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EnekmpuyHi MawuHu ma anapamu
UDC 621.314
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Y. Lee

Online detection of phase resistance of switched reluctance motor by sinusoidal signal injection

Introduction. Switched reluctance motors (SRMs) are widely used in various applications due to their simplicity, robustness, and cost-
effectiveness. However, the performance of SRMs can be significantly influenced by variations in their phase resistance, especially under
high current and saturated conditions. Accurate knowledge of this parameter is crucial for optimal control and efficient operation.
Problem. During operation, SRM parameters, particularly phase resistance, can vary considerably. These variations pose challenges to
control strategies that rely on precise parameter values, leading to potential inefficiencies and degraded performance. There is a need
for an effective method to monitor and identify these changes in real-time. Goal. This paper aims to develop and validate a method for
the online detection and identification of phase resistance in SRMs. The method should work under varying operational conditions
without requiring additional hardware, thereby maintaining the system's simplicity and cost-effectiveness. Methodology. The proposed
method injects a sinusoidal signal into the inactive phase of the SRM using Sinusoidal Pulse Width Modulation (SPWM) via the main
converter. The phasor method is then applied to determine the impedance of the phase circuit, from which the phase resistance can be
identified. This approach eliminates the need for extra circuits, making it an efficient solution. Results. Simulations were conducted to
evaluate the proposed method. The results demonstrate that the method can accurately track the variation in phase resistance under
different operational conditions, validating its effectiveness. Originality. The originality of this work lies in its innovative use of the
phasor method combined with SPWM for online phase resistance detection in SRMs, without the need for additional hardware
components. Practical value. This method provides a practical solution for real-time phase resistance identification in SRMs, enhancing
the reliability and performance of control strategies in various industrial applications. References 17, table 1, figures 6.

Key words: parameter identification, signal injection, switched reluctance motor.

Bcemyn. Benmunoni peakmueni osucynu (SRMs) wiupoxo sukopucmogylomucs @ pisHux cghepax 3a0sKku c8oitl npocmomi, HadiiHocmi
ma exoHomiunitl eghekmuerocmi. OOnax na npooykmusricms SRMs mooicyms cymmeso ennusamu 3minu ix ¢pazo6o2o onopy, ocooauso 6
YMOBAX CUTLHO20 CHIPYMY ma Hacudenns. Toune 3HaHHA Yb020 NApaAMempa MAe SUPIAIbHe 3HAYEHHS O ONMUMATLHO20 YRPABIIHHS
ma egpexmusnoi pobomu. Ilpodnema. I1io uac po6omu napamempu SRM, 30kpema pazosuil onip, Moxcyms 3Hauno 3minoeamucs. Li
3MiHU CMBOpIoOMb npobNeMu 0N cmpameziti Ynpaeninia, sKi NOKIA0AiombCs HA MOYHI 3HAYEHHA NapAMempis, o npuseoouns 00
nomenyituHol Heeexmugnocmi ma nocipuienns npooykmueHocmi. Icnye neobXxionicmo epexmuenozo memooy MOHIMOPUHZY ma
ioenmuixayii yux 3min y pedxcumi peanvrozo dacy. Memow cmammi € po3poOka ma nepegipka Memoody OHIAAUH-BUAGTIEHHS Md
ioenmudgixayii ¢pazoeoco onopy y SRMs. Memoo nosunen npayrosamu 6 pisHux poboyux ymosax 6e3 HeoOXIOHOCHI 8UKOPUCTHAHHS
000amK06020 00IAOHAHHS, MUM camMum 30epieaioyu npocmomy ma eKoHOMIuHY eghekmugnicmsb cucmemu. Memoodonozis.
TIpononosanuii memoo 6800ume cunycoioanvhuil cucHan y neakmuety ¢pazy SRM 3a 0onomozo1o cunycoioanbHol wupommo-iMnyacHoi
mooynayii (SPWM) uepes 2onosnuii nepemsoprosay. Tlomim 3acmocogyemucsi Memoo 6eKmMopi6é GU3HAUEHHs, IMNeOaHCy (pazo8020 Koua,
3 SIKO20 MOJICHA eusHauumu onip ¢pasu. Taxuu nioxio ycysae nompedy y 000amKosux Koax, wo pooums to2o eQexmueHUM PilleHHsIM.
Pezynomamu. /[na oyinku 3anpononogano2o memody 6yno 30iticneno moodemosanns. Pesynomamu noxazyroms, wo memoo mooice
MOYHO GIOCTIOKO8Y8amu 3MiHYy Onopy (asu y pisHuUX pobouux yMoeax, niomeepodicyiouu oo epexmugnicmo. Opuzinanvhicms yici
pobomu noiazae 6 iHHOBAYIIHOMY BUKOPUCMAHHI Memody eekmopie y noeouanni 3 SPWM ons eusnauenna onopy ¢paszu é peswcumi
peanvrozo uacy SRMs 6e3 HeoOXiOHOCI 8UKOPUCTNAHHA 000AMKOBUX anapamuux Komnonenmis. Ilpakmuuna yinnicms. Leti memoo
3abe3nevye npakmuune piwienns Ons eusHauenus onopy gasu SRMs 6 peanvnomy uaci, niosuwyrouu Haditiicms i RPOOYKMUBHICMb
cmpamezitl ynpaguints @ pisHux npomuciosux 3acmocyeéannsx. biom. 17, Tabm. 1, puc. 6.

Kniouosi cnosa: inenTudikanis napamerpis, Noaaya CUrHaJly, BeHTUJIbHUN peaKTUBHUI JBUTYH.

Introduction. In recent years, the switched assume constant phase resistance, requiring additional

reluctance motor (SRM) has experienced significant
development and has become increasingly popular due to
its robust structure and low cost, making it appealing for
both industrial and domestic applications [1-3]. However,
during motor operation, key parameters such as phase
inductance and phase resistance can vary significantly.
Parameters measured at standstill may differ from those
when the motor is running, necessitating real-time
identification of these values to ensure optimal
performance [4, 5].

A neural network-based method for SRM parameter
identification was proposed in [6—12], utilizing a more
precise circuit model that includes an extra RL branch
connected in parallel to account for saturation and losses.
This method, however, requires complex modeling and
does not directly address the need for real-time resistance
identification without additional hardware.

Modulation techniques, such as phase and amplitude
modulation, have been employed to detect rotor position
without using encoders or Hall sensors [13—17]. These
techniques leverage phase inductance information but

circuitry such as signal generators, amplifiers, and resistors,
which add bulk and complexity to the motor drive. While
effective, these methods are not ideal for applications
where compactness and cost are critical concerns.

