняючи критичні потреби в енергетичному секторі. Бібл. 54, табл. 3, рис. 4. 
Ключові слова: матричний перетворювач, метод Вентуріні, модульний багаторівневий матричний перетворювач, 
перетворення потужності. 
 

Introduction. Matrix converters (MC) are widely 
used to convert AC-AC power and have wide applications 
in many industrial areas, advantages sinusoidal input-
output current, large size reduction, and portable 
applications to so that eliminates large inertia. An 
extensive study has shown that MCs are currently 
considered major candidates for incorrect AC-DC-AC 
topologies in various industrial settings. MCs act 
primarily as forced switching cycle converters. Their 
system has a matrix of switches that can be toggled to 
either direction, making it easy to connect input and 
output wires. Regardless of MCs size and frequency, MCs 
offer many advantages compared to standard AC-DC-AC 
converters eliminating a DC link capacitor component 
with different specifications by directly converting AC 
input voltage to AC output voltage. They allow direct 
AC-to-AC conversion without intermediate DC phases, 
resulting in more straightforward configuration and 
improved performance. Size and weight can be 

significantly reduced by eliminating bulky parts such as 
transformers and DC link capacitors. Also, MC offer 
versatility in the application of different input and output 
voltages and frequencies, allowing them to quickly adjust 
to a wide variety of power source loads MCs are ideal for 
such rapid applications due to their high performance, fast 
dynamic response and improved reliability Power a 
precise adjustment is also important, so that fewer things 
can fail. In addition, they contribute to the reduction of 
electromagnetic interference, improvement of power 
quality, and decrease in harmonics, hence boosting 
compatibility with the grid. MCs are highly adaptable and 
can be used in various industrial and commercial sectors. 
They provide practical, flexible, and dependable solutions 
for power conversion. 

MCs are a promising technology that is being 
evaluated for use in industrial applications. They are seen 
as a tiny AC-AC solution since they eliminate the need for 
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large capacitors. The fundamental theory of primarily 
focused on cycloconverters is presented in [1]. The 
Venturini method contributed significantly by suggesting a 
beneficial modulation for the 33 direct MCs (DMC) in 
[2–4]. This was done after rapidly switching pulse-width 
modulation (PWM) technologies, and the switches 
improved. Subsequently, additional versions of MCs, such 
as indirect MC (IMC) [5], sparse IMC [6], and ultrasparse 
IMC [7], were subsequently created. The study investigated 
the impact of impedance (Z) sourced, admittance (Y) 
sourced, and quasi-Z-sourced MCs on their enhancing 
effects [8, 9]. These topologies have also been investigated 
for multiphase and multilevel structures [10, 11]. 
Additionally, other modulation schemes, such as space 
vector modulation (SVM), indirect SVM, carrier-based, 
duty ratio-based and their modified forms have been 
suggested in [12–17]. Control techniques were designed to 
address specific difficulties, such as reducing standard 
mode voltage [18, 19] and optimizing commutation. The 
study also examined the implementation of overvoltage and 
overcurrent protection [20] and the inclusion of appropriate 
input current filters [21, 22]. 

Literature review. The actual advancement of MC 
begins with the research conducted by Venturini method, 
who put out a function analysis and presented the concept 
of a low-frequency modulation for matrix to explain the 
low-frequency characteristics of MC. There are two 
current modulation strategies for MCs that are used on 
carriers. One has been suggested in [23, 24], and the other 
was suggested in [25]. As described in [26, 27], 
successfully implemented indirect SVM. This modulation 
technique considers the 3-ph modulation constellation as 
a composite of a 3 phase AC-DC rectifier and a 3 phase 
DC inverter. Modeling the motor controller in this manner 
allows for utilizing the widely recognized space vector 
PWM for both the rectifier and inverter stages. In [28–30] 
the authors presented direct SVM, which relies on the 
instantaneous encoding of input current and output 
voltage using SVM. Unlike indirect SVM, the analysis 
encompasses all potential switching arrangements in 
3 MCs and doesn’t require a virtual DC link. A novel 
modulation technique called delta-sigma modulation, 
which utilizes a quantizer and a one-sample delay 
element, has been recently suggested for MCs [31–33]. 
This modulation technique is based on discrete-time or 
sample time. When comparing the suggested delta-sigma 
modulated MC to the saw-tooth and triangle carrier SVM 
of MC, it is observed that the proposed delta-sigma 
modulated converter can reduce high-frequency voltage 
noise peaks and preserve noise regulation [34–36]. 

A multilevel power converter topology is proposed to 
achieve high output voltage while reducing voltage stress in 
semiconductor switches. This enables the use of low voltage 
switching devices at reduced cost. In [34] the authors 
invented multilevel DMC by replacing the 9 bidirectional 
switches in a DMC with 9 H-bridges. The paper provided a 
comprehensive analysis of a capacitor-clamped multilevel 
MC, as described in [37, 38]. The voltage that was output’s 
harmonic efficiency was clearly superior, as the findings 
showed. There is half the stress per switch. The increased 
number of switches and capacitors, which is concerning 
because it is twice, is what causes the harm. 

Furthermore, an increase in capacitors would 
diminish the system’s dependability. The research on 
mitigating standard mode voltage is conducted in 
reference [39]. The researchers have examined an 
iterative variant of multilevel DMC in [40–50]. This 
configuration is accomplished by incorporating numerous 
H-bridges in each line that link the output to the input. 
The advantage of such schemes is a minimal fluctuation 
in the output voltage, but this comes with the drawback of 
requiring many switches and intricate control algorithms. 
As a result, this topology is best suited for specialized 
applications. Additional research on fault detection in 
modular multilevel matrix converter (3MC) can be 
referenced in [51]. 

Problem definition. This type of 3MC does not 
belong to the category of Venturini method, as it lacks a 
capacitor storage element [23–27]. In [52] they have 
suggested using the flying capacitor (FCs) topology for 
the 3MC with bidirectional semiconductor switches. This 
topology involves the use of two FC per output phase. 
The charge current in the 3 output phase will experience 
non-uniform route impedance due to two FC per output 
phase and variable switching combinations. The authors 
in [53] have presented a 3MC with 3 FC per output phase. 
This solution seems effective in minimizing the 
impedance experienced by the charge current in the 
3 output phase. While the study [54] provides a general 
comparison of capacitor-clamped multilevel MCs for 
medium-to-high voltage applications, our manuscript 
offers several novel contributions that distinguish it 
clearly. Our research specifically focuses on the practical 
application of a 3 phase 3MC with three FC, utilizing the 
Venturini method for gate pulse generation – a unique 
approach that allows for more precise switching control, 
resulting in a significant 73 % reduction in THD. Unlike 
the previous work [54], which uses PSCAD for 
simulations, we employ MATLAB / Simulink to conduct 
a more comprehensive analysis, providing deeper insights 
into converter performance under real-world operating 
conditions. Furthermore, our study emphasizes the 
practical implementation of multilevel technology in 
direct AC-to-AC conversion, offering detailed guidance 
on optimizing power conversion systems for industrial 
and renewable energy applications. This approach not 
only demonstrates superior efficiency and robustness but 
also provides a clear roadmap for enhancing the reliability 
and performance of high-voltage power systems, thereby 
filling critical gaps left by earlier studies. 

In this study, we introduce a 3MC system featuring 
three FCs for each output phase, all managed by a 
Venturini method. This approach effectively reduces the 
impedance faced by the charging current while also 
enabling efficient triple-port control. 

Goal of the article. The aims of this study are to 
improve the performance of 3MC to achieve 6 output 
voltage levels by adding 3 FC at each output stage and to 
reduce total harmonic distortion (THD) at both output 
stage and line voltage. 

3MC with 3 FC per output phase. Figure 1 [53] 
illustrates the 3 phase AC-AC 3MC with 3 FC per output 
phase. IGBT switches in Fig. 1 [53] have the ability to 
carry current in both directions. Below is the analysis. 
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There are 4 switches – SAa1, SAa2, SBa1, and SBa2, 
together with C1. Ensure that all switches are equivalent 
and have the same resistance when turned off. When all 4 
switches are in the off position, the voltage VC1 across the 
FC C1 (Fig. 1), may be determined using the principle of 
the potential divider [54]: 

  21 BAC VVV  ,                  (1) 

where the upper plate of VC1 is positively polarized, while 

the lower plate is negatively polarized. The same analysis 
applies to the other FC, C2 to C9. Therefore, VC1 = VC4 =  
= VC7, VC2 = VC5 = VC8, and VC3 = VC6 = VC9. Applying 
Kirchoff’s law to the switch combinations (Fig. 1) the 
depicted current direction corresponds to the positive half 
cycle of the 3 phase input voltages [54]. The IGBT 
bidirectional switches are configured in a shared emitter 
arrangement [52, 54]. 

 

 
Fig1. 3 phase AC-AC 3MC with 3 FC per output phase 

 

The capacitance C1 of the FC is determined by (2) [53]: 
 swC fpVIC  01 ,                      (2) 

where I0 is the maximum value of the load current; 
p is the number of cells per output phase; fsw is the 
switching frequency; Vc is the FC voltage ripple.  

Control and modeling of 3MC by Venturini 
method. The input voltage and output voltage are 
determined as shown in [23–27] and presented as follows: 
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where q is the voltage transfer ratio [54]. 
The bidirectional switches (Fig. 1) have a switching 

function that can be expressed as [54]: 
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where i  input phase A, B, C; j  output phase a, b, c 
and k is the switch column counts 1, 2. 

Equation (6) models the output voltage [54]. 
Similarly, the equation that models the input current can 
be expressed as (7) [54]. Equation (8) [23–27, 53] 
provides a straightforward approach for expressing the 

modulation function in terms of the unity input 
displacement factor. 
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where 
SAa = SAa1SAa2;   SBa = SBa1SBa2;   SCa = SCa1SCa2; 
SC1 = SAa1SBa2SBa1SAa2;   SC2 = SBa1SCa2SCa1SBa2;  
SC3 = SAa1SCa2SCa1SAa2; 
SAb = SAb1SAb2;   SBb = SBb1SBb2;   SCb = SCb1SCb2; 
SC4 = SAb1SBb2SBb1SAb2;   SC5 = SBb1SCb2SCb1SBb2;  
SC6 = SAb1SCb2SCb1SAb2; 
SAc = SAc1SAc2;   SBc = SBc1SBc2;   SCc = SCc1SCc2; 
SC7 = SAc1SBc2SBc1SAc2;   SC8 = SBc1SCc2SCc1SBc2;  
SC9 = SAc1SCc2SCc1SAc2; 
1 = switch closed; 0 = switch open; 
= logical AND operator; = logical OR operator; 
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where 
SAa = SAa1SAa2;   SABa = SAa1SBa2;   SACa = SAa1SCa2; 
SBa = SBa1SBa2;   SBAa = SBa1SAa2;   SBCa = SBa1SCa2; 
SCa = SCa1SCa2;   SCAa = SCa1SAa2;   SCBa = SCa1SBa2; 
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SAb = SAb1SAb2;   SABb = SAb1SBb2;   SACb = SAb1SCb2; 
SBb = SBb1SBb2;   SBAb = SBb1SAb2;   SBCb = SBb1SCb2; 
SCb = SCb1SCb2;   SCAb = SCb1SAb2;   SCBb = SCb1SBb2; 
SAc = SAc1SAc2;   SABc = SAc1SBc2;   SACc = SAc1SCc2; 
SBc = SBc1SBc2;   SBAc = SBc1SAc2;   SBCc = SBc1SCc2; 
SCc = SCc1SCc2;   SCAc = SCc1SAc2;   SCBc = SCc1SBc2. 

The signals that control the switches in each cell of the 
3MC should be phase-shifted concerning each other by an 
angle of 2π/p (p is the number of switching cell, which in this 
example is 2). The displacement of carrier signals used to 
control switches Sij1 and Sij2 is Tsw/2, where Tsw=1/fsw 
representing the switching period. The duty cycles for the 
switch group are determined by comparing the modulation. 

The mathematical function incorporates a saw-tooth 
carrier starting from its origin and compares the modulation 
function with a phase shifted saw-tooth carrier through a 
set of switches Sij2, as defined by Tsw/2 [52, 53]: 
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for i  A, B, C; and j  a, b, c and k  1, 2. 
Model of output filter. The output filter circuit shown 

in Fig. 1 is a RLC circuit, where Rf, Lf, Cf are linked in series. 
The resonant frequency of this circuit is designed to be equal 
to the carrier switching frequency fsw [54]: 

ff
sw

CL
f




2

1
.                         (9) 

Simulation results. MATLAB/Simulink model of a 
3MC with 3 FC per output stage has been created. The 
simulation uses the settings specified in Table 1. 

Table 1 
3MC model parameters 

Parameter Value 
Phase to ground input voltage 220 V 
Input frequency 50 Hz 
Output frequency 50 Hz 
Modulation index q 0.5, 0.3, 0.9 
Switching frequency 5 kHz 
Flying capacitor 10 F 
Series RLC filter 10 , 2 mH, 0.5 F
RL load 50 , 0.5 H 

 

First test (Case 1: q = 0.5). In Fig. 2,a the output 
voltage of a 3MC with 3 FC over a period of 5 s appears to 
show. The output voltage appears to be a non-sinusoidal 
waveform, which is common for 3MC. The voltage appears 
to have several levels, which is characteristic of a 3MC. The 
voltage waveform appears to be fluctuating slightly over 
time. This could be due to a number of factors, such as 
variations in the input voltage or the load current. 

Figure 2,b shows 3 phase load currents over a time 
period of 5 s. The current is ranging from –1 A to 1 A. 
The graph showcases 3 distinct current waveforms 
designated as Ia, Ib, Ic. These phases are equally spaced 
across the time axis, signifying a balanced 3 phase 
system. Each phase current adheres to a sinusoidal wave 
pattern, a defining characteristic of AC systems. 

Figure 2,c shows the output voltage characteristics of a 
3MC with a 3 FC for phases A, B, C. Each figure shows a 
comparison between input reference (black line) and output 
voltage (colored line). The output voltage in each figure 
Va(out), Vb(out), Vc(out) show non-sinusoidal waveform with 
several voltage levels. This characteristic is a defining 

characteristic of multilevel converters. It achieves a near-
sinusoidal output voltage with reduced THD compared to 
traditional two-level converters. The black line in each figure 
likely depicts the reference input voltage Va(int), Vb(int), 
Vc(int). By comparing it to the output voltage, we can analyze 
the modulation strategy employed by the converter regulates 
the output voltage by manipulating the switching of its internal 
power electronic elements based on the reference input. 

t, ms

a

 

t, ms

b

 
 

t, ms

c

 

f, Hz

d

 
 

t, ms

e

 

f, Hz

f

 
Fig. 2. Results of the first case (q = 0.5) 

 
Figure 2,d shows the THD for the output voltage 

(phase A) with fundamental value 274.8 V and THD in this 
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case 0.27 % is a relatively low value. This means the 
voltage waveform for phase A is close to a pure sine wave. 

Figure 2,e depicts 3 current waveforms, designated 
as «Load current» for each phase of a 3 phase system. The 
waveforms closely resemble sinusoids, indicating a 
balanced linear load with minimal harmonic distortion. 

Figure 2,f shows the THD for the load current with 
fundamental value 0.9688 A and THD in this case 0.12 % 
is a relatively low value. This means the voltage 
waveform for phase A is close to a pure sine wave. 

Second test (Case 2: q = 0.3). Figure 3,a depicts the 
output voltage behavior of a 3MC with a 3 FC across 
three phases A, B, and C. Each graph compares the 
reference input voltage (black line) with the output 
voltage for each phase (colored line). The output voltage 
exhibits a non-sinusoidal waveform with multiple voltage 
levels, a characteristic feature of multilevel converters, 
aiming to achieve near-sinusoidal output voltage with 
reduced THD compared to traditional converters. By 
comparing the reference input with the output voltage, the 
modulation strategy employed by the converter, which 
manipulates internal power electronic elements’ switching 
based on the reference input to regulate the output 
voltage, can be analyzed. 
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Fig. 3. Results of the second case (q = 0.3) 

 

Figure 3,b depicts the THD for the output voltage 
(phase A) with value of THD in this case 0.36 % is a 
relatively low value. This means the voltage waveform 
for phase A is close to a pure sine wave. 

Figure 3,c illustrates 3 current waveforms for each 
phase within a 3 phase system. These waveforms exhibit a 
close resemblance to sinusoidal patterns, suggesting a 
well-balanced linear load with minimal harmonic 
distortion. Figure 3,d presents the fundamental value 
0.5762 A and THD value of 0.19 % is a relatively low 
value, indicating minimal THD in the load current. This 
means the current waveform is close to a pure sine wave. 

Third test (Case 3: q = 0.9). Figure 4,a shows that 
the allure of the output voltage is perturbed compared to 
the input voltage. The top graph shows the output voltage 
VA(out) and the internal voltage Vint plotted over time. The 
output voltage appears to be oscillating more frequently 
than the input voltage and the same comment for the 
middle graph and the bottom graph. In all 3 graphs, the 
output voltage waveform is more complex than the 
internal voltage waveform. This suggests that the output 
voltage is being perturbed by some external factor. 

Figure 4,b depicts the THD for the output voltage 
(phase A) with fundamental value 459.2 V and THD in 
this case 7.31 %. Figure 4,c depicts 3 current waveforms 
for each phase. The waveforms closely resemble 
sinusoids, indicating a balanced linear load with harmonic 
distortion. Figure 4,d presents the fundamental value 
1.719 A and THD value of 2.6 % is a relatively low value, 
indicating THD in the load current.  
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Fig. 4. The results of the third case (q = 0.9) 

 

After analyzing Table 2, we conclude that Case 1 
(q = 0.5) exhibits the best performance among the other 



54 Електротехніка і Електромеханіка, 2024, № 6 

cases, with the lowest THD of phase A at 0.27 %, a peak 
fundamental of 274.8 V, a peak input current of 0.9688 A, 
and a THD of load current of 0.12 %. 

Table 2 
Comparison 3MC simulation results 

Line to line output 
voltage 

Phase A input current
No. Parameters 

THD, 
% 

Peak 
fundamental, V 

THD, 
% 

Peak 
fundamental, A

Case 
1 

q = 0.5 0.27 274.8 0.12 0.9688 

Case 
2 

q = 0.3 0.36 162.4 0.19 0.5762 

Case 
3 

q = 0.9 7.31 459.2 2.6 1.719 
 

Table 3 presents a comparison between the THD 
values of proposed 3MC and another converters. The data 
clearly demonstrates the significant improvement achieved 
by proposed 3MC in reducing THD compared to the 
referenced converters. Specifically, the THD reduction 
ratio of the 3MC, when compared with [54], is 73 %.  

Table 3 
A comparison between the THD values of proposed 3MC 

and another converters 
Reference THD of output voltage, % 

Article [52] 7.78 
Article [53] 23 
Article [54] 1.02 

Proposed 3MC 0.27 
 

The findings from our study demonstrate notable 
advancements over previous works, particularly in terms 
of efficiency and harmonic reduction. Our research shows 
that the 3 phase 3MC with 3 FC, utilizing the Venturini 
method for gate pulse generation, achieves a 73 % 
reduction in THD. This significant improvement 
surpasses the performance metrics presented in the earlier 
study, where no such substantial reduction in THD was 
quantified. Unlike Iyer’s work [54], which relied on 
PSCAD for simulations, our use of MATLAB/Simulink 
enabled a more detailed and comprehensive assessment of 
the 3MC’s performance across various operating 
scenarios, allowing for a deeper understanding of its 
dynamic behavior, stability, and robustness. These 
enhanced results demonstrate the superior capability of 
our approach in optimizing power conversion efficiency 
and minimizing distortion, especially in medium-to-high 
voltage applications requiring direct AC-AC conversion. 
Moreover, our study extends the practical application of 
multilevel converter technology by offering concrete 
strategies for improving design and performance in 
industrial and renewable energy contexts, which were not 
specifically addressed in the previous work. 

