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EnekmpuyHi MawuHu ma anapamu
UDC 621.314
Y. Hakmi, H. Miloudi, M. Miloudi, A. Gourbi, M.H. Bermaki

https://doi.org/10.20998/2074-272X.2024.6.01

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
(TF’s) to accurately represent the motor’s behavior at HF's 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 sofiware.
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 fiequency 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.

Bemyn. HasgHicmo wupoKoCneKmpanbHux ma UCOKOAMNIINyOHUX erekmpomazHimuux nepeukoo (EMII) 6 oonoghasnomy acumnxponnomy
enexkmpoosueyni (OAE/]) cmanosums 3nauny 3aepo3y sk 01 cucmemu, max i Ois iHuo2o enekmponHo2o obnaonanns. Bucoxkouwacmomnui
(BY) mooeni enekmpoosucyHie 6idicpaioms UpiuaibHy poib ¥ NOOOJAHHL YuX Npoodiem, OCKIIbKU GOHU HEeOOXIOHI Ol XapaKmepucmuKu
enexmpomazuimuoi cymicnocmi (EMC) y npusodax ma npoekmyeanns egpexmusnux ginempie EMII. Hoeusna yb020 00cnioxcenHs nonazac
8 MOMy, WO NPONOHYEMbCA B00CKOHANeHa modens BY-osueyna na ocHosi nepedammux @yuxyii (I1D) ona mounoeo npedcmasnenis
noeedinku deueyna Ha BY ons amanizy uacmommoi obnacmi ¢ dianaszoni 6io 100 I'y oo 30 MI'y. Mema. Y cmammi o62o6oproemucs
exsisanenmua BY-wooenv onss OAE/]. 3anpononosana exgieanenmuna cxema onucye enacmusocmi ogueyna y cungpaznomy pesicumi (CP).
Memooonozia. BU-modenv 6yna po3pobrena 3a 0ONOMO20W aHAMZY V YACMOMHIU 00nacmi 3 GUKOPUCTIAHHAM eKCHEPUMEHMATbHOL
ycmarnosku ma npocpamuoeo 3abesneventss MATLAB. Ananiz imneoancy 06ueyna 3aCHOSAHULL HA GUMIDIOBAHHI 3MIH XAPAKMEPUCIUK
odsuzyna 6 3anedxcHocmi 6i0 uacmomu écmanosenenns CP. Opueinanvnicme. [1® 6ynu nanawmoeawi 3a 00NOMO2010 ACUMAIMOMUYHO0
Memody idenmudpixayii booe 015 8i0nogioHocmi noeedinyi peanvHux IMREOAHCI8 NAPAMEMPI8 O8USYHA 3AEHCHO IO Yacmomu KoHizypayii
CP. Haoani yi narawmosani [1® cunmesyiomobcs 6 Komniekchy mooens exgisanenmuoi cxemu EMC 3 euxopucmanusam memooy mepexci
Docmepa, AKy nOMiM MOJHCHA MOOENOBAMU 8 6YOb-AKUX IHCIPYMEHMAX cumynamopa Ha ocHogi Spice. Pesynomamu. 3anpononosana
MAMeMAmuyHa  MoOelb — GUKOPUCIOBYBANACS W000 MOOeNo8ants, «a OMPUMAHi NpocHO3U OYI0 NepegipeHo 3  YPAaxy8aHHAM
excnepumenmanohux oanux. Peaxyisn CP exsisanenmnoi cxemu EMC na nusbkux, cepeOHix ma 6UCOKUX 4ACMOMAX NOPIGHIOBANACL MIdiC
MOO€TIOBAHHAM MA eKCNEPUMEHMATILHUMU GUMIPAMU 3 BUKOPUCAHHAM NpocpamHozo 3abesnevenns cumynamopa Lt-Spice. Ilpakmuuna
yinnicme. Pe3ynomamu noxazyiomv 3a006iibHe CNIGNAOIHHA 3 SUMIPIOGAHHAMU Y 3HAYHOMY Ouanaszowi uacmom [100 I'y-30 MIy], a
exsisanenmmna mooens OAE]] mooice 6ymu Kackaooeana 3 iHuUMU eneKmpOHHUMY MA eNeKMPULHUMU MOOYIAMU OISl (POPMYBAHHS NOGHOT
Mooeni 00HOpa3HOI cucmeMmu eneKmponpugooy Ons WeuoKo2o ananizy ma npoernosveanna EMII na pieni cucmemu ma enekmpomacHimHoi
yymausocmi. bion. 37, tadm. 5, puc. 13.

Knrouoei cnosa: cunga3zHuii peskuM, eJ1eKTPOMATHITHA CYMiCHICTh, eKCIICPUMEHTAIbHUN BUMIp iMIleaHCy, BUCOKA 4aCTOTA,
onHoga3Huii AaCHHXPOHHMIi ABUIYH.

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 Researchers are investigating diverse driving

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].

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/df), 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.

© Y. Hakmi, H. Miloudi, M. Miloudi, A. Gourbi, M.H. Bermaki
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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/d¢ 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).

4
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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/d¢ 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 Rated Rated | Speed, | Rated |Efficiency,
voltage, V| power, | current, | rpm | torque, %
w A N-m
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.

Awxiliary
winding

Main
winding

Impedance

Analyzer

Motor
Frame

L 1
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 f,, Zcy demonstrates a
weaker increase and exhibits inductive behavior.
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e
b [ e
ok [ I ]
7 :Zz: Zs :Z4]' Zs : Zs
\ R I
10 ! | | 3
1ot |
I |
N I I
10° (] | | E
I I
[T I
2 (ST I
10 g |
[ |
\ [T R |
10" E (R
[
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Fig. 3. CM impedance magnitude measurement
150 ; . . . .
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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 fu, fy,..., f 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 f;;, the magnitude
curve decreases with a slope of —1, and the phase is —90°:
Zy(s)=1/s, (1
where s is the Laplace transform variable or complex
frequency; Z(s) is the TF of the pole at the origin.
At the first dipping and peaking frequencies (f; and
J») suggest the presence of 2"order systems (& and &
are the damping ratios). The corresponding terms are
calculated by:

Z5(s) = Lz el e ©)
Wy Wn2

where Zy(s) is the TF of a 2"-order system; the undamped
natural frequency w,;, is given by:

Wn2=2‘7l"fd1, (3)
Z5(s) is for 2nd-order system with two poles:
1
Z3(s) = , “4)
% st 2003, s+1
W,3 Wn3

where the undamped natural frequency w,; is given by:
Wiy =27 S 6
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:
Zem ()= 21(5) Zo(s) -+ Z,,(s) - (6)

The estimated CM TF can be expressed as a ratio of
two frequency-dependent polynomial representations:
Ml by s+ by

~ G

+-tap-s+a

m
b, -s" +b,_1-s

Zem (8) = " p
a,-s" +a,_|-s

where a,, b, € Re are the unknown polynomial
coefficients; # is the order of the desired model.
The coefficients of the Z¢y, TF are given in Table 2.

Table 2
Coefficients of the 5"-order TF
ap a) a) as ay ds
0 9.322-10% | 1.088-10'° | 1.844-10"" | 3.692-10° 1
bo bl bz b3 b4 b5 b6
8.245-10%]1.152-10%*|2.756-10"6.49-10"|2.491-10°| 6.849(4.908-10°

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 wvalidity 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.

10° Z,Q T T T T
— CM Measured
= CM Simulated

10° £ E

10* F E

10° E

107 F

10" E

0 ‘ . | . S Hz

10 2 3 4 5 6 7

107 10° 10 10 10° 10
Fig. 5. Measured and simulated magnitudes of CM impedance
150 : . : ; .
Phase, deg m— (M Measured
100 | ===CM Simulated | |
501 E
o i
50+ E
-100 | E
-150 | :
" Hz
woloiid Ll L £
107 10° 10 10° 10° 107

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.
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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 » and ¢ indicate
the real and complex numbers and their orders are Nr and
Nc for real and pair complex poles respectively.

Rr RNr

o coe

CNC
[

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 Z;(s), ZQ(s) ., Z,(s), as follows:

Zb

Zey(s)="———=d+e- s+z
Za prn
®

*

,

cn__ |
+Z — &
=il $ pcn S=Pen

where d is the real value constant; e is the s-proportional
term; N,, N, are the numbers of real poles and complex
conjugate pole palrs P> T'm are the real poles and
residues; pen, Pen » Fens Yen 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 Z¢y, TF
Z(s) Equivalent circuit model Parameters
d+es Ro L Ry=d; L.=e
R,
il =) —{5 - K=lpes €=
G,
R oLl rebe +1e Pe)
C
7.+ rc
ro+r
— C C
Rc L(r LC_ I"p*+l"*p rp*+r*p
1YY YL | %
rc }"C* G pcpc + (pc +pc)+ cr’c C* C cr’c C* (¢
+ * |_L| rC + rC rC + rC
S=Pc s—p, — "
= G - r.+7,
‘ Fepe +1."
_(pc* +pc)+ cPe c* Pe
T, +7,
= l/ (rc + rc*)
A calculation was conducted to determine the values Table 5

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 Z¢,

d=5.03626; e=4.90827-10"°
Poles p; Residues r;
pr=0 r,=5.5573-10°

7.=1.957e8 +-3.537-10’
7. = 3.002¢8 + i-8.108-10’

Dpe=-1.769-10° £ i-4.442-10°
pe=-9.831-10° £i-2.321-10°

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

Component values of the equivalent circuit

Ry=5.0362 Q | L,=78117-10"H
Real branch no. R, Q C,F
1 0 1.7994-107°
Branch no. L,H R, Q C.,F G, S
1 1.04-107*| 37.01 |1.66-10°| 3730
2 1.92-10°| 185.7 [2.55-107| 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 Ry, inductance L., and capacitance
C,. This model is particularly relevant in the frequency
range of 100 Hz to 7 MHz, where C, 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 R, plays a
crucial role in damping the resonance that results from the
interaction between L. and C,. 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,Q
N

10°f \

/
10' \[ E

10° . . . . S Hz
10° 10° 10" 10° 10° 107
Fig. 9. Comparison of measurement and simulated magnitude of
a Foster equivalent circuit for CM impedance

150 T
Phase, deg

100 -

v

=50 F
/\/\\,\J
-100 ... ]
-150 | .
200 | . | | fiHz
10 10° 10 10° 10° 10

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 Z,,, auxiliary winding Z, and start capacitor
Z. 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 Z¢,,, main Z,, and
auxiliary Z, 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.

Main winding or
auxiliary winding

Impedance %
Analyzer
Motor
Jrame -__)/ ""-—._.—/\
Impedance
Analyzer

Fig. 11. Measurement setups of the main or auxiliary
winding (a) and start capacitor (b)

CM impedance of the Motor
e CM impedance of Main Winding
M impedance of Auxiliary Winding
CM impedance of the Start-capacitor

f=17.06 MHz

ol Z=4.66 2~

Iol') 1 1 1 L

fiHz
10? 10 10t 10° 10° 107

Fig. 12. Magnitude evolution of the PSCM parameters
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CM impedance of the Motor

Phase, delg s CM impedance of Main Winding
s CM impedance of Auxiliary Winding
100 CM impedance of the Start-capacitor
50 ﬁ‘
0r 4
-50 7

oA

-100 r \'&:/: 7
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200 | ‘ I !
10 10° 10* 10° 10 107

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 €,
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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EnekmpomexHi4yHi KoMr/ieKkcu ma cucmemu
UDC 621.3 https://doi.org/10.20998/2074-272X.2024.6.02

R. Araria, M.B. Guemmour, K. Negadi, A. Berkani, F. Marignetti, M. Bey

Design and evaluation of a hybrid offshore wave energy converter and floating photovoltaic
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.

Bcemyn. 'Y cmammi npedcmaeéneno HO8Yy KOHCMpPYKYil0 ma aHami3 2iOpuoHoi cucmemu GIOHOGTIOBAHOI eHepeii, AKa NOEOHYe 8 cobi
nepemeopiosay xeunvogoi ewepeii (WEC) 3 niasyuoro ghomoenexmpuunoro (FPV) cucmemoro 0na MOpcvKoi YCMAHOBKU, 3 0COOMUBUM
axyenmom Ha peioni Opan sk memamuiHomy oocuiodiceni. Ipusnauennam inmezpayii yux 080X mMexHONO02il € BUKOPUCIMAHHS X8UTbOBOT Ma
COHSIYHOI eHepeii, MaKUM YUHOM MAKCUMIZVIOUU UXIO eHepeii ma niosuwyroul HAOHICMb BIOHOGIIOBAHUX 0XCEPell eHEP2ii 6 MOPCLKOMY
cepedosuuji. Memoio yb020 0ocniodcenns € po3pooKa iopuoHol cucmemu, KA BUKOPUCHIOBYE 63AEMOOONOBHIOIOUUIL XapaKmep MmexHONO0zi
WEC i FPV ons maxcumizayii 6uxody enepeii ma nioguwenis HaoiHocmi. [nmegpyrouu yi mexnHonoeii, cucmema mae Ha Memi noooaamu
00MedHCeHHS A8MOHOMHUX eHepeemuuHux cucmem. Memooonozia exnouac 6 cebe subip gionosionux mexronoeiti WEC i FPV, onmumizayiio
ix Kongizypayiti i ananiz ix cninbHOi NPOOYKMUBHOCII 8 PI3HUX YMOBAX HABKOTUWHBO20 cepedosuwyd. /s oyiHKu nomeHyiany eupooHuymea
eHepeii, cmpyKmypHoi cmaditbHOCMi Ma eKOHOMIUHOI O0YLTbHOCII 2IOPUOHOT cUCIeMU BUKOPUCTIOBYEMbCS OOYUCTIOBATbHE MOOETIOBAHHS
ma ananiz oanux. Lleii komnaexchuii nioxio 3abesneuye pemenvhe MmecmysaHHsa ma onmumiayito oA peanvhux 3acmocyearv. Pezynomamu
0eMOHCIMPYIOMb CYMMEG] NOKpawjeHHsl y 8uxo0i enepeii ma cmitikocmi cucmemu nopisnano 3 asmonomuumu cucmemavu WEC abo FPV.
Tibpuona cucmema demoncmpye noKpaujeHy npooyKImMuUHICmy, 30Kpema cCmadiibHy 6UXIOHY eHepeito ma MiyHichb KoHcmpykyii. Lfi eucHoeku
eKxazylomv Ha me, wo noeonanns mexronoeit WEC i FPV mooice npuzéecmu 00 Oitbut HAOMIHUX | eQheKMUGHUX piuieHb Ol MOPCbKUX
6IOHOGIOaHUX Odicepen enepeil. TIpakmuuni 3HAUeHHs € 3HAUHUMU, WO OQIOMb 3MO2Y 3PO3VMIMU eqeKMUGHI ma CMIKI PileHHs! OJis
BIOHOBNIOBAHUX Odicepell eHepaii 6 MopcbKux ymoeax. 3ocepeodvicyiouucy Ha Opani, NPONOHyEMbCs NOKAIbHA NEPCHEKMUBA, Ky MOJICHA
adanmyeéamu 00 NOOIOHUX NPUOEPENHCHUX DALIOHIE V 6CbOMY C8imi, CpUAIOUU PO3BUMK) MEXHON02I 8i0H06M08aH0il enepeii. 1liosuwena
HaoitiHicmy 1 eghekmusHicmy 2iOpUOHOT cucmemu RIOMpUMye OUTbUL WIUPOKY MeNty CMAN020 eHEPeemUYHO20 PO3GUMKY 8 MOPCbKOMY
cepedosuyi, NiOKpeciordu il ROmeHyian oA wupoko2o 3acmocysanus ma enaugy. biomn. 23, tadmn. 4, puc. 17.

Knrouoei croea: nepersoproBay eHeprii XBUWJIb, BiICTeKEHHsI TOYKH MAKCHMAJILHOI NOTYKHOCTI, ri0pHaHa cucTeMa, I1aBy4ya
(oToenexTpuuHa cucrema.

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

Floats (Pontoons)

Lightning protection system

Anchoring

Mooring lines

Multi-point absorber
Connections to another

point absorber or floating PV
PV Modules )

Combiner box

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.

Transmission

Transformer

Underwater cables

Central inverter

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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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, km? ~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
CO, 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].

Wave incident Buoy

Line connexion
Uper end-stop spring Je—""

Linear generator

Retracting spring Concrete platform

Seabed

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:

n(x,t) =4 cos(lcx - cot), (1)

where 7 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); o is the frequency of angular motion
(rad/s); x is the horizontal position (m); ¢ is time (s).
: I '

z z=A4 -—

z=-h

e z iz z Z Z z iz z z 72
Fig. 5. Sinusoidal incidence wave form

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

u(x,t)=%sm(za_wt). @)

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]:

Fy=pogV . 3)
where F, is the force of buoyancy (N); p,, is the water’s
density (kg/m®); g is the acceleration brought on by
gravity (m/s”); ¥ is the volume that the point absorber has
displaced (m*).

Power capture. The electrical power captured by
the point absorber can be calculated as [14]:
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where P, is the output of electrical power (W); H; is the
noteworthy wave height (m); C, is the coefficient of power
capture; v is the difference in velocity between the waves and
the absorber (m/s); P, 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 F,., is equal to the
mass times the translational acceleration (the same laws
apply to moments, which are not discussed here):

dzz(t)
Frer =m dt2 :Fg(t)"'FFK(t)"'Frad(t)"'

+Fres (t)+ FPTO(t)_" Fspring (t)+Fadd (t)v

where F,, is the total force exerted on the buoy (N); m is the
point absorber’s mass (kg); z(f) relates to the point
absorber’s vertical movement over time (m); Fg(?) is the
force of gravity (N); Fr(?) is the force of Froude-Krylov
(N); F,.(?) is the force of radiation (N); F,.(?) is the force of
viscosity (N); Fpro(?) is the power take-off (PTO) force (N);
Fopring(?) 1s the force of mooring (N); Fq(?) is the additional
force (N); F,4, 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:

)

Fg(t):—mg. (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
d zz(t) . )
dr

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 F,,,
depletes the system’s energy, as was previously stated. Since
of this, F,,; is proportional to the floater’s velocity in the
following manner since it is functioning as a damper [15]:

dz(t)

Frad(t)z_bv’ (®)

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

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

Flres (t) = _Cz(t) > )
where c is the coefficient of restoration (kg/s’); 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 Fprp, radiation force F,,;, mechanical spring force
Fpring and restorative force F, are produced by:

Fspring (t) = _kSPZ(t) ;

FFK =—m

(10)

FPTO(’F‘ﬁ%, (11)

where k, is the spring coefficient in mechanical terms

(kg/s%); f 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 F,,; acts in addition to
the buoy’s absolute mass. As a result, it is assumed to be
proportionate to the floater’s acceleration as:

dzz(t)
EFLaalt)=—a——=,
add ( ) dt2

(12)

where a is the mass coefficient added (kg); d*z(¢)/d#* is the
acceleration (m/s®), or the second time derivative of the
buoy’s vertical displacement z(z).

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].

li”

e — S
Generalised PV cell model

The PV current ip,, diode current ip, series resistance
Rs, parallel resistance Rg, and net cell current ipy are
shown in Fig. 6. When the equivalent circuit of the PV
panel is considered, equation (13) produces the net cell
current ipy:
ipy =ipp~ip ~ip. (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:

Vpy +Rgi
ip= io(exp[—PV - SCPV D, (14)
. .| Vpy + R
1P=IO( PVR sPV]; (15)
P
R V, R
iPV:"P”_"O[eXP(WJ_IJ_W’ (16)
P

where ipy is the PV output current that flows through the
series resistance Rg; Vpy is the PV output voltage; ip, is
the photo generated current; ip is the diode saturation
current; i, is the reverse saturation current; ip is the
current passing via shunt resistance Rgy; 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:
VOC:“'k'Tlog(ﬂ+1J, (17)
q Ip

where a is the ideality constant of a diode; ¢ is the charge
of an electron (1,602-10""° C); k is the Boltzmann constant
(1,381.10% 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].

DC-DC boost converter
oy ¢ RL ip

1, A 1500,

1 kW/m? @
0.8 kW/m?

0.5 kW/m?

1000

500 | 3 kW
0.1 kWim?
!

250 ¥,V 300

1 KW/m? @

0.8 kW/m

! ! !
0 50 100 150 200

0 50 100 150 200 250 V’ VvV 300
Fig. 7. Characteristics of the PV cell at different irradiation

levels: a—I=AV); b—P=fV)

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.
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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.
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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 V., V 42
Short circuit current i,., A 8.03
Cell per module N, 60
Voltage at maximum power point V,,, V_| 34.56
Current at maximum power point ,,,, A 7.4
Temperature coefficient of V. 0.361
Temperature coefficient of i, 0.007
Table 3
Detailed specifications of WEC station
Parameters Values
Wave amplitude, m 08-12
Number of the PTO 4
Stator resistance R, Q 0.01
Armature inductance, pH 80
Flux linkage, Wb 0.8
Moment of inertia, kg-m’ 0.002008
Viscous friction coefficient, kg-s 0.0028
Pole pairs 18
15



Table 4
Electric filter and grid parameters

Parameters Values
Resistance of the filter, Q 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 (LPMSGQG)

ro

tational 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.

1

th

.
19" Wave, m

L
0 2 4 6 8 10 12 14 16 18 20 22 24 25

0 2 4 6 8 10 12 14 16 18 20 22 24 25
Fig. 9. Time evolution of important parameters
in the multi-point absorber based on WEC:
a — sinusoidal wave signal; b — travel curve; ¢ — force curve

Figure 11 displays the voltage and current outputs of
e 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;
¢ — active and reactive power
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Fig. 11. In a normal maritime operation, the LPMSG’s output of
three phases of voltage («) and current ()
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Fig. 12. Performance of FPV farm: a — solar irradiance profile;
b — generated power; ¢ — 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, 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. 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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M. Irwanto, L.K.W. Kita

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 V. = 30 V and d,. = 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.

Bcemyn. Cucmema oocmaexku enekmpoenepeii 6e3 opomie giooma sk 6e30pomosa nepeoaua euepeii (WPT). Cucmema WPT wupoxo
BUKOPUCIMOBYEMbCA Y PAOL 2ay3ell NPOMUCIO80CHI, OXOPOHU 300p08’s, meneKoMyHikayitl ma mpancnopmy. OOHax 6i0cmans Midc
nepeoasanbHoI0 ma NPUIMAILHOI0 KOMYWKAMU iICIOmMHO 6nausac na ii egpekmusnicms. Jum oani Komywiku 00Ut 6i0 00H020, MUM HUICHA
nomyaicricmo, i Haenaku. Hoeusna sanpononosanoi pobomu nonazac 6 po3pooyi 6a2amomazHimno2o Kpyano2o nidcko2o CRipaibHozo pene
0nst nokpawenns npooykmugrocmi cucmemu WPT i 6 npoexmysanni Kpyenux niackux CRipanbHux KOMywox 05 00CsAeHeHH s BiON08iOH020
SHAUeHHs: THOYKMUGHOCMI Ol wacmomu y3200xcennss 5 kly. Memoio pobomu € cmeopenHs: Kpyeosoi NioCKol CRIpaibHOI KOMYywKY 3
BIONOBIOHUM 3HAUEHHAM THOYKMuUHOCMI 051 yacmomu y32000cenns 5 kl'y. Memoou. Cxema nepedaeaua, cxema npuiimaia ma 0dicepeno
nocmitinoi nanpyeu € wacmunamu cucmemu WPT. Cxema ingepmopa uKopucmosye Memoo iHOYKmMUBHO20 36 53Ky nepemsopenHs 0xcepeid
nocmiliHo20 cmpymy 6 3MiHHYy Hanpy2y Ha Komywiyi nepeoasaua. Illpononosana KOMywiKa 000amKo80 GUKOPUCIOBYEMbCS K
bazamomazHimne Kpyene NIOCKe ChipanvHe pene Ona 30iMbuleHHA 63AEMHOI THOYKMUSBHOCI MIidC NPUIMATLHOIO 1 NepedasanbHOi
xomywikamuy. Pesynemamu. [{ns konmponio noninuwienHs nomysicHocmi, ke 8i06y8acmucs 8 pe3ynbmami 000asanHs 6a2amomazHimHo2o
peine 6 cucmemy, KOMywKa, wo nepeodc, NPUIMAaitbHa KOMywKa i bazamomaznimue pene po3smauiogylomsCsi Ha NeGHUX 6I0CIMAHAX 00U 8i0
oonoeo. Ilpu Vy. = 30 B i d,, = 21 cm nomysichicme, KA RPUIMAEMbCS NPULIMATBHOIO KOMYWKOI0, Modice 6ymu nokpaujena 00 67 %.
Ilpakmuune 3nauennsn. bacamomaenimmne Kpyene naocke cnipaivhe pene, wjo 3acmocosyemuvcs 6 cucmemi WPT, Oyno docriosceno
EKCNepUMEHMAILHO, | 1020 MOJCHA 3ACMOCO8y8amu 0Jis NOCMiliHO20 Hasanmaicenns. biomn. 26, tabn. 1, puc. 18.

Kniouosi crosa: 6e3n1poToBa nepenada KUBJICHHS, NIABHILICHHS] NPOAYKTHUBHOCTI, MarHiTHe pese, 6araToMarHiTHe cnipajibHe
IJIacKe pejie.

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.
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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 MOSFETSs’ 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 (d,,), the distance between turns
(s), the inner diameter (d;,), and the outer diameter (d,,,).

N

Receiver coil

Por

Transmitter to receiver

Transmitter coil

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

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

do,
Vi=-N, d tt . 6]

The magnetic flux flows to the receiver coil through
the air medium and produce the mutual magnetic flux @,,.
Thus, an induced voltage V, is generated on the receiver
coil and the current /, 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]:

20

Enexmpomexnixa i Enexmpomexanixa, 2024, Ne 6



1
- @)
Ar°fC
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 d,,, mm 1.25

Inner diameter d;,, mm 20

Number of turns N 66

Spacing between turns s, mm 0.001

Outer diameter d,,,,, mm 185.131
Capacitance of capacitor C, puF 3
Inductance of coil L, pH 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'.'.Prop0sed circuaf 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-1/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-1/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.
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16
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s 11[} °
[e 10]

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.
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47 kQ i

L
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Fig. 5. Full bridge i-nverter 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 puF filter capacitor and a
100 pH 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.