Purpose of the work. This paper proposes a novel
method for detecting variations in the phase resistance of
SRMs in real time. Unlike previous approaches, our
method does not require additional hardware; instead, it
utilizes the existing main converter to inject a small
sinusoidal signal during the negative inductance slope
region of the unenergized phase. By adjusting the signal
frequency to make the inductive reactance comparable to
the phase resistance, this method enhances the sensitivity
of resistance detection.

Proposed online detection method of phase
resistance of SRM. The phase resistance of a SRM is
typically measured when the motor is not in operation. This
is done by connecting the phase terminals to a dedicated
instrument. After obtaining the phase resistance, the
winding is disconnected from the instrument and

©Y. Lee
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reconnected to the main converter to drive the motor.
Knowing the phase resistance is crucial for various
applications, including calculating copper loss, determining
flux linkage, and performing sensorless control. However,
this offline measurement method cannot be applied while
the motor is running. Moreover, the phase resistance may
change significantly during operation, especially under
high load conditions. Relying on the value measured at
standstill may lead to inaccurate calculations, as the
resistance might have varied. Therefore, it is essential to
measure the phase resistance online.

To achieve online detection of the phase resistance,
a low-amplitude sinusoidal voltage is injected into the
inactive phase of the motor — meaning the phase that is
not currently contributing to torque during the inductance
falling region. The resulting small current in the inactive
phase produces a minimal negative torque, which has
negligible impact on the overall motor performance.
Assuming that the self-inductance and resistance of the
phase remain constant over a short period, the circuit
model of a motor phase can be represented as a first-order
RL circuit with an alternating voltage source, inductor,
and resistor in series (Fig. 1).

v

R

ug, (D) EL

Fig. 1. One-phase model of SRM

The voltage equation for a single-phase circuit can
be expressed as:
ult)=Ri(t)+dy/de, (1)
where u is the phase voltage; R is the phase resistance; i is
the phase current; y is the flux linkage. Under unsaturated
conditions, the flux linkage can be expressed as:
w(t)=Li(), 2
where L is the phase self-inductance. Substituting (2)
into (1), the voltage equation becomes:

u(t):Ri(t)+L%. 3)
If a sinusoidal voltage is applied, it can be described as:
uy(t)=~N2U cosl2r- £ 1+, ), )

where Uy, f, ¢, are the RMS value, the frequency and the
phase angle of u,, respectively.

Since the voltage u, is chosen as the reference, ¢,
equals 0. It should be noted that, in practice, the actual
voltage applied to the phase is a pulse width modulated
voltage, whose effect is equivalent to that of the
sinusoidal voltage described above. The resulting current
in the circuit is expected to take the form:

i(t)zﬁlcos(27r-f-t+¢,~), %)
where 7 and ¢; are the RMS value and phase angle of i,

respectively.
The magnitude of the circuit’s impedance Z is given

lz|=U /1=y R* + X, (6)

where X; =27z fL is the inductive reactance.

by:

The phase resistance R can be determined as:

2
fU
R= —I; -x7 . @)

Alternatively, the resistance can also be calculated
using the impedance angle ¢ as follows:
R=|Z|cos;0, )]

where @ is the phase shift between the applied voltage and
the resulting current.

It is important to note that the variable resistor in the
circuit model (Fig. 1) indicates that the resistance may
differ from the value measured at standstill, though it is
assumed to be constant while solving the sinusoidal
circuit. The response current in this time-invariant circuit
will also take on a sinusoidal form.

As illustrated in Fig. 2, both the amplitude and angle
of the impedance will change if the phase resistance
varies during motor operation.

’

Z
‘<L

® @

AR R
Fig. 2. Change in impedance due to variation in phase resistance

The phasor diagram of the circuit (Fig. 3) highlights
that any change in phase resistance during motor
operation will result in variations in the angle and
amplitude of the response current vector.

I(R+ AR)

LR
Fig. 3. Phasor diagram of the single-phase circuit

The sinusoidal voltage injection can be performed
using the main converter. In this study, a full-bridge
converter is employed to drive the SRM, as depicted in
Fig. 4. This converter allows phase current to flow in both
directions. The sinusoidal voltage is injected using
Sinusoidal Pulse Width Modulation (SPWM) technique,
where a bipolar triangle wave serves as the carrier wave
and the desired sinusoidal voltage acts as the signal wave.

Full-Bridge
Rectifier Converter
i +
AC~ “—Upc| |

[e—

Fig. 4. SRM drive system utilizing a full-bridge converter

The selection of the sinusoidal voltage frequency is
critical for the effectiveness of the proposed phase
resistance detection method. The frequency must be high
enough so that the phase self-inductance remains
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constant, thereby validating the simplified circuit model
shown in Fig. 1. However, the frequency should also be
chosen such that the inductive reactance is comparable to
the phase resistance. This balance ensures that any
variation in phase resistance results in a noticeable change
in the phase and amplitude of the response current,
leading to improved sensitivity in detecting phase
resistance changes.

Simulation results and discussion. To validate the
effectiveness of the proposed online phase resistance
detection method for a SRM, simulations were conducted
using  MATLAB/Simulink. The motor used in the
simulation is an outer rotor type SRM, with key
dimensions provided in Table 1.

Table 1
Outer rotor SRM parameters

Parameters Value
Number of phases 3
Pole combination 6/4
Stator outer radius 51 mm
Stator inner radius 20 mm
Stator yoke 15 mm
Stator pole arc 28°
Rotor outer radius 95 mm
Rotor inner radius 52 mm
Rotor yoke 15 mm
Rotor pole arc 32°
Stack length 50 mm
Turn number/pole 150

The motor operates at a low speed during the
simulation. Once the tail current diminishes completely to
zero, a 100 Hz SPWM voltage is injected into the phase
during the negative inductance slope region. The
reference signal for this injection is a 100 Hz sinusoidal
wave with a RMS value of 5.55 V. Initially, the phase
resistance is set at 2.56 Q.

Before any change in resistance, the simulation
results are depicted in Fig. 5. As expected in an inductive
circuit, the response current lags behind the applied
voltage. The current is small, with an RMS value around
1.15 A, producing only a negligible amount of negative
torque. The rotor position is approximately 39°, where the
inductance is around 6.5 mH. The resistance, calculated
using (8), is found to be 2.57 Q, which is within 1 % of
the actual resistance value, demonstrating high accuracy.