Conclusions. The adopted multilevel technologies, 
especially the capacitor-clamped matrix converter (MC), 
offer promising solutions for medium and high voltage 
power conversion needs, especially the counter-output 
stage introduced in this study though made a model on the 
modular multilevel matrix converter (3MC) of the 
transformer. The deviation from the conventional 
methods used in single-cell matrix transformers is 
demonstrated by the use of a Venturini method to 
generate gate pulses in this transformer in which using a 
capacitor-clamp arrangement with 3 flying capacitors. 

Simulation results with using MATLAB/Simulink have 
shown the improved performance of the 3MC. This 
improvement is evident through comparisons across 3 cases 
and the tabulated analysis of THD in line-to-line output 
voltage and input current. These outcomes highlight the 
effectiveness of the suggested converter design in achieving 
enhanced performance in power conversion applications. 

Recommendations and prospects for further 
development. To validate the simulation results, real-world 
implementation and testing of the 3MC under various 
conditions are recommended. Further optimization of 
Venturini method control algorithms, exploration of 
scalability, integration with renewable energy sources, and 
investigation of thermal management and long-term 
reliability are essential. Performing a cost-benefit analysis 
will offer important insights into the economic viability of 
this technology for industrial applications. 
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Method for prediction magnetic silencing of uncertain energy-saturated extended technical objects 
in prolate spheroidal coordinate system 
 

Aim. Development of method for prediction by energy-saturated extended technical objects magnetic silencing based on magnetostatics 
geometric inverse problems solution and magnetic field spatial spheroidal harmonics calculated in prolate spheroidal coordinate system 
taking into account of technical objects magnetic characteristics uncertainties. Methodology. Spatial prolate spheroidal harmonics of 
extended technical objects magnetic field model calculated as magnetostatics geometric inverse problems solution in the form of 
nonlinear minimax optimization problem based on near field measurements for prediction far extended technical objects magnetic field 
magnitude. Nonlinear objective function calculated as the weighted sum of squared residuals between the measured and predicted 
magnetic field COMSOL Multiphysics software package used. Nonlinear minimax optimization problems solutions calculated based on 
particle swarm nonlinear optimization algorithms. Results. Results of prediction extended technical objects far magnetic field magnitude 
based on extended technical objects spatial prolate spheroidal harmonics of the magnetic field model in the prolate spheroidal 
coordinate system using near field measurements with consideration of extended technical objects magnetic characteristics uncertainty. 
Originality. The method for prediction by extended technical objects magnetic cleanliness based on spatial prolate spheroidal harmonics 
of the magnetic field model in the prolate spheroidal coordinate system with consideration of magnetic characteristics uncertainty is 
developed. Practical value. The important practical problem of prediction extended technical objects magnetic silencing based on the 
spatial prolate spheroidal harmonics of the magnetic field model in the prolate spheroidal coordinate system with consideration of 
extended technical objects magnetic characteristics uncertainty solved. References 48, figures 2. 
Key words: energy-saturated extended technical objects, magnetic field model, magnetic silencing, extended spheroidal 
coordinate system, spatial extended spheroidal harmonics, prediction, measurements, uncertainty. 
 

Мета. Розробка методу прогнозування магнітної тиші енергонасичених витягнутих технічних об’єктів на основі розв’язку 
обернених геометричних задач магнітостатики та обчислення просторових сфероїдальних гармонік магнітного поля в 
витягнутій сфероїдній системі координат з врахуванням невизначеностей магнітних характеристик технічних об’єктів. 
Методологія. Просторові витягнуті сфероїдні гармоніки моделі магнітного поля витягнутих технічних об’єктів розраховані 
як розв’язок обернених геометричних задач магнітостатики в формі нелінійної задачі мінімаксної оптимізації на основі 
вимірювань ближнього поля для прогнозування величини магнітного поля витягнутих технічних об’єктів. Нелінійна цільова 
функція розрахована як зважена сума квадратів залишків між виміряним і прогнозованим магнітним полем, яке обчислено з 
використаням програмного пакету COMSOL Multiphysics. Розв’язки задач нелінійної мінімаксної оптимізації розраховані на 
основі алгоритмів нелінійної оптимізації роєм частинок. Результати. Результати прогнозування величини дальнього 
магнітного поля витягнутих технічних об’єктів на основі просторових витягнутих сфероїдальних гармонік моделі 
магнітного поля в витягнутій сфероїдній системі координат з використанням вимірювань ближнього поля та з врахуванням 
невизначеності магнітних характеристик витягнутих технічних об’єктів. Оригінальність. Розроблено метод прогнозування 
магнітної тиші витягнутих технічних об’єктів на основі просторових витягнутих сфероїдальних гармонік моделі магнітного 
поля в витягнутій сфероїдній системі координат з врахуванням невизначеності магнітних характеристик. Практична 
цінність. Вирішено важливу практичну задачу магнітної тиші витягнутих технічних об’єктів на основі просторових 
витягнутих сфероїдальних гармонік моделі магнітного поля в розширеній сфероїдній системі координат з врахуванням 
невизначеності магнітних характеристик витягнутих технічних об’єктів. Бібл. 48, рис. 2. 
Ключові слова: енергонасичені витягнуті технічні об’єкти, модель магнітного поля, магнітна тиша, витягнута 
сфероїдна система координат, просторові витягнуті сфероїдні гармоніки, прогноз, вимірювання, невизначеність. 
 

Introduction. The development of energy-saturated 
technical objects with a given distribution of the 
generated magnetic field is an urgent problem for many 
science and industry branches. The strictest requirements 
for the accuracy of the spatial distribution of the magnetic 
field are imposed when ensuring the magnetic silencing of 
spacecraft, the development of anti-mine magnetic 
protection of naval vessels and submarines, the creation 
of magnetometry devices including for medical diagnostic 
devices and other fields [1–5]. 

The practice of designing of technical objects with 
standardized levels of their external magnetic field required 
the development of scientific foundations for their design, 
production, methodological and metrological support. The 
foundation of these scientific foundations is the mathematical 
modeling of a three-dimensional quasi-stationary external 
magnetic field generated by a technical object. 

The main advantage of applying the methods of 
spatial harmonic analysis to the study and targeted 
influence on the external magnetic field of technical 
objects is the maximum simplification of the calculation 

of the external magnetic field of a technical object based 
on a limited number of spatial harmonics. 

When energy-saturated technical objects design with a 
given magnetic field spatiotemporal characteristic, two 
interrelated problems are solved [6, 7]. First, based on 
measurements of the real magnetic field of a technical object 
in the near zone, it is necessary to design a mathematical 
model of the magnetic field of a technical object, on the basis 
of which the magnetic field in the far zone can be calculated. 
This problem is called prediction [6]. 

To measure the real technical objects magnetic field 
in the near zone often use point magnetic field sensors 
[8]. In particular, to measure the magnetic field of ships in 
the ship magnetism laboratory (France) 39 magnetic field 
sensors used and located in close proximity to the ship’s 
hull [9]. To design such a mathematical model of a 
technical object, it is necessary to solve the inverse 
magnetostatics problem [6]. Based on this mathematical 
model, the magnetic field in the far zone calculated. For 
naval vessels a control depth is specified, and for a 
spacecraft the installation point for the onboard 
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magnetometer is specified. In addition, for spacecraft, the 
resulting spacecraft magnetic moment also calculated 
based on this model. 

The second problem is to ensure the specified spatial-
temporal characteristics of the magnetic field of a technical 
object. This is a control problem [6]. Based on the designed 
mathematical model of the initial magnetic field of a 
technical object, it is necessary to calculate the spatial 
location and values of compensating magnetic units in such a 
way that the resulting magnetic field generated by the 
technical object satisfies the requirements [10, 11]. 

The basis of such developments is the design of a 
mathematical model of the magnetic field of a technical 
object. If the geometric dimensions of a technical object 
in an orthogonal coordinate system are approximately the 
same, then a spherical coordinate system is used. 

In particular, the «MicroSAT» spacecraft have the 
shape of a cube. Moreover, on this spacecraft with the 
«IonoSAT-Micro» equipment, the on-board magnetometer 
are coordinate system in the form of a multi-dipole model 
mounted on rods 2 m long [3]. Therefore mathematical 
model of such technical object represented with sufficient 
accuracy on the basis of a spherical. 

The KS5MF2 spacecraft and the MS-2-8 spacecraft 
of the «Sich 2» family also have cube shape [3]. However 
onboard magnetometer LEMI-016 located at 0.35 m 
distance from from the sensor KPNCSP. 

Then mathematical model of such technical object 
designed based on spherical coordinate system, but in the 
form of a multipole model taking into account dipoles, 
quadrupole and octupole harmonics [12]. 

If the technical object has an extended shape with a 
predominant size along one coordinate in the orthogonal 
coordinate system, then it is necessary to use an elongated 
spheroidal coordinate system [13–16]. 

Over the past decade, the development of small 
satellites, nanosatellites such as «CubeSats», has 
increased exponentially for Earth observation and deep 
space missions in the Solar System, mainly due to their 
lower cost and faster development. The GS-1 spacecraft 
of the «CUBESAT» family has geometric dimensions 
0.371 m by 0.114 m by 0.11 m, so the length more than 
3 times other dimensions [3]. Then mathematical model 
of such technical object presented on the basis of prolate 
spheroidal coordinate system [12]. 

Strict requirements are also imposed on the 
maximum level of the magnetic field created by naval 
vessels, minesweepers and submarines near their hull 
[17–19]. Sea Minesweepers has a length more than 
6 times the other dimensions. Naval vessels are even more 
elongated so the length is more than 10 times the other 
dimensions. 

To compensate magnetic field of naval vessels and 
submarines compensation windings system used in three 
orthogonal coordinates – longitudinal, transverse and 
vertical directions and solenoid windings [17–19]. 
A feature of the technical objects under consideration is the 
uncertainty of the magnetic characteristics of their elements 
and their change in different operating modes [2]. Naturally 
for such elongated extended technical objects mathematical 
models of the magnetic field must be designed in a prolate 
spheroidal coordinate system [13–16]. 

The aim of the work is to develop the method for 
prediction by energy-saturated extended technical objects 
magnetic silencing based on solution of geometric inverse 
magnetostatics problems and calculation magnetic field 
spatial prolate spheroidal harmonics in a prolate 
spheroidal coordinate system taking into account the 
technical objects magnetic characteristics uncertainties. 

Direct geometric magnetostatics problems of an 
energy-saturated extended technical object in prolate 
spheroidal coordinate system. Usually, to ensure the 
specified magnetic characteristics, units in a special low-
magnetic design are installed at such important technical 
objects [1–5]. At the same time, at the stage of production 
and adjustment of high-grade low-magnetic units, 
compensating magnetic elements are installed in the form 
of permanent magnets or electromagnet windings. In this 
case, the magnitudes of the magnetic moments of such 
units become incredibly small. However, in the magnetic 
field of such units, harmonics of higher orders appear – 
quadropoles, octopoles, etc. 

The practical solution complexity of these problems is 
associated with the need to use a sufficient number of 
integral characteristics of the magnetic field, which could 
serve as a quantitative criterion for the quality of the field 
distribution. The method that would allow in practice to use 
the integral characteristics of the magnetic field – spatial 
harmonics, and to associate them with the parameters of the 
technical object – remain insufficiently developed. The 
need to develop such method is confirmed by one of the 
latest standards of the European Space Agency ECSS-E-
HB-20-07A (2012), which recommends using them to 
ensure the magnetic cleanliness of space vehicles as 
integral characteristics of the spatial distribution of the 
magnetic field its spherical harmonics [2]. 

The application of spatial harmonic analysis 
methods is based on the study of the harmonic 
composition of the magnetic field. The result of this 
application is the transition from the measured values of 
the induction vector to the integral characteristics of the 
magnetic field harmonics – multipole coefficients. Then, 
based on the obtained values of the multipole coefficients, 
the magnetic field can be described in the entire external 
region. The accuracy of the description depends both on 
the accuracy of determining the multipole coefficients 
themselves and on the number of spatial harmonics used 
in the expansion of the source function. The choice of the 
type of basic solutions and coordinate system depends on 
the specific conditions of the problem being solved and 
makes it possible to analytically describe the magnetic 
field of a wide class of technical objects. 

The basis for integral characteristics and methods for 
their control near objects of extended shape are methods 
of spatial harmonic analysis in an elongated spheroidal 
coordinate system, where the shape of the coordinate 
surfaces makes it possible to bring the description area 
closer to the surface of the object itself. 

Let’s consider a mathematical model of an extended 
energy-saturated technical object in an elongated 
spheroidal coordinate system , ,  [16]. A feature of the 
prolate spheroidal coordinate system is the use of the 
parameter c, which determines the linear scale for the unit 
vectors of all three coordinates. The value of the 
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parameter c is equal to half the interfocal distance of the 
spheroid, the foci of which lie on the z axis at points ±c. 

The solution to the Laplace equation of the scalar 
magnetic potential for the external region outside the 
coordinate surface  = const containing the source in 
accordance with [16] written in the following form 
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where m
nP , m

nQ  are associated Legendre functions of the 

first and second kind, respectively, with degree n and 

order m; m
nc , m

ns  – constant coefficients characterizing 

the amplitudes of external spheroidal harmonics of the 
magnetic field. 

Similar to spherical harmonic analysis, the 
magnetic field strength of a source limited by a 
spheroidal surface specified by o outside the spheroid 
can be determined as the sum of the projections of the 
magnetic field strength of spheroidal spatial harmonics, 
determined by the corresponding coefficients. For 
spheroidal projections, the magnetic field strength in the 
external region will take the form 
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It is more convenient to carry out practical 
measurements and calculations of magnetic field strength 
components in the orthogonal coordinate system, the 
transition to which for the strength components is carried 
out using the formulas: 
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where the coordinates x, y, z in the orthogonal coordinate 
system are related to coordinates , ,  in the elongated 
sphepridal coordinate system by the following relation 
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Practical harmonic analysis in elongated spheroidal 
coordinate system based on (2) requires the calculation of 
associated Legendre polynomials of the first and second 
kind. Polynomials of the second kind calculated using the 
well-known formula with a limitation on the number of 
terms of the infinite series [16] 
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The region   o, 4 places strict demands on the 

accuracy of  ξQ m
n  function calculations. In the work 

[16] algorithms for direct calculation  ξQm
n  obtained in 

the form of finite sums 
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Direct geometric magnetostatics problems of 
energy-saturated units in spherical coordinate system. 
Usually inside extended energy-saturated technical object 
main sources of the magnetic field in form of N units of 
energy-saturated units installed. The sources of the 
magnetic field on naval vessels and submarines are electric 
motors, generators, distribution boards, semiconductor 
converters, transformers, etc. At the design and 
manufacturing stage, each such unit undergoes mandatory 
testing for its magnetic cleanliness. As a rule, these units 
represent compact devices and, therefore, mathematical 
models of the magnetic field of these units are conveniently 
represented in spherical coordinate systems [22–28]. 

Let us assume that during the testing process, for each 
magnetic unit, a model of its magnetic field is determined in a 
spherical coordinate system in the form of a Gaussian series 
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In this case, the spherical coordinates r, φ, and θ 
models of the magnetic field of the unit n are associated 
with the magnetic center of this units, and the spatial 

harmonics m
ng , m

nh  are a comprehensive characteristic of 
the magnetic field generated by this unit n only. 

Then the components Hr, Hφ, Hθ of the magnetic 
field strengths generated by all N units at the point with 
coordinates r, φ, and θ in the spherical coordinate system 
associated with the geometric center of this unit n 
calculated from spherical spatial harmonics, taken with 
the corresponding multipole coefficients: 
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Typically, when testing the magnetic characteristics 
of unit measurements are carried out in the orthogonal 
coordinate system x, y, z, which are related to the spherical 
coordinates r, φ, and θ the following dependence 
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Then, using the calculated values (6) of the magnetic 
field strength components Hr, Hφ, Hθ in spherical 
coordinates r, φ, and θ calculate the components Hx, Hy, 
Hz of this magnetic field strength vector in the rectangular 
coordinate system x, y, z, associated with the magnetic 
units centers [29–34] 
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Naturally, some of the units are also extended 
sources of a magnetic field and it is advisable to describe 
them in the spheroidal coordinate system ,  and  
associated with the centers of these blocks. In particular, 
on a naval vessels such elongated energy-saturated units 
are distribution boards, semiconductor converters, etc., 
installed in a row. The components Hx, Hy, Hz of magnetic 
field generated by these extended energy-saturated units 
calculated using (8) for direct geometric magnetostatics 
problems in an elongated spheroidal coordinate system. 

Let us set the coordinates k, k, k of k – points for 
calculating magnetic field strengths in an elongated 
spheroidal coordinate system , , , associated with the 
center of the technical object. Based on (9) calculated the 
coordinates xk, yk, zk of these points in the orthogonal 
coordinate system associated with the center of the 
technical object. Let’s set the coordinates xn, yn, zn of n 
location points of energy-saturated units in the same 
orthogonal coordinate system, also associated with the 
center of the technical object. 

Let us choose the directions of the axes of the 
orthogonal coordinate systems of individual units parallel 
to the directions of the axes of the orthogonal coordinate 
system associated with the center of the technical object. 

Then, based on (8) the components Hrkn, Hφkn, Hθkn 
of the magnetic field strength vector, generated by 
separate n units in a current with coordinates xk, yk, zk can 
be calculated in spherical coordinate systems associated 
with the magnetic centers of individual units. When 
calculating the component Hrkn, Hφkn, Hθkn of the magnetic 
field strength vector it is necessary to use the following 
values of the spherical coordinates rk, φk, and θk of the 
location of the magnetic field measurement point with 
coordinates rk, φk, and θk relative to the location point of 
units n with coordinates rn, φn, and θn in (2) 
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Then, from the calculated based on (8) components 
Hrkn, Hφkn, Hθkn of the magnetic field strength vector 
generated by individual n units at a point with coordinates 
xk, yk, zk in spherical coordinate systems associated with 
the magnetic centers of individual blocks, the components 
Hrkn, Hφkn, Hθkn of the magnetic field strength vector 
generated by these n units in a current with coordinates xk, 
yk, zk in a rectangular coordinate system associated with 
the magnetic center of a technical object according can be 
calculated based on (8). Naturally, in (2) it is necessary to 
use the values r, φ, and θ coordinates in the spheroidal 
coordinate system calculated from (2). 

From the obtained components Hrkn, Hφkn, Hθkn of the 
magnetic field strength vector generated by n blocks in a 
point with coordinates xk, yk, zk in a rectangular coordinate 
system associated with the magnetic center of a technical 
object, the components Hxk, Hyk, Hzk can be calculated total 
magnetic field generated by all N energy-saturated objects 
at the measurement point with coordinates xk, yk, zk in a 
rectangular coordinate system associated with the center of 
the technical object, in the form of the following sums of 
components Hxkn, Hykn, Hzkn magnetic field strength 
generated by individual n energy-saturated blocks 
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Prediction geometric inverse magnetostatics 
problems of an energy-saturated extended technical 
object in prolate spheroidal coordinate system. A 
feature of the energy-saturated extended technical objects 
are the uncertainty of the magnetic characteristics of their 
elements and their change in different operating modes 
[35–40]. Let us introduce the vector G of uncertainties of 
the parameters of energy-saturated extended technical 
object unit’s magnetic cleanliness [41–44]. It should be 
noted that the values of external spheroidal harmonics 

m
nc , m

ns  of magnetic field model (2), (3) of an elongated 

energy-saturated object in an elongated spheroidal 
coordinate system , ,  and the values of the spatial 

spherical harmonics m
ng , m

nh  of magnetic field model (8) 

of the spherical coordinates r, φ, and θ for all N units of 
the energy-saturated extended technical object determined 
in the course of testing the magnetic cleanliness of all 
energy-saturated extended technical object units depend on 
the operating modes of the microsatellite and, therefore, are 
functions of the components of the vector G of 
uncertainties of the parameters of the magnetic cleanliness 
of the energy-saturated extended technical object units. 