=85 uF

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 uF 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 pF 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 Vto 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 (V, source) has the ability to supply the DC
voltage source to the entire bridge inverter circuit at
terminals B and B'.

Bat

i ’— Receiver coil
S e - t

<
P - = Multi-magnetic
S retay
o

Filter capacitor 3 pF

. Full bridge
and induetor 100 pH i

~ (lamp) — inverter

Fig. 7. Overall design of the ed 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 (¥, 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.
B = % - : ]

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 V. source.
This arrangement allows findings on many parameters,
including voltage, current, and power, to be obtained and
shown graphically for the additional analysis.

“{ . E.

4

e

(= :
v .
‘ 5 Transmitter coil ’
o g

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 (V; = 30 V) and the
reception coil’s distance (d,, = 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-1/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 «ONy». 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.
TR T || M Pos: 0.000s

AUTOSET

AC voltage waveform and magnetic flux generated
on the transmitter coil. The four MOSFETSs’ 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 uF capacitor
and a 100 pH 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 ps
and one cycle formed in 200 ps. 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 puF capacitors and
100 pH inductors. Based on the oscilloscope’s scale, this
is clear. One cycle sine wave’s length is composed of two
divisions, each taking 100 pus of time. Afterwards, 200 us
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.

il Tl M Pos: 00005

E{. Limit
0t

100m4F

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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Fig. 14 Wavefonn 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 V. at 30 V, and the d,. 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 V. = 30 V, and the distance between the
transmitter and receiver coil d,, = 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 aresult, 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.

M Rectified Receiver Voltage (V)  Rectified Receiver Current (A)

m Receiver Voltage (V)
b 7
s o 3
g = 2
- (1] () B

‘Without Magnetic Relay dp=3cm dy=6cm dy=%cm
Fig. 15. WPT performance with the addition of one magnetic relay
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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 (d,, = 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 d,, = 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 d,,, = 6 and 9 cm. The resulting
output experiences a 20 % voltage rise, a 38 % current
increase, and a 50 % power gain at d,,, = 6 cm. Atd,, =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, d,,, = 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 d,,,= 6 cm at d,,, =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 d,, = 6 cm is
more than at d;,, = 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, d, = 21 cm, and the DC voltage source,
which serves as the transmitter side’s DC input voltage,
are both fixed at V;. = 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 d,,, = 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.
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Fig. 17. WPT performance with the addition of multi-magnetic relay
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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 pH 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.

Bemyn. Ocmanniv yacom mpughasui npugoou 3 ACUHXPOHHUMU OBUSYHAMU WUPOKO GUKOPUCHIOBYIOMbCA Y NPOMUCIOB0CH, OOHAK
6I0MOBU CUSHATY 360POMHO20 36'A3KY OAMUUKIG CMPYMY MOICYMb NOIPUUMU eKCHIYAMAYiliHi Xapakmepucmuku 6ciei cucmemu
npusody. Tomy Ons enekmponpugodie nompioOHe HanexCHe pileHHs 01 3aNno0ieaHHA 8I0MO8 O0AMHYUKI6 CmMpyMy ma NiO8ULeHHs
naoitinocmi cucmem npugody. Hoeuzna npononosanozo 0ocniodcenns nonazac 6 inmezpayii yHkyii 610MOBOCMINKO20 YRPaGIiHHS
damuuxom cmpymy (FTC) 6i0nosiono 0o 800ckonanenoi Memoouku @ KOHmyp YRpagiiHHs noaem 051 YAPAsiHHsa WEUOKICIIO cucmemu
npusody. Mema. YV yvbomy 00CHIONCEHHI NPONOHYEMbCSL 2IOPUOHULL MEeMOO, WO BKIIOYAE ONePamop mpemvoi pisHuyl ma aieopumm
NOPIGHAHHA CUSHANG OJi OIASHOCMUKU DI3HUX MUnNieé 6i0M08 0amuyuKié Cmpymy 5K NO3umueHe piuteHHst 01 NiOGUWeHHs. CIIUKOCTI
cucmemu npueooy 3 ACUHXPOHHUM 0gucyHom. Memoou. IIpononyemucsa 2iopudHULl Memoo, Wo 6KII0YAE ONepamop mpemuvoi pisHuyi ona
BUMIPAHUX CUSHANIE WBUOKOCMI A AN2OPUMM NOPIGHAHHS MIdC GUMIDAHUMU MA OYIHOYHUMU CUSHANAMU CIPYMY, O OldeHOCMUKU
cmany cnpasnocmi 0amuukie cmpymy y giomosocmitikomy npoyeci. Ilicns gusnauenns HecnpagHo2o 0amuuka CUZHAIU OYIHKU CIPYMY
Ha ocHogi cnocmepizaua Jlioenbepeepa ne2aiino 6UKOPUCOBYIOMbCA ONsL 3AMIHU CUSHATY HechpasHozco Oamuuka. Pezynomamu.
Jamuux cmpymy modentoemvcs 3 pisHumy munamu 6i0Mo8, 6i0 CMaHOAPMHUX 00 PIOKICHUX GI0OMO8, 3 MeMOK OYIHKU NPOOYKMUBHOCH
memoody FTC, peanizosanoco y cepedosuwi MATLAB/Simulink. Oonouacno npanopeysb nechpasHocmi, wjo 6i0n06I0A€ HeCnpaGHOMY
0amuuKy, noguner OGymu npeocmaeienuti K iIHOUKAmop 0N GUKOHAHHA NpOYecy PeMOHMY HeCHpasHUX Oamyuxie y HANedCHULl yac.
Ilpakmuuna yinnicme. [losumueni pesyiomamu 006enu 30iticHeHHicmb ma egexmusHicmos nponornosanozo FTC, inmeeposanozo 6
pe2yaamop weuoKocmi, Ona nioguujeHHs HaodiuHocmi ma 3a0e3nedyenHss cmabinbHoi pobomu cucmemu npueoody 3 ACUHXPOHHUM
08U2YHOM HABIMb 8 YMOBAX HecnpasHocmi oamuuxa cmpymy.. bion. 29, tabn. 3, puc. 10.

Knwouoei cnosa: HecpaBHICTh JaTYHKA CTPYMY, PO3PAXYHKOBMIl CTPyM, BiIMOBOCTiilike KepyBaHHs, OpPi€HTOBaHe Ha IoOJe
KepYBaHHs1, IPHBIJl 3 ACHHXPOHHUM JBUT'YHOM.

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/fratio. 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).

lDC-bus

in*, On*

Current sensors

Inverter

FOC Controller

FTC function O Speed
sensor
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- foest FTC algorithm
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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:

di . * i j
% =—Ejigy + EyWRo + E3Wrp + Equsy — Liisq + Laisps (1
Fﬁ =—Ejisp — EWra + Egyrp + Eqisg — Liisp — Loisg s (2)
dy ) . .
dfa = Esisq = EcV ra = E7Wrp ~ Laisa + Laisp s 3)
dyp . ; ;
dtﬁ = Esisp + E7¥ ra — E6¥ rp + L3isp — Laisq s (4)
where
L%Rg + 2 Rp Ly Rp Lin®r
E = 5 ;o By = Ey = ’
oLl oLsLy sl
L, R R
E4:L; Es=—"2 R; E6=—R; Er;= w;
oLg Lg Lg
1 1
L=h-1)—+—|; Li=—h-Dao,
GTS GTR

L, L L
L3:(h2—1 L, L |otmbs Ln |,

+o-LmLS[ 11 j(h_l)’

LR O'TS O'TR
L, L L
Ly=—(h-1)Zm5S g o 1 =25 TR_L_R,
Lg Rg Rp
2
J:M; h = const > 1;
LgLg

Ry, Ry are the stator and rotor resistance; Lg, Lz, L,, are the
stator, rotor and magnetizing inductance; @, = p@,, is the
rotor speed; p is the number of pole pairs; is,, isp U sg
u sp Wra» Wep 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):

wlls valnl o

Eﬂ{—ll/z ﬁo/z}tﬂ (6)

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 - in(?) is the measured phase
Drift in(f)=i(f)*a+bt|current corresponding to the fault
Scale in()=Ki(t) _|type;
Elas. . in(O=UOTK |_j(f) is the true value of the
recision . . .
! —i(f)+ measured phase current;
degradation in(0=i(t)re(?) P
Hard fault - a, b, K are the constants
Constant in()=K corresponding to the fault type;
Constant with | , - e(?) is the excessive random
noise inD)=K+e®) Inoise;
Bottom noise in()=0+e(?) |- tis the time variable

Normal current Precision degradation fault

i[A]
i[A]

i[A]
i[A]

i[A]
i[A]
4

Bottom noise fault

i[A]
i[A]
9

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) { FTDOW = 1}, (7)

where TDO,, = ‘fw(pX ;

1% operator : Aw(p)=w(p)—w(p -1}
2" operator : Aw(p)= Aw(p)— Aw(p—1)
3 operator : A£4w(p)= £w(p)— L£w(p—1)

where p is the current sampling time; (p—1) is the previous
sampling time; 74, 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):

i et > Thi ) {Feony =1} else {Feous =0}, (8)

If ((!FTDOW)and FCO}Wj): 1, {Fj 21}, else {Fj :0}, (9)
where i;,, are the measured current signals of i,, iy; ij oy 1S
the estimated current signals of i, e, s ess £ is the fault
indication flag for each current sensor; 7%; 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.

If Qi iem —

Table 2
Judgment of FTC function
Fault indication flag Current sensor status | The output
Fy=0,F=0 Normal Loans Lm
Fry=1,Fp=0 A-phase fault igests ipest
Fy=0,Fp=1 B-phase fault igests igest

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, Q 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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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. 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.
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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 Pl
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.

Bemyn. Ocmanniv wacom gpomoenexkmpuuni (PV) cucmemu 6ce uacmiute 8UKOPUCOBYIOMbCS ONisl NEPEMBOPEHHsL COHAYHOL eHepeii Ha
enekmpuxy. PomoenekmpuuHi cucmemu YCRiuiHo eBoNOYIOHYBaAU 8i0 HEBETUKUX AGMOHOMHUX YCIAHOB0K 00 GeNUKOMACUMAOHUX CUCTeM,
NIOKIOYeHUx 00 mepedrci. Koau HeliHiliHI HABAHMAX CEHHA NIOKTI0UEeHT 00 Mepexcesoi homoeneKmpudHoi cucmemu, sSKiCmy eeKmpoeHepii
MOdIce NOIPUIUMUCS. Yepe3 aKMUeHy NOMYIICHICHb (OMOoeNeKmpuyHoi Mampuyi, Wo NOOGAEMbCA, CHOCMEPIeAEMbCsl NOMIMHEe 3HUICCHHS
AKocmi enexmpoenepzii, wo nocmavaemvcs cnoxcusaan. Mozo noeonanus iz wynmyouun axmustum Qitempom nomysicrocmi (SAPF)
niosuugye egpexmusnicmo cucmemu. Omoice, Ysi iHMeSPOBAHA CUCIEMA 30AMHA K MHCUBUIMU TOKATIbHI HABAHMANICEHHS, MAK | KOMREHCY8amu
PeaKmueHy NOMyscHIiCmb i 6I0QIIbmMpo8yeamu 2apMOoHiuHi cmpymu 3 ocHoeHuil mepeoici. Hoeusna pobomu onucye, sk MONCHA OOMOSIMUCS
pobomu  manomacumadHoi ghomoeneKmpuyHoi cucmemu, RNIOKIIOUEHOi 00 pO3NOOIILYOI cucmemy HU3bKOI Hanpy2u ma HeNiHiliHo20
HABAHMAICEHHS, OOCTIOJICeHHs CPAMOBAHe HA AHANI3 NOBEOIHKU CUuCmeMu ma 3 SICY6AHHS nepesaz GUKOPUCHIAHHSA DI3HUX aNeOPUMMIG
ynpaeninna. Lfi aneopummu pospobneni ons 3abe3neuents 0OUHUUHO20 KOe@iyicHma nomyscHocmi O KOMYHAbHOT MepedIci, npu Ybomy
8i00arouu npiopumem 6UCOKOI WBUOKOCH] KOH8EP2eHYli ma cmilikocmi 00 KOMUBAHb NOMYHCHOCI HABAHMANCEHHS. HA PISHUX DIGHAX
COHAYHO20 ONPOMIHEHHS, W0 BNIUBAE HA (omoenekmpuyti Mooyui. Memoro Oanoi pobomu € nioguwerHs OUHAMIYHUX XAPAKMEPUCTIUK
SAPF wutaxom cninbhoeo eukopucmanms @itempa, wo camonarawimosyemocsi (STF), na ocnosi memody Mummesoi akmugnoi ma
peaxkmuenoi nomydscrocmi (PQ) 3 HO8UM NPEOUKMUGHUM VAPAGTIHHAM CMPYMOM, NIOBUWEHHST CMILIKOCMI CUCeMU, 3a0e3nedeHHs,
ONMUMATLHOR0 YNPABNIHHA 302ANLHOIO AKIMUGHOIO NOMYIHCHICIIIO MIHC (DOMOENEKMPUYHOIO CUCIEMOIO, ENeKMPUYHOIO MePeXCelo md
HENIHIUHUM HABAHMAdICEHHAM WIIXOM inmezpayii hynryiu SAPF npu pisHux pieHsx COHSYHO20 ONPOMIHEHHSI Ma NIOMPUMAHsL ROCMILIHOT
Hanpyeu KOHOeHcamopa JanKu nocmitinozo cmpymy. Memoou. Hosuii npeouxmueHuii KoHmponep cmpymy, HpusHadeHull O ceHepayii
CUCHANIB NEePeMUKAHHA, NLIOMOBAHUX MPUPasHUM THBEPMOPOM Hanpyeu Odicepend, MAaKodiC po3poONeHUll HOBUL AeOPUMM MUMMEBOT
aKmueHOI Ma peaxmugHoi NOMYHCHOCMI, 3ACHOBAHUIL HA CAMOHACMPOIOIOHOMY Dibmpi, Ol MOYHO20 BUTYUEHHS 2APMOHIIHO20 ONOPHO20
SHAYEHHs NPU HeIOeaIbHILL Hanpy3i MEPed’Ci, MAKodIC BUKOPUCIIOBYENLCS ANOPUMM 0OYPEHHS. Ma CHOCIEPEIICEHHS. NPU CHYRIHYACIIL 3MIHI
COHAYHO20  BUNPOMIHIOBAHHSA, BIOCMEINCEHHS. MAKCUMATLHOL MOYKU  HOMYJICHOCHI  (homoenekmpuunoco mooyns, a Ill-pezynsmop
BUKOPUCTNOBYEMbCS ONsl NIOMPUMKY  ROCMILIHOT Hanpyau Kkondencamopa nocmitinoeo cmpymy SAPF. Pesynomamu. EghexmugHnicmo
NPONOHOBAHOI CUCEMU 8 NEPULY Yepey 30CePe0NHCEHA HA CIMOPOHT Mepedci, d OYIHKA NPOOYKMUSHOCME CUCEMU KEPYBAHHS NPOGOOUMbCS 3
suxopucmannam ancopummy PQ na ocnoei STF ma xepysanna cmpymom. Kpim mozo, KoMniekche mecniyeants OXONMIOE 6CI pedcumu
pobomu, 6KIIOUAIOYU CYeHapii, Wo GKII0UAIONb CHOMBOPEHT 0Jcepena Hanpy2u, CRyRiHYachi 3MiHU COHAYHO20 BUNPOMIHIOBAHHA MA 3MiHU
HeNHIUHUX HasanmagiceHb. Pe3ynvsmamu niokpeciioroms 4y008y NpOOYKMUSHICMb AK Y NepexioHux, maxk i y cmabiibHux CMAaHax,
niomeepoxcyrouU HAOIIHICMb | egheKmusHICMb NPONOHO8AHUX KOHmponepis. IIpakmuyuna winnicms. 3aeanvhe 3HAYEHHS 2APMOHIIHUX
cnomeoperb Mepedxci 0iA 6cix eunpobyears eionosioae cmandapmy IEEE 519-1992. bion. 21, Tabm. 7, puc. 25.

Knrouoei cnosa: (oroesiekTpuyHa cHCTeMA, IIYHTYIOUH GilbTp AKTHBHOI IOTY:KHOCTI, 2JITOPUTM AKTUBHOI TAa PEAKTUBHOI
NOTY:KHOCTi, (iNbTP, 10 CAMOHAJAIITOBYEThCS, NOBHE TrapMOHiYHe CIHOTBOPEHHs, NPEJIUKTHBHE YNPABJIHHA CTPYMOM,
BiJlcTe:KeHHS TOYKH MAKCHMAJILHOI IIOTYKHOCTI.

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 R, a
series resistor R,, and via Kirchhoff’s current law, the output
current of the solar PV cell can be expressed as [9]:
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= -1, - ; where I, is the solar-generated current; 7,, is the outpu
]pv Iph 1, IRp 1 here 1, the solar-g ted t; 1, is th t
VR current; /, is the diode current; V,, is the output voltage; /,
Ly =1y ~1Io [exp( (V +R, [pv)) 1]_ Py S PY.(p) is the diode reverse saturation current; 4 is the ideality
R, factor of the diode (1<4<2).
Cy
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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

VD v principle of the P&O algorithm is shown in Fig. 4.
Fig. 2. Equivalent circuit of PV panel Start
Figure 3 shows the generated outputs characteristics y
of PV module at 7 = 25 °C and diverse irradiance. To Sensored Vpi(k) and Ipi(k) |«
generate the specified voltage from the simulated model, v
120. cells connec;ted in series are requlred.. This system AV oy (kY=Y o (R)—V g (h=1)
achieves the desired voltage level by applying a gain on
the cell voltage equal to the number of sum cells. v
so0 Lo W I A Ppi(k)=Vpitk)-Lpy(k)
zzoowim? gl ¥
00T w2 APpy(k) = Ppi{k)—Pp(k-1)
4007 5 soowim? / v
- Y
3001 gesoomim? // / No r APpi(k)>0 j es -
200} G=400W/m?2,, // No AV, (k)<0 AV, (k)>0
100 + Yes v Yes v
og m 2 W n ) \2 d(k+1)=d(ky+Ad d(k+1)=d(k)+Ad
pvs
Fig. 3. Characteristic curves P, = f(V,,) and 1, =1 (V) y

of the PV module

d(k+1)=d(k)-Ad

d(k+1)=d(k)-Ad

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

Y \ 4 v

Fig. 4. Flow chart of the P&O algorithm
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When PV power Ppy and PV voltage Vpy increase, the
perturbation step size Ad 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 Ppy increases and Vpy, decreases,
the Ad 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).
PV Module Iy L

o + Fe. 1)) oy

r L3 > .
7y J- IGBT 4
dcl
~z" F x| []s

Rl
(R

. P&O MPPT
Vev Algorithm

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(7). Its operating
principle can be expressed by duty cycle D and switching
period T as follows:

0, 0<t<DT; V
S()=1" @3 v, =—2 (4
(t) {1, o1 <i<rs @ =115 @

Dependent on the switching duty cycle and input
voltage V,,, when the IGBT is open, the input capacitor
Cgc1 1s 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 V. 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 (vy1, Vi, Vs3) and currents load (i, ip, ij3) are
transformed using the Clarke transformation (a-f) [13],
which are written as:

1 1 1
Vsi 5 \/E \/15 \/51 Vs1
|:vsa:|T3t2. VSZ = 5 1 E —E X Vsz > (5)
A N B N A A
2 2
1 1 1
, i V2 2 V2 T
I . 2 1 1 .
Ll;}:sz- i =\/; Lg =3 e| ©)
3 0 o3| L
2 2

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 (a-f) 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 (a-f) axis, it can be expressed as:

VsafF s+ jo
H(s) == = K~ ()
saff N O

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 w,. = 2xf. (f. = 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.

Gain of H(s), dB

2-

Phase of H(s), rad
=} -

|
U

20

K
00
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 (a-f)
axis are extracted through (8), (9):

20(s +20) 200,
Vogpp = ——— eV o (§) — ——————— v 5(5); (8)
1202 402 T (51202 402
20-200 20(s+ 20
vypr = e _ 206420, ). 9)

VSGK
(s+20)? + w2 (s+20)? + 2
Then, the active and reactive instantaneous powers

«p» and «g» are given in matrix form:

» VsaF VspF 0 ila
|:q:|_ “VspF VsaF 0 ><|:- :| (10)

1
0 0 w| L
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The currents reference in (a-f) axis is obtained as:

.* V _ ~
i e B m (an
g | Viar tVspr | YsBr  VsaF q

The three phase reference current of the SAPF can
be obtained by applying the inverse Clarke transformation
to the stationary reference currents as:

i 1 0 -
ins =\/g>< ~1/2 B2 x[lﬁﬁ“]. (12)
i —12 —y3/2| L'

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 /., 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 ¥, 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 i, necessary to cover also the switching losses.
The final reference harmonic is given as:

lr1 in Icl
Lpa | = (B2 | 7| te2
ir3 Ip3 Ie3

(13)

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].

ﬂ, p&q q+q +q ompute

the
"suFT T VigF references

i Vo soF currant
Vs3 Tt STF R
— v. v, ihe &
32 |Vss 50H7 SBF ha &lpg
. | [

— _ lis ix

i < Ih3
igs 3Ph Sy...S6 Predictive | 'f3 T32

B Current -
SVI .
Control i

V2 AVge PI
de
Controller

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.

PCC i

L R; Ly Ry
Ve e vy

Fig. 8. Simpliﬁea scheme of an SAPF
di, R, e—vy
_f+_fl-f:_f i (14)
dt Ly Ly

where e is the mains phase voltage at the point of common
connection; i is the pertinent phase current drawn by the
SAPF; v/is the averaged value of SAPF leg voltage; R-and L,
are the resistance and the inductance of AC filter inductors.

e = P ) 0 09
S

Introducing a and b parameters as:

_oTR) R
Lf s

11| Rrp
B 1_6—(7}/7) Lf § T

b ~ ~—=5
Ry Ry Ly
where the coefficients a, b are approximated by a Taylor
series. The time constant of the output stage of the SAPF
is denoted as 7= L//R;.
The SAPF current at time instants k£ and k+1 is
denoted by i(k) and ifk+1), respectively. The SAPF

behavior may be then rewritten as:
ip(k+1)=i,(k)-a+(EK)-V,(K))b. (16)
The discrete SAPF model for the sample period
between the time instances k+1 and £+2 can be rewritten
from (16) in order to design two-steps ahead PCC, as:
ip(k+2)=ip(k+1)-a+(E(k+1)-V (k+1))}6. (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:

E(k+1)=2E(k)-E(k-1). (18)

The aim of this PCC is to calculate for the next
sampling period 7, between the time instances k+1 and
k+2 such an SAPF voltage reference V;=V; (i = a, b, ¢),
which is the current error at the time instant k+2 is
omitted as shown in Fig. 9.

Vi
ir 1
! Ve () I Voktl)
: i), :
g 1)L )
Al 3171 it 1) S
L () ! ig(k + 2)!
: : ' ¢
1 l |
;k Ts tkl+1 Ts tei2

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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Aip(k+2)=i%(k+2)-ip(k+2), (19)

where:
dip(k+2)=0. (20)

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

Pyl )= B )= e+ 25 ] @D

In applications of the SAPF, current references typically
involve the 5™ and 7™ 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

i7(k+2)= agiy(k)+ ayiy (k= 1)+ azip (k= 2)+... )

...+ani7r(k—n),
where @; (i = 0...n) are the polynomial coefficients to be
calculated. There are 9 coefficients to be determined if a
compensation of 5™ 7" and 11™ 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:

i =Hi;»(k)—if(k*
where i/ (k) represents the predicted current reference at

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

(23)

Table 1
Reference generation based GAO parameters
7 5h 7 L
a, 5.3695 —0.2398 11.4581
by —7.1420 2.7384 18.2503
Ch 2.5985 —2.4251 12.8374

Considering the disparity between the modeled filter
inductance L, 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 3™ equation characterizes the actual plant:

/b= H 0 ikl 2

il )= BV L i W) 29

(k) = Ek) _LT_: )i = e

From (24) — (26), taking into account the grid voltage
as a disturbance, the closed current loop transfer function is:

. 2
ir(s) e/
(Y2 -1}
lf(Z) z +(Lf/L )
Ignoring the parameters mismatch (i.e L;/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 £+1 is:

27

ip(e+1)=ip(k)+i7p(k—1)+ 17 (k)= i p(k +1)
dip(le+1)=ip(k+1)+i7(k—1)
ip(k+1)=+7(k+1)+0.5i7 (k)+ 0.5 - (k).

(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].

vi: (k)( ) PI e L) ic(k) Compute the if(k) —h®
— Regulator —’ m STF-PQ algorithm |«— v (k)
viao VOO TLSIEPLL Jiiao
Repetitive
(k) i (k + 1) P
i [ Predict
| Equation |E&+ 1D i (k+2) redictor
a9 s1
Space 52
V(k + 1) Vector E:
Eq Modulator |54 |
@ SVM) |5,
56
if(k+1) I =
it — i®
if(k+1) Equation (28) "

ir(K) Grid NL
‘ e ]

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 N, 72
Number of cell in parallel N, 1
Standard test conditions 1000 W/m?, 25 °C
Maximum power P, W 200
Maximum point voltage V,,,,y, V 65
Current at maximum point /,,,,, A 5.375
Open short circuit voltage V., V 26.5
Table 3

System parameters simulated

Parameter Value
Source resistor R, mQ2 20
Source inductance L, mH 0.5
DC-Link capacitance C,., uF 2300
Source frequency f, Hz 50
Source voltage Vi, V 100
Coupling inductance L, mH 43
Coupling resistor R; Q 1
Load resistance R, (2 290
Load inductance L, mH 2
Boost inductance L;, H 0.04
Load capacitor C,, uF' 1800
K; 0.1
K 15
T,, ms 0.005
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Testing performance of the proposed system under
distorted grid voltage with irradiation G = 900 W/m’.
In this test, the solar irradiation is 900 W/m?, the waveforms
of the first phase of current load (i;;), voltage source (vy),
grid current (i), filter current (i), DC-link voltage (V)
and its reference (V') 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 (i = 0), after switching ON the SAPF
at ¢ = 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.
: THDi‘| 1=28.37‘%
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Fig. 11. Performances of the system with ideal grid voltage

Fundamental (50Hz) = 0.5334 , THDiL1=28.37% Fundamental (50Hz) = 0.6068 , THDis1=25.14%
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Fig. 12. Harmonic spectrum of i, i and iy

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,¢), 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

Fundamental (50Hz) = 100 , THDvs1=9.43% Fundamental (50Hz) = 0.5399 , THDil1=30.75%
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Fig. 14. Harmonic spectrum of vy, iy, and iy

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 Py is negative
after turned ON the SAPF, which mean that the active
power P,, generated by the PV is injected into the grid after
satisfying the need of active power P, 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/’ 900 W/m’ [0 — 0.4 s] and Ry, Ly
Ve, 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
THDi,, % | 28.14 25.14 8.8
THDin, % 0 185 [13.1]145 16.7
P, W 80 95 [ —95]-89 —95
0., VAR 6 6 0o 0
P, W 80 80 80 | 82 82
Py, W 0 175 175 | 175 176

Testing performance of the system under
distorted and unbalanced grid voltage with irradiation
900 W/m’. At the instant 0.2 s, under solar irradiation of
900 W/m” 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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Fig. 17. Harmonic spectrums of i;; 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, Wm’ 900 W/m” [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
THDiy, % 25.14 P 2.6
THDin, % 1.85 13.1 17.5 12.06
P, W 95 -95 | -89 —88.9
0O,, VAR 6 0 0 0
P, W 80 80 82 60
P, 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/m® and under step change of NL,
where a capacitor of 15 pF 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.