When the phase resistance is doubled to 5.12 Q, the
simulation is repeated at the same rotor position of 39°.
The results are shown in Fig. 6. Due to the unsaturated
state of the circuit and the unchanged rotor position, the
inductance remains constant at 6.5 mH. The impedance
change is solely due to the increase in the resistive
component. The figure reveals that the response current
exhibits a smaller phase shift relative to the applied
voltage and a reduced RMS value of approximately 0.85
A, compared to the previous simulation. This reduction in
current amplitude indicates a change in phase resistance.
The resistance calculated from (8) is 5.11 Q, closely
matching the actual resistance value.

These simulation results clearly demonstrate that the
phase resistance information is effectively encoded in the
sinusoidal response current. Consequently, the proposed
method is capable of accurately extracting this

information to detect and monitor variations in phase
resistance in real-time.

Reference voltage (V)

| | | | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

SPWM voltage (V)

Response current (A)

o v L o on

o

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Time (s)

Fig. 5. Simulation results with the initial resistance

Reference voltage (V)
o o
T

&
T

0 0.005 0.01 0.015 002  0.025 0.03  0.035 0.04 0.045 0.05

SPWM voltage (V)

I I I I I I I I
0 0.005 0.01 0.015 002  0.025 0.03  0.035 0.04 0.045 0.05

Response current (A)

| | | | | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Fig. 6. Simulation results with the modified resistance

Conclusions. This paper presents a method for
detecting phase resistance in switched reluctance motors
(SRMs) using sinusoidal voltage injection via the main
converter. Unlike conventional methods that require
external instruments and can’t monitor resistance changes
during operation, this approach enables real-time detection,
especially in high-current and saturated conditions.

By injecting a finely tuned sinusoidal-equivalent
PWM voltage into the inactive phase, the method
accurately identifies phase resistance through impedance
or current analysis, without the need for additional
circuitry.

Future prospects. Further research could focus on
optimizing frequency tuning for greater detection
accuracy under varying conditions and validating the
method experimentally on physical SRM systems.
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Additionally, integrating this detection method with
advanced control strategies and expanding it to monitor
other parameters like phase inductance could significantly
enhance the performance and reliability of SRMs in
industrial applications.
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YncebHO-M0JIbOBHUH aHAJTI3 JU(EePEHiaTbHOT0 PEAKTUBHOTO ONOPY
po3ciloBaHHsSI 00MOTKH cTaTOopa TPU(a3HUX AaCHHXPOHHHUX IBHUIYHIB

Bcemyn. Posensoacmocs ougpepenyianvhuti peakmuenutl onip poscitosanns ([JPOP) obmomku cmamopa mpughasiux acunxpoHHux 06u-
eyuie (TAL). Bioomo, wo J{POP € cymoro onopie camoindykyii 0OMOmKU 6i0 YCix 2apMOHIK ii MASHIMHO20 NOA 30 BUKTIFOYEHHAM NEPULOi
i llo2o ananimuyne 6UHAYEHHs € HAOMO CKAAOHUM. Ale yell onip € 0006 SI3K06UM eleMeHMOM NPOEKMYBAHHS, 8 MOMY YUCTI 015 pO3pa-
XYHKY HU3KU [HWUX napamempie ma xapakmepucmuk maxux oeuzynie. IIpoonema. Yepes ye 6 uunnux KiacuuHux Memooukax npoekmy-
eanns JIPOP eu3Hauaromuvcs 3a CHpoujeHo Gopmynor 3 000a8aHHAM HUKU Koepiyienmis, mabauynux i epagiunux 3anexchocmeti. Y
niocymKy He minbku empavacmocs gizuxo-wamemamuynuii cenc JPOP, ane nagime mounicme 1io2o po3paxynky oyinumu eaicko. Me-
ma pobomu noiaeae y nopieHANbHIN nepegipyi knacuuno2o npoekmnozo po3paxyuxy JPOP oomomxu cmamopa TAJ] winaxom yucenvHo-
10106020 aHani3y eapmoHiuno2o ckaady EPC camoinoykyiil 6 yiii oomomyi i susHauenns na maxiti ocHosi [JPOP, wo poseasidacmucs.
Memoouxa. 'apmoniunuil ananiz 6io6yeacmvcs 3a OMPUMAHHAM KYMOBUX MA 4ACOBUX OUCKPEMHUX (YHKYIl MASHIMHO20 NOMOKO34en-
nenns (MII3) obmomxu cmamopa 3 iXHiM pOpMYSaAHHAM 080MA CROCODAMU: OOHONOSUYITIHUM PO3DAXYHKOM MASHIMHO20 NOJA | YMOG-
HUM 00epmaHHAM hasHux 30H 06MOmKU, A60 6a2amMoONOIUYIUHUMU PO3PAXYHKAMU 00ePMO8020 MACHIMHO20 Noas | eusHaveHHam MII3
Hepyxomux ¢pasnux s3on. Pesynomamu. Pospaxynkosuii ananiz eukonano 0ns oeg’ami nowupenux eapianmie TAJl, 3anpoexmosanux 3a
€OUHOI KACUYHOIO MeMOOUKOIO 3 8aPIIOBAHHAM IXHbOI nomysicHocmi ma Kkinbkocmi nomocie. Opuzinansuicme. [lopisHsannsa pesyib-
Mamie KIacuyHo2o i YucenbHO-no1b08020 pospaxyukie [POP 3a npoepamoro FEMM noxasano ixuio éenuxy posoisicHicmy, wjo gioHece-
HO 00 3a3HAYEHUX YMOBHOCHIEN | NPUNYWeHb NEPULO20, MOMY WO Opyeull 8apianm no30asneHull HedoniKie nepuio2o 3a80AKU MOMY, WO
8iH 6paxosye posmipu koncmpykyiti TAJ], nHacuuenns MazHimonposooy i (izuko-mamemMamuyry CymHicms napamempis i 6enuiuH, wo
posanaoaiomecs. Ilpakmuuna yinnicms. Haoana memoouxa 4ucensno-nonw068020 ananizy i ompumani pesynomamu pospaxynxy JPOP
obmomxu cmamopa TAJ] pexomendylomocs sAK 0cHo8a 05l YOOCKOHANEHHs cucmemuy iXHbo2o npoekmysanus. Ilpu ypomy ananociunuil
nioxio moowcna 3acmocysamu i o JJPOP oomomru pomopa TAJ], ane 3 ypaxysanusm it ocobnueocmeti. bion. 27, Tabn. 13, puc. 7.