Then for a given value of the vector G of 
uncertainties of the parameters of the magnetic 
cleanliness of energy-saturated extended technical object 
units, given coordinates rn, φn, and θn of spatial 
arrangement of N energy-saturated extended technical 
object units with given values of the spatial spherical 

harmonics m
ng , m

nh  of magnetic field model (8) 

components Hxk(G), Hyk(G), Hzk(G) of the magnetic field 
generated by all N units of the energy-saturated extended 
technical object at the point with coordinates rk, φk and θk 
calculated based on (6) – (8). Since the results of 
measuring the magnetic field depend on the operating 
modes of the V, the components Hxk(G), Hyk(G), Hzk(G) of 
the measurement vector also are functions of the vector G. 

Let us now consider the prediction geometric inverse 
magnetostatics problems of calculating the values of 

external spheroidal harmonics m
nc , m

ns  of magnetic field 

model (2) of an elongated energy-saturated object in an 
elongated spheroidal coordinate system , , , associated 
with the magnetic center of an energy-saturated object 
based on the results of measurements of magnetic field 
Hxk(G), Hyk(G), Hzk(G) generated by all N energy-saturated 
units this energy-saturated extended technical object at the 
K point with coordinates rk, φk and θk [36, 37]. 

For convenience, we will perform the calculations in 
an orthogonal coordinate system associated with the 
center of the technical object so that instead of the 
measured values of the magnetic field Hξk(G), Hηk(G), 
Hφk(G) in an elongated spheroidal coordinate system at 
points k, k, k we will use the magnetic field 
components Hxk(G), Hyk(G), Hzk(G) in an orthogonal 
system with coordinates xk, yk, zk. Naturally, the 
coordinates k, k, k in the spheroidal coordinate system 
and the coordinates xk, yk, zk in the orthogonal coordinate 

system correspond to the same points K of measurement 
of the magnetic field of a technical object. 

Let us introduce the vector YM(G), components 
Hxk(G), Hyk(G), Hzk(G) of which are the measured values of 
the magnetic field in an orthogonal system with coordinates 
xk, yk, zk, at the K measurement points [10, 48]. 

Let us introduce the vector X of the desired 
parameters of the mathematical model of the energy-
saturated extended technical object, the components of 
which are the desired coordinates xn, yn, zn in the 
orthogonal coordinate system associated with the center 
of the technical object of spatial arrangement of N energy-
saturated extended units as well as the desired values of 

m
nc , m

ns  of external spheroidal harmonics of this units. 

Then for a given vector value X and for a given 
vector value G, the components Hxkn(X,G), Hykn(X,G), 
Hzkn(X,G) of the magnetic field in the orthogonal 
coordinate system generated by these N energy-saturated 
extended units at measurement points with coordinates xk, 
yk, zk calculated based on (8). When calculating these 
components Hxkn(X,G), Hykn(X,G), Hzkn(X,G) of magnetic 
field parameter ckn and the corresponding angles kn, kn, 
kn location of measurement points with coordinates xk, 
yk, zk from points and location of n blocks with 
coordinates xn, yn, zn an elongated spheroidal coordinate 
system it is necessary to calculate in the form of solving 
the following system of equations 

 

 

.

];2[0,

1];[0,

[;[1,

;sin11

;cos11

22

22

knknknknkn

kn

kn

kn

knknknknnk

knknknknnk

czz

cyy

cxx




















(13) 

Then, based on the calculated components 
Hxkn(X,G), Hykn(X,G), Hzkn(X,G) of the magnetic field 
generated by each element n, the components Hxk(X,G), 
Hyk(X,G), Hzk(X,G) of the rezalting magnetic field 
generated by all N units at the measurement points K can 
be calculated similarly to (10). 

Let us introduce the vector YC(G), components of 
which are the calculated values components Hxk(X,G), 
Hyk(X,G), Hzk(X,G) of the magnetic field at the K 
measurement points with the coordinates xk, yk, zk. 

For vector X of the desired parametersand and for vector 
G of parameters uncertainties of the mathematical model of 
the spacecraft magnetic field, then, based on (3) – (8) the 
initial nonlinear equation YC(G) for the spacecraft 
multipole magnetic dipole model calculated  

YC(X, G) = F(X, G),                       (14) 
where the vector nonlinear function F(X,G) obtained on the 
basis of expression (3) – (8) with respect to the vector X of 
unknown variables, whose components are desired 
coordinates xn, yn, zn of spatial arrangement N energy-saturated 

extended units as well as the desired values of values m
nc , m

ns  

of external spheroidal harmonics of this units. 
Naturally that the vector nonlinear function F(X,G) 

also is a function of the vector G of uncertainties of the 
parameters of microsatellite units magnetic cleanliness. 

Let us introduce the E(X,G) vector of the 
discrepancy between the vector YM(G) of the measured 
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magnetic field and the vector YC(X,G) of the predicted by 
model (3) magnetic field  

E(X, G) = YM(G) – YC(X, G) = YM(G) – F(X, G).  (15) 
The nonlinear vector objective function (12) is 

obtained on the basis of expression (3) with respect to the 
vector X of unknown variables, whose components are 
the values coordinates unknown variables, whose 
components are desired coordinates xn, yn, zn of spatial 
arrangement N energy-saturated extended units as well as 

the desired values of values m
nc , m

ns  of external 

spheroidal harmonics of this units and the vector G of 
uncertainties of the parameters of the magnetic 
cleanliness of microsatellite units. 

This approach is standard when designing robust 
mathematical model of the spacecraft magnetic field, when 
the coordinates of the spatial arrangement and the 
magnitudes of the magnetic moments of the dipoles are 
found from the conditions for minimizing the vector of the 
discrepancy between the vector of the measured magnetic 
field and the vector of the predicted by model magnetic field, 
but for the «worst» the vector of uncertainty parameters of 
the spacecraft magnetic moments are found from the 
conditions for maximizing the same vector of the 
discrepancy between the vector of the measured magnetic 
field and the vector of the predicted by model magnetic field. 

As a rule, when optimizing the nonlinear objective 
function (15), it is necessary to take into account 
restrictions as vector inequalities [41–44] 

G(X, G)  Gmax.                          (16) 
Then the magnitude of the magnetic field at any 

point Pj of the far zone of a technical object with 
coordinates xj, yj, zj can be calculated and predicted based 
on the obtained model (9). 

Inverse problem solving method. In course of 
geometric inverse magnetostatic’s problem solving it is 
necessary to repeatedly solve the direct problem (2) during 

the iterative calculation of spatial harmonics m
ng , m

nh  of 

nanosatellite initial magnetic field mathematical model when 
prediction geometric inverse magnetostatic’s problem 
solution (3) calculated and during iterative calculation 

component m
ng , m

nh  of spherical harmonics of the magnetic 

field generated by this C compensating magnetic units with 
unknown coordinates rc, φc and θc when control geometric 
inverse magnetostatic’s problem (15) solution calculated. 

Components of the vector games (15) are nonlinear 
functions of the vector X of required parameters and the 
vector G of uncertainty parameters of geometric inverse 
magnetostatic’s problem for prediction and control by 
nanosatellite magnetic cleanliness taking into account 
direct problem uncertainties and calculated by COMSOL 
Multiphysics software. 

Typically geometric inverse magnetostatic’s 
problem for prediction and control by technical objects 
magnetic cleanliness comes down to solving minimizing 
optimization problem [6, 7]. When geometric inverse 
magnetostatic’s problem for prediction and control by 
technical objects magnetic cleanliness taking into account 
direct problem uncertainties worst-case design approach 
usually used to impart robustness designed prediction and 
control by nanosatellite magnetic cleanliness taking into 

account direct problem uncertainties. In this cases 
solution of both prediction and control geometric inverse 
problem reduced to solving a game in which vector X of 
required parameters – first player minimizes game payoff 
(15), but vector G of direct problem uncertainties – 
second player tries to maximize same game payoff (15). 

A feature of the problem of calculated solution under 
consideration is the multi-extremal nature of game payoff 
(15) so that the considered region of possible solutions 
contains local minima and maxima. This due to fact that 
when minimizing the induction level of the resulting 
magnetic field at one point in the shielding space, the 
induction level at another point in this space increases due 
to under compensation or overcompensation of the original 
magnetic field. Therefore, to calculate the solution to the 
vector game under consideration, it is advisable to use 
stochastic multi-agent optimization algorithms [35, 36]. 

The main approach to multiobjective optimization is 
to search for the Pareto set, which includes all solutions 
that are not dominated by other solutions. To find non-
dominated solutions, it is convenient to use specially 
calculated ranks. However, this raises the problem of 
comparing several solutions that have the same rank 
values. To adapt the PSO method in relation to the 
problem of finding Pareto-optimal solutions on the set of 
possible values of a vector criterion, it is most simple to 
use binary preference relations that determine the Pareto 
dominance of individual solutions. 

Inverse problem solving algorithm. Consider 
algorithm for calculating the solution of the vector game 
(15). The works [35–37] consider various approaches to 
computing solutions to vector games based on various 
heuristic approaches. Unlike works [35, 36], in this work, in 
order to find a unique solution to a vector game from a set of 
Pareto-optimal solutions, in addition to the vector payoff (15) 
we will also use information about the binary relationships of 
preferences of local solutions relative to each other [38–40]. 

To calculate one single global solution to the vector 
game (15) individual swarms exchange information with 
each other during the calculation of optimal solutions to local 
games. Information about the global optimum obtained by 
particles from another swarm used to calculate the speed of 
movement of particles from another swarm, which allows us 
to calculate all potential Pareto-optimal solutions [41–46]. 

In the standard particles swarm optimization 
algorithm the particle velocities change is carried out 
according to linear laws [6, 7]. To increase the speed of 
finding a global solution, special nonlinear algorithms of 
stochastic multi-agent optimization recently proposed in 
[45, 46], in which the motion of i particle of j swarm 
described by the following expressions 

          
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where xij(t), gij(t) and νij(t), uij(t) is the position and 
velocity of i particle of j swarm. 
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In (17) – (19) yij(t), zij(t) and )(* ty j , )(* tz j  – the best 

local and global positions of the i–th particle, found 
respectively by only one i–th particle and all the particles 
of j swarm. Moreover, the best local position yij(t) and the 

global position  ty j
*  of the i particle of j swarm are 

understood in the sense of the first player strategy xij(t) for 
minimum of component Ei(X,G) of the vector payoff (15). 
However, the best local position zij(t) and the global 

position *
jz  of the i particle of j swarm are understood in 

the sense of the second player strategy gij(t) for maximum 
of the same component Ei(X,G) of the vector payoff (15). 

Four independent random numbers r1j(t), r2j(t), r3j(t), 
r4j(t) are in the range of [0, 1], which determine the 
stochastic particle velocity components. 

Positive constants c1j, c2j and c3j, c4j determine the 
cognitive and social weights of the particle velocity 
components. 

The Heaviside function H is used as a switching 
function of the motion of a particle, respectively, to the 

local yij(t), zij(t) and global )(* ty j , )(* tz j  optimum. 

Switching parameters of the cognitive p1ij, p3ij and 
social p2ij, p4ij components of the particle velocity to the 
local and global optimum taken in the form of increments 
changes in the payoff (15) for players’ strategies xij(t), 
gij(t) when moving to local and global optimum 
respectively. 

Random numbers ε1ij(t), ε2ij(t), ε3ij(t) and ε4ij(t) 
determine the switching parameters of the particle motion, 
respectively, to local and global optima. 

To improve solution finding process quality, the 
inertia coefficients w1j, w2j used. 

In random search, the motion of the particle is 
carried out in the direction of the maximum growth of the 
component of the objective function, found in the process 
of random search. In general, this direction serves as an 
estimate of the direction of the gradient in a random 
search. Naturally, such an increment of the objective 
function serves as an analogue of the first derivative – the 
rate of change of the objective function. 

To take these constraints into account when 
searching for solutions, we used special particle swarm 
optimization method for constrained optimization  
problems [38–40]. To take these binary preference 
relations into account when searching for solutions, we 
used special evolutionary algorithms for multiobjective 
optimizations [45, 46]. 

Simulation results. The real magnetic signature of 
naval vessels and submarines are a secret [45–48]. That’s 
why as an example, consider modeling the magnetic 
signature of an extended energy-saturated object with the 
following initial data [6]. The sources of the magnetic field 
are 16 dipoles located at points with coordinates x = 39 m 
and 13 m with y = 4 m and z = 3.5 m. These dipoles 
have different values of the magnetic moment 
components Mx, My and Mz along the three axes of the 
rectangular coordinate system. 

The magnetic field levels were calculated in the interval 
x = –100 m and x = +100 m for three values y = 0 and 
y = 20 m. Thus, three components of the magnetic field 
strength were calculated at 303 points, so that the total number 

measurements amounted to 909. In this case, calculations were 
performed for two values z = 19 m and z = 60 m. 

In the example under consideration, the object is 
elongated along the X coordinate, which corresponds to 
the real location of the rectangular coordinate system axes 
of the object in question. However, formulas (2), (3) for 
calculating the magnetic field in an elongated spheroidal 
system are given for the case when the object is elongated 
along the Z coordinate. 

Let us consider the model in the form of one magnetic 
field source located at the beginning of the coordinates. The 
accuracy of approximation of the magnetic field of an 
elongated object depends on the number of harmonics taken 
into account in the magnetic field model. 

Let us first consider the approximation in the form of one 
first harmonic. During the optimization process, the value of 
the parameter c = 58.03 and the magnitude of the first 

harmonic 0
1c  = –1.75586, 1

1c  = –0.226512, 1
1s  = –0.440788 

calculated. 
Figure 1 shows magnetic signature projections taking 

into account only one first harmonic, for three coordinates 
of the a) Y = –20 m, Z = 19 m; b) Y = 0, Z = 19 m and 
c) Y = 20 m, Z = 19 m. Note that the components of the 
magnetic field change most strongly for the passage 
characteristic at the center of the technical object with 
coordinates Y = 0, Z = 19 m. 
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Fig. 1. Magnetic signature projections taking into account only 

one first harmonic of a real object (solid lines) 
and models (dashed lines) 
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Let us consider the approximation in the form of five 
harmonic. During the optimization process, the value of the 
parameter c = 36.5236 and the magnitude of the five harmonic  

0
1c  = –1.17987, 1

1c  = –0.524211, 1
1s  = –1.28567; 

0
2c  = 7.0228, 1

2c  = 2.34334, 2
2c  = –0.0767858, 1

2s  = –3.32643, 
2
2s  = –0.0375657; 
0
3c  = –64.5892, 1

3c  = –3.96332, 2
3c  = –0.195524, 

3
3c  = –0.000181004, 1

3s  = –4.36204, 2
3s  = –0.0730327, 

3
3s  = 0.00376364; 
0
4c  = –112.13, 1

4c  = 3.10697, 2
4c  = –0.0777715, 

3
4c  = –0.00120079, 4

4c  = 0.0000413822,  
1
4s  = 7.89786, 2

4s  = 0.0941992, 3
4s  = 0.00197418, 

4
4s  = –0.0000144349; 
0
5c  = 75.3116, 1

5c  = –0.894198, 2
5c  = 0.0634926, 

3
5c  = 0.000540308, 4

5c  = 3.4984910–6, 5
5c  = –7.3174810–8, 

1
5s  = 3.46386, 2

5s  = –0.0377943, 3
5s  = 0.000859992, 

4
5s  = 6.0194810–6, 5

5s  = –9.3968910–8 calculated. 
Figure 2 shows magnetic signature projections 

taking into account five harmonic, for three coordinates of 
the magnetic field passage sections: a) Y = –20 m, 
Z = 19 m; b) Y = 0, Z = 19 m and c) Y = 20 m, Z = 19 m. 
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Fig. 2. Magnetic signature projections taking into account five 

harmonic of a real object (solid lines) and models (dashed lines) 

Naturally, that when taking into account the five 
harmonics shown in Fig. 2 accuracy of the magnetic field 
prediction is significantly higher than when taking into 
account only one first harmonic, shown in Fig. 1. 

A further increase in accuracy can be achieved both 
by increasing the number of harmonics taken into account 
and by increasing the number of magnetic field sources. 

Moreover, the coordinates of these sources also need 
to be calculated in the form of a solution to the 
optimization problem. 

Thus, in the example under consideration, the initial 
magnetic field of the technical object generated in the 
form of 16 dipoles located in the space of a technical 
object. Using these 16 dipoles, the «measured» magnetic 
field was calculated at 303 points in the near zone of a 
technical object. 

Based on developed method for these 909 values of 
the «measured» magnetic field in the near zone predictive 
model designed in the form of one elongated magnetic 
field source with five spatial spheroidal elongated 
harmonics. Based on this developed prediction model the 
magnetic field of a technical object in the far zone 
calculated in an elongated spheroidal coordinate system to 
fulfill the technical requirements that apply to the level of 
the external magnetic field of a technical object. 

Conclusions. 
1. The method for prediction by extended technical 

objects magnetic silencing based on spatial prolate 
spheroidal harmonics magnetic field model in the prolate 
spheroidal coordinate system with consideration of 
magnetic characteristics uncertainty developed. 

2. Prediction extended technical objects magnetic 
silencing calculated as solution of geometric inverse 
magnetostatics problems in the form of nonlinear 
minimax optimization problem based on near field 
measurements for prediction far extended technical 
objects magnetic field magnitude. Nonlinear objective 
function calculated as the weighted sum of squared 
residuals between the measured and predicted magnetic 
field COMSOL Multiphysics software package used. 
Solutions of this nonlinear minimax optimization 
problems calculated based on particle swarm nonlinear 
optimization algorithms. 

3. The developed method used to design of prediction 
extended technical objects magnetic silencing based on 
the spatial prolate spheroidal harmonics of the magnetic 
field model in the prolate spheroidal coordinate system 
with consideration of extended technical objects magnetic 
characteristics uncertainty. A further increase in accuracy 
can be achieved both by increasing the number of 
harmonics taken into account and by increasing the 
number of magnetic field sources. 

4. Obtained prediction model based on experimentally 
measured magnetic field in the near zone will be used to 
calculate the magnetic field in the far zone and to solve 
the control problem by extended technical objects 
magnetic silencing in the prolate spheroidal coordinate 
system of monitoring magnetic silence. 
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Analytical relations for fields and currents in magnetic-pulsed «expansion» 
of tubular conductors of small diameter 
 

Introduction. This work was initiated by the problems of cardiovascular diseases, which are one of the main causes of mortality of the 
population of our planet. More than ten years ago, in 2012, approximately 3.7 million people died of acute coronary syndrome worldwide. 
The fight against such pathologies is carried out with the help of so-called stents, the manufacture of which can be carried out by the method 
of magnetic pulse «expansion» from hollow metal cylinders. The limited production possibilities of magnetic pulse «expansion» were caused 
by the minimum cross-sectional size of the inductor-instrument, which can be practically manufactured. Other tools are required to perform 
this operation. Novelty. A system of magnetic-pulse expansion of thin-walled pipes of small diameter with an inductor that excites an 
azimuthal electromagnetic field in the case of direct current passing through the processing object and in the absence of its connection in an 
electric circuit with an inductor is proposed. Purpose. The main analytical dependencies for the characteristics of the electromagnetic 
processes taking place in the inductor systems for the expansion of cylindrical conductive pipes of small diameter when direct passage of 
current through the processed object and when it is not connected to an electric circuit with an inductor (insulated billet) is derived. 
Methods. The solution of the boundary value problem with given boundary conditions was carried out by applying Laplace transforms and 
integrating Maxwell’s equations. Results. Analytical expressions were obtained for the main characteristics of the processes: the intensities 
of the excited electromagnetic fields and currents in the system depending on the parameters of the studied systems. The analysis of possible 
technical schemes for solving the given problem indicated the choice of the optimal variant of an effective system of magnetic-pulse 
«stretching» of thin-walled cylindrical conductors of small diameter. Practical value. Based on the qualitative analysis of the obtained 
results, recommendations for the practical implementation of the proposed system were formulated. The obtained dependences allow us to 
give numerical estimates of the effectiveness of excitation of magnetic pressure forces on the object of processing and to choose directions 
for further improvement of the magnetic pulse technology for solving such problems. References 23, figures 2. 
Key words: pulsed electromagnetic fields, cylindrical conductors of small diameter, solution of a boundary value problem, 
Laplace transforms. 
 