THDi; ,=30.75% THDi,,=31.16%
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<
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E Di,;=8.8% THDI,,=2.72% L |‘=0.016A ‘ THDi,,=2.72%
vs1/80

- (0eo0oOlen A told

.25 0.3 0.35 0.4 0.45 0.5 0.55
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Fig. 18. Waveforms of i;y, vy, i1, i and V. under NL change

Fundamental (50Hz) = 0.01677 , THDis1=161.26%

a . b
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Fig. 19. Harmonic spectrum of i, i;; and iy 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

40

Enexmpomexnixa i Enexmpomexanixa, 2024, Ne 6



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/m? to 200W/m” (between the instant time of
0.6 s and 0.85 s), when the STF-PQ/ON and under
distorted grid voltage (THDv,; = 9.45 %), we remark
that the source current drops to 0 after one period
(L;; = 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/m? 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

Table 6
Performance of the system under distorted unbalanced voltage

G, W/m® 900 200
Load type RHLtC) (RtLyg) (RHLy)/2
t,s [0.4-0.45] [0.6-0.7] [0.7-0.8]
THDi,, % 2.66 %, PF=1
THDij, % 29.31 30.94 84.54
THDi;;, % 31.16 30.75 % 30.75
P, W 0.05 0 128
0,, VAR 0.05 0 0
P, W 175 82 192
Py, W 175 82 82
THDv,=9.43%  THDv,=9.43% THDv=9.43%
> 100 I I | | T
oo
= 100 | | | | |
0.55 0.6 0.65 0.7 0.75 . 0.8 0.85
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<«
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.55 0.6 0.65 0.7 0.75
Fig. 22. Flowed of Ppy, Q,, P; and P, 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/m? to
900 W/m?, 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.
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Fig. 21. Harmonic spectrlim Qf 1211 ar}d in under step change of Sy " 095 f s " is
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.. . . . < A\ /[ ‘
Additionally, Fig. 22 illustrates that both active and £ 0 : ‘ ‘ ‘ : ‘
reactive power sources become null, indicating that the 2 ! ! ‘ ‘ ‘ ‘
. 0.85 0.9 0.95 1 1.05 1.1 1.15
grid does not supply any power to the load. These 265 ” ‘ . ‘ ‘ .
. . .. . 5 . 2 ” 2
findings provide insights into the system’s robust . 200W/m* | 900W/m? | PW/m J
performance under varying irradiation conditions, R 260 ; ; ; T:GEZSS ; F—
showcasing its ability to adapt and maintain stable 255! ‘ ‘ ‘ ‘ BE—

. . . 0.85 0.9 0.95 1 1.05 1.1 £,S 115
operation, .and all the obtained results of this sever test are Fig. 23. Behavior of the system when the solar irradiation change
presented in Table 6. (200 /0 / 900) W/m?
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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.
Fundamental (50Hz) = 0.5209 , THDis1=2.52% Fundamental (50Hz) = 0.5399 , THDill=30.75%
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Fig. 24. Harmonic spectrum of i;; and iy,

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 (P, = 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.

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.

Bemyn. [Ina niosuwenns axocmi  enekmpoenepeii ma 3a0esneuenns 0Oe3nepediiino20 eneKmponoCmaiants npOnoHyEMbCs
suUKopucmosyeamu cucmemy yHigixosanozo cmabinizamopa saxocmi enekmpoenepeii (UPQC), inmeepogany i3 COHAYHOIO
@omoenexkmpuunoro (PV) mexnonociero. Innosayia 6xmouae 0OUHOUHY JNIHIIO NOCMIUHO20 CMPYMY, WO 3 €OHYE 3YCMPIUHO-
napaneivHi KOMHOHEHMU KOMNEeHcayii Hanpyau, po3mawlogai nocaiooewo, i wywm, ymeopwiouu PV-UPQC. [lynmyrouui
KOMneHcamop 8uUKOpucmosye enepeiio 6io macusy PV 6amapeil ons ycynennsa eapmouix cmpymy naganmasicenus. Mema nonszae 6
Mmomy, wob nom AKwumu npoeaiu ma CmpudOKU Hanpyeu WiaXoM nooavi Hanpyeu, sike abo 36icaemvcs no @asi i3 3a2aibHO0
moukolo 3’cOHanns, abo ne 36icacmuvcs no gasi 3 Helo uepes nocriooeHull Komnencamop. Memoo noednye nepesacu cenepayii
6i0H061I08aHOI enepeii nidguwjenns axocmi enexmpoenepeii. Memoro cmammi € niosuwents AKocmi elekmpoenepaii inmesposanoi 6
mepedicy consiunoi pomoenexmpuunoi cucmemu. Hosusna 3anpononosanoi pob6omu nonseae y nokpaweHHi inmeepo8aHoi y mepexicy
consiunoi PV cucmemu 3a oonomozoio UPQC. Memoto inmeepayii UPQC y mepedicesy consuny PV cucmemy € niosuwjenus skocmi
ejlekmpoenep2ii 3a paxyHoKk NOM SAKUIeHHA MAakKux npoobnem, AK KOMUGAHHA HANPY2U, 2APMOHIKU Ma OucOananc peaxmueHoi
nomyoswcnocmi. Memoou. 3anpononogana mononoeis peanizosana y MATLAB/Simulink 3 inmesposanoro ¢ mepexcy conaunoio PV
cucmemoro 3 UPQC. Pesynemamu. Inmeepayia UPQC i3 nioxnouenowo 0o mepesci conaunoo PV cucmemoro oae cymmege
noxkpawents akocmi enexmpoenepeii. Lle exuouac epexmugne nom aKuweHHs KOIUBAHL HANPY2U | 2aApMOHIK, WO NPU3B00Ums 00
Oinbw naasuoi pobomu i 3menwienns nepeuwikoo 6 mepedci. Ilpakmuuna wyinnicms. 3anpononosana mononoeia euAeunacs
HAO036U4AlIHO KOPUCHOIO 0751 ihmezposaHnoi 6 mepedicy consaunoi PV cucmemu i3 sacmocysanusamu UPQC. Bibn. 15, tabmn. 2, puc. 9.
Knouosi cnosa: mepe:xkeBa iHTerpauisi, yHidgikoBanmii cradbinizaTop sikocTi ejiekTpoeHeprii, sIKicTh ejieKTpoeHeprii,
(doroesexTpuyHa GaTapes.

Introduction. In contemporary times, digital, quality issues is voltage swell, encompassing challenges

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

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:

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

e 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:

e Power quality improvement and renewable energy
generation together.

e Improving both
simultaneously.

e Better load current compensation as a result of d-g
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

current and voltage quality

DVR equivalent circuit (Fig. 2). It includes both boost
and maximum power point tracking controller. A voltage
source Ve,n, is established in the DVR circuit by
connecting it to a load voltage ¥, another voltage source
V; and the impedances of the 2 sources (Zs and Z;). The
current /g divided in half at the point of common coupling
(PCC) source: [;, which stands for a sensitive load
current, and /o7y, which stands for a different type of load
current [15]. A voltage representation for PCC is V; and
DVR rectifies the voltage, which is Vpyz. By integrating
the equivalent components of Rpyr and Xpyr with Vpyg,
we can determine the resistance R and inductance L from
the impedance ratings of the filter and injection
transformer. There is an impedance of Zg for the supply,
Z; for the load, and Zpy for the DVR. The voltage of a
sensitive load is depicted as:

dip

VL(t) = VDVR(t)+VG(t)+RiL(t)+L dt .

M

SW
Vovr

H— AN 2288 N

Vs B
\'7:1: PCC j LOAD
NN ] ZEae J_ J..{l 3_“_
T VSEI —1 ¥ Filter
Solar PV Array DC-Link
Fig. 1. MLI-DVR setup was merged by PV
PujQy
Ip=ly —d
—perro
—Vi—

Fig. 2. DVR equivalent circuit

23-level MLI. In this particular setup, 3 DC sources
V., V, and V,) 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:

Va = lVdc; Vb = 3Vdc; VC = 7Vdc . (2)

According to levels Ny,,, the following provides the
necessary DC sources Npc:

Asym (N Lev — 5)
N Dcy = —eg . 3)
According to the levels N,,,, the number of switches

Ny needed is calculated as:
(N7, +1D
_ Lev ) ( 4)
2
All of the switches in the recommended architecture
are unidirectional power switches:

;;I;/m _ (NLezv +1) ) (5)

Asym
N Sw

Asym
Népk
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The following factors influence the highest voltage
output V; max:

As (Ngev —1)
vigm =MD, ©

By the suggested design, the output voltage has 23
levels and magnitudes that range from 0 V, positive (+V.
to +11V,.) and negative (—V,. to —11V7.) 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/DAOIA
solar panels is connected in parallel with another two such
stacks to form a PV system.

Output power Ppy can be expressed as:

Ppy =Vpy -Ipy (M
where V,,, 1,, are respective the PV panels output voltage

and current.
The current flow can be expressed as:

Ipy =Ig—1,—Ig= 1,1, L2/ (g)

Saturation current can be expressed as:
Ly = Lyrpy[1+ (T = Tg) B] ©

where I, is the photocurrent generated by light; 7, is the
recombination current; /; is the reverse saturation current;
Vp is the voltage across PV; Vris the thermal voltage; f; is
the switching frequency, and the ripple factors for the
output voltage (V) and current (/;) are crucial
parameters. It is essential to conduct a thorough
assessment of inductors and capacitors.

The change in current (Al;) should be restricted to
30 %, while the variation in voltage (V) 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

% 37.6 L, mH 1.28
P,W 200 C, uF 1.31
LA 5.32 Vie=Vpy, V 112.8
Voer V 46 Duty cycle, D 0.718
L, A 5.6 Ve 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.

Va Vs v,
s s

. |‘|||| _ | Load

.
LI |

L,

i L,

;
E 3

Series APF Compensator

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:

oy = N2 V)7 + (7, )P) - 2,V S cos(6,)) . (10)

where Vpyr is the DVR injected voltage; ¢ is the phase
angle between V; and /;; Vg.apg is the grid peak voltage at

sag; J1is the corresponding angle of phase jump to Vg“g .
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Imaginary

sng Real

L =1y
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.

&
=1
3

w
-1
3

B

8

Voltage(V)
=

]
S

8 B
g B

b

&
g

003 0035 004 0045 005 0055 006 0085
Time (seconds)

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.
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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.
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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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F. Saidi, A. Djahbar, E. Bounadja, W.M. Kacemi, K. Fettah

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
Jfor 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.

Bemyn. 'V yiii cmammi pozensidaemuvcs npakmuune 3acmocyéants 6a2amopieHesoi mexHonoeli, 30kpema, 3 YNopom Ha Nepemeoprosay 3
KOHOEHCAMOPHOW (PIKCAYIEI0 K NEPCNEKMUGHE PIueHHs. Ol NEPemEOPEHHsL NONYICHOCHIE CepeOHbol ma 6UCOKOI HAnpyau 3 0COOIUSUM
axyenmom Ha ymosax npsimozo AC-AC nepemuxanns. Ilpodnema. Odmedcenna 36utaiinux 0OHOEIEMEHMHUX MAMPULHUX NEPEMEOPIO6aAi8
(MC) 6 epexmusnocmi ma npooykmugHocmi 0Jisi 000AMKiI@ NepemeopeHHtst NONYICHOCHI CepeOHbOl MA 6UCOKOT HANPY2U 3a2abHOBIOOMA.
Mema. OcHo6HOWO Memoio € 00CTIONHCEHHA NPOOYKMUBHOCMT MPUGhasHo2o 0a2amopieHe8020 MOOYIbHO20 MAMPUYHO20 Nepemeoprsayd
(3MC) 3 mooenrosanmsam mpvox HasgicHux koroencamopie (FC). Y yvomy docnidoicenni euxopucmogyemuvcsa memoo Benmypini 015 eeHepayii’
cmpodyiouux iMnybCie 3 Memoio nopistanms npooykmugrocmi 3MC 31 cmanoapmuumu Koncmpykyiamu nepemsopiosayis. Memooonozis.
s 0ocsienenns memu memoo Bewmypini nputinamuil 0ns eenepayii cmpo0youux imnyvcie 0t 3MC, wo € 6iominHicmio 8i0 mMpaouyitiHux
nioxooie. Ilposedero doknaony cumynsayito 3 euxkopucmartsm MATLAB/Simulink ons écebiunoi oyinku npooykmusnocmi 3MC nopisnsino 3
Mpaouyitinumu KoHCmpyKyiamu nepemeopiosavis. Pesynemamu moodemosanna nokasyioms 3uaune 3uudicenns na 73 % 3acanbHoco
koeghiyicnma eapmoniunux cnomeopenv (THD), docsiznyme IMC. Lle 3nuocenns 6kazye Ha nokpawery HaOiuHiCmy ma npuoamHicns OJist
cucmem nepemsopenis elekmpoenepzii cepednvoi ma eucoxoi nanpyeu, wo eumazaioms npamozo AC-AC nepemeopenns. Lli pesynomamu
niokpecmoromov  epexmugricms IMC  nioguwjents  eghekmusHOCmi nepemeopeHHs eleKmpoeHepeii ma 3a2anbHOi NPOOYKMUBHOCHII.
Opucinansuicme. L[ cmammsa pobums HOGULL 6HECOK ) NPAKIMUYHY peanizayilo 0aeamopieHesoi mexHonoeli, ocobnuso 6 obnacmi
nepemsopiosauis 3 KonoencamopHoio gikcayicto. Kpim moeo, suxopucmanns memooy Benmypini 013 cenepayii imnynvcie sameopa ¢ 3MC ¢
opuciHanbHUM  Ni0Xo0oM 00 niosuweHHs npooykmueHocmi nepemeoprosaua. Ilpakmuuna winnicme. Pesynomamu  O0ocnioscenns
npeocmasisiions 3HA4HI Q0OCSCHEHHS1 6 MEXHOJI02I] Oa2amOopIeHesUX MPAHCHOPMAMOPIS, RPONOHYIOUU YIHHI PEKOMEHOAYIT o0 onmuMizayii
KOHCMPYKYIl mpanc@opmamopie y pizHUX NPOMUCTIOSUX Ma GIOHOGIOBAHUX Odcepenax enepeii. Ll exnaou cuyscamv Onsi NONNUIEHHS
PO3POOKU HAOIIHUX | ePeKMUBHUX eHepeoCUCTEeM, 3a0060IbHSIOYU KPUMUYHI nompebu 6 eHepeemuuHomy cexmopi. bion. 54, Tabn. 3, puc. 4.
Kniouogi cnosa: MaTpuuHmMii nmeperBopoBad, MeroJ BeHTypini, MoaynbHuii 6araTopiBHeBHii MaTpu4HHMIi NepeTBOplOBaY,
nepeTBOPeHHs MOTYKHOCTI.

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 wvarious 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 — SAa;, SAa,, SBa;, and SBa,,
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 V¢ across the
FC C1 (Fig. 1), may be determined using the principle of
the potential divider [54]:

Ver=0a-Vg)/2, (1
where the upper plate of V¢ is positively polarized, while

o

the lower plate is negatively polarized. The same analysis
applies to the other FC, C2 to C9. Therefore, V¢ = Vg =
=Ver, Voo = Ves = Ves, and Vs = Vg = Veo. 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].
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Figl. 3 phase AC-AC 3MC with 3 FC per output phase

The capacitance C1 of the FC is determined by (2) [53]:
CIZIO/(AVC'p'fSW)9 ()
where [, is the maximum value of the load current;
p is the number of cells per output phase; f;, is the
switching frequency; AV, 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:

V4 cos(w;t)
vi=|vg|=Vinx| cos(a+4z/3)|; 3)
lve cos(w;t +27/3)
Va cos(a)ot)
vo=|vp | = qxVimx| cos(wyt +47/3)|, 4)
| ve cos(wyt +27/3)

where g is the voltage transfer ratio [54].
The bidirectional switches (Fig. 1) have a switching
function that can be expressed as [54]:
1, when switch open;

0, when switch closed; 5)

SAjk +SBjk +SCjk =1;
where i € input phase 4, B, C; j € output phase a, b, ¢
and £ 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.
SN
VB
Va| [S4a SBa Sca Sci Sc2 Sc3 v
Vo |=|Sap Ser Scv Sca Scs Sce |* (v, +vp)/2 (6)
A4TVB
Ve | |S4ac Spe Sce Sc1 Scs Sco (v, +v5)/2
ATVB
(g +vp)/2)
where

Sta = SuaiNSaa2s SBa = SBa1MSBa2s Sca = ScarMScazs
Sc1 = S4aNSa2 ISBa1MNSua2; Scz = SparMSca\ ISca1MSpaz;
Se3 = SaaNSca IS carMS a2

Sap = SaiNSap2s Sy = SepiNSero; S = SN Scena;

Sca = SupiOSep2\ISer1iNSap2; Ses = SepiNScp ISeniNSpra;
Sce = SapiOScra IScp1NSap2;

Siae = S4e1MSuc2; Spe = Spe1MSpea; Sce = Sce1iNScezs

Sc7 = Sue1NSpe2ISB1NS a2 Scg = SpeiMSce2 ISce1iMNSpeas
Sco = Sue1NScaa ISce1NMSuer;

1 = switch closed; 0 = switch open;

M= logical AND operator; \_U= logical OR operator;
r] |:(SAaUSABaUSACa) (SIS 456 IS ) (SACUSABCUSACL‘):I r] )
=| (S8 USpaaSpcd (SpsSparSecr) (SpeISpacSncd [X|is

(ScaUScaarScad (ScoScarrScan) (SceScaciScad

ip
ic i
where

Sita = SuaiNSua2s Susa = SuatNSsa2s Saca = Saa1MNScaz;
Sga = Spa1iMSpa2s Saa = SBatMSua2; Ssca = Spa1MScaz;

Sca = ScaiNScazs Scaa = ScaiMSuaz; Scaa = Sca1iMSpazs

Enexkmpomexnixa i Enexmpomexanixa, 2024, Ne 6

51



Sap = SapiOSap2s Sapp = SanNSpr2s Sacy = SanNSca;
Spy = Spp1NSpr2;  Spav = SepiSap2; Spey = Spp1MScw;
Scy = ScniNScra; Scar = ScnNSar2s Scap = ScprMSpro;
Sue = Sac1NSuc2s Sape = SaciNSpe2; Sace = SaciNSceas
Spe = Spe1MSpe2s Spac = SpeiNSac2; Spee = SpeiNScea;
Sce =ScaNSceas Scae = ScaNSac2; Scpe = ScerMSpea-

The signals that control the switches in each cell of the
3MC should be phase-shifted concerning each other by an
angle of 27/p (p is the number of switching cell, which in this
example is 2). The displacement of carrier signals used to
control switches Sj; and Sp is T,/2, where T,,~=1/f,
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 S, as defined by 7,/2 [52, 53]:

Mijk=tlj—k=lil+2‘}l ;]:l, (8)
TS 33 Vim
forie A,B,C;andj € a,b,candk € 1, 2.

Model of output filter. The output filter circuit shown
in Fig. 1 is a RLC circuit, where R; L; Care linked in series.
The resonant frequency of this circuit is designed to be equal
to the carrier switching frequency f;,, [54]:

1

-— 9
T e ©)

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 220V
Input frequency 50 Hz
Output frequency 50 Hz
Modulation index ¢ 0.5,0.3,0.9
Switching frequency 5kHz
Flying capacitor 10 pF
Series RLC filter 10 Q,2 mH, 0.5 pF
RL load 50Q,05H

First test (Case 1: ¢ = 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 /,, 1, I.. 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 4, B, C. Each figure shows a
comparison between input reference (black line) and output
voltage (colored line). The output voltage in each figure
V(out), V;(out), V(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 V,(int), V(int),
V(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.
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Fig. 2. Results of the first case (g = 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 A4 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 A4 is close to a pure sine wave.

Second test (Case 2: ¢ = 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 (¢ = 0.3)

Figure 3,b depicts the THD for the output voltage
(phase 4) with value of THD in this case 0.36 % is a
relatively low value. This means the voltage waveform
for phase 4 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: ¢ = 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
V,(out) and the internal voltage V;,, 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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o

After analyzing Table 2, we conclude that Case 1
(g = 0.5) exhibits the best performance among the other
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cases, with the lowest THD of phase 4 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 Phase 4 input current
No. |Parameters voltage
’ THD, Peak THD, Peak
% |fundamental, V| % |fundamental, A
C*}“ g=05 | 027 274.8 0.12 0.9688
Cgse ¢=03 | 036 162.4 0.19 0.5762
Czse q=09 | 731 459.2 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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B.I. Kuznetsov, A.S. Kutsenko, T.B. Nikitina, I.V. Bovdui, K.V. Chunikhin, V.V. Kolomiets

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 sofiware 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.

Mema. Po3pobka memooy npocno3yeants MAzHimHOi muuii eHepeoHACUYeHUX GUMAHYMUX MeXHIYHUX 00 €KMi6é Ha OCHOBI PO36 A3KY
00epHeHUx 2eoMempUHHUX 3a0ay MAZHIMOCMAMUKU Ma OOYUCIEHHA NPOCMOPOBUX cPepoioanbHux 2apMOHIK MASHIMHO20 NONA 6
eumsazHymiil cgepoioniti cucmemi KOOPOUHAM 3 6PAXYBAHHAM HEGU3HAYEHOCMEN MAZHIMHUX XAPAKMEPUCUK MEXHIYHUX 00 €Kmig.
Memooonocin. Ilpocmoposi eumsenymi cghepoioni eapmomiku MoOeni MAzHIMHO20 NOJSL GUMACHYMUX MEXHIYHUX 00 €KMI6 po3paxosami
5K D036 530K 0OEPHEHUX 2eOMemPUUHUX 3a0ay MASHIMOCMAmMuKy 6 Qopmi HelHIUHOT 3a0ayi MIHIMAKCHOI onmumizayii Ha OCHOGI
SUMIPIOBAHDL ONUNCHBO20 NOJISL OISl NPOSHO3YBANHA BENUYUHU MASHIMHO20 NOJISL BUMACHYMUX MeXHiyHux o0 'exmis. Heninitina yinvosa
@yHKYisA po3paxosana sk 36adiceHa CyMa K8AOPAmie 3aIUUWIKIE MIJIC GUMIPSHUM i NPOSHO3068AHUM MASHIMHUM NONEM, SIKe OOYUCIEHO 3
suxopucmanam npoepamuozo naxemy COMSOL Multiphysics. Po3é’si3ku 3a0au neninitinoi MiniMakcHoi onmumizayii po3paxoeami Ha
OCHOGI aneopummie Heninitinoi onmumizayii poem uyacmunox. Pesynemamu. Pe3ynomamu npocHO3Y8aHHA GeIUHUHU OATbHLO20
MASHIMHO20 NONA  BUMASHYMUX MEXHIYHUX 00 €Kmié HA OCHOBI NPOCMOPOBUX GUMACHYMUX CQepoioanbHux 2apMoHiK mooeni
MASHIMHO20 NOJISL 8 BUMASHYMIIL chepoionitl cucmemi KOOPOUHAM 3 BUKOPUCTHAHHAM GUMIPIOBAHL OIUNCHLORO NOJA MA 3 8PAXYEAHHAM
HeBU3HAYEHOCH] MACHIMHUX XAPAKMEPUCUK SUMSACHYMUX mexHiuHux o0 ekmig. Opuzinansuicms. Po3pobieno memoo npocnosysanns
MACHIMHOT MUl 6UMASHYMUX MEXHIMHUX 00 €KMI6 HA OCHOBI NPOCTNOPOBUX GUMSCHYIMUX CHePOIOATbHUX 2APMOHIK MOOETi MACHIMHO20
nous 6 GuMsAHYmiti cepoionili cucmemi KOOpOUHAM 3 6PAXY8AHHAM HesusHaueHocmi machimuux xapakmepucmuk. IIpakmuuna
yinnicmo. Bupiweno eadicnugy npakmuuny 3a0aiy MAacHimHOI Muwii 6UMASHYMUX MEXHIYHUX 00 €Kmi6é Ha OCHOGI NPOCMOPOBUX
BUMSCHYMUX CHEPOIOANbHUX 2APMOHIK MOOeNl MACHIMHO20 NOJNSL 8 po3uwupeHitl cghepoioniti cucmemi KOOPOUHAM 3 8PAXYBAHHIAM
HeBUSHAYEHOCMT MACHITHUX XAPAKMEPUCINUK SUMASHYMUX mexuiunux o6 'ekmig. bioin. 48, puc. 2.

Knwouoei cnosa: eHeproHacHueHi BHUTATHYTI TeXHiYHi 00’€KTH, MOJeb MATrHiTHOIrO MOJISi, MArHiTHA THUIIA, BUTATHYTa
cepoinHa cucTeMa KOOPAMHAT, IPOCTOPOBI BUTATHYTI cepoinni rapMoHiKu, IPOrHo3, BUMIPIOBAHHS, HEBU3HAYEHICTh.