Kniouogi cnoéa: acHHXpOHHU ABUTYH, TpudazHa 00MOTKaA cTaTopa, AMdepeHNiaJbHIil peakTHBHMIT onip po3ciloBaHHs, KJIa-

CHYHE MPOEKTYBAHHS, YHCEIbHO-M0JIbOBI PO3PaXyHKH, MATHITHE MOTOKO34eNJIeHHsl, TApDMOHIYHMIi aHaJIi3.

Beryn. Tpudasni acuaxponsi nsuryHi (TA) € piz-
HOMAaHITHIMH 1 MOIIMPEHI B TEXHOC(Epi yChOro CBITY.
Ixue YIOCKOHAJICHHS 3aBXIU aKTyalbHE 1 BinOyBaeThcA
3a pi3HUMH YNHHUKAMH, B TOMY YHCII Yepe3 MiABUIIECHHS
TOYHOCTI 1 €()EKTHBHOCTI CUCTEMH TIPOEKTYBAHHSI.

Cepen npoektHux mapamerpiB TAJ] 000B’s13KOBUMH 1
BOKJIMBUMH € aKTUBHI 1 pEaKkTHUBHI ONOPU HOro OOMOTOK.
[pu 1poMy 10 OUTBIN CKIIAHHX 1 HEAOCTATHBO aJICKBATHUX
3BUYAHO BIJJHOCSATHCS PO3PAXyHKH IHIYKTHBHHX OIIOpPIB
ixHBOTO po3citoBanHA. Lle crocyerscs onopis qudepeniia-
JBHOTO, TTA30BOTO i JIOOOBOTO PO3CIFOBaHHS, IS SIKHX BH-
3HAYAIOTHCA TIMTOMI MAarHiTHI TPOBITHOCTI, ajie¢ B KJIACHY-
HOMY TIPOEKTYBaHHI, puMipoM B [1, 2], me BingOyBaeThes 3a
METOAMKAMH 3 JI0BOJII HAOIIKeHUMHU (DOpPMYyJIaMu.

ITepm 3a Bce, e XapakTepHO I IudepeHiiaabHO-
TO peakTHBHOTO omopy po3citoBaHHs ([IPOP), sxwii Bimo-
Opakae HasBHICTb B MarHiTHOMY IOJI y NPOMDKKY MiX
oCepJsIMU cTaTropa i poTopa BUILMX FapMOHIYHHX CKJa-
noBux. Lleii omnip BU3HAYAETHCS 32 CIPOIIECHOO EMITipHY-
HOIO (opMyJIOI0, siIKa BpPaxOBYE MIHIMYM IapaMeTpiB
koHkpeTHUX TA/] i He 3auinae ¢i3NYHOT CyTHOCTI rapMo-
HIYHOTO CKJIaay 3a3HayeHUX MOJIiB, IPOTE BOHA IiJICHIIIO-
€THCS HU3KOK «HEMPO30pUX» KOe(illieHTIB, TAONNIHUX 1
rpadigHUX 3aNexHOCTel. Y MiICYMKy HE TiIbKH BTpaya-
eTbes  (pismko-marematnuHmii ceHc JPOP, ame HaBiTh
TOYHICTh HOTO PO3PAXyHKY OIIHUTH BaXKKO.

[Ipobrnema KIaCHYHMX PO3PaxXyHKIB 1HOYKTHBHHUX
OTIOPiB PO3CIIOBAaHHS MOJISTAE Y TOMY, IO iXHI METOAUKH
3aCHOBaHI Ha MPOCTIIIUX MOJEJSIX MarHiTHOrO MOJIs, Opi-
€HTOBaHMX Ha TEOPII0 MArHITHHUX KiJ, SIKa HE Ja€ J0cTaT-
HbO aJIEKBATHUX DPE3YJIbTATIB Yepe3 CKJIaJHI I'€OMETPilo
esrekTpoMarHiTHoi cucremu TA/L i, BiAMOBIAHO, CTPYKTY-
PY peaJIbHUX MarHiTHUX IOJIIB.

B npomy ceHci Hapasi akTyaJbHUM € TIeperiisii KOH-
CEpBAaTUBHOI KJIACMYHOI CHUCTeMHM NpoekTyBaHHA TAJl Ha
OCHOBI IIPSAMHUX PO3PAXYHKIB MAarHITHUX TOJIB YHUCEITHHU-
MH METOJIaMH, JJIS 9OTO € BIATIOBiTHI MporpaMHi 3acoowu,
npumipom, COMSOL Multiphysics, ANSYS Maxwell,
FEMM Tomo, siKi T03BOJSIOTH NMPU BU3HAYCHHI PEAKTHB-

HHUX ONOpiB po3ciroBaHHS 00MOTOK TAJl YHUKHYTH BUMY-
IIEHUX YMOBHOCTEH 1 CIIPOIIEHb.

BukopucranHsi pi3HMX NPOrpaMHUX KOMILIEKCIB, a
TaKOX IHIIMX €KCIEPUMEHTAIBHHUX 1 PO3PAXyHKOBUX JO-
CIII/DKEHb XapakTepucTuk Ta mapamerpiB TAJ] BimoOpa-
JKEHO Yy 3HAuYHIN KUTBKOCTiI poOit, Hampukimaxm, y [3-21].
Ane, OpIEHTYIOUHMCh Ha BUKOHAHHS KOHKPETHOI METH,
KO)KHa 3 HUX (PaKTHYHO HE CTOCYETHCS aHANi3y peaKTHB-
Hux omnopiB oomMotok TAJI. Ile o3nayae, mo y Takux po-
0oTax nHIIe BUKOPUCTOBYIOTHCS JIaHi, OTPUMaHi MpH Kiia-
CHUYHOMY IIPOEKTYBaHHI abo crtBopenHi TA/l, npore aHa-
73y 3a3HaUCHMX IMapameTpiB He BinOyBaeTbcsa. Tomy 3a-
BIAHHS JI€TaJIbHOTO aHAJI3y METOAUKH PO3PaxyHKy peak-
TUBHHX ONOPIB po3citoBanHs 00MoToK TA/l 3anmumaeTsbes
HEJIOCTaTHHO BUBYEHUM 1 Hapa3i € aKTyalbHUM.