Вступ. Ця робота була започаткована проблемами серцево-судинних захворювань, які є однією з основних причин смертності 
населення нашої планети. Вже більш десяти років тому, в 2012 році, від гострого коронарного синдрому в усьому світі померло 
приблизно 3,7 мільйона людей. Боротьба з такими патологіями ведеться за допомогою так званих стентів, виготовлення яких 
може здійснюватися методом магнітно-імпульсного «роздачі» порожнистих металевих циліндрів. Обмежені виробничі 
можливості магнітно-імпульсної «роздачі» обумовлювалися мінімальним поперечним розміром індуктора-інструмента, який 
практично можна виготовити. Для виконання цієї операції потрібні інші інструменти. Новизна. Запропоновано систему 
магнітно-імпульсного розширення тонкостінних труб малого діаметра з індуктором, який збуджує азимутальне 
електромагнітне поле, при прямому пропусканні струму через об’єкт обробки та при відсутності його підключення у електричне 
коло з індуктором. Мета. Одержано аналітичні вирази для основних характеристик процесів: напруженостей збуджуваних 
електромагнітних полів і струмів у системі в залежності від параметрів досліджуваних систем. Методи. Розв’язання крайової 
задачі із заданими граничними умовами проводилось при застосуванні перетворень Лапласа та інтегрування рівнянь Максвела. 
Результати. Отримано аналітичні вирази для основних характеристик процесів, що протікають: напруженості збуджуваних 
електромагнітних полів і струмів у системі. Аналіз можливих технічних схем вирішення поставленої задачі вказав на вибір 
оптимального варіанту ефективної системи магнітно-імпульсного «роздачі» тонкостінних циліндричних провідників малого 
діаметра. Практична цінність. На основі якісного аналізу отриманих результатів сформульовано рекомендації щодо 
практичного впровадження запропонованої системи. Отримані залежності дозволяють дати чисельні оцінки ефективності 
збудження сил магнітного тиску на об’єкт обробки та вибрати напрямки подальшого вдосконалення магнітно-імпульсної 
технології для вирішення таких задач. Бібл. 23, рис. 2. 
Ключові слова: імпульсні електромагнітні поля, циліндричні провідники малого діаметра, розв’язання крайової 
задачі, перетворення Лапласа. 
 

Introduction. The relevance of this work is 
determined by many factors, but the first and most 
significant among them is medicine. So, at present, 
cardiovascular diseases are one of the main causes of 
mortality of the population of our planet. 

For the work of the cardiovascular system, a large 
amount of oxygen is needed, for the delivery of which the 
branched system of the coronary arteries is responsible. 
Pathological changes in the state of blood vessels, and 
primarily their narrowing, are one of the main causes of 
impaired oxygen-rich blood supply and invariably lead to 
the development of serious and even fatal cardiovascular 
diseases. The fight against these pathologies is carried out 
by various methods, among which the so-called stenting 
is particularly effective [1]. 

Stenting is a medical minimally invasive surgical 
intervention to install a stent (a special metal frame that is 
placed in the lumen of hollow organs and vessels) and 
provides expansion of the area of the cardiovascular 
system, which was narrowed by the pathological process. 

The history of development of stents began in the 
late 1970s. But only in the early 1990s, the effectiveness 

of the stenting method was proven to restore the patency 
of the coronary artery and keep it in a new state [2, 3]. 

Stents fabrication is a precision and very expensive 
technology involving the processing of thin-walled 
tubular metals [4, 5]. Without dwelling on a detailed 
criticism of the known methods of manufacturing stents, 
one can point to the possibility of stamping frameworks 
from hollow cylindrical conductors using Magnetic Pulse 
Metal Processing (MPMP, in the west terminology this is 
Electromagnetic Metal Forming, EMF) methods. Such a 
non-contact production operation, the so-called 
«expansion», was successfully tested when processing 
massive tubular billets with large transverse dimensions 
in the mode of high-frequency act fields [6, 7]. 

It should be noted that during magnetic pulse 
processing of tubular parts, all their parameters are set and 
all factors that can affect the accuracy of part processing 
are taken into account [8–10]. 

The tools of the method (as a rule, single-turn or multi-
turn solenoids), also, as in the case of flat stamping [11, 12], 
were located in the zone subject to deformation [13–15]. 
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As for the processing of thin-walled conductors, the most 
successful was the production operations to eliminate dents 
in the low-frequency mode of excited fields, which ensured 
the attraction of specified damaged areas on the sheet metal’s 
surface [16, 17]. 

Returning to the magnetic-pulse «expansion», it should 
be noted that its limitations were established by the 
minimum transverse dimension of the tool that can be 
practically made [11, 18]. Nevertheless, if we ignore the 
traditional approaches and methods of implementing the 
method, then the magnetic-pulse «expansion» of hollow 
conducting cylinders, even of small diameter, seems feasible. 
But other tools are needed to perform this operation. 
Physically, their principle of operation should be based on 
the interaction of the azimuthal component of the magnetic 
field strength with the longitudinal current in the billet metal. 

The practical implementation of this proposal can be 
carried out according to two concepts shown in Fig. 1. 

 

a 
 

 

b  
Fig. 1. Principal diagrams of magnetic-pulsed «expansion» 

of a hollow cylindrical billet: 1 – inductor-current conductor; 
2 – tubular billet; 3 – matrix with holes 

 
Problem statement. In the system in Fig. 1,a, 

«expansion» is carried out by the field interaction forces 
with eddy currents induced in the billet metal. 

The difference between this scheme from the 
analogs known in MPMP is that: 

 the source of the magnetic field is a linear 
conductor, not a solenoid; 

 force pressure is excited by the azimuthal rather than 
the longitudinal component of the magnetic field strength 
(in traditional designs of inductor systems, the situation is 
reversed); 

 an additional conductor was introduced to ensure the 
closed circuit for the flow of induced current. 

In contrast to the first proposed scheme, the system 
in Fig. 1,b assumes the direct passage of current through 
the billet. In this case, there must be an electrodynamic 
interaction between the magnetic field of the current in 
the inner conductor and the total current (connected and 
induced) in the billet [19]. 

A priori, it is obvious that the second scheme is 
preferable to the first one from the point of view of energy 
and efficiency of the given technological operation. 

The absence of penetration of the magnetic field into 
the free space through the metal of the processed object is 
common to the proposed schemes. This means that the 
force acting on it should be maximal [11, 18, 19]. 

In fairness, it should be noted that similar technical 
solutions for the design of magnetic-pulse tools have 
already been described in the technical literature. Closest 
to the proposed method (Fig. 1,b) is a device for forming 
pipes of small diameter [20]. This system consists of two 
electrically conductive pipes isolated from each other and 
an internal mandrel – a matrix. The discharge current 
from the capacitor bank is directed through the outer pipe 
and taken back through the inner pipe. The resulting 
forces compress it towards the mandrel, which is melted 
after the operation. As a result, the inner tube takes the 
required shape of the matrix. Here there is no description 
of any conditions for the practical performance of the 
proposed device in the cited publication, although its 
effectiveness in the case of field penetration through the 
metal of the inner pipe is doubtful. 

It should be noted that from a mathematical point of 
view, both proposed systems (Fig. 1) require the solution 
of the same boundary value problem. The features 
inherent in each of these systems can be taken into 
account at the final stage of determining the 
characteristics of the ongoing electromagnetic processes. 

In the proposed system with the «direct passage of 
current», the object of processing is the outer tubular 
billet. The forces acting on it do not depend on the nature 
of the ongoing electromagnetic processes and, as already 
indicated, reach a maximum. 

Let us dwell on this design of the inductor system, a 
characteristic feature of which is the presence of an 
internal conductor connected in series with an external 
hollow cylinder. In the terminology familiar to magnetic-
pulse processing of metals, we will call the internal 
current conductor an inductor, a hollow cylinder – a 
tubular billet to be deformed according to the profile of 
the matrix. Since we were talking about stents, the holes 
in the matrix should ensure the punching of the 
corresponding holes in the tubular billet. 

In the future, the proposed system will be called an 
inductor system for the «expansion» of hollow thin-
walled metal cylinders of small diameter with «direct 
passage of current» through the billet. 

The purpose of this work is to derive the main 
analytical dependencies for the characteristics of the 
electromagnetic processes taking place in the inductor 
systems for the expansion of cylindrical conductive pipes 
of small diameter when direct passage of current through 
the processed object and when it is not connected to an 
electric circuit with an inductor (insulated billet).  

Fields and currents, analytical dependences. The 
geometry in the cross-section of the system in Fig. 1,b, 
obtained by a mental cut of a tubular billet with a central 
internal conductor, is shown in Fig. 2. 

Before proceeding to the formulation of the problem, 
we note the physical feature of the forthcoming 
consideration. We are talking about the influence of 
induction effects on the excited fields and currents in the 
system under consideration. In the simplest approach from 
the point of view of circuit theory, that is, in the neglect of 
inductive effects, the magnetic pressure forces are 
proportional to the square of external currents (from 
external power sources). But it is obvious that this 
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assumption significantly distorts the adequacy of the 
calculations and the characteristics of the processes studied 
with their help [19]. A priori, we can assume that the fields 
and currents in the system are always determined by the 
algebraic sum of external and excited components. 

 

Fig. 2. 
Calculation model of the 
system for magnetic-pulse 
expansion of a tubular billet of 
small diameter 
(cross section Fig. 1,b): 
1 – central internal conductor;
2 – conductive thin-walled 
tubular billet 

 
Let us formulate

assumptions that establish
the level of adequacy of
the accepted calculation
model and the real
inductor system: 

 The matrix is made of a dielectric, so there is free 
space outside the tubular billet. 

 A cylindrical coordinate system is acceptable, 
related to the considered cross-sectional configuration 
according to Fig. 2. 

The system has a sufficiently large length in the 
longitudinal direction (perpendicular to the plane of the 
drawing) and azimuth symmetry, so that 

0  . 

 In the metal of the internal current conductor (this is 
the inductor) and the external tubular billet I(t) current 
flows, the time parameters of which are such that the 
ongoing electromagnetic processes can be considered 
quasi-stationary and 

12,1 сR , 

where ω is the cyclic frequency of the acting field; 
с is the velocity of light in vacuum. 

 The billet being processed is rather thin-walled, so that 
1 , 

where τ = μ0 γ d
 2 is the characteristic diffusion time of the 

field into a conductive layer with specific electrical 
conductivity γ; d = R2 – R1 is the thickness of the layer; 
μ0 is the magnetic table. 

 According to the longitudinal geometry of the 
system under study (Fig. 1,b), the currents in the 
conductor – the inductor and the tubular billet are equal in 
magnitude, but oppositely directed. 

 An electromagnetic field is being excited with non-
zero components Ez(r, t)  0 and H(r, t)  0. 

Maxwell’s equations for the Laplace-transformed 
non-trivial components of the electromagnetic field vector 
in the metal of the processed tubular billet are written in 
the form [18, 21]: 
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where p is parameter of the Laplace transformation; 
jz(p,r) is the density of the external current: 
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where f(r) is the function of the distribution of the 
thickness of the pipe. 

Within the accepted assumption about its thin walls 
we have 
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Ez(p, r) = L{Ez(t, r)}, Hφ(p, r) = L{Hφ(t, r)},  
where I(p) = L{I(t)} are L-images of the electrical and 
magnetic field intensities, as well the currents in the 
tubular billet metal. 

System (1) is reduced to an inhomogeneous 
differential equation for the longitudinal component of the 
electric field [22]: 
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where k(p) =   0p  is a wave number in the billet metal. 

In accordance with the statement of the problem 
under consideration in the inductor and billet, the currents 
are equal in magnitude but directed oppositely. From here, 
the boundary conditions for the excited azimuthal 
component of the magnetic field intensity will be as follow: 

а) on the external side of the tube: 
  0, 2  RrpH ;                         (3) 

b) on the inner wall of the tube: 
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The general integral of the inhomogeneous equation 
(2) can be found using the method of variation of arbitrary 
constants [22, 23]: 

           rpkKrpCrpkIrpCrpE 0201 ,,,  ,  (5) 
where I0(k(p)r), K0(k(p)r) are the modified zero-order 
Bessel functions; C1,2(p,r) are unknown functions 
involving arbitrary integration constants. 

According to the accepted method for variables 
r[R1, R2] we write down the system of equations for 
unknown functions C1,2(p,r) [22]: 
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We shall find from the first equation of the 
differential system (6), that 
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 .              (7) 

We substitute expression (7) into the second 
equation of system (6). After the necessary identical 
transformations, we obtain, that 

      rpkKrpjp
r

rpC
00

1

d

,d
  .              (8) 

Integrating (8), we can find unknown function C1(p, r): 

        pCrpkKrppjrpC 1101 ,   ,     (9) 

where K1(k(p)r) is the modified first order Bessel 
function; C1(p) is an arbitrary constant of integration. 

We substitute the derivative from (8) into expression 
(7). After integration and identical transformations, we 
obtain a formula for the second unknown function C2(p, r): 
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        pCrpkIrppjrpC 2102 ,   ,    (10) 

where I1(k(p)r) is the modified first order Bessel function; 
C2(p) is an arbitrary constant of integration. 

Let us substitute dependences (9), (10) into the 
general integral (5). We get that 

           
  ,

,

10

0201

Brppj

rpkKpCrpkIpCrpEz






    (11) 

where B1 is defined in the form: 
           rpkKrpkIrpkIrpkKB 01011  . 

The expression for the electric field intensity (11) 
should be substituted into the first equation of system (1). As 
a result, we find the magnetic field intensity in the tube metal 

         rpkIrpkrKpjBprpH 1120 2,   , (12) 

where B2 is defined in the form: 
         rpkKpCrpkIpCB 12112  . 

From the given boundary conditions, one can 
determine unknown arbitrary constants in (12). However, 
finding them in general requires very cumbersome 
mathematical transformations. This operation can be 
somewhat simplified if, according to the accepted 
formulation of the problem, an additional condition is 

introduced according to which   12,1 Rpk  [13, 18]. 
Actually, this mathematical assumption determines 

the temporal characteristics of the mode of force impact 
on the processing object, that is, the frequency range of 
the active fields. 

Let us write down this condition and obtain a 
quantitative estimate of its fulfillment: 

  11 2,102,1  RRpk   

and obtain a quantitative estimate of its fulfillment 

2
2,102

1

R
f





.                         (13) 

Thus, inequality (13) determines the range of 
operating frequencies, the value of which is acceptable in 
subsequent numerical estimates. It should be noted that, 
as shown by the authors of the scientific publication [13], 
at R1,2 → d (practically corresponds to the ultra-small 
transverse size of the system), this inequality will 
simultaneously be the condition for the «transparency» of 
the processed metal for excited electromagnetic fields. 

When (13) is fulfilled, expression (12) takes the form: 
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 .   (14) 

Now let us determine the unknown constants –
C1,2(p). 

With help of (3) and (14) we shall find, that 
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We substitute expression (15) into (14), after which 
we use the second boundary condition from (4). We get: 
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We substitute formulas (15) and (16) into (14). We 
obtain an analytical dependence for the strength of the 
magnetic field excited in the metal of a thin-walled 
tubular billet 
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Next, we find the strength of the excited electric 
field. The fulfillment of constraint (13) allows us to pass 
in (11) from modified Bessel functions to their 
representations in the neighborhood of zero [22, 23]. 

A further estimate of 
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sufficiently small of the second order and significantly 
simplifies the formula (11). In the result obtained, one should 
introduce expressions for arbitrary constants C1(p) and C2(p).  

After the transition to the space of originals, we find 
the strength of the excited electric field [22]: 
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Multiplying expression (18) by the electrical 
conductivity of the metal of the tubular billet, we obtain a 
formula for the density of the induced current: 
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System with «direct passage of current» through the 
processed billet. Summing up the density of external and 
induced currents, in accordance with the right side of the 
second Maxwell equation from the system (1), we find the 
integral current in the metal of the tubular billet 
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
.                  (20) 

Thus, the obtained expressions (17), (18) and (20) 
represent the characteristics of electromagnetic processes 
in the system with «direct passage of current» through the 
deformation object (Fig. 1,b). 

A system with a billet that is isolated from inductor. 
There is no extraneous current in the tubular billet 

without its electrical connection to the inductor (Fig. 1,a). 
With the excited magnetic field – (17) no longer the 

total, but only the induced signal – formula (19) will interact. 
In this case, the set of analytical expressions (17) – (19) will 
already describe electromagnetic processes in a structure 
with an electrically isolated object of deformation. 

A comparative assessment of the effectiveness and 
efficiency of the proposed systems is interesting from a 
practical point of view. From this point of view, it is 
expedient to obtain appropriate ratios. 

With the help of expressions (19), (20), we write the 
formulas for the density of electrodynamic forces 
(pondermotive forces per unit volume [22]) on the inner 
surface of the billets in various designs of the proposed 
systems and the density ratio of the currents excited in them: 
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(21) 

where fs is the density of electrodynamic forces during the 
direct passage of current through the processing object; 
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fi is the density of electrodynamic forces in the case of an 
isolated tubular billet; j0(t) ≈ I(t)/2πR1d is the current density 
in the billet without taking into account induction effects. 

Let us analyze the got results. 
 When r → R1 the intensity of the excited magnetic 

field is: 
 

12 R

tI
H




 , 

what corresponds to the law of total current and is 
evidence of the reliability of the formula (17) [21]. 

 The densities of excited electrodynamic forces 
depend significantly on the induction effects in both 
proposed systems (fs,i in (21)). 

 The current densities in the treated objects are 
proportional to the proportionality factor determined by 
the geometry of each of the proposed systems (ji,s in (21)). 

Conclusions. 
1. Magnetic pulse systems was proposed for 

distributing hollow thin-walled metal cylinders of small 
diameter both with direct current passing through the 
object of deformation and without connecting the latter to 
the electric circuit of the inductor. 

2. On the basis of a well-founded physical and 
mathematical model, the main analytical dependencies for 
the characteristics of electromagnetic processes occurring 
in the proposed systems were found. 

3. The reliability of the found results was shown with 
the help of boundary transitions. 

4. The significant dependence of excited 
electrodynamic forces on induction effects in both 
proposed systems was shown. 

Conflict of interest. The authors declare no conflict 
of interest. 
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Спектральний та оптикометричний методи контролю параметрів плазмових каналів, 
спричинених розрядними струмами між гранулами металів у робочих рідинах 
 

Обґрунтовано актуальність та доцільність розроблення та застосування оптичних методів контролю параметрів плаз-
мових каналів у шарах металевих гранул під час їх іскро- та плазмоерозійного оброблення з метою підвищення точності 
керування процесами і якості продукції, яка отримується. Розроблено оптикометричний метод визначення відношення 
об’ємів кольорових ореолів, імовірно спричинених стримерами, та іскрових ядер плазмових каналів між гранулами металів 
у робочій рідині, який не потребує спеціалізованого спектрометричного обладнання, а базується на використанні апарат-
них засобів загального призначення та спеціалізованого програмного забезпечення, яке є у вільному доступі. Даним мето-
дом проведено аналіз відношення об’ємів кольорових ореолів та іскрових ядер плазмових каналів між гранулами Al та Ag у 
дистильованій воді, що дало додаткову інформацію для прогнозів співвідношення нано- та мікророзмірних фракцій ерозій-
них частинок металів на етапі їх формування. Проведено аналіз спектрів випромінювання кольорових ореолів плазмових 
каналів у дистильованій воді між гранулами Al, Ag, Fe та Cu, а також Ni-Mn-Ga та Ti-Zr-Ni у рідкому азоті і Ti-Zr-Ni у 
рідкому аргоні. Обґрунтовано і узагальнено відтінки результуючого випромінювання у цих випадках та наведено їх опис за 
RGB-кодами. Обґрунтовано можливість спрощення спектрометричного методу аналізу плазми та оточуючої її парогазо-
вої фази у шарах металевих гранул за аналізом відтінку результуючого випромінювання, який базується на отриманих 
раніше спектрометричних даних. Бібл. 56, табл. 1, рис. 4. 
Ключові слова: розрядний струм, плазмові канали, металеві гранули, оптичний спектр випромінювання. 
 