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

© B.I. Kuznetsov, A.S. Kutsenko, T.B. Nikitina, I.V. Bovdui, K.V. Chunikhin, V.V. Kolomiets

Enexmpomexnixa i Enexmpomexanixa, 2024, Ne 6

57



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
«lonoSAT-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 2y 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 &, 77, ¢ [16]. A feature of the
prolate spheroidal coordinate system is the use of the
parameter ¢, which determines the linear scale for the unit
vectors of all three coordinates. The value of the
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parameter ¢ 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

U= or( °°S(’"¢’)} ), (1)
;;mzo >{ st -sin(me) (’7)

where P, O, are associated Legendre functions of the
first and second kind, respectively, with degree n and

" Jﬁ B XACIE

" — constant coefficients characterizing

order m; ¢}, s
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 &, 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

cos(m)+ s, sin(m go)}an (cos(m));

cy —77 n=1m=0
A S 008(77)) m mg
H 0y (5) cos(me) +s, sin(me)y; @
" cy —77 n=lm=0 {C }
H, =—§: 2O (&R COS(U)){CZ" sin(me) = s, COS(m¢)}~
2
c —1 1—717 | n=1m=0

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:

=& ' -cos(@-Heg)—
xlfz n’*
NS L
~cos(p-H,)—sin(p-H,);

& -n’
Hy=§~%~sin(¢ﬂg)— 3)
21
—n-ﬁ sin(p- H,,) +cos(¢- H,);
52 1

Hé:-i- H

L
\/ - 77 \/
where the coordinates x, y, z in the orthogonal coordinate

system are related to coordinates &, 7, ¢ in the elongated
sphepridal coordinate system by the following relation

=c-\/§2—l-\/1—772 - COS ;
¢ ell, oof;
\/ \/1 17 -sing; = n €[0,1]; 4)

p<l0,27];
z=c-&-m;

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]

op(e)- LI

§n+m+1

- F[n+m+k+ ] F( ++k+1) 6))
2 2 2 2 2
> .

k=0 Ik +1)-r[n +k +§j-52"

The region & € [£,, 4] places strict demands on the

accuracy of Q' (é) function calculations. In the work

[16] algorithms for direct calculation Q) (5) obtained in
the form of ﬁnite sums

n mo R -4
0p()- D)3 S (o i)+ ch P ng-1)- (5 e (‘f“)mq
k=1% =0 " yra- 1( _1 ©)
m _( —1Tn/m/ m(k+n/Qm kg N ) i (e LS i m—7
On (f)— e kg«) ! (m - S ln+k—A)(i—k)(n—2) ,;k,gfmpk-l(g) n—k G
where
y=0 1(5“}
1
Q(V,f): é k n!

vr0 (g = R
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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

1 &1yt o g™ cos(me)+
U:E.Z(7j 53 ki )
n=1 m=0\+ -sm(m(p)-Pn (0059)

In this case, the spherical coordinates r, ¢, and 6
models of the magnetic field of the unit »n are associated
with the magnetic center of this units, and the spatial

- (D

harmonics g,', h)' are a comprehensive characteristic of

the magnetic field generated by this unit z only.

Then the components H,, H, H, of the magnetic
field strengths generated by all N units at the point with
coordinates 7, ¢, and @ 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:

| )
H, = z Z—r”+2 {g;," cos(mp)+h))' s1n(m(p)}P,,’” (cos®);

n=lm=0
© n ”
Hy = _Z Z ,,1+2 {gtrzn cos(me) +hy' Sin(mq;)}@; ®)
n=1m=0"
o . pm A
o=, 3 -l s s EE59)
n=1m=0" sinf

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 7, ¢, and 6 the following dependence

x=r-sin(9)cos(p);
rel0, oof;
y=r-sin(9)-sin(p)= 9<[0, 7]; 9)
p<l0,27];
z=r-cos(9)
Then, using the calculated values (6) of the magnetic

field strength components H,, H,, H, in spherical
coordinates r, ¢, and 6 calculate the components H,, H,,

H. of this magnetic field strength vector in the rectangular
coordinate system x, y, z, associated with the magnetic
units centers [29-34]

H, = H,sin(6y)cos(¢y) + Hycos(8y)cos(py) —

— H sin(gy);

H\, =H,sin(by)sin(@y) + Hg cos(fp)sin(¢y) +  (10)
+H ,cos(¢);

H, =H,cos(8y)— Hsin(6).

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 & 7 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 H,, H,, H. 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 &, 7, @ of k — points for
calculating magnetic field strengths in an elongated
spheroidal coordinate system & 7, ¢, associated with the
center of the technical object. Based on (9) calculated the
coordinates x;, )i, zp of these points in the orthogonal
coordinate system associated with the center of the
technical object. Let’s set the coordinates x,, y,, z, 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 H,y,, Hyn, Hop
of the magnetic field strength vector, generated by
separate n units in a current with coordinates x;, yy, z; can
be calculated in spherical coordinate systems associated
with the magnetic centers of individual units. When
calculating the component H,y,, Hy,, Har, of the magnetic
field strength vector it is necessary to use the following
values of the spherical coordinates ry, ¢, and 6; of the
location of the magnetic field measurement point with
coordinates 7y, ¢;, and 6y relative to the location point of
units » with coordinates 7, ¢,, and 8, in (2)

Vi =¢((Xk —x) 2+ =)+ (2 -2
c08(Oky) = (2 = 2)/ T

te&(Prn) = Vg = yu) /O = x)-

Then, from the calculated based on (8) components
Hyny Hyns, Ho of the magnetic field strength vector
generated by individual » units at a point with coordinates
Xk, Vi» Zx In spherical coordinate systems associated with
the magnetic centers of individual blocks, the components
Hywy Howns Hor, of the magnetic field strength vector
generated by these 7 units in a current with coordinates x,
Vi Zx 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 7, ¢, and 6 coordinates in the spheroidal
coordinate system calculated from (2).

From the obtained components H,,, Hyi, Hop 0f the
magnetic field strength vector generated by n blocks in a
point with coordinates x;, y;, z; in a rectangular coordinate
system associated with the magnetic center of a technical
object, the components Hy, H,, H can be calculated total
magnetic field generated by all N energy-saturated objects
at the measurement point with coordinates x;, y;, z; in a
rectangular coordinate system associated with the center of
the technical object, in the form of the following sums of
components Hy,, Hyy, Ha, magnetic field strength
generated by individual n energy-saturated blocks

an
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n=N n=N n=N
Hy = szkn; Hyk = ZHykn; Hy = szkn -(12)

n=1 n=1 n=1
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

cnt, sn' of magnetic field model (2), (3) of an elongated

energy-saturated object in an elongated spheroidal
coordinate system &, 7, @ and the values of the spatial

spherical harmonics g, , A, of magnetic field model (8)

of the spherical coordinates r, ¢, and 6 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 r,, ¢, and 6, of spatial
arrangement of N energy-saturated extended technical
object units with given values of the spatial spherical

harmonics g, h, of magnetic field model (8)

components Hu(G), H,(G), H.4(G) of the magnetic field
generated by all N units of the energy-saturated extended
technical object at the point with coordinates r;, ¢, and 6,
calculated based on (6) — (8). Since the results of
measuring the magnetic field depend on the operating
modes of the V, the components H.(G), H,(G), H.(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 c) , s) of magnetic field

model (2) of an elongated energy-saturated object in an
elongated spheroidal coordinate system &, 7, ¢, associated
with the magnetic center of an energy-saturated object
based on the results of measurements of magnetic field
Hu(G), H(G), H.(G) generated by all N energy-saturated
units this energy-saturated extended technical object at the
K point with coordinates r;, ¢, and 6, [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 Hy(G), H,(G),
H,{(G) in an elongated spheroidal coordinate system at
points &, m, ¢ we will use the magnetic field
components H(G), HG), H4(G) in an orthogonal
system with coordinates Xxj;, i, 2z;. Naturally, the
coordinates &, 7, @ in the spheroidal coordinate system
and the coordinates x;, )y, z; 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 Y,/(G), components
H(G), H(G), H.(G) of which are the measured values of
the magnetic field in an orthogonal system with coordinates
Xw Vi Zp 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 x,, y,, z, 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

0 s of external spheroidal harmonics of this units.

cnt, sy
Then for a given vector value X and for a given
vector value G, the components Hu(X,G), H,.,(X,G),
H,,(X,G) of the magnetic field in the orthogonal
coordinate system generated by these NV energy-saturated
extended units at measurement points with coordinates x,
Vi, zr calculated based on (8). When calculating these
components Hy,(X,G), Hy(X,G), H.,(X,G) of magnetic
field parameter ¢y, and the corresponding angles &, 7,
O location of measurement points with coordinates x;,
Vi, zr from points and location of n blocks with
coordinates x,, v,, z, an elongated spheroidal coordinate
system it is necessary to calculate in the form of solving

the following system of equations

X = Xn = Cin\ ékn2 -1 V 1- 77kn2 'COS((pkn);

5/01 € [l,oo[;
Yk =Yn = Cn\ gkn2 -1 \/1_77/012 'Sin(Wkn);:> Tien 6[091]; (13)
Prn €[027];
Zkn = Zkn = Chkn* S Mhen-
Then, based on the calculated components

Hu(X,G), Hy(X,G), H(X,G) of the magnetic field
generated by each element n, the components H(X,G),
H(X,G), HX,G) of the rezalting magnetic field
generated by all NV units at the measurement points K can
be calculated similarly to (10).

Let us introduce the vector Y(G), components of
which are the calculated values components H.(X,G),
H(X,G), HX,G) of the magnetic field at the K
measurement points with the coordinates xy, yy, z;.

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 YAG) for the spacecraft
multipole magnetic dipole model calculated

Yd(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 x,, y,, z, of spatial arrangement N energy-saturated

m
n

extended units as well as the desired values of values c), , s
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 Y,/(G) of the measured
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magnetic field and the vector Y« X,G) of the predicted by
model (3) magnetic field
E(X, G) = Yi(G) - Yc(X, G) = ¥(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 wvalues coordinates unknown variables, whose
components are desired coordinates x,, y,, z, of spatial
arrangement N energy-saturated extended units as well as

m

. of external

the desired values of values c)',

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) < Ga. (16)

Then the magnitude of the magnetic field at any
point P; of the far zone of a technical object with
coordinates x;, 3, z; 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

N

the iterative calculation of spatial harmonics g, , h,' of

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

component g, , k' of spherical harmonics of the magnetic

field generated by this C compensating magnetic units with
unknown coordinates 7., ¢. and 6, 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

Vz‘j(t +1)= le"ij(f)+ Cljrlj(t)H(plij([) — &5 (t)lJ/ij (e)-

S A YL Py T MO 1|

“ij(”l): sz”ij(f)+ C3jr3j(t)H(p3ij(t)_53ij’(t)lzzj(t)_ (18)

— (e )]+ cq;ra;(0)H (P4;j ()— &4t )Izj (e)-0;( )]
x,-j(t+1):x,-j(t)+v,-j(t+l); 19

where x;(f), gi(t) and vy(¢), u;(¢) is the position and
velocity of i particle of j swarm.
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In (17) — (19) y(1), z(f) and y;(r), z;(z) — 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 y;(¢) and the

global position yj (t) of the i particle of j swarm are

understood in the sense of the first player strategy x;(f) for
minimum of component £(X,G) of the vector payoff (15).
However, the best local position z;(f) and the global

position z;- of the i particle of j swarm are understood in

the sense of the second player strategy g;(¢) for maximum
of the same component E(X,G) of the vector payoff (15).

Four independent random numbers 71,(¢), r5(¢), r3(%),
r4(f) are in the range of [0, 1], which determine the
stochastic particle velocity components.

Positive constants c¢y;, ¢y and cy;, ¢4 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 y,(#), z() and global y(f), z;(r) optimum.

Switching parameters of the cognitive py;, ps3; and
social p,;;, ps; 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 x;(?),
gi() when moving to local and global optimum
respectively.

Random numbers &;;(¢), &(f), &3;(f) and e4()
determine the switching parameters of the particle motion,
respectively, to local and global optima.

To improve solution finding process quality, the
inertia coefficients wy;, wy; 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 M,, M, and M. 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 = 120 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 ¢ = 58.03 and the magnitude of the first

harmonic ¢! =—1.75586, ¢f =-0226512, s| =-0.440788

calculated.

Figure 1 shows magnetic signature projections taking
into account only one first harmonic, for three coordinates
ofthe ) Y=-20m, Z=19m; b) Y =0, Z= 19 m and
¢) Y=20m, 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.
Y=-20m, Z=19m

Bx, By, Bz, nT

Y=0,Z=19m

Y=20m, Z=19m
Bx, By, Bz, nT

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 ¢ = 36.5236 and the magnitude of the five harmonic

) =—1.17987, ¢} =—0.524211, 51 =—1.28567;

¢ =7.0228, ¢} =234334, ¢3 =—0.0767858, s} =-3.32643,
53 =-0.0375657;

¢ =-64.5892, ¢} =-3.96332, ¢§ =-0.195524,

3 =-0.000181004, s} =-4.36204, s? =-0.0730327,
53 =0.00376364;

e =-112.13, ¢} =3.10697, ¢2 =-0.0777715,

3 =-0.00120079, c§ = 0.0000413822,

sy =7.89786, s7 =0.0941992, s3 =0.00197418,

s4 =-0.0000144349;

¢ =753116, ¢t =-0.894198, c2 =0.0634926,

3 =0.000540308, 2 =3.49849-10°°, ¢ =-7.31748-10°%,
st =3.46386, s2 =—0.0377943, 53 =0.000859992,

s =6.01948-10°°, 53 =-9.39689-10"° calculated.

Figure 2 shows magnetic signature projections
taking into account five harmonic, for three coordinates of

the magnetic field passage sections: a) ¥ = —20 m,
Z=19m;b)Y=0,Z=19mandc) Y=20m, Z=19 m.
Y=-20m, Z=19m
Bx, By, Bz, nT

Y=0,Z=19m
Bx, By, Bz, nT

15 Bx

-100

Y=20m, Z=19m
Bx, By, Bz, nT

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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In)xeHepHa entekmpodgbizuka. TexHika cunbHUX eJIeKmpPUYHUX ma Ma2HimHux rnoiJiie
UDC 624.318 https://doi.org/10.20998/2074-272X.2024.6.09
Yu.V. Batygin, T.V. Gavrilova, S.O. Shinderuk, E.O. Chaplygin

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 «expansiony from hollow metal cylinders. The limited production possibilities of magnetic pulse «expansiony 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
«stretchingy 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
Jor 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.

Bemyn. Ls poboma Oyna 3anouamkosana npoonemamu cepyego-cyOuHHuX 3axXeoploéand, SKi € OOHIEI0 3 OCHOBHUX NPUYUH CMEPMHOCM
HacenenHs: Hawoi nianemu. Boice 6invu 0ecamu poxie momy, 6 2012 poyi, 6i0 20cmpo2o KOPOHAPHO2O CUHOPOMY 8 YCbOMY CEimi HOMEPIO
npubnusno 3,7 minstiona noodeil. bopomvba 3 maxumu namonoeiimu 6e0emuvcsi 3a OONOMO20I0 MAK 36AHUX CIMEHMIB, BULOMOBNCHHS AKUX
Modice  30LUCHIOBAMUCA MEMOOOM MACHIMHO-IMIYIbCHO20  «PO30ai» NOPOICHUCTIUX Memanesux yuninopie. Oomediceni upoOHUYL
MOJICTUBOCIT MACHIMHO-IMNYTbCHOT «pOo30auiy 0OYMOBNIOBATUC MIHIMATLHUM NONEPEeHHUM POMIPOM [HOYKMOPA-IHCMPYMEHmMA, KUl
npakmuuHo Modicha gueomosumu. [ euxonanna yiei onepayii nompioui inwi incmpymenmu. Hoeusna. 3anpononosano cucmemy
MACHIMHO-IMNYTIbCHO20 ~ POZWIUPEHH  TMOHKOCMIHHUX  mpy6  manoeo Oiamempa 3 [HOYKMOPOM, sAKUll 30Y0JdCye  a3uMymansHe
eneKmpomazHimue none, npu NPSIMOMY NPONYCKAHHI cmpymy uepe3 00 €km 06pobKu ma npu i0CymHOCH 11020 NIOKIIOUEHHs Y eleKmpuyHe
K070 3 inoykmopom. Mema. OOepoicano aHamimuyHi eupasu Osl OCHOBHUX XAPAKMEPUCTIUK NPOYecis: HanpysiceHocmell 30Y04Cy8anux
e/IeKMPOMACHIMHUX NOJIIG I CIMPYMI8 ) CUCTNEMI 8 3ANIeHCHOCTIE 810 napamempig 00crioxcysanux cucmem. Memoou. Po3s a3anna Kpaiiogoi
3a0aui i3 3a0AHUMU 2PAHUYHUMU YMOBAMU NPOBOOUTIOCH NPU 3ACMOCy8aniti nepemeopens Jlannaca ma inmezpysanns pisuans Maxceena.
Pesynomamu. Ompumano ananimuuni supasu 05l OCHOBHUX XAPAKMEPUCTNUK NPOYECTs, Wo NPOMIKAIOMb: HANPYHCEHOCMI 30Y0ICY8AHUX
e/IeKMPOMACHIMHUX NONIG [ cmpymie y cucmemi. AHAN3 MOJNCIUBUX MEXHIUHUX CXeM BUPIUIeHHS NOCMAGIeHOT 3a0ayl 6KA3a8 HA UOIp
ONMUMATILHO20 6aAPIAHMY eheKmUBHOI cucmemMu MAeHIMHO-IMIYIbCHO20 «PO30adi» MOHKOCMIHHUX YUWITHOPUYHUX NPOGIOHUKIE MANI020
oiamempa. Ilpaxmuuna wuinnicme. Ha ochosi AKicnozo auanizy ompumanux pe3yibmamis CQOpMyIbOBaAHO peKoMeHOayii wooo
NPaKmu4HO20 6NPOBAOICEHHS 3aNPONoHOBanoi cucmemu. Ompumani 3anexcHocmi 003601A10Mb OAMU YUCeNbHI OYiHKU eghekmueHoCcmi
30Y0%4CeHHA CUNl MASHIMHO20 MUCKY HA 00 '€Km 00poOKu ma eubpamu HAnpsaMKU NOOATbUO020 B00CKOHANCHHS MASHIMHO-IMNYIbCHOT
mexnonozii 0ns upiwennss makux 3aday. bion. 23, puc. 2.

Kniouogi cnoga: iMmyabCHi eleKTPOMATHITHI NOJsA, UMJIIHAPUYHI NPOBIAHMKH MAaJoro aiameTpa, po3B’s3aHHs KpaiioBoi
3ajauyi, nepersopenns Jlaniaca.

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 «expansiony, 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.
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Fig. 1. Principal diagrams of magnetic-pulsed «expansiony
of a hollow cylindrical billet: / — inductor-current conductor;
2 — tubular billet; 3 — matrix with holes

/I{

Problem statement. In the system in Fig. l,a,
«expansiony 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:

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

e 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
currenty, 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 currenty 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. 1,5,
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.

2Rz Fig. 2.

2Ry 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 wus formulate
assumptions that establish
the level of adequacy of
the accepted calculation
model and the real
inductor system:

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

e 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/op~0.

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

@Ry [c<<1,

where o is the cyclic frequency of the acting field,;
¢ is the velocity of light in vacuum.

o The billet being processed is rather thin-walled, so that

w-7<<1,
where 7=, y d? is the characteristic diffusion time of the
field into a conductive layer with specific electrical
conductivity y; d = R, — R is the thickness of the layer;
Lo is the magnetic table.

e 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.

e An electromagnetic field is being excited with non-
zero components E(r, t) # 0 and Hr, £) # 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]:

M:p'ﬂo 'H¢(F,p);

or W
1 0
7'5(V'H¢(F,P))=]/'Ez(r,p)+jz(p,r)’

where p is parameter of the Laplace transformation;
J:(p,r) is the density of the external current:

=)= 10k )= 2

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

1, re [Rl,Rz];
f(r)z{o, re R R}

Edp, r) = L{EAt, 1)}, Hyp, 1) = LIH(t, )},
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]:

azEz(p’r)+l. aEZ(p’r)_kz
or2 r or

=p-uo-j(p)-f(r),
where k(p)= \/p- 11y - ¥ 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:

a) on the external side of the tube:

(p)-E.(p.r)=

2

Hy(p,r=Ry)=0; (3)
b) on the inner wall of the tube: ( )
I{p
H =R )=— . 4
o(pr=Ry) e )

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

E(p.r)=Ci(p.r)- Io(k(p)r)+ Co(p.r) Ko (k(p)r), (5)
where Iy(k(p)r), Ko(k(p)r) are the modified zero-order
Bessel functions; Ci,(p,r) are unknown functions
involving arbitrary integration constants.

According to the accepted method for variables
re[Ry, R;] we write down the system of equations for
unknown functions C »(p,r) [22]:

dG(p, dG(p,
e e S
dcl(l?,r).dlo(k(l?)r)+dCz(P,V).dKo(k(P)r):pﬂ i(p)
dr dr dr dr 0
We shall find from the first equation of the
differential system (6), that

dCy(p.r) _ dGi(p.r) Io(k(p)r)

= ~ (M
dr dr Ko(k(p)r)

We substitute expression (7) into the second

equation of system (6). After the necessary identical
transformations, we obtain, that

G o) kofblph).

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

Ci(p.r)= j(pW P /7 -r-Ki(k(p)r)+ Ci(p), )
where K;(k(p)r) is the modified first order Bessel
function; C,(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 Cs(p, r):
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Co(p.r)==i(pNpro /7 -r- Lk(p)r)+ Co(p), (10)
where I(k(p)r) is the modified first order Bessel function;
Cy(p) is an arbitrary constant of integration.

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

E.(p.r)=Ci(p)lo(k(p)r)+ C5(p)Ko (K(p)r)+

+j(pWNpuo/y v By,

where B, is defined in the form:
By = Ky (k(p)r)- 1o(k(p)r) =1, (k(p)r)- Ko (k(p)r).
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

H,(p.r)=\lr/ pro - By +2j(p )k (k(p)r)- I, (k(p)r), (12)

where B, is defined in the form:
By = Ci(p)- 1y (k(p)r) - Ca(p)- K (k(p)r).

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 |k(p)-R1,2| <1 [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:

|k(P)'R1,2|<1:> NO-py -y Rp <<l

and obtain a quantitative estimate of its fulfillment

1

! D
27 po -y Rip

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 R;, — 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:

yer 2 .
Hy(p.r)~ = Cip)=Calp) 5= |+(p)-r- (14)
’ 2 [ K (p)r?
Now let us determine the unknown constants —
Cia(p).
With help of (3) and (14) we shall find, that
K*(p)R3 2 0]
-2 G o2 5(0)|. 9
We substitute expression (15) into (14), after which
we use the second boundary condition from (4). We get:

_ 2 (4
ip)= ]yp {1 (le(Rz/Rl)z—l_' (16)

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

(11)

(13)

2
H, ()= 10) ”2((R2/ r) 21) .
27R; '((RZ/RI) —1)
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

(k(p) Rl,z)z In(k(p) Ry o )|(k(p)RL2)—>0 ~(k(p) R1,2)2

sufficiently small of the second order and significantly
simplifies the formula (11). In the result obtained, one should
introduce expressions for arbitrary constants C(p) and Cy(p).

After the transition to the space of originals, we find
the strength of the excited electric field [22]:

I\t d 1
Ez(t,r)z—L — |- (19
27k dy R (Ry/R) -1
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:

ji(t)z—ﬂ{lwi- 1

— . (19
2R | Ry (Ry/R) - 11

System with «direct passage of currenty» 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

. 1(¢) 1
Js (t)z - 7 2 .
AR (Ry/R)* -1

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:

]

, _ d 1 21
fi:Ji(f)'H(p(t,V:Rl):Jg(l)'d'[l+2E‘W:|;( )

(17)

(20)

(t) < R

js(t) 2'd'Rl ,

where f; is the density of electrodynamic forces during the
direct passage of current through the processing object;

~
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f; s the density of electrodynamic forces in the case of an
isolated tubular billet; jo(f) = I(f)/2zR,d is the current density
in the billet without taking into account induction effects.
Let us analyze the got results.
e When r — R, the intensity of the excited magnetic
field is:

H P - ﬂ S
2r- Rl
what corresponds to the law of total current and is
evidence of the reliability of the formula (17) [21].

e The densities of excited electrodynamic forces
depend significantly on the induction effects in both
proposed systems (f;, in (21)).

e The current densities in the treated objects are
proportional to the proportionality factor determined by
the geometry of each of the proposed systems (j; ; 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.

2.0n 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.
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CrnexkTpanbHuMii Ta ONITHKOMETPHYHUH METOAM KOHTPOJIIO NapaMeTpiB IIa3MOBUX KaHAJIB,
CIIPMYHMHEHHUX PO3PSIAHMMH CTPYMAaMHM Mi’K TPaHy/JIaMH MeTaJliB y po004YMX piguHax

Obrpynmosano akmyansHicms ma 0OYilbHICMb PO3POOIEHHA MA 3ACMOCYBAHHA ONMUYHUX MenOo0ié KOHMPONIO napamempie nias-
MOBUX KAHANIB Y wiapax Memanesux epanyin nio 4ac ix ickpo- ma niasmoeposilino2o 06pobrents 3 Memoro niosulyents mo4HoCmi
KepysamHs npoyecamu i Akocmi npooyKyii, axa ompumyemoscs. Pospobreno onmuxomempuunuii Memoo 6UsHAUeHHs GIOHOWEHHS
00°€Mi6 KObOPOBUX OPEONi8, IMOBIPHO CHPUUUHEHUX CIMPUMEPAMU, MA ICKPOBUX A0ep NIAASMOBUX KAHALIE MIdHC epaHyIamMu Memanie
y pobouiil piouHi, sKuli He nompebye cneyianizo8ano20 CheKMpoMempuUiHo20 00IA0HANHHA, A OA3YEMbCA HA BUKOPUCAHHI anapam-
HUX 3ac0016 3a2an1bHO20 NPUSHAYEHHS MA CReYIaNi308aH020 NPOZPAMHO20 3abesneyents, saKe € y @iibHomy oocmyni. [Janum memo-
00M Npo6edeHo ananiz IOHOUIEHHSA 00 €EMIE KOTbOPOBUX Opeoli6 ma iCKposux Aoep Nia3smMosux Kauanie mixc epanynamu Al ma Agy
OUCMUNbLOBAHIL 8001, WO 0AI0 00AMKO8Y IHGopMayito 018 NPOSHO3IE CNIBBIOHOWEHHS HAHO- MA MIKPOPOSMIDHUX (paryii epositi-
HUX YACMUHOK Memanié na emani ix ¢popmyeanns. Ilpogedeno ananiz cnekmpieé GUNPOMIHIOBAHHS KOIbOPOBUX OPeOsi8 NIA3MOBUX
Kauanie y oucmuabosariti 600t mixc epanyramu Al, Ag, Fe ma Cu, a makooc Ni-Mn-Ga ma Ti-Zr-Ni y pioxomy azomi i Ti-Zr-Ni y
piokomy apeoni. ObTpynmosano i y3azanbHeHo GiOmMiHKU Pe3yIbmylo4020 UNPOMIHIOBAHHA Y YUX 8UNAOKAX MAd HABEOeHO iX onuc 3a

601" hazu y wapax memanegux cpamyn 3a AHANIZ0M GIOMIHKY De3YIbMmyloyo20 GUNPOMIHIOBAHHS, KUl OA3VEMbCA HA OMPUMAHUX

paniwe cnekmpomempuyHux oanux. biomn. 56, Tabmn. 1, puc. 4.