Oco01BO 1Ie CTOCY€EThCsl MapaMeTpiB aAudepeHiia-
JIBHOTO po3citoBaHHs 00MoTOK TAJ, sIKi € HaiiMeHIn 10-
CHI/PKEHUMH 4epe3 CKJIQIHICTh (i3uYHOro mpouecy ix-
HBOTO YTBOPEHHS, XOYa YacTKa LbOI'O PO3CIIOBaHHS IO-
MDK IHIIMX HOTO CKJIa[IOBHX 3BUYANHO € IIEPEeBAXKAIOUOI0.

MeTtow0 po0OTH € TONATBIINI PO3BUTOK CHUCTEMH
npoekTyBaHHS TAJl IUIIXOM YHCENTLHO-TIONBOBOTO pO3pa-
XYHKOBOT'O aHali3y PeaKTHBHOTO Oropy AudepeHIianbHOro
PO3CitoBaHHST OOMOTKH iXHBOTO CTaTOpa, a TaKOX TOPIBHS-
JIbHA TepeBipKa BIANOBIIHUX eMITIPUYHUX (OPMYJI, BIACTH-
BUX METOJIMKaM TPAAULIHHIX IPOEKTHUX PO3PaXyHKIB.

AHauni3 octaHHix gociaimxens. Hespaxatoun Ha my-
)K€ TPHBAIMK PO3BHTOK Ta BHKOpHcTaHHi TAJl, mocmi-
JUKSHHSI IOJI0 IXHBOTO TOJAIBIIOT0 BUBYAHHS Ta yIOCKO-
HaJICHHS SIK TaKHX, a TAKOXX IMOKPAIIEHHS! pOOOTH B CHUCTe-
Max €JIEeKTPOIPHBOLY MPOJOBKYIOTHCS B JOBOJII IIMPOKO-
My IUIaHi, Hanpukiaag B podorax [3—10]. I ui pobotu y Tiik
YW {HIIUH Mipi 3a9iMaloTh TapaMeTpH X IBUTYHIB.

Tak, B [3] s eHeproz0epexeHHs NPONOHYETHCS
OHJIalfH-omiHKa mapaMeTpiB TA/Jl 3 BUKOPUCTaHHAIM pO3-
mpeHoro ¢uneTpa Kanmana. 3a3HauaeTses, M0 AT po3-
paxyHKy ONTHMAJIBHOTO 3HAUEHHS CTPYMy CTaropa Uil
eHepro30epekeHHsT MOTPiOHI HOro TOYHI mapaMmeTpH, SKi

© B.I. Minux
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OIIHIOIOTECS Y PEKUMI PeabHOTO Yacy 3 BUKOPHCTAHHIM
OHJIAMHOBOrO OI[iHIOBAYa, 1 H[0 1€ MOXE 3a0€3meuuTH
MiHIMaJIbHI BTpaTH MOTYKHOCTI 1y ipuBoxy TA/.

Meroro pobotu [4] € nocmimkeHHs eQeKTHBHOCTI pe-
ami3arii HeJiTKOI JIOTIKM Ha IMPOrPaMOBAHUX JIOTIYHHX CXe-
Max FPGA 1151 qiarHOCTHKY BiIMOB aCHHXPOHHHX MAIlIUH
npu HecumeTpii ¢as 1 ix oopusax. Lle BinOyBaeThcst Ha oc-
HOBI HEYITKOI JIOTIKM Ta aHaJli3i CHTHAJIIB CTPyMy cTaTropa
JIBUT'YHA, HOTO CepeIHbOKBAIPATUYHOTO 3HAUCHHSL.

V crarti [5] HagaHa HOBa METOAWKA JiarHOCTHKH
371aMaHMX CTPHXKHIB POTOPA B MaJIOHAaBAaHTAKEHIH acHHX-
POHHIH MalMHI B cTamioHapHOMY pexumi pobotu. Llei
METOJI BUKOPHCTOBY€EThCS Ul BUPIIICHHS MPoOIeMH 3a-
CTOCYBaHHS TPaAWIIHHUX METONIB, TAKHX SIK aJTOPUTM
00poOKH cuTHANIB mepeTBopeHHs Dyp’e, IUIIXOM aHaMi-
3y OOBIZHOI KPUBOi CTpyMy CTaTopa 3 BHKOPHUCTAHHSIM
JMCKPETHOTO Ta OE3MEePEPBHOIO BEHBIIETIEPETBOPCHHS.

B [6] momaeTscst po3poOka Mojierni HEHPOHHOI Mepe-
I, IO TO3BOJISIE TEHEPYBATH BEIHMKY 0a3y AaHUX, SKa MO-
K€ OXOIUTIOBATH MAaKCHMAaJbHO MOXKJIMBI HECIPaBHOCTI
cratopa TA/l. Bonu BpaxoByrOTh KOPOTKE 3aMHUKAHHS IIPH
BEJIMKMX KOJIMBAaHHSAX HABaHTaXEHHS MallMHU. Mera Ta-
KOX MOJISITa€ B aBTOMATH3AIlli alTOPUTMY JiarHOCTHKH 3a
JIOTIOMOT 010 KJlacuikaTopa ITy4YHOT HEHPOHHOT Mepexi.

B po6oti [7] BUKOHAHO TIOPIBHSJIBHE TOCIIHKEHHS
CrIoco0iB BpaxyBaHHS BIUIMBY IIPOLIECIB BTpaT y crali
cTaTopa aCHHXPOHHOT MaIllMHU Ha MapaMeTpu Horo podo-
yoro pexxumy. Lle BinOyBaeTbCs 3a AOMOMOro0 MaTeMa-
TUYHOTO MOJEIIOBAHHS 3 BBEICHHSAM EKBIBAJICHTHUX
OIIOpiB, MIAKIIIOYEHHUX TapajJeibHO JO CXEMH 3aMIllCHHS
JIBUTYHA, @ TAKOK €KBIBaJICHTHUX KOHTYPIiB BTPAaT y CTali.

Crarrst [8] mpucBsdyeHa onTHMI3alii KOHCTPYKII{
ACHHXPOHHOT'O JABHUTYHAa 3 BHKOPUCTaHHAM OaraTomapa-
Merpuunux MeroniB FEM. IlokaszaHo, mio mapamerpu
TA]Jl, BKIIFOYAarO9M THITK T1a3iB pOTOpa i CTaTopa, CTaieBi
JIUCTH OcepAb 1 Marepial 0OOMOTKH pOTOpa, ONTUMIi30BaHi
3a JormoMororo Moayist Rmxprt B Maxwell.