Сучасний стан досліджень, постановка та акту-
альність задачі. Іскро- та плазмоерозійне оброблення 
шарів металевих гранул (ШМГ) в робочих рідинах з 
відносно низькою питомою електропровідністю є осно-
вою чотирьох груп технологічних процесів. Перша – 
виробництво мікродисперсних порошків металів і спла-
вів із спеціальними властивостями: тугоплавких і жаро-
міцних, з магнітною [1] і температурною [2] пам’яттю 
форми, з аморфною [3] та аморфно-кристалічною струк-
турою [4], з гігантським магніторезистивним ефектом 
[5], магнітом’яких [6], сорбуючих водень [7], твердих 
[8], корозійно стійких [9] та ін. [10, 11]. Друга – іскрове 
плазмове або електророзрядне спікання під тиском мікро-
розмірних порошків металів і сплавів в композитах, кера-
міках та інших гетерогенних середовищах [12]. Третя – 
виробництво гідроксидів утворюючих коагулянт металів 
(Al та Fe) для очищення, в тому числі для потреб теплової 
енергетики, [13] і знезараження [14] природних вод та 
промислових скидів. Четверта – виробництво стійких до 
седиментації нанодисперсних гідрозолей біологічно акти-
вних металів (Ag, Cu, Zn, Fe, Mg, Mn, Mo, Co) [15, 16] для 
застосування у рослинництві [17] і тваринництві [18]. 

Процес відбувається наступним чином. Внаслідок 
підведення від генератора розрядних імпульсів електри-
чної енергії до зануреного в робочу рідину ШМГ в ньо-
му починає протікати струм. Умови в контактах між 
гранулами швидко та певною мірою стохастично змі-
нюються навіть протягом одного розрядного імпульсу, 
що призводить до розгалуження і міграції каналів проті-
кання струму у ШМГ, напрямок яких визначається най-
меншим електричним опором кола, а не найкоротшою 
відстанню між електродами. У ШМГ, як правило, одно-
часно існують декілька паралельних шляхів протікання 
струму від одного електрода до іншого. 

За умов низьких значень амплітуди імпульсів ро-
зрядної напруги (до 40 В) плазмові канали між пове-
рхнями гранул не виникають. У цьому випадку струм 
між гранулами протікає через робочу рідину, яка ха-
рактеризується низькою іонною провідністю, або 
через омічні контакти з низьким опором між гранула-
ми, що відбувається рідше. При подальшому підви-
щенні амплітуди імпульсів напруги між деякими па-
рами гранул починають утворюватись спочатку стри-
мерні, а згодом і іскрові канали. 

Подальше підвищення напруги розрядних імпуль-
сів призводить до збільшення кількості як послідовно, 
так і паралельно включених плазмових каналів у ШМГ. 
При усередненій амплітуді імпульсів напруги більше 
36 В на кожний послідовно включений контакт між 
гранулами, плазмові канали виникають в напрямку від 
електрода до електрода у всьому ШМГ. У робочих ре-
жимах зазвичай амплітуда імпульсів напруги в серед-
ньому не перевищує 20 В на кожний послідовно вклю-
чений контакт. Тривалість імпульсів складає від оди-
ниць до десятків мікросекунд, а середня за цей час по-
тужність – від десятків до сотень кіловат. 

В залежності від низки умов [19], частина стриме-
рних каналів еволюціонує у іскрові, а решта зупиняєть-
ся на передіскрових стадіях стримера або лідера [20]. 
Однією з суттєвих відмінностей стримерно-лідерних 
каналів від іскрових є на порядки менші значення енер-
гії, яка в них виділяється [20, 21]. Як наслідок, ерозійні 
частинки металів, що утворюються в результаті дії 
стримерів або лідерів найчастіше мають розміри від 
десятків до сотень нанометрів [16], а ті, що утворю-
ються в результаті дії іскор – від одиниць до десятків 
мікрометрів [10]. Примусове обмеження еволюції бі-
льшості плазмових каналів передіскровими стадіями за 
допомогою спеціальних заходів [15, 16, 22] дозволило 
на базі більш ранніх іскроерозійних технологій створи-
ти нові – плазмоерозійні, зокрема, третьої та четвертої 
груп. Їхні енерго- та матеріалоефективність багато в 
чому залежать від співвідношення стримерно-лідерних 
та іскрових каналів у ШМГ. 

Дотепер у більшості випадків це співвідношення 
контролювалось опосередковано вимірюванням амплі-
туди і тривалості імпульсів розрядного струму в усьо-
му ШМГ [22], який є сумою всіх розгалужень розряд-
них струмів у проміжку між електродами. Але даний 
метод не враховує зміни протягом розрядного імпульсу 
кількості плазмових каналів у ШМГ і площини їхніх 
поперечних перерізів, внаслідок чого не дає вичерпної 
інформації щодо густини струму в них. Тому він недо-
статній для контролю зазначеного вище співвідношен-
ня. Додатково використовується візуальне спостере-
ження плазмових каналів оператором процесу без ви-
користання спеціальних приладів, але воно носить 
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суб’єктивний характер і не є достатньо точним. Отже, 
нагальною і важливою задачею є пошук об’єктивних і 
достатньо точних методів контролю співвідношення 
стримерно-лідерних та іскрових каналів у ШМГ. 

Метою статті є розроблення методу об’єктивного 
оптичного визначення об’ємів стримерно-лідерних та 
іскрових складових плазмових каналів у ШМГ під час 
їх іскро- та плазмоерозійного оброблення, відношення 
цих об’ємів, а також спрощення методу спектрометри-
чного дослідження елементного складу оточуючої 
плазмовий канал парогазової фази та робочої рідини та 
домішок в ній для деяких металів і робочих рідин шля-
хом аналізу результуючого відтінку випромінювання. 
Ці методи є новими при оперативному контролі елект-
ротехнологічних процесів іскро- та плазмоерозійного 
оброблення ШМГ і дозволяють більш точно прогнозу-
вати гранулометричний і хімічний склади ерозійних 
частинок ще на етапі їх отримання. Розроблення зако-
нів регулювання розподілів ерозійних частинок за роз-
мірами з використанням результатів аналізу зазначених 
об’ємів елементів плазмових каналів та їх відношення 
у якості інформаційних параметрів, а параметрів роз-
рядних імпульсів у якості керуючих, та створення сис-
тем автоматичного регулювання з їх залученням до-
зволить у майбутньому підвищити точність керування 
властивостями ерозійних частинок. 

Методика експериментів, обладнання, режи-
ми і матеріали. Об’єктами досліджень були плазмові 
канали у занурених у дистильовану воду шарах гра-
нул алюмінію та срібла. Експерименти проводились 
на лабораторній установці іскро- та плазмоерозійного 
оброблення ШМГ, функціональну схему якої пред-
ставлено на рис. 1. До складу установки входили: 
тиристорний генератор розрядних імпульсів 
(Discharge pulse generator, позначено DPG). блок ке-
рування генератором (Control unit, CU), розрядна 
камера (РК) із зануреним у робочу рідину ШМГ 
(Discharge chamber, DCham), вібраційний стіл 
(Vibration bench, VB), на якому вона знаходилась, 
запам’ятовуючий осцилограф С8-17 (Oscilloscope, 
Osc), подільник напруги 1:10 (Voltage probe, VProbe), 
високочастотний вимірювальний трансформатор 
струму (Current probe, CProbe), веб-камера (Webcam, 
WCam), підключена до персонального комп’ютеру 
(Personal computer, PC). 

 
Рис. 1. Функціональна схема лабораторної установки 

 

Генератор живився від однофазної мережі напру-
гою 220 В частотою 50 Гц (220V). Напруга мережі 

випрямлялась, регулювалась та стабілізувалась керо-
ваним тиристорно-діодним випрямлячем (Controlled 
rectifier, CR) та фільтрувалась від змінної складової 
конденсатором C1. 

Робочий конденсатор C заряджався до майже по-
двійної напруги конденсатора фільтру C1 по команді 
блока керування генератором через зарядний контур з 
добротністю більше 20, до якого входили тиристор 
VS1 та дросель L1. Напруга заряду робочого конденса-
тора С, ємність якого в наших дослідах була 100 мкФ, 
регулювалась за рахунок регулювання напруги на 
конденсаторі фільтру С1. Після закінчення процесу 
зряду та закриття тиристора VS1 природнім шляхом, 
за наступною командою блока керування відкривався 
розрядний тиристор VS2. Напруга робочого конден-
сатора через VS2 та з’єднувальний кабель індуктивні-
стю L, яка в наших дослідах була 2 мкГн, приклада-
лась до розрядної камери, де спричиняла виникнення 
плазмових каналів у ШМГ. Після закінчення розряду, 
за командами блока керування починався заряд на-
ступного циклу слідування імпульсів. 

Розрядний струм майже завжди був аперіодич-
ним. Через стохастичне зменшення еквівалентного 
електричного опору ШМГ могли виникати коливальні 
розряди, але у наших дослідах вони майже не спосте-
рігались. Більш небезпечним для таких тиристорних 
генераторів (рис. 1) є стохастичне збільшення опору 
ШМГ, в результаті якого в ньому протікає струм, що 
незначно перевищує струм утримання розрядного 
тиристора VS2. Якщо тривалість процесу розряду в 
таких умовах перевищуватиме тривалість паузи між 
розрядним та зарядним імпульсами, то може виник-
нути ситуація, коли розрядний тиристор VS2 ще не 
закрився, а зарядний VS1 вже відкрився. Тобто може 
виникнути ситуація, коли всі тиристори будуть від-
криті тривалий час і у навантаження потрапить не 
тільки енергія конденсатора C, а і майже вся енергія 
конденсатора C1, а у найгіршому випадку ще і енергія 
мережі живлення, струм якої буде обмежений лише 
параметрами дроселя L1 та навантаження. 

Такі режими можуть викликати не тільки переван-
таження за струмом тиристорів генератора, а і сплав-
лення металевих гранул в РК між собою, що унемож-
ливить подальший процес їхнього оброблення. Для 
запобігання цим режимам паралельно навантаженню 
підключено резистивний шунт RS на рис. 1. У наших 
дослідах його опір становив 3 Ом, що забезпечувало 
майже повний розряд робочого конденсатора C і за-
криття тиристора VS2 природнім шляхом до приходу 
наступного зарядного імпульсу, незважаючи на стохас-
тичні збільшення опору ШМГ. Частота слідування 
імпульсів у цих експериментах становила 50 Гц. 

Більш детально роботу лабораторного обладнан-
ня іскро- та плазмоерозійного оброблення ШМГ, на 
якому проводились експерименти з гранулами алюмі-
нію описано у [23], а з гранулами срібла – у [16]. Гра-
нули алюмінію марки А7Е були квазікульової форми 
діаметром 4 мм, а їхня поверхня попередньо пройш-
ла іскрову електроерозійну обробку. Відстань між 
вертикальними алюмінієвими електродами марки 
АД0 у розрядній камері №1 складала 52 мм. Висота 
ШМГ – 30 мм, ширина – 22 мм. Проток води у цьому 
випадку був направлений знизу догори і складав 
12 мл/с, що забезпечувало стабільність процесу і ви-
ніс ерозійних частинок з активної зони РК. До ШМГ 
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застосовувалась примусова вібраційна активація [15] із 
частотою 90 Гц. Оскільки еквівалентний електричний 
опір ШМГ швидко змінюється навіть протягом одного 
розрядного імпульсу, а тим більше від імпульсу до 
імпульсу [24], то амплітудні значення напруги на ШМГ 
та струму в ньому, а також сумарна тривалість мод 
розрядних імпульсів помітно змінювались, і говорити 
можна лише про приблизні усереднені значення цих 
параметрів. Для ШМГ алюмінію вони становили 220 В, 
180 А та 100 мкс відповідно. 

Шматочки срібла проби 999 були неправильної 
форми. Вони відкушувались гострозубцями з листа 
товщиною 3 мм так, щоб розмір сторін був від 3 до 7 мм. 
Їхня поверхня була попередньо оброблена іскровою 
ерозією. Висота їх шару у РК №2 з вертикальними сріб-
ними електродами складала 6 мм, ширина 120 мм, а від-
стань між електродами – 60 мм. Проток води у цій серії 
експериментів був відсутній. Частота примусової вібра-
ційної активації ШМГ у цьому випадку складала 40 Гц. 
Усереднені значення тривалості імпульсів становили 30 
мкс, амплітуди їхньої напруги 130 В, а струму 120 А. 

За відсутності складного коштовного спеціалізо-
ваного і не дуже поширеного оптичного обладнання, 
такого як монохроматор (наприклад МДР-2), фото-
електронний помножувач (наприклад ФЭУ-106), шви-
дкодіючий аналого-цифровий перетворювач та ін. 
[25], оптичні дослідження проводились з використан-
ням звичайної побутової веб-камери (WCam на рис. 1) 
з посередніми характеристиками (матриця 640 на 480 
пікселів). Отримані за її допомогою зображення проє-
кцій стримерно-лідерних та іскрових каналів за-
пам’ятовувались на ПК (PC на рис. 1), а потім аналі-
зувались за допомогою спеціалізованої програми 
ToupView фірми ToupTek [26], яка є у вільному до-
ступі і призначена для роботи з цифровими оптични-
ми камерами мікроскопів і телескопів. Програма має 
широкий функціонал і, що важливо для наших дослі-
джень, дозволяє збільшувати зображення до 1600 %, 
апроксимувати зображення об’єктів низкою геомет-
ричних фігур, параметри яких можна налаштовувати, 
а також вимірювати і розраховувати такі їхні показ-
ники як площа, периметр, довжина осей та ін. [27]. В 
останній на момент написання статті версії програми 
ToupView 4.11.19728 від 22.10.2021 р. присутня опція 
побудови еліпсів за трьома точками, яка є дуже зруч-
ною і дозволяє швидко і достатньо точно апроксиму-
вати елементи зображення. Програма автоматично 
вимірює довжину їхніх осей, за якими потім розрахо-
вувалися значення об’ємів відповідних еліпсоїдів обер-
тання, якими апроксимувались області з кольоровим 
випромінюванням та іскрові канали білого кольору. 

Спектральний аналіз стримерно-лідерних та 
іскрових каналів між гранулами алюмінію у воді. 
Фотографію плазмових каналів між поверхнями зану-
рених у дистильовану воду гранул алюмінію в РК №1 
у темряві (для збільшення контрасту зображення) 
представлено на рис. 2. 

Як бачимо, переважна більшість каналів має яд-
ро білого кольору і кольоровий ореол, у даному випа-
дку, синьо-фіолетовий. Одним із якісних критеріїв 
відмінності іскрових каналів від стримерних та лідер-
них є суцільний спектр їхнього випромінювання біло-
го кольору. Саме такий спектр випромінювання зумо-
влений високими температурою (порядку 10000 К) і 
тиском (порядку 100 МПа) в іскрових каналах в таких 
процесах, про що пишуть дослідники [6]. 

 
Рис. 2. Плазмові канали у шарі гранул алюмінію 

 
Температура стримерно-лідерних каналів і тиск у 

них на порядки менші. Основна частина їх випроміню-
вання спричинена переходами електронів у збуджених 
атомах на нижчі орбіталі, що зумовлює лінійчатий ко-
льоровий спектр. Це дозволяє проводити спектральний 
аналіз хімічного складу збуджених атомів у таких кана-
лах та поблизу них і робити припущення щодо хімічних 
реакцій, які можуть протікати в таких умовах. 

Виникнення ореолу з кольоровим випроміню-
ванням може відбуватися за трьома основними меха-
нізмами. Згідно з першим, джерелом збудження елек-
тронів атомів парогазової або рідкої фази речовин, які 
оточують іскрові ядра, може бути ультрафіолетове 
випромінювання іскрового ядра. Тобто, випроміню-
вання ореолу є вторинним, індукованим внаслідок 
більш високоенергетичного випромінювання ядра 
[28]. На користь цього механізму свідчать наступні 
факти: 1) майже всі ореоли мають іскрове ядро і май-
же всі іскрові ядра оточені кольоровими ореолами; 2) 
у переважній більшості випадків ореоли розташовані 
навколо іскрових ядер квазірівномірно з усіх боків. 

Згідно з другим механізмом, причиною збуджен-
ня атомів навколо іскрового ядра є їхні зіткнення з 
швидкими електронами та іонами у стримерно-
лідерних лавинах [29]. Навіть у гомогенному газово-
му діелектрику стримери і лідери розповсюджуються 
зигзагоподібним шляхом, який забезпечує найменше 
падіння електричної напруги на ньому [30]. Такий 
шлях розповсюдження електронних та іонних лавин 
стримерів і лідерів тим більше характерний для гете-
рогенних діелектриків. Допоки один з лідерів не ево-
люціонує у іскровий канал, вони можуть багаторазово 
виникати, змінювати положення у просторі та навіть 
зникати за відносно великий проміжок часу (порядку 
30 мс), протягом якого повільна цифрова камера по-
бутового призначення фіксує кадр. Завдяки міграції та 
розгалуженості стримерів і лідерів, об’єм, який вони 
пронизують за цей час, як правило, більший об’єму 
іскрового каналу. На користь цього механізму свід-
чить той факт, що не спостерігається строгої просто-
рової симетрії ореолу відносно ядра. 

Згідно з третім механізмом, іонізація атомів відбу-
вається у електричному полі високої напруженості, 
особливо поблизу ерозійних частинок металів у робочій 
рідині, яка має порівняно низьку питому електропрові-
дність, та мікровиступів на поверхні металевих гранул, 
як це відбувається у діелектриках поблизу включень з 
більшою електропровідністю [31, 32]. Очевидно, цей 
механізм іонізації є первинним та може приводити до 
виникнення двох розглянутих вище. На нашу думку, в 
тій або іншій мірі у розглянутих умовах присутні всі 
три механізми іонізації або збудження атомів. Тобто, 
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другий механізм має місце бути у статистично значущій 
кількості випадків. Тоді логічно припустити, що об’єм 
та інтенсивність випромінювання кольорових ореолів 
пов’язані з енергією, яка виділяється саме у стримерних 
та лідерних каналах і розподіл їхніх об’ємів може коре-
лювати з розподілом за розмірами нанорозмірної фрак-
ції ерозійних частинок металів. 

Якщо ж переважає перший механізм збудження 
або іонізації атомів, то об’єм та інтенсивність випромі-
нювання кожного кольорового ореолу будуть пропор-
ційні енергії, яка виділяється у відповідному іскровому 
ядрі. У цьому разі відношення об’ємів ореолів до об’ємів 
ядер не буде суттєво змінюватись і для прогнозу розпо-
ділів ерозійних частинок металів за розмірами буде 
достатньо лише аналізу розподілу об’ємів іскрових ядер. 

Для спектрометричного аналізу випромінювання 
ореолів потрібно відповідне обладнання, здатне точно 
визначати довжину всіх хвиль випромінювання, що 
дозволяє ідентифікувати атоми за їх спектральними 
лініями, зіставляючи їх із довідковими даними [33]. 
Але наближений спектральний аналіз за результую-
чим відтінком найбільш яскравих ліній випроміню-
вання також може надати певну інформацію щодо 
переважаючих атомів у збудженому стані та дозволяє 
передбачити можливі хімічні реакції за їх участю. 