Knrouoei cnosa: po3psaaHmii CTpyM, I1a3MOBi KaHAJIM, MeTAJIeBi TPaAHYJIM, ONTHYHMIi CIIEKTP BUNPOMiHIOBAHHS.

CyuacHu#i cTaH JAOCJiIKeHb, TOCTAHOBKA TAa aKTY-
albHiCTh 3aa4i. Ickpo- Ta TuIa3Moepo3siiiHe 00pOOIICHHS
mapiB MetaneBux rpanyi (ILIMI') B poboumx pimuHax 3
BiZTHOCHO HHU3BKOIO ITUTOMOIO €JIEKTPOIIPOBIIHICTIO € OCHO-
BOKO YOTHPBOX TPyl TEXHOJNOTIYHMX mporeciB. [lepma —
BUPOOHMIITBO MIKPOAMCIEPCHUX MOPOIIKIB METANIIB 1 CIUIa-
BiB 13 CIICHIAIBHUMH BJIACTHBOCTSMI: TYTOIUIABKUX 1 JKapo-
MILHKX, 3 MarHitHOW [1] 1 TemneparypHoro [2] mam’sTTio
(dopmu, 3 amopdHoro [3] Ta aMOPHHO-KPHUCTATIIYHOIO CTPYK-
Typoro [4], 3 TIraHTCBKMM MAarHiTOPE3NCTUBHUM e(eKTOM
[5], marnitom’sikux [6], copOyrounx BoneHb [7], TBepaux
[8], xoposziitao critikux [9] Ta iH. [10, 11]. dpyra — ickpoe
1a3MoBe a00 eIEKTPOPO3PSIHE CIIKAHHS TTi] THCKOM MIKpO-
PO3MIpHHX TOPOIIKIB METANIB 1 CIUIABIB B KOMIIO3UTaX, Kepa-
MiKax Ta IHIIMX reTeporeHHux cepenoBuiax [12]. Tpers —
BUPOOHHMIITBO TiIPOKCUIIIB YTBOPIOKOYMX KOAryJISIHT METaJliB
(Al Ta Fe) nyist OUMILEHHS, B TOMY YMCII U1 TOTPEO TETUIOBOi
eHepreruky, [13] i 3He3apakeHHs [14] mpupoaHux Box Ta
TIPOMUCIIOBUX CKHUJIiB. UeTBepTa — BUPOOHUIITBO CTIMKUX JIO
CeZMMEHTAIIl HAHOAUCIIEPCHHUX TiIPO30JIeH OI0TOTTIHO aKTH-
BHUX MeTaniB (Ag, Cu, Zn, Fe, Mg, Mn, Mo, Co) [15, 16] ms
3aCTOCYBaHHS Y POCTMHHUIITBI [ 17] 1 TBapuHHMIITBI [ 18].

[pouec BinOyBaeThCS HACTYIIHUM YHMHOM. BHacIimok
TTJIBEZICHHS BiJ] TeHEpaToOpa PO3PSIIHUX IMITYJIECIB €TeKTPH-
YHOI eHeprii 1o 3aHypeHoro B pobouy piauHy ILIMI" B HbO-
My HOYMHAE TPOTIKATH CTPYM. YMOBH B KOHTAaKTaX MK
IpaHyJIaMH IIBHAKO Ta NEBHOIO MIPOIO CTOXACTUYHO 3Mi-
HIOIOTBCSI HaBITh MPOTATOM OHOTO PO3PSIHOTO IMITYJIBCY,
10 TIPU3BOJIUTE JI0 PO3TAY KEHHS 1 Mirparlii KaHaiB IpOTi-
KaHHs cTpyMy y LIIMI', HarmpsAMOK SIKUX BU3HAYA€ThCS Hal-
MEHIINM eJIEKTPHYHIM OIOpOM KoJla, @ He HaiKOpOTIIO
BificTaHHIO MK enekTpomamu. Y IIIMI, sk npaBuIto, oJHO-
YacHO ICHYIOTh JIEKLIbKA MapajielbHUX IIUISIXIB MPOTIKaHHS
CTpyMY BiJI OTHOTO €JIEKTPO/IA A0 1HIIIOTO.

3a yMOB HU3bKUX 3HAU€Hb aMILTITYIH IMITYJIbCIB PO-
3psaHoi HanpyrH (1o ~40 B) mma3MoBi kKaHaIHM MiX ITOBe-
PXHSMU I'paHysl HE BUHUKAIOTh. Y IIbOMY BUIAIKY CTPYM
MDX TpaHyJIaMH TIPOTIiKae depe3 podody piIuHy, sKa Xa-
paKTepU3y€ETHCS HHU3BKOIO 10HHOIO IIPOBIMHICTIO, abo
Yyepe3 OMiuHI KOHTaKTH 3 HU3bKAM OIIOPOM MIX I'paHyJia-
MH, 10 BimOyBaeThes pimmie. [Ipw momanpmioMy ImiBH-
LICHH] aMIUTITYJM IMITYJIbCIB HapPYrd MK JESKUMHU Ia-
pamu rpaHy’ IIOYMHAIOTh YTBOPIOBATUCH CIIOYATKY CTpPH-
MEpHI, a 3r0JIOM 1 ICKPOBI KaHaJIH.

[Nonanplie MiABUIICHHS HAMPYTH PO3PSAHUX iMITYITb-
CIB TIPU3BOAUTH JIO0 30UTBIICHHS KUTBKOCTI SIK IOCIIIOBHO,
TaK i MapajelibHO BKIIOYCHHX Ta3MOBUX KaHaiiB y ILIMI.
Ilpu ycepemHeHiN aMIUNTYHi IMITyJIbCiB Hampyru Oirbime
~36 B Ha KOXHMH ITOCHIAOBHO BKJIFOYEHMA KOHTAKT MIX
TpaHyJaMH, TUIA3MOBI KaHAIM BHHHUKAIOTh B HANPSIMKY BiX
eNeKkTpoza 1o enekrpona y Bcbomy HIIMI'. V pobounx pe-
KMMax 3a3BUYall aMILIITy/a IMITyJIbCIB HAalmpyrd B cepel-
HBOMY He mnepeBuinye 20 B Ha KOKHHI MOCITITOBHO BKITO-
YEeHUH KOHTAKT. TpHBANICTh IMITyJBCIB CKJIANAE BiJ| OJH-
HUIIb JIO JECATKIB MIiKPOCEKYH]I, a CepeIHs 3a el Jac Io-
TY KHICTB — BiJl IECATKIB JI0 COTEHb KiJIOBaT.

B 3anexHocTi Big HU3kH yMoB [ 19], yactuna cTprmMe-
PHUX KaHAJIB €BOJIOIIIOHYE Y ICKPOBI, a peIiTa 3yMUHIETh-
Csl Ha MEePeiCKpOBHX CTalifaX cTpumepa abo minepa [20].
OpHi€I0 3 CYTTEBHX BIIMIHHOCTEH CTPHUMEPHO-TIICPHHUX
KaHAaJIiB BiJl iCKPOBHUX € Ha MTOPSIKA MEHIIII 3HAYCHHS eHep-
rii, sika B HUX BUALIeThes [20, 21]. Ak Hacmigok, epo3inHi
YaCTMHKA METAJiB, IO YTBOPIOIOTHCS B PE3yJbTaTi il
cTpuMepiB a0 JIiZiepiB HaWJacTille MarOTh PO3MIPU Bif
JICCSATKIB JI0 COTeHb HaHOMeTpiB [16], a Ti, MO yTBOpIO-
IOTBCS B PE3YJIBTATI JIii ICKOP — BiJl OJMHUIIb O JECSITKIB
mikpomerpiB [10]. IIpumycoBe oOMexkeHHs eBoutowii Oi-
JIBIIIOCTI MJIa3MOBHX KaHANIB MEPETiCKPOBHUMH CTATisIMH 3a
JIOTIOMOTOO CIIeIlialbHUX 3axomiB [15, 16, 22] mo3ommio
Ha 0a3i OiIbII paHHIX ICKPOEPO3iHHNX TEXHOJIOTIH CTBOPH-
TH HOBI — IJTa3MOEPO3iiiHi, 30KpeMa, TPeThoi Ta 4eTBepTOi
rpyn. Ixmi emepro- Ta marepianoedekTHBHICTH GaraTo B
YoMy 3aJIeKaTh BiJl CIIBBITHOMIEHHS CTPUMEPHO-JIiISPHIX
Ta ickpoBux KanamiB y [IIMI".

JoTernep y OLIBIIOCTI BHUIAAKIB 11 CITIBBIIHOIICHHS
KOHTPOJTIOBAJIOCH OMOCEPESIKOBAHO BUMIPIOBAHHSIM aMILTi-
TYJM 1 TPUBAJIOCTI IMITYJIbCIB PO3PSAHOTO CTPYMY B YChO-
My LIMI [22], sixuii € cyMOIO BCiX pO3rally’ke€Hb PO3psi-
HHUX CTPYMIB y TPOMDKKY MDK eJIeKTpoJaMu. AJie TaHui
METOJ] HE BPaXOBY€ 3MiHH IPOTSTOM PO3PSIHOTO IMITYJIBCY
KUTBKOCTI Tuma3MoBuX kanamiB y IIIMIT i mmommHM iXHIX
MIOIIEPEYHHX Mepepi3iB, BHACHIIIOK YOTO HE Ja€ BUUYEPITHOT
iHdopMarii om0 rycTuHN CTpyMy B HuX. TOMy BiH HeIo-
CTaTHIN I KOHTPOJIIO 3a3HAUYEHOTO BHUILE CITiBBiIHOIICH-
Hs. JIOMAaTKOBO BHKOPHCTOBYETBHCS Bi3yalbHE CIOCTEpE-
JKeHHS TUIA3MOBUX KaHAIIB OIIEPaTOPOM TIporiecy 0e3 BH-
KOPUCTAHHS CICIia/lbHUX MPWIAiB, aje BOHO HOCHUTh
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Cy0’eKTHBHHMI XapakTep i He € JoCTaTHbO TOYHUM. OTXKe,
HarajbHOIO 1 B)KJIMBOIO 33/1a4€l0 € MOIIYK 00’ €KTHBHHX 1
JOCTaTHRO TOYHUX METOJIB KOHTPOJIO CIIiBBiJHOIICHHS
CTPUMEPHO-JIIAEPHUX Ta iCkpoBUX KaHaiiB y [IIMI.

MeTto10 cTaTTi € pO3pOOIICHHS METOAY 00’ €KTHBHOTO
ONTUYHOTO BU3HAYEHHS 00 €MiB CTPUMEPHO-TIIEPHUX Ta
ICKpOBHX CKJIaZOBHUX IDIa3MOBHX KaHamiB y LLIMI mig gac
iX iCKpO- Ta TUIa3MOEPO3iMHOTO OOPOOIICHHS, BiIHOIIEHHS
MX 00’€MIB, a TAaKOX CIPOIIEHHS! METOJy CIIEKTPOMETPH-
YHOTO JOCJI/DKEHHsSI EJIEMEHTHOTO CKJIaay OTOYyHYOl
TUIA3MOBH KaHaN mapora3oBoi (as3u Ta podouoi piTuHA Ta
JIOMIIIIOK B Hill IS ISSIKMX METAJIB 1 pOOOYHX PIAWH MUIA-
XOM aHalizy pe3yJbTYIO4Oro BIITIHKY BHIIPOMIHIOBAHHS.
i MmeToan € HOBUMHU IIpH ONEPATUBHOMY KOHTPOJII €IEKT-
POTEXHOJIOTIYHUX MPOIECIB ICKPO- Ta IUIA3MOEPO3IHHOTO
00po6menns IIIMI™ i 703BONSAIOTE OLTBII TOYHO MPOTHO3Y-
BaTH TPAHYJIOMETPHYHHUN 1 XIMIYHHH CKIamu epo3iiHHUX
YaCTHMHOK III¢ Ha eTami iX oTpuMaHHA. Po3pobieHHs 3aKo-
HIB PETyIIOBaHHS PO3MOALTIB €pO3iHHIX YaCTHHOK 3a PO3-
MipaM# 3 BUKOPHCTAHHSIM PE3YJIbTATiB aHATIZY 3a3HAUCHUX
00’eMiB €JIEMEHTIB IUIa3MOBHMX KaHAIIB Ta IX BiJHOLLIEHHS
y SIKOCTI iH(OpMaLifHUX MapaMeTpiB, a MapaMeTpiB po3-
PAIHMX IMIYJIBCIB Y SIKOCTI KEPYIOUHX, Ta CTBOPEHHS CHC-
TEM aBTOMATHYHOTO PETYNIOBaHHS 3 iX 3aIydeHHAM J0-
3BOJIUTH Y MalOyTHHOMY IiJIBUIIUTH TOYHICTH KEPyBaHHS
BJIACTUBOCTSIMH €PO3IMHIX YaCTHHOK.

MeTtoanka eKcliepuMMeHTIB, 001aJHAHHS, PeKH-
M i matepianu. O0’ekTamMu JOCIIIKEHb OYIIH IIa3MOBi
KaHAIM y 3aHYPEHHX Yy AMCTWIBOBAaHY BOXY LIapax rpa-
HyJl aJIIOMiHII0 Ta cpibma. ExcrepuMeHTH IpOBOIMINCH
Ha 1a00paTOpHIN YCTaHOBIII iCKPO- Ta IUIa3MOEPO3iiHOTO
o6po6unienns IIMIT, ¢yHkuioHanbHy cxemy sikoi mpea-
craBieHo Ha puc. 1. Jlo ckiagy yCTaHOBKM BXOIMWIIM:
TUPUCTOPHUH  TEHepaTtop  PO3PSJHUX  IMITYJIbCIB
(Discharge pulse generator, noznaueno DPG). Gnok ke-
pyBanus reHeparopoMm (Control unit, CU), pospsaHa
kamepa (PK) i3 3aHypenum y poGouy piamny IIMIT
(Discharge chamber, DCham), BiOpamiiinuii cTin
(Vibration bench, VB), Ha skoMy BOHa 3HaXOIWJIACh,
3amam’sitoByrounii - ocumnorpadg C8-17  (Oscilloscope,
Osc), moxineauk Harpyru 1:10 (Voltage probe, VProbe),
BHCOKOYACTOTHHH  BHMIPIOBAIBHUN  TpaHc(HopMaTop
crpymy (Current probe, CProbe), Be6-kamepa (Webcam,
WCam), migximroueHa [0 TMEPCOHATBFHOTO KOMIT IOTEPY
(Personal computer, PC).

Puc. 1. ®ynknioHansHa cxema 1ab0paTOpHOI yCTaHOBKU

I'eHeparop >kMBHBCS Bi 0JHO(A3HOT Mepexi HaIpy-
roto 220 B uacrororo 50 I'm (220V). Hampyra mepexi

BUIIPSIMIISUIACH, PETYIIOBATACh Ta CTabiji3yBanach Kepo-
BaHMM THpHCTOpHO-mioxHuM BunpsvisideM (Controlled
rectifier, CR) Ta QimpTpyBamacek Bif 3MIiHHOI CKJIag0BO1
koHzaeHcaropom Cl1.

Po6Gounit konaencarop C 3apspkaBcs 10 Maibke 1mo-
JBiiHOT Hanpyru koHaeHcaropa ¢uieTpy Cl mo xomaHmi
6510Ka KepyBaHHS T€HEPaTOPOM depe3 3apsiHUIN KOHTYD 3
nob6potHicTio Outeine 20, 0 SKOTO BXOAWIM THPHCTOP
VSI Tta gpocens L1. Hampyra 3apsmay poGodoro KoHaeHca-
Topa C, eMHICTb SIKOTO B Hammx gociigax Oyna 100 Mx®,
peryiIioBajach 3a paxyHOK DETyJIIOBaHHA Halpyrd Ha
koHaeHcaropi ¢inerpy Cl. Ilicnsa 3akiHYeHHS mpouecy
3psAOy Ta 3aKpUTTSA THpHCTOpa VS1 MpHPOIHIM IUIIXOM,
3a HACTYIHOIO KOMaHJOI0 OJIOKa KepyBaHHs BiJKPHBABCS
po3psamgauii Tpuctop VS2. Hampyra po6odoro KoHaeH-
caropa uepe3 VS2 Ta 3’eaHyBaIbHUH Kabenb 1HyKTUBHI-
ctio L, sika B Hammx pociinax Oyna ~2 Mk 'H, npukiaia-
Jack 10 PO3PSAHOI KaMepH, Jie CIPUYMHsIIAa BUHHKHEHHS
wra3mMoBux KaHauiB y LIIIMI'. Ilicns 3akiH4eHHS po3psay,
3a KOMaHZaMH OJOKa KepyBaHHsS IOYMHABCS 3apsiJi Ha-
CTYITHOTO IUKJIY CIIiTyBaHHS IMITYJIbCIB.

Po3psinHuit ctpym Maibke 3aBxau OyB anepiojuy-
HUM. Yepe3 cTOXacTHYHE 3MCHIICHHS EKBIBaJIEHTHOTO
enektpuaHoro onopy LIIMI™ Mornu BUHMKATH KOJIMBAJIbHI
PO3psiIH, aje y HaIMX AOCIiaX BOHH Maibke HE CIIOoCTe-
piranmce. Binbin HeOe3meuHUM /sl TAKMX THPHUCTOPHUX
reHepatopiB (puc. 1) € croxacTudHe 30i1MBIICHHS OTIOPY
IIMT, B pe3ynbTari SIKOTO B HbOMY NPOTIKAa€ CTPYM, IO
HE3HAYHO TIEPEBHUIIYE CTPyM YTPHMaHHSA pO3PSAHOTO
tupuctopa VS2. SIKIIO TPHUBAJICTh MPOIECY PO3Psay B
TaKMX YMOBaxX MEPEBHIIYBaTUME TPUBAIICTH IAy3W MK
PO3PSITHUM Ta 3apsiAHUM IMITyJIbCAMH, TO MOXKE BHHHK-
HYTH CHUTYalis, KOJU PO3PSIHUA TUpUCTOp VS2 me He
3aKpHUBCS, a 3ap;1/:[Hm71 VS1 Bxe Biakpuscsa. ToOTO Moke
BUHUKHYTH CHUTYyallisl, KOJIW BCl TUPUCTOPH OYyIyTh Bil-
KpI/ITl TpUBaNHKii yac 1 y HaBaHTaXeHHS IOTPAIIUTH He
TLTBKK eHepris koHaeHcatopa C, a i Maibke BCsI eHepris
koHaencaropa Cl, a y HalripiioMy BUMAJIKY i€ 1 eHepris
Mepexi JKUBJIEHHS, CTpyM 5IKOoi Oyae oOMeXeHWi juie
napameTpamu apocenst L1 Ta HaBaHTa)keHHs.

Taxki pe>kMHI MOXXYTh BUKJIMKAaTH HE TUIBKU ITEpeBaH-
Ta)KeHHsI 32 CTPYMOM THPHUCTOPIB TeHeparopa, a 1 CIuiaB-
JeHHs MeTajeBux rpanyn B PK mMix coboro, mo yHeMoX-
JIUBUTH TONANBIINA TpoIec iXHbOro 0o0poGieHHs. Jist
3amo0iraHHs M peXHMaM IapajieNIbHO HaBaHTAXKEHHIO
MIAKIIOYEHO PE3UCTHBHUM IMYyHT Rg Ha puc. 1. Y Harmmx
Jociinax roro omip craHoBuB 3 Owm, 110 3a0e3nedyBaio
Maibke MOBHWH po3psia pobodoro xoHaencatopa C i 3a-
KPUTTsl THpUCTOpa VS2 NMPUPOAHIM HUISIXOM JI0 MPUXOIY
HACTYITHOTO 3apsIIHOTO IMITYJIbCY, HE3BAXKAIOUM HA CTOXAC-
THuHi 30UbeHHs omopy IIIMI. Yacrora cnigyBaHHs
IMITyJIBCIB ¥ X eKcIiepuMenTax ctanoBmia 50 .

Binemr geransHO poOOTY J1aOOPaTOPHOTO OOJIA HAH-
HS iCKpo- Ta miazmMoeposiiHoro odpobmenus LIMI, Ha
SIKOMY HPOBOJIMIINCH €KCIIEPUMEHTH 3 TPaHyJIaMH aJlfoMi-
Hito onrcaHo y [23], a 3 rpaHyiamu cpitna —y [16]. I'pa-
HyJM amoMminito Mapku A7E Oyiu kBasikynboBoi opmu
JiamMeTpoM ~4 MM, a iXHSl TOBEPXHSI MONEPEJHBO MTPOHII-
Jla ICKpOBY eJIEKTpOepo3iiiHy 00poOky. Bimcranp Mix
BEPTUKAIHHUMH QTIOMIHIEBUMH  €JIEKTPOJAMH MapKu
AJ10 y po3psianiit kamepi Nel ckmanmana 52 mm. Bucora
OMTI" — 30 MM, omprHa — 22 MM. [IpoTOK BOAM y BOMY
BUTIAAKy OYB HAmpaBICHWI 3HH3Y JOTOPH 1 CKJIajaB
~12 mi/c, mo 3abe3neuyBaio CTaOUIBHICTH MpoLecy i BU-
Hic epo3ifHuX YacTHHOK 3 akTuBHOI 30HM PK. o HIMI'
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3aCTOCOBYBaJlach IpHMYycoBa BiOpauiiina aktuBauis [15] i3
yacTtoToro 90 ['u. OCKUIbKY €KBIBAJICHTHHUI €JIEKTPUYHHUN
omip IIIMI" mBUAKO 3MIHFOETHCS HABITH MPOTATOM OHOTO
PO3PSAHOTO IMITYJIbCY, & TUM OlIblie Bl IMIYJbCY [0
iMmyIecy [24], To amIutiTynHI 3Ha4eHHS HanpyTy Ha [IIMIT
Ta CTPyMy B HbOMY, @ TakO)X CyMapHa TPHBAJIICTb MOJ
PO3PSIHUX IMITYJIbCIB IOMITHO 3MiHIOBJIMCh, 1 TOBOPHUTH
MOXKHa JIMIIE NMPO NPUOJIM3HI ycepeJHeH! 3HAUeHHsS LUX
napametpiB. s IIIMI anrominiro BoHu cTanoBuim 220 B,
180 A ta 100 MKC BiZITOBiHO.

[Imatouku cpibna mpodu 999 Oyinm HenpaBUIBHOT
¢dopmu. BoHM BiIKyIIyBajIMCh TrOCTPO3YyOLSIMH 3 JIHCTa
TOBILHOIO 3 MM TaK, 11100 po3Mip cTopiH OyB Bia 3 10 7 MM.
Ixns nopepxms Oyna mHomepenHLO O0OpOOIEHA ICKPOBOIO
eposzieto. Brucora ix mapy y PK Ne2 3 Beprukamsanmu cpid-
HUMH €JICKTPOAAMH CKIiafgaina 6 MM, mmpusa 120 MM, a Big-
CTaHb MK enektpozamu — 60 Mm. ITpoTok Boaw y miit cepii
eKcrepiuMeHTiB OyB BiacyTHIH. YacTora mpumycoBoi BiOpa-
niitHoi aktuBari [LIIMI y ipoMy Bunazky ckianaina ~40 [,
YcepenHeHi 3HaueHHs TPUBAIOCTI IMITYJIBCIB cTaHOBUIH 30
MKC, aMIDTITY 1 ixHboi Harpyru 130 B, a ctpymy 120 A.