B [9] oOrpyHTOBaHO eTamnu, METOO0JIOTII0 Ta 3ac00H
KOMIIJIEKCHOTO TIPOEKTYBAHHS EIEKTPOMEXaHIYHUX CHC-
TEM 3 aCHHXPOHHMMH JABHMTYHamH. HamaHo KiIbKicHY
OILIHKY MOYJIMBOCTEH 30UTBIICHHS iXHBOI CKOHOMIUHOL
e(EeKTUBHOCTI 13 3aCTOCYBaHHSM KOMIIJIEKCHOTO IIPOEK-
TYBaHHS 32 KPUTEPIEM MAaKCHMyMY JOXOIY.

VY po6oTi [10] po3rasHyTO crocTepirad MOTOKO3Ye-
TUIEHHS AaCHHXPOHHOTO ABHUTYHA, aJallTHBHUI /10 Bapiamii
AKTHBHOTO OIIOPY pOTOpa. 3aB/SIKK BBEIICHOMY B CIIOCTE-
pirad HaJJIMIIKOBOMY OLIHIOBAaHHIO ITOTOKO3YEIUICHb, 3a
BUKOHAHHSI YMOB IIEPCUCTHOCTI 30yJDKEHHs, 3abe3rnedy-
IOTBCS BJIACTUBOCTI TJIO0AJIBHOI €KCIIOHEHITIAJBHOI CTIM-
KOCTI OIIIHIOBaHHS KOMIIOHEHT BEKTOPIB MOTOKO3YCTLICH-
HS 1 CTPYMY CTaTOpa Ta akTUBHOT'O OIOpPY POTOpa.

Hactynanuii mukn po6it [11-21] mepesaxkHo cTocy-
€THCS aHAI3y aKTMBHUX 1 PEaKTUBHUX IapaMeTpiB 0OMo-
TKH CTaTOpa, BUKOPHCTAHHS 1 YJOCKOHAJICHHS CXEM 3a-
MimeHas TAJl, onepyBaHHS 3 HUMH.

Y po6ori [11] mocmimxyoTecs peakTuBHI (IHIYKTH-
BHI) OIIOpPH pO3CilOBaHHS 1 aKTHBHI ormopu oOMoTok TAJ]
3 METOI0 MOJAJBIIOr0 PO3BUTKY CHCTEMH IPOEKTYBaHHS
TAJl U0UISIXOM YHUCENbHO-TIOJBOBOIO  PO3PAaXyHKOBOT'O
aHaJli3y aKTUBHUX 1 peakTHBHHUX OmopiB oOMoTok TAJl y
BCBOMY [liana3oHi 3MiHM HOTO0 KOB3aHHSA, i PO3pPaxyHOK
MexaHI9HOT Xapakrtepuctuku TAJl mns miaTBepmKeHHS
a/IeKBaTHOCTI PO3paxyHKiB IUX oropiB. Onopn oOMOTOK
TAJl BU3HAYAIOTHCS YHCETBPHUMHU PO3paxyHKaMH MarHIT-

HUX IOJIiB po3citoBaHHs nporpamoro FEMM, a B cTpmxkHi
KOPOTKO3aMKHEHOTO POTOPA — 3 BUTICHEHHSIM CTPYMY.

B crartti [12] mOCHipKyrOTBCS MarHiTHI OIS 1 BiATIO-
BiJIHI MarHiTHI TPOBIJHOCTI TTA30BOTO PO3CIFOBAHHS OOMOT-
ku craropa TAJ it OpIBHSUIEHOT TIEPEBIPKH aHATI THIHIX
(hopMy1 3 PI3HHX METOAMK KJIACHYHOTO MPOEKTYBaHHA. YUn-
CETbHO-TIONIOBUM METOJIOM TOKa3aHo, 110 KJIaCHYHA METO-
JIMIKa TIPOEKTYBaHHS MOXKE JABAaTH K JOCTATHBO TO4YHI pe-
3yJIBTaTH, TaK 1 HEMPHUITyCTHMi IOXHOKH y BH3HAYCHHI Mar-
HITHHUX NPOBIIHOCTEH mazoBoro po3citoBanus TA/l.

VY pob6oti [13] HarosomIy€eThCs, 10 TITHOOKE PO3Y-
MiHHSI TapaMeTpiB aCHHXPOHHOI MallMHH € HEOOXiTHUM
NPaKTHYHO U BCIX METOJIB KEpyBaHHS MPOrpaMamH,
o0 MiITPUMYBaTH BHCOKOSIKICHI TUHAMIYHI Ta CTaIlio-
HapHI XapaKTepUCTUKH TPHBOAY. Y LBOMY JOCHTIPKCHHI
MIPE/ICTAaBICHO METO/]| ITPOTHO3YBAaHHS NapaMeTpiB aCHHX-
POHHOI MaIIMHM TMiJ Yac 3amycKy Oe3 BHKOPHCTAHHS
Oynab-sIKMX TPHUITYIIeHb. J{JIs OI[IHKK MapaMeTpiB BUKOPH-
CTOBYIOTHCS MUTTEBI ()OPMHU CHTHAIIIB HANPYTH Ta CTPY-
My, 3aIMCaHi Iij] 9ac MPsAMOro 3ammycKy. Tak MOXyTh Oy-
TH HE3aJIS)KHO BH3HAYEHI YCi IIICTh OCHOBHHUX €JICKTPHY-
HHUX NapaMeTpiB ACHHXPOHHHUX MAIIIHH.

VY crarri [14] onvcaHo HOBUI CHPOIIEHUH METON IS
OIIHKM TMapaMeTpiB CKBiBaICHTHOT T-CXeMH 3aMIIICHHS
ACHHXPOHHHMX JIBUT'YHIB, KU 0a3ye€ThCsl BUKIIIOUHO Ha Ta0-
TV JaHWX BHPOOHMKA Ta HA CHHCPTETUYHIA B3a€EMOIIT UH-
CEJIHOTO Ta aHATITUYHOTO 0E3pO3MIPHOTO MiIXOY 3 BUKO-
puctanHsM Teopemu TeBenena. lle 3abesmeuye To4HI Ta
CTiliKi pe3yNbTaTH I MIAPOKOTO Miala3oHy IIBHUIKOCTEH
00epTaHHS Ta TOTY>KHOCTI aCHHXPOHHUX JIBUTYHIB.