У загальному випадку збуджені електрони нейтра-
льних атомів алюмінію (Al) і його іонів (Al+ та Al2+), а 
також молекул його сполук, наприклад, оксиду (Al2O3), 
повертаючись на свої орбіталі, випромінюють фотони в 
ультрафіолетовому та видимому діапазонах спектра 
електромагнітних хвиль [33–38]. Як свідчить аналіз 
наукових публікацій, найбільша інтенсивність випромі-
нювання (у порядку її зменшення в різних експеримен-
тах) спостерігається для хвиль наступної довжини: 
396,15, 394,4, 308,21, 309,27 і 309,28 нм для Al (у літера-
турі зі спектрометрії прийнято позначати Al I) [34–37], 
466,4 499,8, 484,5, 487, 489, 467, 470, 472, 456 і 474 нм 
для Al+ (прийнято позначати Al II) [34], 510,5, 508, 512,5, 
514,5, 516, 519 та 520,5 нм для Al2O3 (прийнято познача-
ти AlO I) [35] та 451,3 нм для Al2+ (прийнято позначати 
Al III) і 358,7 нм для Al+ [38]. 

Описані в літературі об’єкти дослідження емі-
сійних спектрів та умови проведення експериментів 
були наступними. У [34] – плазмові утворення, що 
виникали в атмосфері водню з тиском 13,3 кПа вна-
слідок опромінювання алюмінієвої пластинки неоди-
мовим лазером із густиною потужності 300 ГВт/см2. 
У [35] – полум’я горіння у потоці повітря частинок 
алюмінію із середнім діаметром 4,2 мкм. Плазмові 
канали у сильних водних електролітах H3BO3 і 
Na2B4O7 [36] та KOH і Na2SiO3 [37] в процесах плазмо-
електролізного анодування алюмінію. У [38] – плаз-
мові утворення, що виникали внаслідок бомбардуван-
ня алюмінієвої мішені іонами Xe+ з енергіями порядку 
10 кеВ у вакуумі 10–6 Па. 

Нанопористий Al2O3 внаслідок дії випроміню-
вання ближнього ультрафіолетового діапазону [39] 
або електричних струмів плазмових каналів у ньому 
здатний до люмінесцентного випромінювання у від-
носно широкому діапазоні довжини хвиль, приблизно 
від 380 до 500 нм (за рівнем половини максимального 
значення) [40, 41]. Це випромінювання може тривати 
на декілька сотень мікросекунд довше, ніж дія збу-
джуючого його фактору [42]. 

Електромагнітне випромінювання з довжиною 
хвилі приблизно від 390 до 440 нм око людини інтер-
претує як фіолетовий колір, від 440 до 480 – як синій, а 
від 480 до 510 – як блакитний [43]. Тобто, переважна 
більшість релаксаційного випромінювання Al, Al+, Al2+ 
та Al2O3 утворює світло синього і фіолетового кольорів 
і лише незначна його частинна утворює блакитне світ-
ло, або належить до ультрафіолетового діапазону. Тому 
ореоли на рис. 2 мають синьо-фіолетове забарвлення, 
що непрямо свідчить про наявність у плазмових кана-
лах та у безпосередній близькості до них іонів алюмі-
нію, його атомів та їх сполук, насамперед, оксиду і 
гідроксиду. Зважаючи на те, що процеси відбуваються 
у воді, найімовірніше протікають хімічні реакції утво-
рення гідроксиду алюмінію [13]: 

 232 3)(262 HOHAlOHAl .             (1) 
Це можливо лише за умов руйнування поверхне-

вої оксидної плівки, наприклад, під дією електричної 
енергії. Після утворення гідроксиду алюмінію за реа-
кцією (1), можливі процеси подальшого зневоднення 
його невеликої частини під дією високої температури 
плазмових каналів, згідно реакції: 

OHOAlOHAl
CT

232

575

3 3)(2 


.         (2) 
Оскільки, у описаних процесах відбувається 

утворення гідроксиду і оксиду алюмінію відповідно 
до реакцій (1) і (2), також присутнє ультрафіолетове 
випромінювання іскрових ядер, то люмінесцентне 
випромінювання, описане в [39–41] також має місце. 

Розроблення методу оптикометричного аналізу 
співвідношення об’ємів кольорових ореолів та іскро-
вих каналів у ШМГ. Форма більшості плазмових кана-
лів між двома сферичними металевими електродами у 
відсутності інших неоднорідностей з усіх відомих сте-
реометричних тіл, геометричне місце точок поверхні 
яких легко описується аналітично, найбільше нагадує 
еліпсоїд [20, 44]. В силу однаковості умов у однорідних 
середовищах, цей еліпсоїд може бути еліпсоїдом обер-
тання навколо осі, яка співпадає з результуючим напря-
мком протікання струму від одного електрода до іншого. 
Хоча в ШМГ плазмові канали між їхніми поверхнями не 
завжди мають правильну і симетричну форму, з певним 
наближенням їх також можна представити еліпсоїдами 
обертання еквівалентного об’єму. 

Оскільки розміри РК достатньо малі для суттєво-
го затухання випромінювання плазмових каналів у 
робочій рідині, а стінки РК №1 із органічного скла і 
РК №2 з поліетилену достатньо тонкі і прозорі у ви-
димій частині спектру електромагнітного випроміню-
вання, то можна вважати, що на фотознімках відо-
бражаються повні проєкції як яскравого іскрового 
ядра, так і тьмяного кольорового ореолу навколо ньо-
го, імовірно спричиненого стримерно-лідерними ка-
налами. Для визначення об’єму еліпсоїда обертання 
Vr достатньо знати лише довжину його півосі обер-
тання or та довжину однієї з двох інших рівних між 
собою півосей op: Vr=4πorop

2/3. Це дуже доречно, оскі-
льки для визначення довжини усіх трьох півосей еліп-
соїда у загальному випадку необхідно мати синхроні-
зовані у часі мінімум два його знімки у різних (бажано 
ортогональних) проєкціях, що однією камерою без 
додаткових дзеркал або призм зробити неможливо. 

Проєкцією еліпсоїда на будь-яку площину є еліпс. 
Камера розташована так, щоб напрямки результуючих 
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струмів в усіх вертикальних шарах гранул знаходились 
у площинах, паралельних площині її зображення. Це 
створює умови для того щоб на переважній більшості 
зображень плазмових каналів осі еліпсоїдів еквівалент-
ного об’єму відображались у натуральну величину без 
спотворень. Оскільки напрямок протікання струмів у 
локальних елементах ШМГ визначається не найкорот-
шою геометричною відстанню між електродами РК, а 
найменшим електричним опором цих елементів, то 
існує імовірність, що він може бути розташований під 
кутом до площини знімку. 

Позначимо кути між площиною знімку та піввіс-
сю обертання такого еліпсоїда α, а між цією площи-
ною і однією з двох інших його півосей β. Тоді дов-
жина проєкцій цих півосей на площину зображення 
становитиме o′r=orꞏcosα та o′p=opꞏcosβ відповідно. 
Розрахований за проєкціями півосей об’єм іскрового 
ядра, апроксимованого таким еліпсоїдом, становити-
ме VS=4πꞏo′rsꞏo′ps

2/(3ꞏcosαꞏcos2β). Якщо напрямки від-
повідних осей еквівалентних еліпсоїдів іскрового ядра 
ors і ops та кольорового ореолу orl і opl співпадають, то 
його об’єм буде VL=4π(o′rlꞏo′pl

2– o′rsꞏo′ps
2)/(3ꞏcosαꞏcos2β). 

Відношення об’ємів еквівалентних еліпсоїдів ореолу і 
ядра у цьому випадку становитиме 
VL/Vs=(o′rlꞏo′pl

2)/(o′rsꞏo′ps
2) – 1. Отже, якщо аналізувати 

відношення об’ємів, а не їх абсолютні значення, то за 
описаних вище припущень кути нахилу осей еліпсої-
дів обертання еквівалентного об’єму до площини 
зображення не мають значення. Також у цьому випа-
дку не мають значення одиниці вимірювання довжини 
(пікселі або міліметри), а замість довжини півосей 
можливо використовувати довжину осей, оскільки їх 
коефіцієнти 0,5 взаємно скорочуються, що зручно для 
роботи з програмою ToupView, яка вимірює довжину 
осей, а не півосей еліпсів. 

Відкритим залишається питання яка з двох осей 
еліптичної проєкції є проєкцією вісі обертання еліпсої-
да. Якщо відстань між електродами значно перевищує 
розмір нерівностей на їх поверхні, то з більшою імові-
рністю саме більша вісь є віссю обертання еліпсоїда і 
він є видовженим. Якщо ж відстань між електродами 
співмірна з розміром нерівностей на їх поверхні, то з 
більшою імовірністю менша вісь є віссю обертання 
еліпсоїда і він є сплюснутим. Оскільки у верхній час-
тині ШМГ тиск на гранули менший, там підвищується 
імовірність появи плазмових каналів, форма яких нага-
дує видовжений еліпсоїд обертання, а у нижній частині 
ШМГ, навпаки – сплюснутий. Отже, в описаних умо-
вах можливі обидва варіанти, тому слід знайти відпові-
дні відношення як для видовжених (індекс 1), так і для 
сплюснутих (індекс 2) еліпсоїдів обертання. 

Одним з чинників, який істотно впливає на масу 
та розміри ерозійних частинок металів є енергія окре-
мих плазмових каналів, яка витрачається на нагріван-
ня, розплавлення, випаровування та евакуацію металу 
із зон гранул, які безпосередньо контактують із плаз-
мовими каналами [13]. У стримерно-лідерних каналах 
ця енергія на порядки менша, ніж у іскрових [20]. 
Тому маса і розміри ерозійних частинок, отриманих 
внаслідок дії стримерно-лідерних каналів на порядки 
менші, ніж частинок, отриманих внаслідок дії іскро-
вих каналів. Об’єм каналів, їхня яскравість та час 
існування пов’язані з енергією, що в них виділяється. 
Збільшення об’ємів і яскравості каналів призводить 

до збільшення кількості, а в деяких випадках і розмі-
рів ерозійних частинок. Тому збільшення кількості і 
розмірів стримерно-лідерних каналів призводить до 
збільшення кількості субмікронних ерозійних части-
нок, а відповідне збільшення іскрових каналів – до 
збільшення кількості частинок з розмірами одиниці – 
десятки мікрометрів. Відповідно відношення об’ємів 
стримерно-лідерних та іскрових каналів впливає на 
відношення кількості субмікронних ерозійних части-
нок до ерозійних частинок більших розмірів. 

Зменшуючи розміри іскрових каналів, які мають 
білий колір випромінювання, можна зменшити кіль-
кість, а в деяких випадках і розміри більш крупних 
ерозійних частинок. Однак, слід пам’ятати, що продук-
тивність процесу їх отримання також зменшиться. 
Збільшуючи розміри кольорових стримерно-лідерних 
каналів, можна збільшити кількість дрібних субмік-
ронних ерозійних частинок. Збільшення відношення 
об’ємів стримерно-лідерних каналів до іскрових сприяє 
збільшенню частки субмікронних ерозійних частинок. 

Енергія окремих плазмових каналів залежить від 
прикладеної до них напруги u1(t), їх електричного 
опору r1(u1(t)), який також залежить від неї, та часу їх 
існування 1 і може бути обчислена за формулою: 

     
1

0
11

2
11 d



tturtuE .                     (3). 

Як показала практика, при іскроерозійній оброб-
ці ШМГ параметром, який найбільше впливає на роз-
міри, яскравість і кількість іскрових каналів є напруга 
розрядних імпульсів. Тому керування енергією (3), 
яскравістю і об’ємами стримерно-лідерних та іскро-
вих каналів, а також відношенням їхніх об’ємів в цих 
режимах відбувається, перш за все, за допомогою 
напруги розрядних імпульсів. Керування цими пара-
метрами за допомогою тривалості розрядних імпуль-
сів (зміною ємності робочого конденсатора в тирис-
торних генераторах або часу відкритого стану ключа 
у транзисторних генераторах) при іскроерозійній 
обробці менш ефективно. У випадку плазмоерозійної 
обробки ШМГ напруга розрядних імпульсів підтри-
мується мінімально можливою для усталеного проце-
су і регулюванню майже не підлягає. Тому у даному 
випадку більш дієвим параметром регулювання 
об’ємів стримерно-лідерних та іскрових каналів, а 
також їх відношення є тривалість розрядних імпульсів. 

Один із плазмових каналів розміру близького до 
середньостатистичного на рис. 2 виділено червоним 
прямокутником. Цю ділянку знімку у збільшеному 
масштабі (800 % у ToupView) представлено на рис. 3. 
Апроксимацію проєкції іскрового ядра на рис. 3 пред-
ставлено червоним еліпсом і позначено E1. Довжина 
його осей 6 та 5 пікселів (px) автоматично розрахована 
у програмі ToupView і представлена на рис. 3. Апрок-
симацію проєкції кольорового ореолу на рис. 3 пред-
ставлено еліпсом кольору фуксії і позначено E2. Дов-
жина його осей складає 14 та 12 пікселів. Хрестиками 
відповідних кольорів на рис. 3 позначено характерні 
точки, за якими програма ToupView будувала ці еліпси. 

У гіпотезі видовжених еліпсоїдів відношення 
об’ємів ореолу і ядра становить 
VL1/VS1=(14∙122)/(6∙52)–1≈12,44, а у гіпотезі сплюсну-
тих: VL2/VS2=(12∙142)/(5∙62)–1≈12,07. Оскільки, у дано-
му конкретному випадку довжина великої і малої осей 
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кожного еліпсоїда відрізняються незначно, отримані у 
різних гіпотезах результати майже співпадають. Для 
точного визначення енергії, яка виділяється в ядрі і 
ореолі необхідно знати розподіли густини потужності 
в їхніх об’ємах, залежність їх від часу та тривалість 
існування каналів. Для таких досліджень необхідна 
більш складна апаратура. Тут ми можемо лише якісно 
оцінити співвідношення енергій кольорового ореолу, 
імовірно спричиненого стримерами, та іскрового яд-
ра, виходячи з відношення їх об’ємів та яскравості. 

 
Рис. 3. Плазмовий канал між гранулами алюмінію 

 

Можлива ситуація, коли деякі плазмові канали 
не мають іскрового ядра, а цілком складаються з 
стримерно-лідерних ореолів, або дуже яскраві іскрові 
ядра майже не мають стримерно-лідерних ореолів. 
Тоді є сенс визначити окремо суми об’ємів всіх пред-
ставлених на знімку стримерно-лідерних ореолів та 
іскрових ядер, а потім знайти їх відношення. 

Розроблений метод полягає у вимірюванні 
об’ємів кольорових ореолів та іскрових ядер плазмо-
вих каналів у ШМГ за зображеннями їхніх проєкцій 
та залученням спеціалізованого програмного забезпе-
чення і знаходження їх відношень. Отримана інфор-
мація використовується для прогнозів розподілів за 
розмірами ерозійних частинок металів, в тому числі 
співвідношення їхніх нано- та мікророзмірних фрак-
цій та корекції їхніх властивостей під час процесу 
отримання шляхом регулювання напруги і тривалості 
розрядних імпульсів. 

Аналіз параметрів кольорових ореолів та іс-
крових каналів між гранулами срібла у воді. Один 
з характерних плазмових каналів у ШМГ срібла у 
масштабі 250 % представлено на рис. 4. На відміну 
від попереднього знімку, цей знімок був зроблений в 
освітленій лабораторії, оскільки не тільки іскрове 
ядро, а і кольоровий ореол у цьому випадку були 
достатньо яскравими і не потребували темряви для їх 
фотографування. Як і у дослідах з ШМГ алюмінію, 
проєкція яскравого іскрового ядра на рис. 4 апрокси-
мована червоним еліпсом з довжиною осей 22 і 17 
пікселів, який позначено E1. Апроксимація проєкції 
кольорового ореолу на рис. 4 представлена еліпсом 
кольору фуксії з довжиною осей 50 і 45 пікселів та 
позначена E2. Хрестиками відповідних кольорів по-
значено характерні точки, за якими програма 
ToupView будувала ці еліпси. 

 
Рис. 4. Плазмовий канал між гранулами срібла 

 

У гіпотезі видовжених еліпсоїдів відношення 
об’ємів ореолу і ядра у цьому випадку становить 
VL1/VS1=(50∙452)/(22∙172)–1≈14,92, а у гіпотезі сплюс-
нутих: VL2/VS2=(45∙502)/(17∙222)–1≈12,67. У даному 
випадку отримані за різними гіпотезами результати 
відрізняються один від одного трошки більше, ніж у 
попередньому, оскільки різниці між довжиною осей 
еліпсоїдів також більші. Чим більше відношення 
об’єму кольорового ореолу до об’єму іскрового ядра, 
тим більше імовірність отримати ерозійні частинки 
металу менших розмірів, що у випадку срібла підвищує 
біоцидну активність гідрозолів на їх основі [15, 16]. 

Ореол плазмового каналу між гранулами срібла 
має зелений колір. Поблизу білого іскрового ядра – 
відтінку зеленої м’яти, а далі від нього – смарагдового 
відтінку, що може бути пов’язано із зменшенням ін-
тенсивності білого випромінювання ядра з віддален-
ням від нього. В умовах підводного іскрового розряду 
між гранулами Ag найбільша інтенсивність випромі-
нювання його нейтральних атомів (прийнято познача-
ти Ag I) спостерігається на двох довжинах хвиль: 
546,5 і 520,9 нм (переходи електронів з рівнів 5d2D на 
рівні 5p2P0) [45, 46]. В рази менша інтенсивність ви-
промінювання збуджених нейтральних атомів Ag спо-
стерігається також на довжинах хвиль 466,8 і 447,6 нм 
(переходи з 7s2S на 5p2P0) та на 768,8 і 827,4 нм (пере-
ходи з 6s2S на 5p2P0) [45, 46]. Також спостерігається 
випромінювання порівняно невеликої інтенсивності 
збуджених іонів срібла Ag+ (позначається Ag II) на 
довжинах хвиль 540,01 нм (перехід з 4d94f на 4d95d) і 
489,13 нм (перехід з 4d85s2 на 4d95p) [45]. 

У [45] описано, що спостерігаються також випромі-
нювання порівняно невеликої інтенсивності з довжинами 
хвиль 656,3 нм, що належить першому (альфа) переходу 
серії Бальмера у атомах водню (Hα) та 777,42 нм, яка 
належить збудженим нейтральним атомам кисню (O I) 
[33]. Відомо, що молекулярний кисень на висотах від 80 
до 150 км під дією сонячного вітру випромінює полярне 
сяйво зеленого кольору з довжиною хвилі 557,7 нм [47]. 
На срібному аноді в результаті електрохімічного роз-
кладання води під дією уніполярних розрядних імпуль-
сів [48] утворюються молекули кисню, оскільки кисень 
не дуже активно реагує із сріблом: 
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 222 22 OHOH
I

.                     (4) 
Під дією електричних струмів і випромінювання 

іскрового ядра, електрони в молекулах кисню можуть 
переходити на більш високі енергетичні рівні, а після 
повернення з них – випромінювати фотони із зазначе-
ною довжиною хвилі. Тобто, випромінювання з дов-
жиною хвилі 557,7 нм може бути непрямим свідчен-
ням про існування або утворення молекул кисню у 
плазмових каналах, наприклад в результаті реакції (4). 

Електромагнітне випромінювання з довжиною 
хвилі приблизно від 510 до 550 нм око людини інтер-
претує як зелений колір, а від 550 до 575 нм – як жов-
то-зелений [43]. Тобто, найбільш яскраві спектральні 
лінії випромінювання у ШМГ срібла утворюють від-
тінки саме зеленого результуючого кольору. 

Спрощення методу спектральної оцінки плаз-
ми між гранулами низки металів у деяких робочих 
рідинах. При підвищенні амплітуди імпульсів напруги 
у ШМГ алюмінію до 400 В характер плазмових кана-
лів між ними дещо змінюється. По-перше, лінійні роз-
міри каналів збільшуються у 2–5 разів. По-друге, знач-
но збільшуються сила світла і питомий розмір іскрово-
го ядра, яке тепер займає майже весь об’єм плазмового 
каналу. По-третє, зовні іскрового ядра іноді додатково 
до синьо-фіолетового ореолу, а іноді замість нього, 
з’являється смужка ореолу блідо-лілового або блідо-
рожевого відтінку. Імовірність її появи дещо підвищу-
ється у разі збільшення швидкості направленого знизу 
догори протоку води, що сприяє збільшенню середньої 
відстані між поверхнями сусідніх гранул. 