3a BIICYTHOCTI CKJIQJIHOTO KOIITOBHOTO CHEMiai3o-
BaHOTO 1 HE JyXe IOIIMPEHOr0 ONTHYHOTO O0JIaTHAHHS,
TAKOro sSK MOHOXpomarop (Hampukiaam MJIP-2), doto-
SJIEKTPOHHMI TOMHOXKYyBad (Harpukiag ®OVY-106), mBu-
JIKOMIFOYHMI aHAIOrO-IU(pPOBHIA IEPETBOPIOBAY Ta iH.
[25], onTiuHi DOCIHIIKEHHS IPOBOAMINCH 3 BUKOPUCTAH-
HSIM 3BHYaliHOI T00yTOBOT BeO-kamepu (WCam Ha puc. 1)
3 TIocepeHIMK XapakTepucTukamu (Matpuns 640 Ha 480
mikceniB). OTpuMaHi 3a i JOIOMOTOr0 300paKeHHS MPOE-
KL CTPUMEPHO-TIJEpHUX Ta ICKPOBHUX KaHANIB 3a-
nam’sitoByBanuch Ha [IK (PC Ha puc. 1), a norim aHaii-
3yBaJMCh 32 JIONIOMOIOIO CIIEialli30BaHOI Iporpamu
ToupV1ew ¢ipmu ToupTek [26], sika € y BUIbHOMY JI10-
crymi i NpU3HAYCHA [UIs po60T1/1 3 LII/I(l)pOBI/IMI/l ONTHUYHU-
MH KaMepaMH MIKpOCKOIIiB i1 TeneckomiB. IIporpama mae
HIMPOKKUN (PYHKIIIOHAT 1, 1[0 BAXKIUBO JJIsl HAIIMX JTOCHi-
JUKEHB, H03BOJISIE 301UMbITyBaTH 300paskeHHs 10 1600 %,
ANPOKCHUMYBAaTH 300pa)KeHHS 00’€KTiB HU3KOI TeOMET-
pHUUHEX (Iryp, NapaMeTpy SIKHX MOXKHA HAlalTOBYBATH,
a TaKoX BUMIPIOBATH 1 pO3paxOBYBaTH TaKi IXHI MOKa3-
HUKU SIK IDIOIIA, TIEPUMETp, TOBXKHWHA ocel Ta iH. [27]. B
OCTaHHIl HAa MOMEHT HaIllMCaHHsI CTAaTTi Bepcii mporpamu
ToupView 4.11.19728 Bix 22.10.2021 p. mpuCyTHS OIS
NoOYy/IOBH €JIIICIB 32 TPhOMA TOUKAMH, SIKa € JyKe 3py4-
HOIO 1 JO3BOJISE IIBUAKO 1 TOCTATHHO TOYHO ANPOKCUMY-
BaTH elleMeHTH 300paxeHHs. [Iporpama aBTOMAaTH4HO
BUMIpIOE JIOBXHHY IXHIX OCEH, 3a SKMMHU IOTIM pO3paxo-
BYBAJIHICS 3HAUEHHS 00’ €MIB BiIMOBIAHMX EMIICOiAiB 00ep-
TaHHs, SKUMU alpOKCHMYBAJIHMCh O0JACTI 3 KOJIbOPOBHM
BHUIIPOMIHIOBAHHSM Ta iCKPOBI KaHAJIM O1JI0TO KOJIBOPY.

CnekTpajbHHil aHATI3 CTPHMEPHO-JIiIePHUX Ta
icKpoBHUX KaHAJiB MiXK rpaHyJaMHu aJIOMiHiI0 y BOJi.
®otorpadiro mIa3MOBHUX KaHAJIB MiXK MOBEPXHAMH 3aHY-
peHHX y IUCTHIBOBAaHY BOAY rpaHy’ amoMiHiio B PK Nel
y TempsBi (anms 30UTBIICHHS KOHTPACTy 300pakKeHH:)
MPEACTABIEHO Ha pUC. 2.

Sk Gauumo, mepeBakHA OUTBIIICTh KAHATIB Ma€ SjI-
po 61510r0 KOJIBOPY 1 KOJIBLOPOBHH opeoln, y IaHOMY BHIIa-
JIKY, CHHBO- (blOﬂeTOBI/H/I OnHUM 13 SIKICHHX KpI/lTepllB
BIZIMIHHOCTI 1CKPOBUX KaHaJIiB BiJ| CTPUMEPHHUX Ta ninep-
HUX € CYIUJIbHNHN CIIEKTP iXHPOIO BUIIPOMIHIOBAaHHSI O1110-
ro Koibopy. Came Takuil CIEKTp BUIIPOMIHIOBaHHS 3yMO-
BJICHUI BHCOKMMH TemriepaTyporo (mopsiaky 10000 K) i
tuckoM (mopsiky 100 MIla) B ickpoBHX KaHalaX B TAKUX
MIPOIIECax, PO MO MUIITYTh AOCTITHUKH [6].

Puc. 2. [Tna3moBi kaHaM y mIapi rpaHy1 aJrOMiHIIO

Temmneparypa CTpnmepHo-nmepan KaHaJIB 1 THUCK Y
HUX Ha MOPAIAKU MeHU_ll OcHOBHA YacTHHA 1X BHHpOMlHIO-
BaHHS CHPHYMHEHA NEPEeXOJaMH EJIEKTPOHIB y 30y/KEeHNX
aToMax Ha HIDKYi opOiTaii, 0 3yMOBIIIOE JIHIIYAaTHI KO-
JHOpOBHUH criekTp. Lle 103BoIsiE MPOBOANTH CHEKTPATBHUH
aHai3 XIMI9HOTO CKJIay 30YDKCHUX aTOMIB y TaKMX KaHa-
Jax Ta Mo0MM3y HUX i pOOUTH MPHITYIIEHHS MOA0 XiIMITHIX
peaxiIii, IKi MOXKYTh IPOTIKATH B TAKIX yMOBAaX.

BuHUKHEHHA Opeosly 3 KOJIbOPOBMM BHIIPOMIHIO-
BaHHAM MOJXKE€ BiZOyBaTHCS 32 TPhOMa OCHOBHUMHM MeEXa-
Hi3MaMu. 3TiAHO 3 MePIInM, JKepernoM 30yKeHHS eJeK-
TPOHIB aTOMIB Mapora3zoBoi abo piakoi ¢a3u peyoBuH, sIKi
OTOYYIOTh ICKpOBI siJpa, Moxke OyTu yibTpadioneroBe
BUIIPOMIHIOBaHHs iCKpoBoro siapa. ToOTO, BUIPOMiHIO-
BaHHS OpPEOJy € BTOPHMHHHUM, IHAYKOBaHMM BHACIIJIOK
OibII  BHCOKOEHEPreTHYHOIO0 BHUIIPOMIHIOBAHHS  sIpa
[28]. Ha xopucTh IbOTrO MeXaHi3My CBi4aTh HACTYIHI
(haktu: 1) mMaibxe BCi Opeosl MarOTh iCKpOBE AAPO 1 Maii-
JKe BCi ICKPOBI Aapa OTOYCHI KOILOPOBUMH OpEOJIaMH; 2)
y HepeBakHil OITBIIOCTI BHITAAKIB OPEOTH PO3TAMIOBaHI
HABKOJIO iCKPOBHX s7Iep KBa3ipiBHOMIPHO 3 YCiX OOKiB.

3rigHO 3 APYTHM MEXaHi3MOM, IPUIHHOIO 30YIKEH-
Hs aTOMiB HaBKOJIO iCKPOBOTO Sifpa € iXHi 3iTKHEHHS 3
NIBUJIKAMH CJICKTPOHAMH Ta IOHAMH Yy CTPHUMEPHO-
ninepHux saBuHax [29]. HaBiTh y TOMOreHHOMY Ta3oBO-
MY JAi€IEeKTPUKY CTPHUMEpH 1 JiJIEpH PO3MOBCIOIKYIOTHCS
3UI3aronoAiOHUM HUIIXOM, SKMH 3a0e3redye HaliMeHIIe
NaJiHHS eJIEKTPUYHOI Harmpyrd Ha HboMmy [30]. Taxwuii
IIISIX PO3MOBCIO/PKEHHS €JIEKTPOHHUX Ta 1OHHUX JIaBHH
CTpUMEPIB 1 JiJIEepiB TUM OLIbIIEe XapaKTepHUH I TeTe-
POTEHHHUX JieNeKTpuKiB. JlomOKH OMUH 3 JiiepiB HE €BO-
JIOIIOHY€ y ICKPOBHIA KaHAI, BOHH MOXXYTh 0araTopa3oBo
BUHUKATH, 3MIHIOBATH MOJIOXEHHS y MPOCTOpi Ta HABITH
3HHMKATH 32 BITHOCHO BEJMKHH MPOMIKOK dacy (HOPSIIKY
30 MC), mpOTATOM SIKOTO IMOBiIbHA IU(pPOBA KaMepa Io-
OyToBOrO npu3HaUeHHs (BiKCye Kaap. 3aBIsIKM Mirpauii ta
PO3TaTy’>KEHOCTI CTPUMEPIB 1 JiaepiB, 00’ €M, SKHII BOHU
NPOHU3YIOTh 3a 1el 4Yac, SK MpaBHJIO, OUIBILNIA 00’ eMy
ickpoBoro kanaimy. Ha KOpHCTh LIbOTO MeXaHi3My CBil-
YUTh TOW (aKT, IO HE CHOCTEPIra€ThCs CTPOroi MpOCTo-
POBOI CMETpii OpeoIty BiJHOCHO sifpa.

3rimHO 3 TpeTiM MeXaHi3MOM, 10Hi3aIlisi aTOMIB BiTOY-
BA€ThCA y EJEKTPUIHOMY IIOJNI BHCOKOi HAIPY>KEHOCTI,
0c00JIMBO TTOOH3Y epO3iHHIX YaCTHHOK METAIliB ¥ po0odiit
pinuHi, SKa Ma€e MOPIBHAHO HU3BKY IMUTOMY €JIEKTPOIIPOBi-
JIHICTh, Ta MIKPOBHCTYIIIB HA ITOBEPXHI METAJICBUX TPaHYL,
SK IIe BiIOyBaeThCs y Hi€TeKTpUKax MOOIM3y BKIIOYEHB 3
Oiipiioto enexTponposignicTio [31, 32]. OveBuaHo, Lei
MeXaHi3M iOHi3alil € NepBUHHUM Ta MOXE IPUBOIUTH IO
BMHUKHEHHS JIBOX PO3IVIHYTHX BHUIIIE. Ha namy JyMKY, B
Tiif abo 1HIIH M1p1 Y PO3IISHYTHX YMOBaXx an/Icmi BCl
TPU MeXaHi3MHM ioHi3arii abo 30y/keHHst aTtomiB. ToOTo,
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JPYTUHA MeXaHi3M Mae Miciie OyTH y CTaTHCTUYHO 3HAYYIIIH
KUTbKOCTI BUIaAKiB. ToJi JOTIYHO MPHUITYCTUTH, IO 00’ €M
Ta IHTCHCHUBHICTh BHUIIPOMIHIOBaHHS KOIILOPOBHX OPEOIIB
TIOB’5I3aHi 3 CHEPTI€T0, KA BUIAULIETHCS caMe Y CTPUMEPHHIX
Ta JIIEPHUX KaHANaX i PO3MOALT IXHIX 00’ €MIiB MOXKe Kope-
JIIOBATH 3 PO3MOALIOM 32 PO3MipaMH HAaHOPO3MIpHOI (pak-
i1 epo3iiHIX YaCTHHOK METAIIB.

SKmio k mepeBakae MEpIIMH MeXaHi3M 30yHKEHHS
a0o ioHi3awii aToMiB, TO 00’€M Ta IHTEHCHBHICTb BUIIPOMi-
HIOBaHHSI KOXXHOTO KOJIBOPOBOTO Opeoily OyayTh Hpomop-
IiiHI eHepril, sika BUAUBIETHCSA Y BIIIOBITHOMY iCKPOBOMY
sipi. Y 1IbOMY pasi BiTHOIICHHS 00’ €MiB OPEoITiB 110 00’ €MiB
sinep He Oyze CyTTEBO 3MIHIOBATUCH i IS MPOTHO3Y PO3IIO-
JUTIB  epO3idHMX YACTHHOK METalliB 3a po3Mipamu Oye
JOCTaTHBO JIAIIIE aHATIZY PO3IOALTY 00 €MIB iCKPOBHUX SIIEP.

J1s CIEKTPOMETPUYIHOTO aHalli3y BHIIPOMIHIOBAHHS
OpeoJTiB MOTPiOHO BiANOBITHE 00NaHAHHS, 31aTHE TOYHO
BU3HAYaTH JOBXKHHY BCIX XBWJIb BHUIIPOMIHIOBAHHS, IO
JO3BOJISIE 11eHTH(]IKYBAaTH aTOMH 3a iX CHEKTPAIbHUMH
JIIHISMH, 31CTaBISAIOYN iX 13 JOBiAKOBUMH naHumu [33].
AJie HaOJIM)KCHUH CIEKTPAIIbHUI aHai3 3a pe3yJIbTyIo-
YUM BIJTIHKOM HaHOLIbILI SICKpaBHX JIiHIH BUIIPOMIHIO-
BaHHS TAaKOX MOXKE HAJaTH IEBHY IH(POPMAILi0 00
NepeBayKarouMx aToMiB y 30y/DKEHOMY CTaHi Ta J03BOJISIE
repe10aunTH MOKIIMBI XIMIYHI peakIii 3a IX y4acTo.

Y 3aranbHOMY BHUIAAKy 30y/KEHI €IEeKTPOHHM HEWTpa-
JNBHUX aToMiB amoMinito (4/) i #ioro iouiB (4l ta AF), a
TaKOXK MOJIEKYJ HOTO CHOINYK, HapHKIam, okcuay (A505),
TIOBEPTAIOYNCH Ha CBOi OpOiTaii, BUIIPOMIHIOIOTH (DOTOHH B
yIpTpadioNieTOBOMYy Ta BHAMMOMY Jiara3oHax CHEKTpa
eJIEKTpOMarHiTHUX XBWib [33-38]. Sk cBiguuTh aHaIi3
HAyKOBHUX MyOmikamiii, HaiOLIbIIa iHTEHCHBHICTH BUIIPOMI-
HIOBaHHSI (y TOPSIIKY il 3MEHILECHHSI B PI3HUX €KCIIEPHMEH-
Tax) CHOCTEPIracThcsl ISl XBWIb HACTYIHOI JIOBXKUHU:
396,15, 3944, 308,21, 309,27 1 309,28 um s Al (y nitepa-
Typl 31 criekrpomerpii npuitHsito nozuavaru A7/ 1) [34-37],
466,4 499,8, 484,5, 487, 489, 467, 470, 472, 456 1 474 um
nns Al (npuitasto nosuauaru Al I1) [34], 510,5, 508, 512,5,
514.,5, 516, 519 Ta 520,5 am Wit ALO; (IpUAHATO TIO3HAYA-
1 AIO 1) [35] Ta 451,3 um s AP (npuitesTo nosHavaTy
AL i358,7 um s AL" [38].

Omnmcani B mitepaTypi 00 €KTH IOCTIIKEHHS eMi-
CITHMX CHIEKTpiB Ta YMOBH IIPOBEICHHS EKCIEPHUMEHTIB
Oymu HactymHuMH. Y [34] — mima3MoBi yTBOpPEHHS, IO
BUHMKaNIU B atMocdepi BoaHto 3 TuckoM 13,3 klla BHa-
CJIITOK ONPOMIHIOBAHHS AJIFOMIHIEBOI IJIACTUHKU HEOIH-
MOBHM J1a3epOM i3 I'yCTHHOK moTyxHocTi 300 TBt/cm’.
VY [35] — nosyM’st TOpiHHA y TOTOL MOBITPS YaCTUHOK
amoMiHio i3 cepenHiM aiamerpom 4,2 Mkm. IlmazmoBi
KaHall y CWIBHUX BOJAHHUX eJlekrpomitax H3BO; i
Na,B,0, [36] Ta KOH i Na,SiO; [37] B mporiecax Iia3Mo-
€JIEKTPOII3HOTO aHOMYBaHHS amoMiHifo. Y [38] — ma3-
MOBI yTBOpPEHHS, 110 BUHUKAJN BHACIIZOK OoMOapryBaH-
Hsl ATIOMiHi€BOT MileHi ioHaMu Xe™ 3 eHeprisMu MOpsIKy
10 xe-B y Bakyymi 10 ITa.

Hanonopuctuii 4/,0; BHacHifoK [ii BHIPOMIiHIO-
BaHHS OJIMKHBOTO yibTpadiosieToBoro miamasony [39]
abo0 eNeKTPUYHHMX CTPYMIB IUIa3MOBUX KaHAIIB y HbOMY
3MaTHUNA 0 JIFOMIHECIICHTHOTO BHIIPOMIHIOBAHHS Yy BiJ-
HOCHO LIMPOKOMY Jliarta3oHi JOBXHHHU XBWJIb, IPHOIN3HO
Bix 380 mo 500 HM (3a piBHEM HOJOBUHH MaKCHMAJIBHOTO
3HadyeHHs) [40, 41]. Ile BUNpOMiHIOBaHHS MOXE TPUBATH
Ha JEKiTbKa COTEHb MIKPOCEKYHJ IOBINE, HIK i 30y-
JDKYIOUOTO Horo (aktopy [42].

EnexTpoMartitHe BHUIPOMIHIOBAaHHS 3 JOBXXHHOIO
xBwiti prOn3HO Bix 390 no 440 HM OKO JIOAWMHM iHTEp-
npeTye gk QioneroBuit Koiip, Bix 440 mo 480 — sk cuHii, a
Big 480 mo 510 — sk O6maxurtHMiA [43]. To6TO, MepeBakHA
GinbLicTh penakcaniitioro Bunpomintopauns Al, A, AP
Ta A, O3 YTBOPIOE CBITIIO CHHBOTO 1 (HiOJIETOBOTO KOIHOPIB
1 JIMIIe He3HAYHA HOTO YaCTHHHA yYTBOPIOE OJaKUTHE CBIT-
110, 200 HaJNEXKUTH 10 yIbTpadioneToBoro aiamna3ony. Tomy
OpeosM Ha pUC. 2 MalOTh CUHBO-(iojieTOBE 3a0apBIICHHS,
110 HEIpAMO CBi,H‘iI/IT]) po HaﬂBHiCTI) Yy I1a3MOBHUX KaHa-
Jax Ta 'y OesmnocepenHiii OJM3bKOCTI 10 HUX 10HIB aTFOMi-
Hifo, HOro aroMiB Ta iX CIIOJyK, Hacamrepen, OKCHIY 1
TipoKcUTy. 3Ba)KarouM Ha Te, IO MPOLECH Bi0OyBarOThCA
y BOJIi, HAHIMOBIpHIIlle MPOTIKAIOTh XIMIUHI peaxii yTBo-
PEHHS TiIpoKCcHy amoMiHito [13]:

2A1+6H,0 =2A4I(OH); +3H, T. (1)

Ile MoxknMBO JuIe 32 YMOB PYHHYBaHHS [IOBEPXHE-
BOT OKCHIHOT IUTIBKY, HAMPHUKIIAMI, i TIEH0 SICKTPUIHOT
eneprii. [Ticnst yTBopeHHs TiIPOKCUAY AIIOMIHIIO 3a pea-
ki€ (1), MOXKITUBI TPOIECH MOJANBIIONO 3HEBOIHEHHS
HOT0 HEBEJMKOI YaCTHHU IiJI JIi€F0 BUCOKOI TEMIIEpaTypu
TUTa3MOBUX KaHAIIB, 3T1THO PEAKIIii:

T>575°C
241(OH); — AlLO;+3H,0. 2)

OCKiNBKH, y ONHCAaHUX MpoIecax BimOyBaeTbCs
YTBOPEHHS TiIPOKCHAY 1 OKCHIY alfOMIHIIO BiIIIOBITHO
no peakiit (1) i (2), TakoX TMPHUCYTHE yIbTpadioIeTOBE
BHUIIPOMIHIOBAaHHSI ICKPOBHX sJIEP, TO JIFOMIHECIIEHTHE
BHUIIPOMiHIOBaHHSI, onrcaHe B [39—41] Takox mae MicIie.

Po3po0iieHHs1 MeTOy ONTHKOMETPHYHOIO AHAJI3Y
cniBBiTHOMIEHHsT 00’ €MIB KOJILOPOBUX OPEOJIiB Ta iCKpO-
Bux kanaiaiB y LIIMI'. ®dopma GiibIocTi 1miia3MoBHX KaHa-
JB MDK JBOMa C(EpHYHUMH METAIEBUMH EJIEKTPOAAMHU y
BIJICYTHOCTI 1HIIMX HEOAHOPIIHOCTEH 3 yCiX BiIOMHX cTe-
PEOMETPHYHHX TiJI, TEOMETPHYHE MiCIle TOYOK IOBEpPXHi
SIKAX JIETKO ONHCYEThCS aHATITUYHO, HAMOLIBIIE Haramye
emincoin [20, 44]. B cuimy oHaKOBOCTI YMOB y OJHOPLTHIX
cepeNoBHIIaX, el elircoin Moxe OyTH emincoimom obep-
TaHHS HABKOJIO OCI, SIKa CITIBMAJIAE 3 Pe3yJIbTYIOUNM HaTps-
MKOM IIPOTIKaHHS CTPYyMYy BiJl OTHOTO €JIEKTPOa JI0 1HIIIOTO.
Xoua B [IIMI" mi1a3mMoBi KaHAIK MiXK IXHIMU TIOBEPXHSIMH HE
3aB)K/IU MaloTh TPABWIBHY 1 CUMETpUUHYy (GOpMY, 3 IEBHUM
HAOJIMOKEHHSIM X TaKOX MOYKHA IMPEICTABUTH EJIINCOIIaMu
00epTaHHs eKBIBAJICHTHOIO 00’ €MY.

Ockinbku po3mipu PK nocraTHbO Mani ajist cyTTeBo-
TO 3aTyXaHHs BHIIPOMIHIOBaHHS IUIA3MOBHX KaHAJlB Y
pobouiit pinuni, a ctinku PK Nel i3 opranigyHOro ckia i
PK Ne2 3 momieTwmieHy AOCTaTHRO TOHKI i MPO30pi y BH-
IUMIA 9aCTHHI CHEKTPY €JeKTPOMAarHiTHOTO BHIIPOMIHIO-
BaHHS, TO MO)KHAa BBaXXaTH, IO Ha ()OTO3HIMKAX Bimo-
OpaKaroThCs TOBHI MPOEKIIT SK SCKPABOTO 1CKPOBOTO
Spa, TaK 1 ThMSIHOTO KOJBOPOBOTO OPEOJy HaBKOJIO HbO-
ro, IMOBIpHO CIPHYWHEHOTO CTPUMEPHO-TIIEPHUMH Ka-
Hanamu. J{ns Bu3HaueHHs 00’emy enincoina oOepTaHHs
V, moCTaTHRO 3HATH JIMIIE JOBXHUHY HOro miBoci o0ep-
TaHHS 0, Ta JOBXHMHY OJHI€T 3 NBOX IHIIMX PIBHUX MIX
co0oro MmiBocel o) Vr:47r0,0p2/3. e myxe mopedHo, OCKi-
JIBKY JUISl BU3HAYEHHS JIOBXKUHM YCIX TPHOX IMIBOCEH eim-
coijla y 3araJlkHOMYy BHIIaJKy HEOOXiJHO MaTH CHHXPOHi-
30BaHi y 9aci MiHIMyM JiBa HOTO 3HIMKH Yy Pi3HHX (0a)xaHO
OpPTOTOHANBHUX) TPOEKIIAX, IO OIHIEID KamMepow 0e3
JIOJATKOBHX A3epKall 200 MPH3M 3p0OUTH HEMOKITHBO.

[Ipoexkuiero emincoiga Ha Oyap-AKy IJIOMKHY € EJIIIC.
Kamepa posramoBaHa Tak, mo0 HaIpsSMKH Pe3yIbTYIOUHX
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CTPYMIB B YCIX BEPTHKAJIBHUX IIapax TPaHy 3HAXOIUIUCH
y IUIOLIMHAX, TapaJielbHUX IUIOMMHI 11 300pakeHHs. Lle
CTBOPIOE YMOBH U TOTO 1100 Ha MEpeBaXKHIA OLIBIIOCTI
300pakeHb TUIA3MOBUX KaHAJIIB OCI eJIINCOINIB eKBiBAJICHT-
HOTO 00’eMy BiTOOpa)XaJHCh Y HATypalbHY BEIHUYHHY 0€3
croTBopeHb. OCKITBKH HAmpsAMOK IPOTIKaHHA CTPYMIB y
nokainbHuX enementax IIIMI' Bu3HauaeTbCs HE HAKOPOT-
IIIOK0 TEOMETPUYHOIO BiJICTaHHIO Mix enekrpogamu PK, a
HAWMEHIIIMM CJICKTPHYHUM OIOPOM I[MX €JIEMEHTIB, TO
iCHy€e IMOBIPHICTb, III0 BiH MOXKE OyTH PO3TaIIOBAHUI il
KyTOM JIO TUTOIHHHU 3HIMKY.

[To3HaunMoO KyTH MiX IUIOLIMHOO 3HIMKY Ta ITiBBiC-
CI0 00epTaHHS TaKOro eJilcoifa o, a MiX I€0 TUIONIH-
HOIO 1 OJHi€0 3 JBOX iHIMX ¥oro miBoced f. Toai moBs-
JKUHA TPOEKIIN NUX MBOCEH HAa IUIOIIUHY 300paskeHHS
CTaHOBUTHME 0'=0,/COS0. Ta 0',=0,°COSf} BiANOBIIHO.
Po3paxoBanuii 3a mpoekuissMHU MiBocel 006’€M iCKPOBOTO
sqpa, anpoKCMMOBAHOTO TAKUM EITNCOIIOM, CTAHOBHUTH-
Me VS=47r-o’,S'o’p52/(3~cosoc'cosz,[>’). SIKIIO HAmpsSMKH Bix-
TOBITHUX OCEeH €KBIBaJCHTHHUX EIIMCOIIB ICKPOBOTO sapa
0,5 1 0 T2 KOTIBOPOBOTO OPEOITY O, 1 0p; CHIBMNANAIOTH, TO
fioro 06’em Oyne V;=4n(o' .0 'p,2— 0’0 ;332)/(3 ~cosa‘coszﬁ).
BinHomieHHs 00’ €MiB €KBIBaJICHTHHX EJINICOIIIB OPEOTy i
spa y EOMY BUTIAJIKY CTaHOBUTHME
VL/Vg:(o',.;-oi,le)/(o’,3.-0 'psz) — 1. Ormxe, SKIIO aHANI3yBaTH
BifHOIIEHHS 00’ €MiB, a HE 1X aOCOJIIOTHI 3HAYEHHS, TO 3a
OIMCAHUX BHIIE NPUIYIIEHbh KyTH HAXUIY OCel emircoi-
IiB O0EpTaHHS CEKBIBAJICHTHOTO 00’€My [0 IUIOIIWHHU
300pa)KeHHS] HE MAIOTh 3HAYCHHS. TakoX y [[bOMY BHIIa-
JIKY HE MalOTh 3HAYCHHSI OJIMHUI BUMIPIOBAHHS JOBXKUHU
(mmikceni abo MimiMeTpu), a 3aMiCTh JOBXKHUHHU ITiBOCEH
MOJJIUBO BUKOPHCTOBYBATH JIOBXHHY OCEH, OCKUIBKH 1X
koedinienTr 0,5 B3aEMHO CKOPOYYIOTHCS, IO 3PYYHO ISt
pobotu 3 mporpamoro ToupView, sika BUMIPIOE JTOBKHHY
oceii, a He MBOCEH eIICiB.