Po6ota [15] Takox mpucBsUeHA OIIHIII MMapaMeTpiB
ekBiBanenTHoi cxemu TA/l. L{i mapameTpu HeoOXiaHI 1s
GaraTpOX JOCIiIKEHb MPOIYKTHBHOCTI Ta IUTAHYBAHHSA 32
YYacTIO IUX ABUTYHIB. [l iXHBOT OIliHIII 3aITPONIOHOBAHO
iTepaniiHui METOA, SIKMH BUKOPUCTOBYE JIUILIE AaHi mac-
MOPTHOI TAOJIUYKH IBUTYHA.

YV [16] naromomryeTbesi, MO Ui KOHTPOJIOBAHHSI
00epTaIbHOr0 MOMEHTY Y BHCOKONPOAYKTHBHHUX OIepa-
[isIX y MIMPOKOMY Jliarla3oHi IIBUAKOCTEH alropuTMamu
BEKTOPHOTO KEPYBaHH:, ITapaMeTPH EKBIBAJICHTHOT CXeMHU
ACHHXPOHHOTO JBHWIYHAa TOBHHHI OyTH TOYHO BiIOMI.
Merton ormiHoBaHHS 0a3yeThes Ha iH(oOpMarii 3 AaHUX
BHPOOHMKA 1 MPUHINTIAX PO3B’SI3yBaHHS HEMIHIMHUX PiB-
HSIHb, OTPUMAHHX 13 CXEMH 3aMIIlIEHHS TAKOTO ABUTYHA.

Crarrs [17] npucssiuena ineHtudikanii napamerpis
ACHHXPOHHOTO JIBUTYHA B CTaHi 3ynuHy. lIpoananizoBano
KOMIUIEKCHY NpoNenypy iaeHTudikarii, sika omnucye me-
TOJ HAJIHHOTO BH3HAYEHHS XapPAKTEPUCTUK HACHYCHHS
OCHOBHOT'O TIOTOKY Ta IE€PEXiJHHUX IMPOIECiB IPH BHIIPO-
OyBanHiI mapameTpiB 3 00Ky poropa. BrumB HacmueHHS
OCHOBHOTO TTOTOKY BHMBYEHO 3a pe3yJIbTaTaMH BHIIPOOY-
BaHb IIEPEXiJHUX TIPOIECIB 1 BH3HAYCHHUX IapaMeTPiB
poropa. Ilpouenypa ineHtudikamii miaTBEpIKY€EThCS 3a
JIOTIOMOTOI0 €KCIEPHMEHTIB 3 BHKOPUCTAHHAM KOHKpET-
HUX aCHHXPOHHHX JIBUTYHIB.

Sk cripoextyBatin TAJ] i3 OakaHUMU XapaKTePHUCTH-
KaMH Ta SK peaji3yBaTd BHUCOKOC(EKTHBHE YIPABIIHHA
st KoHKpetHoro TAJI, e 3aBxau Oyio rapsdor0 TEMOIO
JUTst OaraThoX JOCIHITHHKIB, 3a3HadaeThes B [18]. Hesamex-
HO BiJ] TOTO, 5IKa TEXHOJIOTISl KEPyBaHHSI BUKOPHCTOBYETHCS
JUISL TOCSITHEHHST BUCOKOTIPOYKTHBHOTO mipuBoay TA/L, ne
3aJIeKUTh BiJl TIIMOOKOTO PO3YMIHHS HapaMEeTPUYHMX Xa-
PaKTEepUCTHK JIBUI'YHA Ta iX TOYHOTO OTPUMaHHs. 3arpo-
TIOHOBAaHO €()EKTHUBHUI METO]| BU3HAYCHHS JUIS ITiJBHIIICH-
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HSI TOYHOCTI TIapaMeTpiB €KBIBAJICHTHOI CXEMH IS ACHHX-
POHHHUX ABUTYHIB IIUIIXOM MO€JHAHHS HEPOTOPHOIO BU-
npoOyBaHHs 3 BHNPOOYBaHHAM MOJBIfHUM HaBaHTa)KEH-
HSIM 1 BUKOPHCTaHHS [[bOTO METOJY JUIsi BUMIPIOBaHHS Ta
aHaJIi3y MapaMeTpHYHuX xapakrepucTuk TA/I.

VY crarti [19] npencraBiieHO JOCIIDKEHHS CTYICHS
JucOaancy Ta koedilieHTa An(epeHIiaIbHOro MarHiTHOro
PO3CitOBaHHs EJIEKTPHYHUX MallliH, o0JiaJHaHuX Oararoda-
3HMMH 00OMOTKaMH. AHai3 Oyio npoeneHo st 4800 kom-
OiHamiif MDK mazamu/mosocamu/Qasamu/imapamMu, posriis-
JIal0uy 3MiHM (DaKTOpy PO3CIIOBAHHS Ul KOXKHOI YMOBH 3
BU3HAYCHHSAM ONTHUMAIBHOI 30HM IS MiHIMI3amil po3ciro-
BaHHsA. OTpHMaHi pe3yNbTaTd IEMOHCTPYIOTh, IO Koedirti-
€HT PO3CitOBaHHSI MOXe OyTH 3HAYHO 3MEHIIICHUH 3a JI0TOo-
MOT'0F0 3aCTOCYBaHHSI 3JI€TKa aCHMETPHIHIX OOMOTOK.

V¥ crarri [20] HamaHO TOYHMIA 1 IPOCTUH METO]] BH-
3Ha4YeHHA Au(epeHnianbHIX Koe(illieHTiB PO3CiFOBaHHS B
OararoazHUX ENEeKTPUYHHUX MallMHAX 3MIHHOTO CTPyMY
3 HECUMETPUYHHMHU OOMOTKaMu. MeTOoa IPYHTYEThCS Ha
BJIACTHBOCTSIX OaraTokyTHHKIB ['bopreca, siki BAKOPUCTO-
BYIOTBCSl JUIsl TIEPETBOPEHHS HECKIHYEHHOTO Ppsay, IO
BUpaxae TUdepeHiaJbHuil Koe]ilieHT pO3CilOBaHHS, Y
KIHIIEBY CyMy, 100 3HAYHO CIIPOCTUTH OOYHCICHHS.