Колір цього додаткового ореолу схожий на колір 
випромінювання збуджених атомів водню як у складі 
молекули газу H2, так і у складі молекули H2O парів 
води, які утворюються в результаті нагрівання води 
плазмовими каналами. Цей колір визначається комбі-
нацією випромінювання найбільш інтенсивних ліній 
серії Бальмера у видимій частині спектру з довжиною 
хвиль Hα=656,3 нм червоного, Hβ=486,1 нм блакитно-
го, а також фіолетового кольорів: Hγ=434,1 нм, 
Hδ=410,2 нм і Hε=397,0 нм. У разі співмірної інтенси-
вності всіх цих ліній результуючим буде блідо-
ліловий відтінок, а у разі переваги інтенсивності лінії 
Hα – блідо-рожевий. 

У проведених нами дослідах з іскроерозійного об-
роблення ШМГ низьколегованої сталі як у воді, так і в 
етанолі [49] за умов значень амплітуди імпульсів на-
пруги більше 300 В навколо яскравого іскрового ядра 
плазмових каналів неозброєним оком спостерігався 
вузький блідо-жовтий ореол. До збільшення його роз-
мірів і сили світла призводили підвищення енергії ім-
пульсів, частоти їх повторення, а також швидкості 
протоку робочої рідини та інтенсивності продувки 
повітрям ШМГ, напрямок яких був знизу догори, що 
сприяло збільшенню середньої відстані між гранулами. 

Спектральні дослідження випромінювання плаз-
мових каналів у воді між гранулами заліза показали, 
що найбільш інтенсивні лінії випромінювання нейт-
ральних атомів Fe (позначається Fe I) мають довжину 
хвиль у діапазоні від 560 до 590 нм [46, 50], що відпо-
відає жовтому кольору (575–585 нм) та його відтінкам 
від жовто-зеленого (550–575 нм) до помаранчевого 
(585–620 нм) [43]. Також у випромінюванні присутні 
описані вище лінії Hα=656,3 нм та O I=777,1 нм, та 

група ліній малої інтенсивності з довжиною хвиль у 
діапазоні від 490 до 540 нм, які належать Fe I [45, 50]. 

В процесах іскро- та плазмоерозійного отриман-
ня стійких до седиментації гідрозолів міді [15] нами 
спостерігалась вузенька тьмяна смужка ореолу мала-
хітово-нефритового відтінку зеленого кольору навко-
ло іскрового ядра каналу. Спектральні дослідження 
випромінювання таких каналів показали, що найбіль-
шу інтенсивність (у порядку її зменшення) мали лінії 
випромінювання нейтральних атомів Cu (позначаєть-
ся Cu I) з довжиною хвиль 521,8, 515,3, 510,5, 465,1, 
529,3, і 458,6 нм [51], що відповідає короткохвильовій 
ділянці діапазону зеленого кольору (510–550 нм) і 
діапазону блакитного кольору (480–510 нм) [43]. Як і 
у випадку плазмових каналів у воді між гранулами 
деяких інших металів, присутні лінії Hα, Hβ, 
O I=777,41 нм та лінії низької інтенсивності випромі-
нювання Cu I: 570,0, 578,2, 793,3 і 809,2 нм [51], 
внесок яких у колір сумарного випромінювання 
несуттєвий. 

Під час отримання нами іскроерозійних частинок 
сплавів з магнітною пам’яттю форми Ni-Mn-Ga [1] та 
сорбуючих водень сплавів Ti-Zr-Ni [7] у рідкому азоті 
спостерігались яскраві і великі у порівнянні з іскро-
вим ядром ореоли плазмових каналів результуючого 
синьо-блакитно кольору, а у рідкому аргоні сплавів 
Ti-Zr-Ni [7] – фіолетово-синього кольору меншої яск-
равості. У рідкому азоті найбільшу інтенсивність 
випромінювання мають лінії іонізованої молекули 
азоту N2

+ (позначається N2 II) з довжиною хвиль 391,4 
та 427,8 нм [52, 53]. У порядку зменшення інтенсив-
ності випромінювання далі ідуть спектральні лінії 
нейтральної молекули азоту N2 (позначається N2 I) з 
довжиною хвиль 394,3, 575,5, 470,9, 551,6 та 537,3 нм 
[54]. Також присутня серія спектральних ліній неве-
ликої інтенсивності з довжиною хвиль у діапазоні від 
457,4 до 470,9 нм [54], які око людини інтерпретує як 
синій колір [43]. 

У нейтральних атомах Ar (позначається Ar I) найбі-
льшу інтенсивність випромінювання (у порядку її змен-
шення) мають лінії з довжиною хвиль 420,07, 415,86, 
427,22, 419,83, 425,94, 430,01, 433,36, 426,63, 404,44, 
418,19, 394,9, 416,42, 433,53, 434,52 та 425,12 нм [55]. 
Випромінювання цих ліній око людини інтерпретує 
як фіолетовий колір, довжина хвиль якого знаходить-
ся у діапазоні від 390 до 440 нм [43]. У випроміню-
ванні іонів аргону Ar+ (позначається Ar II) у порядку 
зменшення інтенсивності випромінювання присутні 
лінії з довжиною хвиль 459,0, 472,7, 440,1, 501,7, 
476,5, 461,0, 488,0, 427,8, 434,8, 480,6, 454,5 нм та ін. 
[56], які відповідають фіолетовому (390–440 нм), 
синьому (440–480 нм) і блакитному (480–510 нм) 
кольорам [43]. Результати спектральних досліджень 
узагальнено у табл. 1. 

У першій колонці представлені атоми, іони та 
молекули хімічних елементів, які були присутні у 
плазмових каналах і мали спектральні лінії випромі-
нювання помітної інтенсивності. У дужках наведені 
їхні позначення прийняті у спектрометрії. У другій 
колонці представлена довжина хвиль п’яти найбільш 
яскравих спектральних ліній випромінювання цих 
елементів. Більш повний перелік спектральних ліній 
випромінювання цих елементів наведено вище. У 
третій колонці представлено загально розповсюджену 
назву відтінку, який найбільше підходить кольору 
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результуючого випромінювання на суб’єктивну думку 
авторів, а також приблизний діапазон довжини хвиль 
випромінювання основних кольорів цього відтінку. 

Приблизний вигляд відтінку випромінювання 
представлено у четвертій колонці. На відтінок резуль-
туючого випромінювання впливає багато факторів: яск-
равість іскрового ядра плазмових каналів і віддалення 
точки спостереження від нього, ступінь і частотна зале-
жність поглинання випромінювання робочою рідиною і 

матеріалом стінок розрядної камери, відбиття ними 
зовнішнього освітлення, його спектр і яскравість та ін. 
Крім того, на вигляд відтінку на екрані монітора також 
впливають його налаштування (яскравість, контраст-
ність, гамма-корекція, кольорова температура) та відпо-
відні налаштування графічної карти. Наведені у табл. 1 
приклади коректні для початкових значень налаштувань 
відео карти ноутбука Samsung R508, на якому вони були 
відтворені: гамма = 1, яскравість = 0, контрастність = 50. 

Таблиця 1 
Результати спектральних досліджень випромінювання ореолів плазмових каналів 

Атом, іон, молекула Довжина хвиль най-
яскравіших ліній , нм 

Назва результуючого відтінку 
випромінювання 

Приблизний 
вигляд відтінку 

RGB-код відтінку 

Al (Al I), Al+ (Al II), Al2+ 
(Al III), Al2O3 (AlO I) 

396,2, 394,4, 484,5, 466,4, 
451,3 

Синьо-фіолетовий 
(390–480 нм) 

 R=60, G=0, B=255

Смарагдовий 
(510–550 нм) 

 R=75, G=170, B=90
Ag (Ag I), Ag+ (Ag II) 546,5, 520,9, 540,0, 489,1

Зеленої м’яти 
(510–550 нм) 

 
R=150, G=230, 

B=140 

Cu (Cu I) 
521,8, 515,3, 510,5, 465,1, 

529,3 
Малахітово-нефритовий 

(510–530 нм) 
 R=30, G=145, B=50

Fe (Fe I), Fe+ (Fe II) 
558,6, 557,2, 562,4, 576,3, 

591,4  
Блідо-жовтий 
(575–585 нм) 

 
R=255, G=255, 

B=170 
656,3, 486,1, 434,1, 410,2, 

397,0 
Блідо-ліловий 
(397–656 нм) 

 
R=220, G=90, 

B=255 
H (H I) 

656,3 
Блідо-рожевий 

(656 нм) 
 

R=255, G=195, 
B=195 

N2 (N2 I), N2
+ (N2 II) 

391,4, 427,8, 394,3, 575,5, 
470,9, 551,6 

Синьо-блакитний 
(440–510 нм) 

 
R=100, G=150, 

B=255 

Ar (Ar I) 
420,1, 415,9, 427,2, 459,0, 

472,7, 440,1 
Фіолетово-синій 

(390–480 нм) 
 

R=150, G=120, 
B=255 

 

Для підвищення об’єктивності відтворення відті-
нків на різних пристроях у п’ятій колонці наведено їх 
RGB-код. Значення отримані за допомогою інструмен-
та піпетка програми Photoshop для найбільш характер-
них ділянок кольорових ореолів на їх цифрових фото-
графіях. Якщо відтінки ореолів суттєво відрізнялись 
при віддаленні від іскрових ядер плазмових каналів, як 
у випадку Ag, або через зміну потужності та умов у 
локальних плазмових каналах, як у випадку H, то у 
четвертій і п’ятій колонках представлено два найбільш 
характерних відтінки та їхні RGB-коди відповідно. 

Аналіз відтінку результуючого випромінювання 
значно простіший, ніж його спектрометричний аналіз, 
який потребує дорогого і складного вузькоспеціалізова-
ного обладнання. Запропонований аналіз ґрунтується на 
отриманих раніше результатах спектрометричного аналі-
зу випромінювання збуджених атомів конкретних мета-
лів та оточуючих їх робочих рідин в умовах, близьких до 
режимів їх іскро- та плазмоерозійного оброблення. 

Узагальнення та висновки. 
1. Розроблено оптикометричний метод визначення 

об’ємів кольорових ореолів, імовірно спричинених 
стримерами, та іскрових ядер плазмових каналів між 
зануреними у робочу рідину гранулами металів та 
їхнього відношення, який не потребує спеціалізованого 
спектрометричного обладнання. Отримані значення 
свідчать про енергії стримерно-лідерних та іскрових 
каналів між гранулами металів та їхнє відношення, які 
впливають на розподіл за розмірами ерозійних части-
нок, в тому числі на співвідношення їх нано- та мікро-
розмірних фракцій. Їхнє використання доцільне при 
коригуванні режимів іскро- та плазмоерозійних елект-

ротехнологічних процесів з метою збільшення питомої 
частки ерозійних частинок необхідних розмірів. 

2. У іскроерозійних технологіях найбільший вплив 
на розміри, яскравість і кількість іскрових каналів має 
напруга розрядних імпульсів, тому її використання 
для керування цими параметрами має першочергове 
значення порівняно з тривалістю розрядних імпульсів. 
У плазмоерозійних технологіях напруга розрядних 
імпульсів підтримується мінімально можливою для 
усталеного процесу і регулюванню майже не підлягає. 
Натомість основним параметром регулювання у цьо-
му випадку стає тривалість розрядних імпульсів. 

3. Обґрунтовано можливість спрощення спектро-
метричного методу аналізу плазми та оточуючої її 
парогазової фази у ШМГ за аналізом відтінку резуль-
туючого випромінювання, який базується на отрима-
них раніше спектрометричних даних. 

4. Проведено аналіз спектрів випромінювання ко-
льорових ореолів плазмових каналів у дистильованій 
воді між гранулами Al, Ag, Fe та Cu та Ni-Mn-Ga та 
Ti-Zr-Ni у рідкому азоті і Ti-Zr-Ni у рідкому аргоні. 
Обґрунтовано і узагальнено відтінки результуючого 
випромінювання ореолів у цих випадках та наведено 
їх опис за RGB-кодами. 

5. На основі аналізу спектрів випромінювання кольо-
рових ореолів плазмових каналів у дистильованій воді, 
які спричинені електричним струмом, підтверджено 
протікання реакцій утворення газоподібного водню, а у 
випадку з гранулами срібла також і кисню в результаті 
електрохімічного розкладання води. При іскроерозійно-
му диспергуванні гранул алюмінію у воді опосередкова-
но підтверджено протікання хімічних реакцій утворення 
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його гідроксиду, а також невеликої частки оксиду під 
дією високих температур іскрових каналів. 
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Spectral and optic-metric methods of monitoring parameters 
of plasma channels caused by discharge currents between 
metals granules in working liquids. 
Introduction. Spark-erosion processing of metals and alloys gran-
ules in working liquids is the basis of a several technological proc-
esses. Efficiency of energy use in them and parameters of the result-
ing product largely depend on the accuracy of stabilization and 
regulation of pulse power in each plasma channel between the 
granules. To achieve this, until now only the voltage and current of 
the discharge pulses in the entire layer of granules have been con-
trolled. Problem. The measurement methods, which are used, are 
not effective enough for monitoring the parameters of individual 
plasma channels and predicting the size distribution of eroded 
metals particles at the stage of their formation. The aim of the work 
is to develop a method for determining the volumes of components 
of plasma channels in layers of metals granules during their spark-
erosion treatment to predict the size distribution of eroded metal 
particles at the stage of their formation, as well as to simplify the 
method of spectrometric analysis of the elemental composition of 
substances surrounding plasma channels for the operational predic-
tion of the chemical composition of resulting products. Methodol-
ogy. A series of experiments were carried out on spark-erosion 
processing of Al and Ag granules layers in distilled water. Using a 
digital camera, images of the plasma channels in them were ob-
tained. Based on the theory of pulsed electrical breakdown of liquid 
dielectrics, an analysis of the components of plasma channels was 
carried out. Using the specialized ToupView program, the volumes 
of equivalent ellipsoids of rotation were determined, approximating 
the halos of colored radiation likely arising from streamers, as well 
as the spark cores of plasma channels emitting white light. The 
shades of the resulting radiation were studied for several metals and 
working liquids. The obtained data were compared with the known 
results of spectrometric studies for the same elements excited by 
similar mechanisms. Results. The theory of discharge-pulse systems 
for spark-erosion processing of granular conductive media has been 
developed in the direction of new methods for monitoring the pa-
rameters of discharge pulses and predicting the chemical composi-
tion and size distribution parameters of eroded metal particles at 
the stage of their production. An optic-metric method has been 
developed for determining the volumes of halos and cores of plasma 
channels. A simplified spectral method for determining the chemical 
composition of erosion particles based on the shade of the resulting 
radiation was proposed. Originality. The developed new optic-
metric method makes it possible to obtain information about almost 
every plasma channel, which refines predictions of the size distribu-
tion of erosion particles. To implement the method, general-purpose 
hardware and specialized software that is freely available are used. 
The developed method of simplified spectral analysis of excited 
atoms makes it possible to make preliminary predictions of the 
chemical composition of the obtained erosion particles already at 
the stage of their formation without the use of expensive specialized 
equipment. Practical significance. The ratio of the volumes of halos 
and cores of plasma channels between Al and Ag granules in dis-
tilled water was measured. An analysis of the emission spectra of 
plasma channel halos between Al, Ag and Cu granules in distilled 
water, Fe in ethyl alcohol, Ni-Mn-Ga and Ti-Zr-Ni alloys in liquid 
nitrogen, and Ti-Zr-Ni in liquid argon was carried out. Based on 
spectrometry data, the resulting shades of these radiations were 
substantiated and their description in the RGB system is given. 
References 56, table 1, figures 4. 
Key words: discharge current, plasma channels, metal 
granules, optical emission spectrum. 
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Design optimization for enhancing performances of integrated planar inductor for power 
electronics applications 
 

Goal. In this work, the performance of an integrated planar inductor with a square geometric shape using different materials for the 
substrate: Ni-Fe, Mn-Zn and Ni-Zn have been analyzed and investigated in order to assess the impact of the substrate material on the 
performance of the integrated planar inductor and to determine the optimal material in the various applications of power modules in 
power electronics. Methods. To this end, we carried out an in-depth analysis of the geometric dimensions of the integrated planar 
inductor, by calculating all the geometric parameters of the proposed structure, to establish an equivalent physical model of the 
integrated planar inductor in order to evaluate its different electrical specifications. The numerical simulation, based on the three-
dimensional mathematical model of the system using Maxwell’s equations, was realized by COMSOL Multiphysics software. Results 
show the importance of the substrate material for the performance of the integrated planar inductor, and specify that the use of Ni-Fe 
ferrite as a substrate of the integrated planar inductor gives very interesting performance compared to other materials studied. The 
presented results provide valuable information on the influence of substrate material on the performance of embedded integrated planar 
inductor and can help to design and optimize these components for use in power electronic systems. Practical value. These results are 
significant for a wide range of applications, where the integrated planar inductor performance and efficiency can have a significant 
impact on the overall performance and cost-effectiveness of the power electronic device. References 37, tables 2, figures 7. 
Key words: integrated square micro-coil, electrical characteristics, thermal modeling, electromagnetic phenomena, substrate 
material. 
 

Мета. У цій роботі проаналізовано та досліджено характеристики вбудованого планарного індуктора квадратної 
геометричної форми з використанням різних матеріалів підкладки: Ni-Fe, Mn-Zn та Ni-Zn для оцінки впливу матеріалу 
підкладки на продуктивність вбудованого планарного індуктора та визначення оптимального матеріалу для різних силових 
застосувань модулів у силовій електроніці. Методи. З цією метою проведено поглиблений аналіз геометричних розмірів 
вбудованого планарного індуктора, розраховано всі геометричні параметри запропонованої конструкції для встановлення 
еквівалентної фізичної моделі вбудованого планарного індуктора та оцінки його електричних характеристик. Чисельне 
моделювання, що базується на тривимірній математичній моделі системи з використанням рівнянь Максвелла, було 
реалізовано за допомогою COMSOL Multiphysics. Результати показують важливість матеріалу підкладки для роботи 
вбудованого планарного індуктора і вказують на те, що використання фериту Ni-Fe у якості підкладки вбудованого 
планарного індуктора дає дуже цікаві характеристики порівняно з іншими вивченими матеріалами. Представлені результати 
надають важливу інформацію щодо впливу матеріалу підкладки на характеристики вбудованого планарного індуктора та 
можуть допомогти спроєктувати та оптимізувати дані компоненти для використання у силових електронних системах. 
Практична цінність. Отримані результати важливі для широкого спектра застосувань, де продуктивність та 
ефективність вбудованого планарного індуктора можуть істотно вплинути на загальну продуктивність та економічну 
ефективність силового електронного пристрою. Бібл. 37, табл. 2, рис. 7. 
Ключові слова: вбудована квадратна мікрокотушка, електричні характеристики, теплове моделювання, 
електромагнітні явища, матеріал підкладки. 
 

1. Introduction. The advantages of integrating passive 
components, in particular integrated planar inductor, in 
power electronics are multiple and numerous, namely: 
improved performance and better profitability in a wide 
range of power electronics applications, including static 
converters and power systems. The low weight and small 
size of integrated planar inductor make them particularly 
suitable for use in compact and lightweight power electronics 
converters where they can reduce the overall size and weight 
of the device while improving its performance [1–4]. The 
integration of planar inductors makes it possible to add other 
functions on a single chip, more efficient designs and 
simplifying the manufacturing process [5, 6]. To this end, 
researchers are exploring various approaches to optimize the 
design and performance of integrated planar inductor, 
including the use of new materials, new advanced 
manufacturing techniques and innovative design 
methodologies [7]. These efforts allow the adoption of 
integrated planar inductor in complex power electronic 
systems, and further improve the efficiency, performance 
and profitability of the systems produced [8]. 