BigkpuTiM 3amUIacThcs NMHUTAHHS SKa 3 JABOX OCEH
eNINTHYHOI MPOEKIIT € IPOEKIIEIO Bici 00epTaHHs eincoi-
Ja. SIKiio BinCTaHh MK CNIEKTPOJAMHU 3HAYHO TMEPEBUIYE
po3Mip HepiBHOCTEH Ha iX MOBEPXHi, TO 3 OLIBIIO iMOBI-
pHIiCTIO came OibIIa BiCh € BiCCIO OOEpPTaHHA ENIIcoina i
BiH € BHAOBXKEHHM. SIKIIO K BIACTaHb MK ENEKTPOIaMHU
CrIiBMipHa 3 PO3MIpOM HEpPIiBHOCTEH Ha iX MOBEpXHi, TO 3
OUTBIIOI0 IMOBIPHICTIO MEHIIA BIiCh € BicCIO OOEpTaHHS
enincoina i BiH € crumocHyTUM. OCKUTBKH Y BEpXHIiH dac-
tiHi IMI" TCK Ha rpaHy/IM MEHIIWH, TaM IiJABUIYETHCS
IMOBIPHICTb MOSIBY TUIA3MOBUX KaHAJIIB, (JOpMa SKUX Hara-
Jly€ BUJIOBXKEHHUH enincoin oOepTaHHs, a y HIKHIM 4aCTHHI
IIIMTI', HaBnaku — cruttocHyTuil. OTXKe, B OMUCAHUX YMO-
BaxX MOJJIMBI OOHJIBa BapiaHTH, TOMY CJIiJl 3HAWTH BiIIOBI-
JIHI BIJTHOIIIEHHS SIK ISl BUAOBXKEHUX (iHAeKc 1), Tak 1 mis
CIUTIOCHYTHX (iHAEKC 2) eNTcoiniB o0epTaHHs.

OmHUM 3 YUHHUKIB, SIKUH iICTOTHO BIUIMBA€E Ha Macy
Ta PO3MIpH €pO3IHAX YaCTHHOK METAJiB € EHepris OKpe-
MHX IIa3MOBHX KaHAJIB, sIKa BUTPAYa€ThCsl HA HArpiBaH-
H$l, PO3ILJIABJICHHSI, BUIIAPOBYBAHHSI Ta €BAKyallif0 METay
13 30H TpaHyd, AKi Oe3MOCepeTHhO KOHTAKTYIOTh 13 ILIa3-
MoBuMH KaHanamu [13]. Y cTpuMepHo-JiiepHnX KaHamax
IS eHeprisi Ha MOPSOKU MeHIIa, HDK y ickpoBux [20].
Tomy Maca i po3Mipu €pO3idHHX YACTHHOK, OTPUMAHHUX
BHACJIIJIOK JIii CTPUMEPHO-TIICPHUX KaHATIB HA MOPSIKH
MEHIII, HiX YaCTUHOK, OTPUMAaHHUX BHACIHIJOK Mii iCKpo-
Bux KaHaiiB. O0’eM KaHamiB, iXHS SICKpaBiCTh Ta dYac
ICHYBaHHS TIOB’s13aHi 3 €HEPTi€l0, 0 B HAX BHIUIAETHCS.
30itpIIeHAS 00 €MIB 1 SICKPAaBOCTI KaHAJIB MPH3BOJUTH

JI0 30UTBIICHHST KITBKOCTI, 8 B JIETKUX BUMAIKAX 1 PO3Mi-
piB epo3iiiHnX yacTMHOK. Tomy 30UIBIIEHHS KUTBKOCTI i
PO3MIpiB CTPUMEPHO-JIJEPHIX KaHAIIB MPU3BOAHUTEH IO
30UTBIICHHS KUJTBKOCTI CYOMIKpOHHHX €pO3iHHUX YaCTH-
HOK, a BiANOBifHE 30UTBIICHHA iCKPOBHX KaHANIB — IO
30UTBIIEHHSI KUTBKOCTI YaCTMHOK 3 PO3MipaMu OJIMHUII —
JIECATKA MIKpOMeTpiB. BimnmoBigHO BigHOIIEHHS 00’ €MiB
CTPUMEPHO-TIAEpPHUX Ta ICKPOBHX KaHAJIB BIUIMBAE Ha
BIZIHOILIEHHS KiJIBKOCTI CyOMIKPOHHHMX €pO3IMHUX YacTH-
HOK JI0 €pO3iHHMX YaCTHHOK OUIBIIMX PO3MIpIB.

3MEHIIYI0YH PO3MIpH ICKPOBHX KaHaiB, SIKI MalOTh
Oinmit KoJyip BHUIPOMIHIOBAHHS, MOYKHa 3MEHIIUTH KiTb-
KICTh, a B JICSIKMX BHIIaJKaX 1 pO3Mipu OUIBII KPYHMHHX
epo3iiHNX 4acTUHOK. OHAK, CIIiJ TaM’TaTH, 110 MPOIYK-
TUBHICTh TMpOLECY IX OTPUMAHHSA TaKOXX 3MEHIIHUTHCS.
30UTBIIYIOUN PO3MIPH KOJIBOPOBHUX CTPHUMEPHO-IIIEPHUX
KaHaJliB, MOJKHa 30UIBIINTH KUIBKICTh IPiOHUX CyOMiK-
POHHUX €pO3IMHMX YACTHHOK. 3OUTBIICHHS BiTHOLICHHS
00’€MiB CTPUMEPHO-TIIIEPHUX KAHAJIB JI0 iICKPOBHX CIIPHSIE
301IBIIIEHHIO YACTKH CYOMIKPOHHHX €pO3IHHUX YaCTHHOK.

Enepris okpeMHX MIa3MOBUX KaHAJIB 3aJIC)KUTh BiJl
NPUKITAZEHOI MO HUX Hampyru u(f), iX eJIeKTPU4YHOTrO
omnopy 71(u(f)), sIKMI TaKOX 3aJISKUTh BiJ| Hel, Ta yacy ix
icHyBaHHS 7| 1 MOXke OyTH o0O4YncIieHa 3a popMyIIor:

7

1= [l 0l () o)
0

SIk mokasaja nmpakThKa, IpH ICKpoepo3iiiHii 00po0d-

ui IIMI" napamerpom, sikuii HalOLIbLIE BIJIMBAE HA PO3-
MipH, SICKPaBiCTh 1 KUIBKICTh ICKPOBHX KaHAJIB € HAIpyra
po3psiiHuX iMITysbeiB. Tomy kepyBaHHA eHeprieo (3),
SICKPaBICTIO 1 00°’€eMaMn CTPUMEPHO-JIIEPHUX Ta iCKPO-
BHMX KaHAIIB, a TAKOX BIJHOIIEHHSIM IXHIX 00’€MiB B LHX
pexxnMax BimOyBaeThCs, HEepII 3a Bce, 3a JOMOMOTOIO
Hanpyrd po3psHUX iMIyibciB. KepyBaHHA muMu mapa-
MeTpaMH 3a JONOMOTOI0 TPHBAJIOCTI PO3PSIHUX IMITYIIb-
CiB (3MiHOIO €MHOCTI POOOYOro KOHIEHCATOpa B THPHC-
TOpHHUX TeHepaTopax abo 9acy BiAKPHUTOTO CTaHy KIIo4ya
Yy TPaH3UCTOPHUX TeHepaTopax) MpH ICKpOepo3ilHiil
00po0ui MeHII eeKTHBHO. Y BUIAJIKY IJIa3MOEPO3iHHOT
00pobku HIMIT Hampyra po3psiAHUX IMITYJBCIB MiATPH-
MY€ETBCS MIHIMAJILHO MOYIIMBOIO ISl YCTAJICHOT'O MPOIIe-
Cy 1 perysoBaHHIO Maibke He mimsirac. ToMy y naHomy
BUIAAKy OULIBII Ji€BHUM I1IapaMEeTPOM pEryJIIOBaHHS
00’eMiB CTPUMEpHO-JIIIEPHUX Ta ICKPOBHMX KaHAJiB, a
TaKOX X BIIHOIICHHS € TPUBATICTDh PO3PSIHUX IMITYITBCIB.
OnuH i3 M1a3MOBHUX KaHATIB PO3MIpy OIU3BKOTO 1O
CEpeNHBOCTATHCTHYHOTO HA PHUC. 2 BHIUICHO YEPBOHUM
MPSAMOKYTHHUKOM. 1lf0 MUISHKY 3HIMKY y 301UIbIICHOMY
macmrabdi (800 % y ToupView) mpencrasieHo Ha puc. 3.
ATpokcHUMaIlio MPOEKITii iICKPOBOTO sApa Ha puc. 3 Tpea-
CTaBJICHO YEPBOHHMM eJIincoM i mo3HaueHo El. Jlomxuna
Horo oceit 6 Ta 5 mikceniB (pX) aBTOMaTHYHO PO3paxoBaHa
y nporpami ToupView i npencrasieHa Ha puc. 3. Anpok-
CUMAITII0 TIPOEKIT KOJLOPOBOIO OPEOy Ha PHC. 3 Tpen-
CTaBJICHO EJIICOM Konbopy (ykcii i mo3naueno E2. Jlos-
JKUHA Horo ocell ckiamae 14 ta 12 mikceniB. XpecTHKaMu
BIINIOBITHUX KOJBOPIB Ha pUC. 3 TIO3HAUCHO XapaKTepHi
TOYKH, 32 SKUMU rIporpama ToupView OymyBaia I eJircH.
VY rinore3l BHUAOBXKEHMUX EJINCOINIB BiIHOIICHHS
00’eMiB opeoiry i spa CTaHOBUTH
Vi /Vei=(14-12%)/(6-5%)~1=12,44, a y rinoresi crmocHy-
THUX: VLz/VSf(lZ-142)/(5-62)—1:12,07. OCKUTBKH, y TaHO-
My KOHKPETHOMY BHITQJKY JOBXKHMHA BEJIUKOI 1 Maoi ocei
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KOKHOTO €JIIICOiZa BiIPi3HAIOThCA HE3HAYHO, OTPUMaHI y
pi3HMX TiroTe3ax pe3ysibTaTh Maibke criBmanaroTh. Jms
TOYHOTO BHM3HAYCHHS €HEPTii, SKa BUAUISETECA B sAApi 1
opeoJti HeOOX1THO 3HATH PO3IMOIIIN TYCTHHU MOTYXHOCTI
B iXHIX 00’eMaXx, 3aJIeXHICTh IX BiJl Yacy Ta TPHUBAIICTh
icHyBaHHS KaHaniB. JJIsl Takux JOCIHiKEHb HEOOXiaHa
OimpII cKITagHA amaparypa. TyT MH MOKEMO JIHIIE SKiCHO
OIIIHUTH CITIBBIHONICHHS CHEPTill KOJBOPOBOI'O OpPEOITy,
IMOBIPHO CIIPHYMHEHOTO CTPUMEpPAaMHM, Ta ICKPOBOTO Sij-
pa, BUXOISTYH 3 BIIHOIICHHS iX 00’ €MIB Ta SICKPaBOCTI.

Puc. 3. [Tna3moBuil KaHa MK IpaHyJIaMH IIOMIHIIO

MoskimBa cuTyalisi, KoM JesiKi IIa3MOBI KaHaIH
HE MAalTh ICKpPOBOTO spa, a IIIKOM CKJIamaloThCHd 3
CTPUMEPHO-JIIZIEPHUX OPEOJIiB, 200 AyKe SCKpaBi iCKPOBi
spa Maibke He MaloTh CTPUMEPHO-JTIJIEPHUX OpPEOJIiB.
Toxi € ceHc BU3HAYUTH OKPEMO CyMH 00’€MIB BCIX Mpe-
CTaBJICHUX HA 3HIMKY CTPHMEPHO-TIJCPHUX OPEOJiB Ta
ICKPOBHUX sIICP, & IOTIM 3HAWTH 1X BiAHOIICHHS.

Po3poOmennii meron rmojsrae |y BHMipIOBaHHI
00’€MiB KOJIBOPOBHX OPEOJIIB Ta iICKPOBHUX sACP ILIA3MO-
Bux kaHaniB y IIIMI" 3a 300pakeHHAMH iXHIX NMpOEKMin
Ta 3aJy4EHHSM CIIeliali30BaHOTr0 MPOrPaMHOro 3abe3re-
YEeHHs 1 3HAXOJPKEHHs iX BigHOIIeHb. OTpuMaHa iH(Op-
Malliss BUKOPHUCTOBYETHCS JJIsl POTHO3IB PO3MOALIIB 3a
pO3MipaMH €po3iHMX YaCTWHOK METalliB, B TOMY YHCII
CIIBBIAHOIICHHS iXHIX HAaHO- Ta MIKPOpO3MipHUX (pak-
il Ta KOpEeKMii XHiX BIIACTHBOCTEW IiJ Yac MpoIecy
OTPUMAaHHS IIUIIXOM PETYJIIOBAHHSA HAIPYTH 1 TPUBAIOCTI
PO3PSIHUX IMITYJIBCIB.

AHaJi3 mapamMeTpiB KOJbOPOBHX OpeoJiiB Ta ic-
KPOBHX KaHAJIB MiK rpanyJjamu cpidiaa y Boai. Oqun
3 XapakTepHHX IUIa3MoBuX KaHamiB y LMD cpibma y
macmradi 250 % npexacraBneno Ha puc. 4. Ha BiaMminy
BiJl TIONIEPEAHBOTO 3HIMKY, IIel 3HIMOK OyB 3pOOJICHUI B
OCBITJIEHI J1a00OpaTopii, OCKIJIBKM HE TUIBKH I1CKpOBE
SIIPO, a 1 KOJIBOPOBUH OpeoNl y IbOMY BUNAIKy Oyim
JIOCTAaTHBO SICKPAaBUMU 1 HE ITOTPeOYBAIM TEMPSIBH JUIS 1X
¢dororpadysannsa. Sk i y gocmigax 3 LIMI amrowmisiro,
MIPOEKIIS SICKPABOTO ICKPOBOTO siipa Ha puc. 4 anpoKCH-
MOBaHa YEPBOHHM EJIIICOM 3 IOBXHHOIO oced 22 i 17
MmiKceNiB, KU mo3HadueHo El. Ampokcumariis MpoeKIil
KOJIBOPOBOTO OPEONTy Ha pHUC. 4 TpeACTaBICHA eJIIcoM
Koubopy Qykcii 3 moBxuHOIO oced 50 1 45 mikceniB Ta
no3HaueHa E2. Xpectukamu BiAIIOBITHHX KOJNBOPIB II0-
3HAYEHO XapaKTepHI TOUYKH, 3a SKUMH IIporpama
ToupView OynyBana mi emircu.

Puc. 4. [1nazmoBuii KaHAT MK TpaHyJIaMu cpidia

V rinore3i BUAOBXEHHUX €IIICOIMIB BiAHOIICHHS
0o0’eMmiB opeosty 1 sfapa y IIbOMY BHIAIKy CTAaHOBHUTH
Vii/Vs=(50-45%)/(22:17%)-1~14,92, a y rinoresi cmmoc-
HyTHX:  V}o/Ve=(45-50%)/(17-22%)-1=12,67. Y namomy
BUTIAJIKy OTPUMAaHi 3a PI3HUMH TINOTe3aMH pPE3yJIbTaTH
BIZIPI3HAIOTECS OAWH BiJl OZHOTO TPOLIKH OiNbINE, HIK y
MIOTIEPETHBOMY, OCKUTBKH PI3HHUII MDK ITOBXHHOIO OCeH
eIncoiniB TakoX Oumbin. Yum Olnblie BigHOIIEHHS
00’eMy KOJIBOPOBOTO Opeoiy 0 00’€My iCKpPOBOTO sijpa,
TAM Oibllle IMOBIPHICTH OTPUMATH €PO3iHHI YaCTHHKH
MeTally MEHIIHMX PO3MIpiB, 110 Y BHIAKy cpiOiia MiBHIILy€E
OloIMIHY aKTUBHICTb TiJPO30JIiB Ha X OCHOBI [15, 16].

Opeost mIa3MOBOr0 KaHaJly MK TpaHyJiaMH cpi0iia
Mae 3esieHuit kouip. [Tobmu3y 6inoro ickpoBoro spa —
BiJITIHKY 3€JICHOI M SITH, a IaJi BiJl HBOTO — CMaparjaoBOro
BiJITIHKY, II0 MOKe OYTH TOB’SA3aHO i3 3MEHIICHHSIM iH-
TEHCHBHOCTI O1IOTO BHUIPOMIHIOBAHHS Spa 3 BiIJaneH-
HSM BiJ HOTO. B yMOBax miIBOJHOTO iCKPOBOTO PO3PSIILY
MiX TpaHylnamMu Ag HaiiOinpla iHTEHCHBHICTH BHIIPOMI-
HIOBaHHS HOr0 HEHTPAIbHUX aTOMIB (IPUHUHATO MMO3HAYA-
™ Ag [) cnocrepiraetbCs Ha JBOX JOBXHHAX XBHJIb:
546,51 520,9 M (IIepexo/IH CIEKTPOHIB 3 piBHIB 5d°D Ha
pisui 5p°P’) [45, 46]. B pasu MeHIIA iHTEHCHBHICTH BH-
MPOMIHIOBaHHS 30y/PKEHUX HEUTpaJIbHHUX aTtoMiB Ag cro-
CTepiraeThCs TAKOXK HA JOBXKHUHAX XBHWIb 466,8 1 447,6 HM
(nepexonu 3 7s°S Ha 5p°P°) Ta Ha 768,8 i 827,4 HMm (nepe-
xomu 3 65°S Ha 5p°P") [45, 46]. Takox crocTepiraeThcs
BUIIPOMIHIOBaHHSI TOPIBHSHO HEBEJIMKOi IHTEHCHUBHOCTI
36yIkeHnX ioHiB cpibma Ag  (mosHauaetbes Ag II) Ha
nmoexuHax xBWIb 540,01 HM (Tepexin 3 4d94f Ha 4d’ 5d) i
489,13 um (mepexin 3 4d°5s”* ua 4d°5p) [45].

VY [45] onmcaHo, 110 CHOCTEPIraloThCs TAKOXK BUIIPOMI-
HIOBAHHSI MOPIBHSHO HEBEIMKOI IHTEHCHBHOCTI 3 JOBKHHAMU
XBUIIb 656,3 HM, 110 HAIEKUTH HepIIoMy (abgha) nepexomsy
cepii banbmepa y atomax BomHio (H,) ta 777,42 HM, ska
HaJIOKUTh 30y/DKEHUM HeHTpajibHUM atomaMm KucHio (O 1)
[33]. Binomo, 1110 MoJIeKyJISIpHUI KHCeHb Ha BHCOTax Bij 80
J10 150 KM 1yt 1i€0 COHSIYHOTO BITPY BUIIPOMIHIOE MOJISIPHE
CSIBO 3€JIEHOTO KOJIBOPY 3 IOBXKUHOIO XBIIL 557,7 M [47].
Ha cpibHoMy aHOni B pe3ysbTaTi €IeKTPOXIMIYHOTO PO3-
KJIaJaHHs BOAM i/ TI€I0 VHIMOIAPHUX PO3PSAIHUX IMITYIIb-
ciB [48] yTBOPIOIOTBCS MOJIEKYIIH KUCHIO, OCKUTBKH KUCEHBb
He Jy’Ke aKTHBHO pearye i3 cpiomom:
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2H,0-2H, T+0, T. 4)

[Tig miero eMeKTpUYHUX CTPYMIB i BUIIPOMIHIOBAHHS
ICKpOBOTO s17Ipa, IIEKTPOHU B MOJIEKYJIaX KHCHIO MOXYTh
TIePEeXOUTH Ha OLTBII BUCOKI €HEPreTUYHI PiBHI, a MiCisI
TOBEPHEHHS 3 HUX — BUIIPOMiHIOBAaTH (DOTOHM 13 3a3HaUe-
HOIO JIOBXHHOI XBHWJIi. TOOTO, BUIPOMIHIOBAaHHS 3 JOB-
JKUHOIO XBIJI 557,7 HM Moke OyTH HETPSIMHM CBiq4eH-
HSM IpO iCHyBaHHS a00 YTBOPEHHSI MOJIEKYJI KHCHIO Y
IUTa3MOBUX KaHaJlaX, HAMPHUKIIA B Pe3yJIbTaTi peakirii (4).

EnexkrpomMarHiTHe BHUIPOMIHIOBAHHS 3 JIOBKHHOIO
xBuiI puOm3Ho Bixg 510 no 550 HM OKO JFOIUHM IHTEp-
MIPETYyE sIK 3eNeHni Kouip, a Bix 550 1o 575 HM — 5K KOB-
to-3encHuil [43]. ToOTO, HAHOLIBIN SCKPaBi CIIEKTPAIBHI
ninii BunpomintoBanHs y IIIMI cpibma yTBOpIOIOTH Bif-
TIHKH CaMe 3€JICHOTO Pe3yJIbTYI0UOr0 KOIbOpY.

CrnpolneHHs METOAY CHEeKTPAJIbHOI OLIHKH IJIa3-
MH MisK TPaHyJIaMH HH3KH METAJIB Yy JeAKHX PoOOUYnX
pinunax. [Ipy migBUIEHH] aMIDTITY M iMITyJIBCiB HAIIPyTH
y IIMI" amtominito 10 ~400 B xapakTep mia3MoBHX KaHa-
JIB MIX HHMH JIeIIo 3MiHioeThes. [lo-mepiie, niHiiHI po3-
MipH KaHaJiB 30UIbIIyI0TECS Y 2—5 pasiB. [lo-npyre, 3Ha4-
HO 30UIBLIYIOTHCS CHJIa CBITJIA 1 MUTOMHI PO3MIp iICKPOBO-
TO sIpa, sIKe Tenep 3aiiMae Maike Becb 00’ €M IIa3MOBOTO
kaHaiy. [To-Tpere, 30BHI iCKpOBOTO si/ipa 1HOAI JIOAATKOBO
JI0 CHHBO-(IOJICTOBOTO Opeoiy, a iHOAI 3aMicTh HBOTO,
3’SBIIETECS. CMYXKKa opeoly Omigo-mimoBoro abo Omimo-
PpOXeBoro BIATIHKY. IMOBIpHICTB 11 MTOSBU JIEIIO IIiIBUIITY-
€TBCS Y pa3i 30UTBIIEHHAS MBUAKOCTI HAMIPABICHOTO 3HU3Y
JIOTOPH TIPOTOKY BOIM, IO CIIPHsi€ 301IBIICHHIO CEPeTHbOT
BiJICTaHI M)XK IIOBEPXHSAMH CYCiTHIX TPaHyJL.

Konip 1poro 101aTKOBOr0 OpPEOITy CXOXKHI Ha KOJIp
BHITPOMIHIOBAaHHS 30y/DKEHUX aTOMIB BOIHIO SIK Y CKJIAmi
MoJieKkysu ra3zy H,, Tak 1y cknani monekynn H,O mapis
BOAM, SIKI YTBOPIOIOTHCS B PE3yNbTaTi HArpiBaHHS BOIU
IUTa3MOBHUMHM KaHajaMu. Llel xoxip BH3HaYaeThCst KOMOI-
HaIli€}0 BUMPOMIHIOBaHHS HaWOLIBI IHTEHCUBHUX JIiHIN
cepii banpmepa y BUIMMIH YacTHHI CIIEKTPY 3 JOBXUHOIO
xBub H,=656,3 HM uepBoHOro, H;~486,1 HM OGnakuTHO-
ro, a Takox (ioneroBoro kombopis: /1,=434,1 HM,
Hs=410,2 am 1 H=397,0 am. Y pa3i criBMipHOi iHTE€HCH-
BHOCTI BCIX IMX JIHIM pe3yibTyounM Oyzme Outimo-
JITOBUI BIATIHOK, a y pa3i mepeBard IHTeHCUBHOCTI JIiHi1
H, — 6migo-poxxeBuit.

YV npoBeAeHNX HaMU JOCIiAax 3 iCKpoepo3iiHoro 00-
pobnenns LLIMI™ Hu3bKOJIETOBaHOT CTaNi SK Y BOAI, TaK i B
eraHomi [49] 3a yMOB 3HaYeHb aMILTITYIH IMITyJIBCiB Ha-
npyru Outeine 300 B HaBKOJIO SICKpaBOro iCKPOBOTO siipa
IUTa3MOBHX KaHATiB HE030pPOEHHM OKOM CIIOCTEpIraBcs
BY3bKHUii 0J1i/10->KOBTHIT opeost. Jlo 30iiblIeHHs HOro po3-
MIpiB i CHJIM CBiTJIa TIPU3BOIIUIM IiIBUIICHHS €HEprii iM-
MyJbCiB, YaCTOTH iX TOBTOPEHHS, a TAaKOX IIBHUAKOCTI
MPOTOKY pOoO0YOI PIOMHU Ta IHTEHCHBHOCTI IIPOIYBKH
noBitpsam LIMI', HanpsiMOK sSIKMX OyB 3HHM3Y JOTOpH, IO
CHPHSIIO 30UTBIICHHIO CEPeIHBOI BIICTaHI MK TPaHyJIaMH.

CriekTpasibHi JTOCHIPKEHHSI BUIIPOMIHIOBaHHS T1J1a3-
MOBHX KaHATIB Y BOJAI MK TpaHyJIaMH 3ajli3a MOKa3aly,
10 HAMOUIBII IHTEHCHBHI JIiHIT BUIPOMIHIOBaHHS HEHT-
panbHUX atoMiB Fe (TI03Ha49aeThes Fe I) MalOTh JOBXKUHY
XBWJIb Y Jiana3oHi Big 560 no 590 um [46, 50], mio Bigmo-
BiJIa€ KOBTOMY KOJIBOPY (575—585 HM) Ta Horo BinTiHKaM
BiJl >KOBTO-3esicHOro (550-575 HM) 110 MOMapaH4YEBOIrO
(585—620 um) [43]. TakoX y BUIIPOMIHIOBAaHHI IPUCYTHI
omnucani Buile aiHil H,=656,3 um ta O I=777,1 M, Ta

rpyna JiHiif Manol IHTEHCHBHOCTI 3 JIOBXKHHOIO XBHJIb Y
nianasoHi Big 490 no 540 uMm, ski Hanexatb Fe I [45, 50].

B mporecax ickpo- Ta Im1a3Moepo3ifHOTO OTpUMaH-
HS CTIHKMX IO CeIMMEHTAIll rigpo3omiB Mimi [15] Hamu
criocTepirajach By3eHbKa ThMSHA CMY)KKa Opeoly Maia-
XiTOBO-HE()PUTOBOT'O BIITIHKY 3€JIE€HOT0 KOJIBOPY HaBKO-
70 ickpoBoro simpa kaHaimy. CHeKTpaibHi AOCHIIHKEHHS
BUIIPOMIHIOBAHHS TaKMX KaHAJIIB IOKa3aJIH, 110 HaWOLIb-
Iy IHTEHCHBHICTb (y MOPSAKY 11 3MEHIIEeHHS) MaJH JIiHiT
BUIIPOMIHIOBaHHS HEHTpanbHuX aromiB Cu (IO3HAYA€Th-
csa Cu I) 3 momxkuHOIO XBWiIb 521,8, 515,3, 510,5, 465,1,
529,3,1458,6 um [51], 110 BiAmoBigae KOPOTKOXBHIBOBIH
JIUISTHOI Jiana3oHy 3eneHoro koibopy (510-550 Hwm) i
JianazoHy 6iaakutHoOro konsopy (480-510 um) [43]. Sk i
y BHUNAJKy IUIa3MOBHX KaHAJIB y BOJI MK TpaHyjJamu
OesKMX IHIIMX MeTaniB, npucyTHi nimil H, Hp,
O [=777,41 uM Ta niHii HU3bKOI IHTEHCUBHOCTI BUIIPOMi-
mroBanast Cu I 570,0, 578,2, 793,3 i 809,2 um [51],
BHECOK SIKMX Yy KOJNIp CyMapHOTO BHIIPOMIHIOBAaHHS
HECYTT€BUI.

[Tix gac oTpuMaHHs HAaMH ICKPOEPO3IHNX YaCTHHOK
CIUTaBiB 3 MarHiTHOIO mam’stTio dopmu Ni-Mn-Ga [1] Ta
copOyrounx BozaeHs ciiasiB 7i-Zr-Ni [7] y piakomy a3ori
CIIOCTEPIraiuch SICKpaBi 1 BENMUKi y MOPIBHSAHHI 3 iCKpo-
BUM SIIPOM OpEOJIM IUIa3MOBHX KaHAJIB PE3yJbTYIOUOTrO
CHHBO-OJJAKITHO KOJBOPY, & Y PIIKOMY aproHi CIUIABiB
Ti-Zr-Ni [7] — $1071€TOBO-CHHBOTO KOJILOPY MEHIIOT SCK-
paBocti. Y pigkoMy a30Ti HaHOUIBITy iHTCHCHBHICTH
BUIIPOMIHIOBaHHS MarOTh JIiHii 10HI30BaHOI MOJIEKYJIH
azory N. ," (mo3HavaeThes N, I1) 3 TOBXKHHOIO XBHIb 391,4
ta 427,8 um [52, 53]. Y nopsiaKy 3MeHIIEHHS IHTEHCUB-
HOCTI BUIPOMIHIOBaHHSA Jajli iAyTh CHEKTpalbHi JiHil
HEUTpanbHOI MOJIEKYJIM a30Ty N, (mo3Hayaetrbes N, 1) 3
JIOBXKHUHOIO XBuiIb 3943, 575.5, 470,9, 551,6 Ta 537,3 Hm
[54]. Takox mpuCYTHS cepis CIEKTpalbHUX JIiHIA HEBe-
JUKOi IHTEHCUBHOCTI 3 JOBXHHOIO XBHJIb y Jiara3zoHi Bif
457,4 no 470,9 um [54], siKi OKO JIFOIUHU IHTEPIIPETYE SIK
cuHiit komip [43].

Y HelTpansHuX atoMax Ar (mo3HadaeTbes Ar ) Haibi-
JIbLTY IHTEHCHBHICTH BUIIPOMIHIOBaHHS (y MOpSAKY 1i 3MeH-
IIeHHS) MaloTh JIiHii 3 moBkuHOI XBWib 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 Tta 425,12 um [55].
BunpomiHioBaHHS IMX JIiHIM OKO JIIOAWHM IHTEPIPETYyE
AK (pi0JIETOBUI KOJIIp, ZOBXKHMHA XBHJIb SIKOTO 3HAXOJHUTh-
cs y miamasoHi Big 390 mo 440 uwm [43]. ¥V BumpoMmiHIO-
BaHHI iOHIB aprony Ar  (nosHauaetses Ar II) y nopsaaky
3MEHIIECHHS! IHTEHCHBHOCTI BUIIPOMIHIOBAHHS HPHUCYTHI
JmiHil 3 poBxkuHOK XBWIb 459,0, 472,77, 440,1, 501,7,
476,5, 461,0, 488,0, 427,8, 434,8, 480,6, 454,5 HM Ta iH.
[56], sxi BigmoBimaroTh ¢GioneroBomy (390440 uwm),
cunbomy (440-480 mM) i OmakutHOMY (480-510 HM)
KompopaMm [43]. Pe3ympTaTd CHEKTpadbHHUX TOCIIIKCHD
y3araJbHeHo y Tabur. 1.

VY mepmiii KOJOHII MPENCTaBIeHI aTOMH, iOHH Ta
MOJIEKYJIM XIMIYHUX €JIEMEHTIB, sIKi Oy/iM INpUCYTHI Y
TUTa3MOBUX KaHajaX i Malld CHEeKTpaNbHI JIiHII BAMIPOMI-
HIOBAaHHS TIOMITHOI IHTCHCHUBHOCTI. Y Iy)KKax HaBeICHI
iXHI TMO3HAYCHHA NPUHHATI y CIeKTpoMmeTpii. Y apyriit
KOJIOHIII MPEICTaB/icHa TOBXKUHA XBUJIb IT"SITH HAHOUIBII
SICKpAaBUX CHEKTPAIGHUX JIHIA BUIIPOMIHIOBAHHS IIHX
eJIEMEHTIB. Bulbll MOBHHUH NEpeniK CIeKTpalbHUX JIHIN
BHUTIPOMIHIOBaHHSA IIMX €JIEMEHTIB HaBEeIEHO BHIIE. Y
TPETIH KOJOHI MPEACTaBICHO 3araJIbHO PO3MNOBCIOIKEHY
Ha3By BINTIHKY, SKAH HaHOUIBIIE MiAXOOUTH KOIBOPY
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Pe3yIBTYI0UOT0 BUIIPOMiHIOBaHHS Ha CYy0’€KTUBHY TYMKY
aBTOPIB, & TAKOX MPHUOJIM3HUN Jiaria30H JOBXKUHHU XBUJIb
BHITPOMiHIOBaHHS OCHOBHHX KOJBOPIB IIEOTO BiJTIHKY.
[puOnmu3Huit BUMIAA  BIATIHKY BUIIPOMIiHIOBAHHS
TIPEJICTABIICHO Y 4YeTBEpTil KojoHIi. Ha BiNTIHOK pe3yib-
TYIOUOTO BHUIIPOMIHIOBAaHHS BIUTMBA€E Oarato (hakTopiB: sICK-
paBiCTh ICKPOBOTO siipa IUIA3MOBUX KaHAIIB 1 BiIJaeHHs
TOYKH CIIOCTEPEKEHHsI BiJ] HHOTO, CTYIIIHb 1 YaCTOTHA 3aJie-
JKHICTb MOTJIMHAHHS BUIPOMIHIOBAHHS POOOYO0 PIIHHOO 1

MarepiajioM CTIHOK PO3PSAHOI KaMepH, BIIOMTTS HHUMHU
30BHIIIIHBOTO OCBITJICHHSI, HOrO CIIEKTp 1 SCKpPaBiCTh Ta iH.
Kpim Toro, Ha BUIIIS BIATIHKY Ha €KpaHI MOHITOpPA TAKOX
BIUIMBAIOTh IOr0 HaJAIITyBaHHS (SCKPABICTh, KOHTPACT-
HICTh, raMMa-KOPEKIIis, KOJbOPOBa TEMIIEpaTypa) Ta BiAIo-
BiZHI HamamryBaHHs Tpadivroi kapTr. HaBeneHi y tabm. 1
NIPHMKJIaIM KOPEKTHI JUIS TIOYAaTKOBUX 3HAUCHb HAJIAIITYBaHb
Bizieo kapTH HOyTOYKa Samsung R508, Ha sxkomy BoHM Oy
BiITBOpEHi: ramMmMa = 1, sickpasicTb = 0, KoHTpacTHicTb = 50.

Tabmuus 1

PesynpraTi crieKTpanbHUX JOCHTIKEHb BUIIPOMIHIOBAaHHS OPEOJIiB MIa3MOBUX KaHATIB

AToM, i0H, MOJIEKyJIa JloBxKH1HA XBUIIb Hali- HasBa pesynbrytodoro BinTinky |  IIpnbamsnuit RGB-kon BigTiHKY
SICKpaBIIINX JiHIi A, HM BUIIPOMiHIOBAHHS BUIIIS BIATIHKY
Al (ALD), AI" (AL 1), AP™ 3962, 394,4, 484,5, 466.4, Cunbo-dioneTosuii R=60. G=0. B=255
(41111, AL,O; (410 ]) 451,3 (390-480 u™m) > ’
gﬁ%ngﬂ(;’z‘;‘; R=75, G=170, B=90
+ —
Ag (Ag D), Ag (Ag1l) |546,5,520,9, 540,0, 489,1 TS — R=150, G=230.
(510-550 ™M) B=140
521,8, 515,3, 510,5, 465,1, ManaxiToBo-HepHuTOBHIA _ _ _
Cu(Cun 331 iroso-sedp I <0, G-145, 50
+ 558,6, 557,2, 562,4, 576,3, bnino-xoBTHii R=255, G=255,
Fe(Fel), Fe' (Fell) 5914 (575-585 1m) B=170
656,3, 486,1, 434,1, 410,2, BJtito-inoBuit -I R=220, G=90,
397,0 (397-656 um) B=255
HHD 6563 Brino-poxesuit R=255, G=195,
’ (656 u™m) B=195
n 391,4,427,8,394,3, 575,5, CuHBO-0IaKUTHHUIH R=100, G=150,
No (N2 ), Ny (N 1) 4709, 551.6 (440-510 um) B=255
Ar (Ar ) 420,1, 415,9, 427,2, 459,0, Di0JIeTOBO-CHHII R=150, G=120,
472,7, 440,1 (390480 um) B=255

Jis migBUIeHHS 00 €KTHBHOCTI BIATBOPESHHS BiATI-
HKIB Ha PI3HHUX MPHUCTPOSX Y IT STid KOJOHIN HaBEICHO X
RGB-xop. 3HaueHHS OTpHIMaHi 3a JOMIOMOTOIO IHCTPYMEH-
Ta minerka rnporpamu Photoshop mist HaiOinbm xapakrep-
HUX JUITHOK KOJIBOPOBHX OPEOJIiB Ha iX IudpoBux ¢GoTo-
rpadisx. SIKio BIATIHKKM OpEOJB CYTTEBO BiAPI3HSUIUCH
NPH BiAJAJICHHI Bil ICKPOBHUX siIep IUIA3MOBHX KaHAJIB, K
y BUIaaKy Ag, abo 4epe3 3MiHY IOTYXHOCTI Ta YMOB Y
JIOKQJIbHUX IUIa3MOBUX KaHalax, sK y BHNAAKY H, TO y
YETBEPTIH 1 II’ATiA KOJIOHKAX IPECTABICHO JIBa HAHOLIBIIT
XapakTepHux BinTiHkH Ta ixHi RGB-K01M BiAmOBiIHO.

AHami3 BIOTIHKY pPe3YJIBTYIOYOTO BHUIPOMIHFOBAaHHS
3HAYHO TPOCTIMHH, HDK HOTO CHEKTPOMETPHYHHIA aHajli3,
SIKA TTOTpedye JOpOTroro i CKIIAIHOTO BY3BKOCIICIIiamizoBa-
HOro oOJajHaHHs1. 3arpONIOHOBAHKI aHAJ3 TPYHTYEThCS HA
OTPUMAHMX PaHillle Pe3yNIbTaTaX CIEKTPOMETPHYHOTO aHai-
3y BHUIIPOMIHIOBaHHs 30y/DKEHHX aTOMIB KOHKPETHHX MeTa-
JIB Ta OTOYYIOUMX iX POOOUMX PiIMH B YMOBaX, OJIM3bKHUX JI0
PEeXKUMIB 1X ICKpO- Ta IIa3MOEPO3IHHOT0 00pOOIIEHHSL.

Y3arajibHeHHsI TAa BUCHOBKH.

1. Po3pobneHo ONTHKOMETpUYHMH METOJA BHU3HAYEHHS
00’eMiB KOJILOPOBHX OpEOJIB, IMOBIPHO CHPHYMHEHUX
CTpUMepaMH, Ta ICKPOBUX sep IUIa3MOBHUX KaHANIB MiK
3aHYpeHUMH y po00dy pIIUHY TpaHyJlaMH MeTajiB Ta
IXHBOTO BiJHOILICHHS, SIKHI HE MOTpeOye CIemianizoBaHoro
CHeKTpoMeTprudHOTo oOmagHaHHA. OTpUMaHI 3HAYCHHS
CBIIYaTh MPO EHEprii CTPUMEPHO-TIAECPHUX Ta ICKPOBHX
KaHaJIiB MK rpaHyJiaMH METAJIiB Ta iXHE BIIHOILICHHS, SKi
BIUIMBAIOTh HA PO3IMOILI 32 PO3MIpaMH €pO3IHHHX YacTH-
HOK, B TOMY YMCJI Ha CHiBBIJHOIIEHHS X HAaHO- Ta MIKpO-
PO3MipHHUX (paKiiii. IXHE BHUKOpHCTaHHS [OLIbHE MpH
KOPHT'YBaHHI PEXUMIB ICKpO- Ta IUIa3MOEPO3iiHUX €JIeKT-

POTEXHOJIOTIYHHUX MPOLECIB 3 METOIO 30UTBIICHHS TUTOMOT
YaCTKH epO3iHNX YaCTHHOK HEOOXiTHUX PO3MIpIB.

2.V icKpoepo3iifHUX TEXHOJIOTiAX HAHOUTBIINI BIUTUB
Ha PO3MIpH, SICKPABICTh 1 KIJIBKICTh ICKPOBHX KaHAJIIB MA€
Hampyra po3psAHUX IMITYNbCIB, TOMY I BHKOPUCTaHHS
JUI KepyBaHHSA LUMHU ITapaMeTpaMH Mae IeplIoueprone
3Ha4YEHHs OPIBHSHO 3 TPUBAIICTIO PO3PSIHUX IMITYJIBCIB.
Y maa3Moepo3ifHMX TEXHOJOTISIX Harpyra po3psiIHUX
IMITYJIBCIB TATPUMYETHCS MIHIMAJIBHO MOJKIJIMBOIO JUISI
YCTaJICHOTO ITPOLIECY 1 pETYJIIOBAaHHIO Maike HE IiJJISTaE.
HartomicTh OCHOBHHMM MapamMeTpOM PEryJIOBaHHS y LbO-
MY BHIIQJIKY CTa€ TPHBATICTh PO3PSIIHUX IMITYIIBCIB.

3. OOTrpyHTOBaHO MOJKJIMBICTH CIIPOIICHHS CIIEKTPO-
napora3oBoi ¢asu y IIIMI" 3a aHasi30M BiATIHKY pe3yJib-
TYIOYOI'0 BHUIIPOMiHIOBaHHS, KUK 0a3yeTbCsl Ha OTpUMa-
HUX paHillle CIEKTPOMETPUYHHX JaHHX.

4. TlpoBeseHO aHaji3 CIIEKTPIB BUIPOMIHIOBAHHS KO-
JILOPOBUX OPEOJIIB IJIA3MOBUX KaHAJIB y NUCTHIHOBaHIN
Boni Mix rpanynamu A/, Ag, Fe ta Cu ta Ni-Mn-Ga Tta
Ti-Zr-Ni y pinkomy azoti i Ti-Zr-Ni y piakoMmy aproi.
OOrpyHTOBaHO 1 y3arajdbHEHO BIATIHKH PE3yJIbTYIOUOTO
BUIPOMIHIOBAaHHSI OPEOJIiB y IUX BUIAJKAX Ta HABEACHO
ix omnc 3a RGB-komamu.

5. Ha ocHOBI aHamizy CIIEKTPiB BHIIPOMIHIOBAHHS KOJIBO-
POBHX OpEOJiB IUIA3MOBHX KaHAJTIB y IUCTIIBOBaHIA BOJI,
SKI CHPUYMHEHI EJIEeKTPUYHUM CTPYMOM, ITiITBEP/IKEHO
MPOTIKaHHsI PEaKI(ii yTBOPEHHS ra30noAiOHOrO BOJHIO, a Y
BUMAJIKY 3 TPaHyJaMH Cpibia TaKoXK 1 KHCHIO B Pe3yNbTaTi
eJIEKTPOXIMIYHOTO po3kiagaHHs Boau. [Ipu ickpoeposiitHo-
My JUCHEpryBaHHI IPaHyJl AIOMIHIIO y BOAI OIOCEpPEIKOBa-
HO MIATBEPKEHO MPOTIKAHHS XIMIYHUX peaKiiil yTBOPEHHs
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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.
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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.

Mema. Y yiti pobomi npoananizo8ano ma OOCRIONCEHO XAPAKMEPUCMUKU 60Y008aAHO20 NIAAHAPHOO [HOYKMOPA KEAOPAMHOT
2eomempuyHoi hopmu 3 GUKOpUCMAHHAM pisHUX mamepianie niokiaoku: Ni-Fe, Mn-Zn ma Ni-Zn ons oyinku eéniusy mamepiany
NIOKIAOKU HA NPOOYKMUSHICIb 80Y008AHO20 NAAHAPHO20 THOYKIMOPA MA 8USHAYEHHS. ONMUMATIbHO20 MAmepiany O Pi3HUX CUTOBUX
3acmocyéanb MoOynie y cunogitl enekmpouiyi. Memoou. 3 yicio memorw npoeedeHo No2IUONeHUll aHANI3 2eOMEMPUUHUX DPO3MIDIE
60Y0068aH020 NAAHAPHO2O THOYKMOPA, PO3PAXOBAHO BCI 2eOMempuuni napamempu 3anponoHO8aHOT KOHCMPYKYIl O 6CMAHOGNIEHHS
eKxgieanenmHol Qi3uuHol Mooeni 60y008aH020 NIAHAPHO20 THOYKMOPA MA OYIHKU 1020 eleKmpuyHux xapakmepucmuk. Yucenvhe
Mooeniogants, wjo 06a3yemvCsa HA MPUBUMIPHIE MameMamuyHiil mooeni cucmemu 3 GUKOpUCMAHHAM pieHAnb Maxkceenna, 6Oyno
peanizoeano 3a oonomozoro COMSOL Multiphysics. Pe3ynsmamu noxasyiomv 6axciugicmes mamepiany niokiaoku 011 pobomu
680Y006aH020 NIAHAPHO20 [THOYKMOpPA | 6Ka3yiomv Ha me, wjo euxopucmanus ¢epumy Ni-Fe y saxocmi niokiaoxku 60y008ano2o
NIAHAPHO20 THOYKMOpa 0ae Oydce YiKasi XapaKxmepucmuKku NOPIiGHAHO 3 HuuMuY susueHumu mamepianamu. Ilpeocmagneni pezynomamu
HAOAIOMb BANCIUBY THPOPMAYIiI0 w000 6NAUGY Mamepiany NIOKIAOKU HA XAPAKMEPUCMUKU 80Y008aAHO20 NIAHAPHOO THOYKMOpA ma
MO2ICYMb OONOMOIMY CHPOEKNYBAMU Md ONMUMIZY6amu Oani KOMROHeHmMU 0N GUKOPUCMANHS Y CUTIOBUX eleKMPOHHUX CUCTNEMAX.
Ilpakmuuna yinnicme. Ompumani pe3yrbmamu  6adCIU6i ONid WUPOKO20 CHEKMpa 3Acmocy8aib, Oe NpoOyKMuHicme ma
epexmusnicms 86y008aHO20 NAAHAPHOLO THOYKMOPA MOJICYMb ICIMOMHO 6RAUHYMU HA 3A2A1bHY NPOOYKMUBHICHL MdAd eKOHOMIUHY
eghekmusHicmb CUN08020 eleKmporHo2o npucmporo. bioin. 37, Tadn. 2, puc. 7.
Kniouoei cnosa: BOynoBaHa KBaJpaTHa MIKPOKOTYWIKA, eJeKTPHYHi
eJ1eKTPOMArHITHI IBHIIA, MaTepiaJ NiAKIaAKI.

XapaKTepUCTUKH, TeIlioBe MOJAeJIOBaHHSA,

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

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

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 (), inner diameter
(d;,), outer diameter (d,,;), initial width (w;), final width
(w), thickness (7), and total length (Z,). This micro-coil is
placed on a ferrite substrate that also has a square shape
with a side length of L and thickness of ¢,,. Additionally,
the micro-coil is elevated by a height of AH.

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.

nLox a e
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 d;,, mm 3 |Spires thickness 7, pm 35
Outer diameter d,,,, mm 10 |Spires number n 3
Spires width w, mm 0.55|Turn spacing s, um 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.

Lusg Romg  Casg

A —AB
Cs [ | +— Spiral coil
Coxa —I— —L Gy
T <— Insulating layer

:E chgi

= «— Ferrite layer

R«mgl $
Cam 1= Ram == Copz |#— Substrate of silicon
T3™w3T

<+— Ground plane
Fig. 2. The ferromagnetic inductor (@)
and cross-section of planar inductor on ferrite (b)
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Table 2
The physical and electrical parameters of different components

. . Ni-Fe| Mn-Zn [Ni-Zn

Properties Air |Copper (subl)| (sub2) |(sub3)

Density y, kg/m’ 1.225 | 8700 | 4000 | 4700 | 4800
Viscosity 7, Pa‘s 1.8-10" — — — —

Thermal conductivity £, 0.0257 | 400 30 3.9 63

Wom' K

Heat capacity C,

Jke K 1005.4| 385 | 700 1050 710
Electrical resistivity 1310175108 — 3 3

p, Q-m

Relative permittivity &, 1.0 1.0 | 11.8 270 12

Relative permeability u. 1.0 1.0 | 800 5000 1500

Thermal expansion
a, K107 et R _ ~

3. Mathematical formulation of the problem.

3.1. Basic mathematical equations. The inductance
L given by Wheeler method is represented by:
nz'ﬂ (1)
l+ky- 4,
where d,,, is the average diameter; 4,, is the form factor;
n is the number of turns; y is the vacuum permeability.

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

davg = (daut + din) / 2" (2)
Am = (dout - din) / (daut + din)~ (3)

Based on the form factor A4,,, 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 J,, and the
cross-sectional area S, of the conductor:

i=8:Javg. 4

The cross-sectional area is determined by the width

w and the thickness ¢ of the planar coil:

L=ky-py-

S, =w-t. (5)
The spacing between turns is given by:
S:dout—dm—}w-n. ©)
2-(n-1)

The width w is equal to

Wzdout_din_z's'(n_l). (7)
2-n

And the total lengths /;:
Li=d-n-(dyy—s-(n=1)—n-w)-s. (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:
J=VxH; B=VxA;, E=—jwA; )
J=0E + joD; V-J=0, E=-VV - joD,
where H is the magnetic field intensity; J is the current
density; B is the magnetic flux density; 4 is the magnetic
vector potential; E is the electric field intensity; w is the
angular frequency; o is the electrical conductivity; D is
the electric displacement field; V is the electric potential.
Heat equation in the air and the solid parts:
ksvas + pod ®J =0 with k, = k¢, or ks=kap, (10)
where £; is the thermal conductivity of the solid; k¢, is the
thermal conductivity of the copper; k,, is the thermal
conductivity of the substrate; 7 is the temperature in the

solid; po is the mass density of the solid.
Navier-Stokes equations in air part:

Pair(-Vu=-v-(PI)+ (Vu + (V)" )+ ’

+ Apairﬂg(T - Tc )e’
where p,;. 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; 4 is the coefficient for the buoyancy term;
p is the thermal expansion coefficient; g is the
gravitational acceleration; T is the temperature of the air;
T, is the reference temperature; e is the unit vector in the
direction of gravitational force.

Heat equation in the air parts:

PairCPaiy - u-VT = kairvaa (12)
where Cp,;, is the specific heat capacity of air at constant
pressure; k,; 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

an

system equations (9)—(12) requires the boundary
conditions such as:
e For the copper conductor:
- On the input:
[:Io or J:[O/Svias (13)

where [ is the the electric current; /; is the input current at
the boundary of the copper conductor; J is the current
density; S,;, 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.

o At the copper boundary:

nJ=0, —kc,oOnTy=h(T.—Ty), and T=T, (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; k¢, is the thermal
conductivity of the copper material; onT; — 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; % is the convective heat transfer coefficient;
T. is the temperature of the surrounding air; 7 is the
temperature at the surface of the copper conductor; T is
the general temperature variable.

o At the substrate boundary:

—kgOnTs=h(T.—T;), onT=0, and u=0, (16)
where kg, is the thermal conductivity of the substrate
material; ¥ — this boundary condition suggests that the
velocity of the air is zero at the substrate boundary,
indicating a no-slip condition.

o At the study domain boundary:

onT=0, and P=0, a7
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°°.

x10%m

/

¥
}
Input 1B c

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).

T T
A233x107 A 302x107°
x107 x107
30
20
25
615 20
S 4
0 15
~ 2
10
-0
10
5
5
¥8.59%x10° ¥ 5.72x10"
T T
A249x107 A 302x107°
x107 x107
30
20 25
20
15
0 15

Y¢,x
b ¥ 6.74x10° ¥ 1.39x107
T T
A 2.33)_(‘10" A 302 >_<‘1o"

x 10 x 10

z Qo
L c ¥6.74x10% W 1.39x107
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.

degC
A 395

38.2
¥ 38.2

c
Fig. 5. The temperature distributions for
Ni-Fe (@), 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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Fig. 6. The comparison between three ferrite materials

(Ni-Fe, Mn-Zn and Ni-Zn) on flux magnetic density
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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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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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