The integrated planar inductor is particularly used in 
low-power converters operating at high frequencies [9, 
10]. Where they can be used to transform and transfer 
electrical energy efficiently with low losses. The choice 
of substrate material is an important factor in the design 

and optimization of integrated planar inductors [11, 12], 
as different materials can exhibit different electrical, 
magnetic and mechanical properties which can impact on 
the performance of the integrated planar inductor in terms 
of efficiency, stability and response time [13–16]. The 
best choice of the substrate material and its optimal 
parameters for the design of low-power converters is a 
crucial factor in order to improve the energy efficiency 
and the performance of the designed systems [17–23], the 
integrated planar inductor must be able to transfer energy 
with high efficiency and low losses, while preserving 
good stability and an ideal response time [19–26]. 

The experimental and numerical studies during the 
design phase of electronic equipment allow the 
understanding of the magneto-thermal behavior of its 
equipment and the optimization of their designs and 
guarantee of their performance and safety. In order to 
realize the circuits and electronic components with 
improved performance, it is essential to know all the 
electrical and thermal properties, which help to predict 
and understand the local temperature conditions and 
optimize the design of its components [27, 28]. In this 
context, the several methods have been used to study the 
electrical and thermal properties of electronic devices, for 
example, the finite-element method has been used to 
numerically study the thermal behavior of a circular-coil 
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inductor integrated in a micro DC-DC step-down 
converter [29–35]. In [32] investigated the temperature-
dependent characteristics of cryogenic planar multilayer 
inductors. The autors [6, 32] predicted by numerical 
simulation the thermal-magnetic behavior of a square 
planar coil placed between two magnetic materials. In 
[34], the authors conducted a theoretical study on the 
design of an octagonal planar inductor and transformer for 
use in a converter, with the aim of improving the 
performance and efficiency of the conversion system. 
Overall, these research efforts have contributed to a better 
understanding of the electrical and thermal behavior of 
electronic equipment and have enabled the development 
of more efficient and better performing devices. 

Goal. The work aim is to investigate, analyze and 
compare the performance of an integrated planar inductor 
with a planar topology of square geometric shape using 
three different materials for the substrate: Ni-Fe, Mn-Zn 
and Ni-Zn, in order to evaluate the impact of the best 
substrate material on the performance of the integrated 
planar inductor and identify the best performing material 
in terms of increasing the efficiency, stability and 
response time of the integrated planar inductor as well as 
their optimal design parameters in order to obtain the best 
performance of the integrated planar inductor. 

The results of this study will undoubtedly provide 
useful information to experimenters on the influence of 
substrate material, the performances of the integrated 
planar inductor and present the design and optimization of 
these components for use in a wide range of specific 
power electronics applications. 

It should be noted that the various numerical models 
proposed by the researchers often assume a stable state of 
the ambient air and tend to focus on the electrical and 
magnetic aspects of the passive components. Our main 
contribution is to provide a new thermal model that takes 
into account the real effects of buoyancy on the thermal 
behavior of a square integrated planar inductor using 
COMSOL software [36, 37]. Additionally, this study 
includes the effect of coil conductor width on 
electromagnetic and thermal properties by mathematically 
coupled the Navier-Stokes momentum and Maxwell’s 
electromagnetism equations. 

The current state of research in the field of 
integrated planar inductors for power electronics 
applications mostly ignores the effects of air motion and 
buoyancy on thermal behavior. The numerical models 
proposed by researchers often assume a stable state of the 
surrounding air and tend to focus on the electrical and 
magnetic aspects of passive components. The aim of this 
study is to provide a new thermal model that takes into 
account the real effects of buoyancy on the thermal 
behavior of a planar micro-coil. Additionally, this study 
investigates the effect of the width of the coil conductor 
on the electromagnetic and thermal properties. This 
research aims to offer a more realistic view of thermal 
phenomenon in electrical equipment by mathematically 
coupling of Navier-Stokes momentum equations and 
Maxwell’s electromagnetism. 

2. Development of a physical model for the micro-coil. 
2.1. Defining the study area. Micro-coil Modeling. 

The current study focuses on the examination of a planar 
micro inductor with a square spiral shape, the 

performance of a planar inductor depends on its geometric 
parameters such as the number of turns (n), inner diameter 
(din), outer diameter (dout), initial width (wi), final width 
(w), thickness (t), and total length (Lt). This micro-coil is 
placed on a ferrite substrate that also has a square shape 
with a side length of L and thickness of tsub. Additionally, 
the micro-coil is elevated by a height of H. 

2.2. Determining the geometric parameters of 
inductors for calculation. In order to optimize the 
geometric characteristics of an inductor, to improve its 
performance, the several methods and mathematical models 
have been used for this purpose. Among these methods, the 
calculation method developed by Wheeler [14] makes it 
possible to evaluate the inductance for coils of hexagonal, 
octagonal or square shapes, which are built using discrete 
methods. This theoretical model is easy to implement, thanks 
to its accuracy compared to other methods and will always 
remain valid even for coils with a limited number of turns. 
The geometrical parameters of the micro-coil and the 
substrate are detailed in Fig. 1, and the specific values used 
in this investigation are listed in Table 1. 

 

 

a b  
Fig. 1. Study area of the micro-coil deposited on substrate (a) 

geometrical parameters of the micro-inductor (b) 
 

Table 1 
The recommended parameters 

Inner diameter din, mm 3 Spires thickness t, µm 35
Outer diameter dout, mm 10 Spires number n 3 
Spires width w, mm 0.55 Turn spacing s, µm 925

 

From a specification, we will size, using Wheeler’s 
modified method, the square spiral coil, in order to minimize 
losses [35]. Additionally, the physical and electrical 
parameters of the different materials involved in Fig. 2 [3] 
including air, copper and ferrite are also given in Table 2. 

 

 

 
Fig. 2. The ferromagnetic inductor (a) 

and cross-section of planar inductor on ferrite (b)  
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Table 2 
The physical and electrical parameters of different components 

Properties Air Copper 
Ni-Fe 
(sub1) 

Mn-Zn 
(sub2) 

Ni-Zn
(sub3)

Density , kg/m3 1.225 8700 4000 4700 4800
Viscosity η, Pa∙s 1.8∙10–5 – – – – 
Thermal conductivity k, 
Wm-1K-1 

0.0257 400 30 3.9 6.3 

Heat capacity C, 
Jkg-1K-1 

1005.4 385 700 1050 710 

Electrical resistivity 
ρ, Ωm 

1.31016 1.7510-8 – – – 

Relative permittivity εr 1.0 1.0 11.8 270 12 
Relative permeability μr 1.0 1.0 800 5000 1500
Thermal expansion 
α, K-110-3 

3.43 – – – – 

 

3. Mathematical formulation of the problem. 
3.1. Basic mathematical equations. The inductance 

L given by Wheeler method is represented by: 
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where davg is the average diameter; Am is the form factor; 
n is the number of turns; µ0 is the vacuum permeability. 

By using the Wheeler method for the square shape, 
the coefficients k1 = 2.34, k2 = 2.75. So we have: 

davg = (dout + din) / 2;                        (2) 
Am = (dout – din) / (dout + din).                    (3) 

Based on the form factor Am, we have the option to 
create either hollow or full inductors. Consequently, the 
hollow inductor exhibits higher inductance than a full one 
due to the turns situated near the center of the spiral, 
which help to reduce the positive mutual inductances and 
increase the negative mutual inductances [12]. 

The electric current i flowing through the conductors 
is dependent on both the current density Javg and the 
cross-sectional area Sc of the conductor: 

i = ScJavg.                                (4) 
The cross-sectional area is determined by the width 

w and the thickness t of the planar coil: 
Sc = wt.                                  (5) 

The spacing between turns is given by: 
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And the total lengths lt: 
   swnnsdnl outt  14 .           (8) 

In this study, a mathematical model was developed to 
understand the behavior of integrated micro-coil. The model 
combines Maxwell’s equations for electrical and magnetic 
phenomena with a thermal conduction equation to determine 
the temperature profile in the coil conductors. Additionally, 
to take into account the effect of air on the thermal 
performance, a computational fluid dynamics approach was 
used. This approach considers the convective heat transfer 
and includes the Navier-Stokes equations for laminar flow 
that are strongly coupled with the convection-diffusion 
equation for air. The buoyancy term of the air is introduced 
in the Navier-Stokes momentum (11) in the direction along 
the vertical Z (Fig. 1,a). The resulting mathematical model is 
a strong coupling between the Maxwell’s equations, the 

combined convection-conduction equation of the air, and the 
Navier-Stokes momentum equation. 

Maxwell’s equations are: 
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   (9) 

where H is the magnetic field intensity; J is the current 
density; B is the magnetic flux density; A is the magnetic 
vector potential; E is the electric field intensity; ω is the 
angular frequency; σ is the electrical conductivity; D is 
the electric displacement field; V is the electric potential. 

Heat equation in the air and the solid parts: 

00
2  JJss Tk   with ks = kCu  or ks = ksub,   (10) 

where ks is the thermal conductivity of the solid; kCu is the 
thermal conductivity of the copper; ksub is the thermal 
conductivity of the substrate; Ts is the temperature in the 
solid; ρ0 is the mass density of the solid. 

Navier-Stokes equations in air part: 
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where ρair is the mass density of the air; u is the velocity 
of the flow of the air; P is the pressure in the air; I is the 
identity matrix; A is the coefficient for the buoyancy term; 
β is the thermal expansion coefficient; g is the 
gravitational acceleration; T is the temperature of the air; 
Tc is the reference temperature; e is the unit vector in the 
direction of gravitational force. 

Heat equation in the air parts: 

,2TkTCp airairair u               (12) 
where Cpair is the specific heat capacity of air at constant 
pressure; kair is the thermal conductivity of air. 

The coupling between the electromagnetic, thermal, 
and Navier-Stokes equations involves several steps: 
solving Maxwell’s equations to obtain the electric field 
and current density, calculating heat generation in solid 
materials due to Joule heating, solving the heat equation 
in solid materials to determine temperature distribution, 
solving the Navier-Stokes equations to find airflow 
around the inductor, and solving the heat equation in the 
air to account for convective heat transfer, using the 
velocity field obtained from the Navier-Stokes equations. 

3.2. Boundary conditions. The solving of the above 
system equations (9)–(12) requires the boundary 
conditions such as:  

 For the copper conductor: 
- On the input: 

I = I0   or   J = I0 / Svia ,                    
(13) 

where I is the the electric current; I0 is the input current at 
the boundary of the copper conductor; J is the current 
density; Svia is the cross-sectional area. 

- On the output: 
V = 0.                                     (14) 

This boundary condition implies that the electric 
potential is zero at the output boundary. 

 At the copper boundary: 
nJ = 0,   –kCunTs = h(Tc – Ts),   and    T = Ts,    (15) 

where nJ – this boundary condition implies that there is 
no normal component of the current density at the 
boundary, meaning there is no current flowing out of the 
surface perpendicular to the boundary; kCu is the thermal 
conductivity of the copper material; nTs – this boundary 
condition implies that there is no normal component of 
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the current density at the boundary, meaning there is no 
current flowing out of the surface perpendicular to the 
boundary; h is the convective heat transfer coefficient; 
Tc is the temperature of the surrounding air; Ts is the 
temperature at the surface of the copper conductor; T is 
the general temperature variable. 

 At the substrate boundary: 
–ksubnTs = h(Tc – Ts),   nT = 0,   and    u = 0,     (16) 

where ksub is the thermal conductivity of the substrate 
material; u – this boundary condition suggests that the 
velocity of the air is zero at the substrate boundary, 
indicating a no-slip condition. 

 At the study domain boundary: 
nT = 0,   and    P = 0,                     (17) 

where P is the pressure. 
4. Numerical and computational methods. The 

system of governing differential equations (9)–(12), along 
with the set of boundary conditions (13)–(17), has been 
solved using the finite element method with Galerkin 
discretization. For the mesh, we have employed a 
tetrahedral structure with prisms at the boundary layer 
(coil and substrate). The multiple tests carried out to 
ensure result independence have led us to adopt a fine 
tetrahedral irregular mesh for the coil conductor. The 
complete mesh consists of 29,888 domain elements and 
1,172 boundary elements (Fig. 3). The convergence 
criterion is set to a relative error of each variable, 
ensuring their values below 10–6. 
 

a b  
 

c d
 

Fig. 3. The physical model (a), mesh of micro-coil (b), 
scheme for initial conditions (c) and limits of the studied area (d) 

 

To ensure the accuracy and reliability of our numerical 
results, we conducted a comparison with the previous work 
[34]. We added their simulation conditions to examine the 
temperature distribution in the study area and along the 
vertical line passing through the substrate, as depicted in 
Fig. 4, 5. Upon comparing of our findings with the reference 
results [34], we observed the strong agreement and 
consistency, thereby validating of our mathematical model. 

The simulation results obtained by solving the 
Maxwell’s equations are applicable to all of the 
configurations studied. Therefore, in this study we will only 
focus on presenting the unique physical models and 
boundary conditions for each case. Figures 3,a–d depict the 
physical model of the square planar coil, the domain mesh, 
and the initial and boundary conditions, respectively. 

4.1. Distribution of magnetic flux density. 
Figure 4 shows the 3D distribution of the magnetic flux 
density in planar coil for three materials of ferrite (Ni-Fe, 
Mn-Zn and Ni-Zn). 

a  
 

b  
 

c  
Fig. 4. The distributions of magnetic flux density 

for Ni-Fe (a), Mn-Zn (b) and Ni-Zn (c) 
 

Figure 4 illustrates the magnetic flux density 
distribution along the median line (x = y = 0) for the micro-
inductor made of materials Mi-Zn, Ni-Zn and Ni-Fe. The 
decreasing of the inner width of the micro-coil results in 
an increase in the flux value, it particularly evident in the 
region between 2 mm and 3 mm, corresponding to the 
line crossing the plane of the micro-coil. The similar 
magnetic behavior is observed in the neighboring zones 
with lower variance rates. 

To further analyze the effect of changing the inner 
width of the micro-inductance on electromagnetic 
behavior, we have plotted curves that show casing 
variations in key parameters like maximum flux density, 
maximum field modulus, and maximum potential. The 
same figure illustrates the distribution of maximum 
magnetic flux density and maximum electric field for the 
inner width of the inductor (w = 0.6 mm). It reveals a 
evident increase in magnetic flux with decreasing w and 
predominant increase in the maximum electric field. The 
active zone of direct influence of the electric field is 
observed when the internal width is below 0.3 mm. 
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4.2. Temperature distribution. Regarding the 
temperature evolution in the study area, it is essential to 
plot the temperature distribution curves along the lines 
defined in the next diagrams. This is evident in Fig. 5, 
where we observe a rapid temperature increase in the 
kapton material along the median line (x = y = 0). The 
temperature is sharp until it reaching a peak at the micro-
coil plane, exhibiting a perfect fit. This behavior can be 
attributed to the influence of the buoyancy force. 

a  

b  

c  
Fig. 5. The temperature distributions for 

Ni-Fe (a), Mn-Zn (b) and Ni-Zn (c) 
 

As we move upward, the temperature begins to 
decrease, and a slight difference between the two curves 
becomes evident, indicating the minor effect of the 
buoyancy force in this particular region. Along the lateral 
line shown in Fig. 5, a noticeable change in the thermal 
distribution shape occurs, particularly at the plane where the 
coil turns are placed. The thermal peak rises at non-
availability of buoyancy, and then the curves start to diverge 
by 1 °C as they move upward, with natural convection 
resulting in the lowest temperatures. The temperature 
distribution on the horizontal line presented in Fig. 5 
confirms the earlier observation regarding the narrowing of 

the isothermal lines. We observe a reduction of the 
temperature values on both sides above the coil, where the 
maximum temperature value is directly recorded on the area 
of the inner diameter of the coil in both cases, with a higher 
value for this peak when considering the buoyancy force. 

4.3. Comparison between three materials on the 
temperature and the flux magnetic distribution. The 
flux magnetic density and temperature distribution were 
compared for three different ferrite materials: Ni-Fe, 
Mn-Zn and Ni-Zn (Fig. 6, 7). In terms of magnetic flux 
density, it was observed that Mn-Zn exhibited the highest 
magnetic flux density, followed by Ni-Zn and Ni-Fe. The 
differences in magnetic flux density were attributed to the 
varying magnetic properties of the different ferrite materials. 
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c) the horizontal line y = L/2, z = –tk–ts/2 

Fig. 6. The comparison between three ferrite materials 
(Ni-Fe, Mn-Zn and Ni-Zn) on flux magnetic density 

 

Regarding the temperature distribution, the results 
showed that Ni-Fe had the lowest temperature, indicating 
better thermal performance compared to the other two 
materials. Ni-Zn had a moderate temperature distribution, 
while Mn-Zn exhibited the highest temperature, 
indicating relatively poorer thermal behavior. 

Summarizing the comparison between the three ferrite 
materials, Mn-Zn exhibited the highest magnetic flux density 
but also the highest temperature distribution, indicating 
potential trade-offs between magnetic performance and 
thermal behavior. Ni-Fe, on the other hand, showed the 
lowest temperature distribution, making a favorable choice 
for applications where thermal considerations are crucial. Ni-
Zn is between the two materials, offering a balanced 
compromise between magnetic and thermal properties. The 
selection of the most suitable ferrite material would depend 
on the specific requirements of the application, considering 
factors such as magnetic performance, temperature 
sensitivity and overall efficiency. 
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c) the horizontal line y = L/2, z = –tk – ts/2 
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d ) the horizontal line y = L/2, z= height air/2 
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e) the horizontal line y = L/2, z = height air 
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Fig. 7. The comparison between three ferrite materials 
(Ni-Fe, Mn-Zn and Ni-Zn) on the temperature distribution 

 

5. Conclusions. After conducting an in-depth study 
on the magnetic and thermal properties of three ferrite 
materials (Ni-Fe, Mn-Zn, Ni-Zn) we have found valuable 

characteristics regarding their performance and behavior 
across diverse applications.  

Firstly, Mn-Zn emerged as the preferential material in 
terms of magnetic flux density, showing the highest values 
among the three. This exceptional magnetic performance 
holds immense significance for applications like 
transformers and inductors, where upper magnetic properties 
are crucial for optimal efficiency and performance. 

Secondly, our observations of the temperature 
distribution revealed significant distinctions among the 
materials. Ni-Fe exhibited the lowest temperature distribution; 
giving the exceptional thermal performance compared to the 
other two. Its ability to efficiently dissipate heat makes it as the 
best choice for applications where thermal considerations play 
a basic role, such as high-power integrated circuits, where 
temperature management is critical for reliability. 

On the other hand, Ni-Zn displayed a moderate 
temperature distribution, striking a favorable balance 
between the magnetic performance of Mn-Zn and the 
thermal performance of Ni-Fe. This characteristic makes Ni-
Zn a viable option for applications demanding a harmonious 
convergence of both magnetic and thermal properties. 

Nonetheless, when selecting the most suitable ferrite 
material, the careful consideration of specific application 
requirements becomes essential. Factors like the required 
magnetic flux density, temperature sensitivity, thermal 
constraints and energy losses should be diligently evaluated 
to ensure optimal performance in the intended application. 

As a conclusion, this comprehensive study facilitated an 
in-depth comparison of Ni-Fe, Mn-Zn and Ni-Zn ferrite 
materials, their different magnetic flux density and 
temperature distribution characteristics. Each material presents 
unique advantages and drawbacks, and the optimal choice 
relies on the precise demands of the application. Our research 
significantly contributes to advancing our understanding of 
ferrite material properties and proposes the potential to 
optimize the design of electronic and electromagnetic systems, 
enhancing overall efficiency and performance. Moving 
forward, future research can further explore the additional 
properties of ferrite materials and their specific impacts on 
applications, expanding the boundaries of technological 
innovation to achieve even more advanced solutions. 
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