PobGora [21] 3HalOMHTH 3 OLIHKOIO IapaMETPiB
TAJ] Ha OCHOBI anTOpUTMy IU(EPEHINATBFHOI EBOIIOLIL,
CHPSIMOBAHOTO HA OI[IHKY HOTO €JEKTPUYHHUX 1 MEXaHid-
HUX mapameTpiB. [IpoBeneHo MOpiBHSIBHE TOCIiIKEHHS
pe3yIbTaTiB MPH BHUKOPHUCTAHHI TPHOX PI3HUX BXITHHUX
curHaiiB. Takuil anropuT™ 30aTHUIA OLIHIOBATH Mapame-
TPU EKBIBAJIEHTHOI €JIEKTPUYHOI CXEMH, Taki SK ONOpHU
CTaTopa Ta poTopa Ta IHIYKTUBHOCTI PO3CIIOBaHHS, 1HIY-
KTHBHICTh HAMATHIYYBaHHS, a TaKOXX MEXaHI4HI Mapame-
TpPH, Taki SK MOMEHT iHepLii Ta KoedilieHT TepTs.

006’exT mocaimxkeHHs. [ y3arajgbHEHHS JOCHi-
mkeHs JIPOP BOHM BUKOHYIOTBhCA [UIS HU3KH BapiaHTIB
TAJl, ciimbHUMH y SIKMX € HOMiHAlbHI (a3Ha Hampyra
Usy = 220 B i gacrota f; = 50 I'ty; BiTmOBiqHO KiJIBKICTB
ba3 m=3.

bazoBum mnpuiiHaTo dotupumontocHuii TAJ[ HOMI-
HAJIBHOIO MOTYXXHICTIO Py = 7.5 kBT, axuii mikaBuil TuMm,
II0 € TECTOBUM 00’€KTOM B METOJAMII NMpPOEKTYBaHHA [1],
sIKa IO0C1 MOIIMPEHa Ha MiANPUEMCTBAX 1y BUIIUX HaBya-
JIBHUX 3aKJIaJIaX BiJMOBIIHOTO MPOodisto.

YCboro po3risiaeThCst 1€B’SITh aHAIOTIYHO 3aIpPOE-
KkroBaHux BapiaHTiB TA/] 3 BapilioBaHOIO MOTYXHICTIO 4;
7,51 11 kBT, K0XHHUH 3 SIKMX PO3IJISIAETHCS IPU KUIBKOC-
Ti TIap TMOJFOCIB p, piBHOIO 1, 21 3.

JIBUTYHM 3 TAKMMH TTapaMeTpaMy € JO0BOJII MOMINpe-
HUMH y cydacHOMY BuUpoOHUITBI TA]J] 3aransHOMpOMUC-
JIOBOTO BUKOHaHHS [22, 23]. TakuMm 4MHOM, JIeB’SATh MPH-
HHATHX BapiaHTIB JO3BOJIATH JOCTATHHO HOBHO IIPOAEMO-
HCTPYBaTH DPE3YJbTaTH PO3PaxyHKIB 3a INPUHHATOI TYT
YHCETBHO-TIOJILOBOI0 METOJMKOI 1 TMOPIBHATH iX i3 pe-
3yJIbTaTaMHM 32 KJIIACHYHOI0 METOJIUKOIO.

OCHOBHI TPOEKTHI IapameTpu OOpaHUX BapiaHTIB
TAJ] vamani B Tabn. 1. BoHn oTpumaHi 3a KIaCHYHOIO
MEeTOUKOIO [1], xa mepeTBOpeHa Ha aBTOPCHKUM CKPUNT
Lua, mo BXOOUTH 1O €IMHOTO IIPOTPAMHOTO KOMIUIEKCY
Ha ocHOBI iporpamMu FEMM [24]. Lleit ckpunt mpoTtecTo-
BaHWI Ha 3a3HadueHOMY Oa3oBomy BapianTi TAJl, mo Bu-
KIIFOYA€ MPOEKTHI MOMHJIKH Pi3HOTO HOXOKESHHS.

B Ta6n. 1 mo3naueni mapamerpu TAJ: & — BucoTa
oci obepTanHsl, d, [, — BHyTpILIHIN AiaMeTp pO3TOYESHHS

ocepas cTaTopa i oro akciaiabHa JTOBXHHA; O — MOBITPS-
HUM TPOMIXKOK; ¢ — KUIBKICTh Ma3iB Ha MOJIOC 1 ¢a3y
craropa; Ny — KUTBKICTh HOCITIJOBHUX BUTKIB B (pa3Hii
obmoti; Q,, O, — KUIBKOCTI TasiB cTatopa i poTopa;
Ly — HOMIHaNbHUI (ha3HUIi CTPYM cTaTopa.

Tabmums 1
HaiiBaxknusini npoextri qani TAJ]
P N _|P h ds ls d 9qs Qs Ns Qr ]sN
KBT |[—| MM | MM | MM | MM | — | — — — A
1100 96 | 110 | 045 | 4[24 | 132 |19]| 7,92
4 (2]100] 109 | 145|030 |3 |36| 144 |28 | 8,74
30112134140 | 0,30 |3 |54 | 171 | 51| 9,29
1| 112 ] 109|140 | 0,50 | 4|24 | 88 | 19| 1542
7,5 121132 | 147 | 120 | 0,35 | 3 | 36| 126 | 34| 15,31
31132 | 158 | 155|035 |3 |54 | 135 |51| 15,94
111321129 | 135] 0,60 |4 (24| 76 | 19| 2223
11 (2] 132|147 165|035 |3 (36| 90 |34 | 2226
31160192 | 135|040 | 354|126 | 51| 22,85

3aransHe komnonyBaHHs TA/] Hanano Ha puc. 1.

Puc. 1. EnekrpomarnitHa cuctema TAJ] 3 po3noainoM cTpyMiB
B fioro 0OMOTKaX i KAPTHHOIO CHIIOBHX JIiHI MarHiTHOTO TIOJIS
00MOTKH cTaTtopa

OOMoTKa craropa OAHOIIAPOBA, AiaMeTpajbHa, IO
xapakrtepHo st TAJl 3a3HaueHUX NOTY>KHOCTEH, 0OMOTKa
pOTOpa KOPOTKO3aMKHEHA JINTA 3 aJIOMIHIEBOTO CIUIABY.
B manomy TA]] 3acTocoBaHi mommpeHi popMu ImasiB cra-
TOpa i poropa 3arampHOIpoMuCcIoBUX TAJl [1, 2, 22, 23],
sSIKi TIOKa3aHo Ha puc. 1.

IIpoekTHa MeTOoAMKA BH3HAYEHHS IHM(epeHUia-
JIBHOTO iHIYKTHBHOIO omnopy oomorku craropa TAJL
Jliist Ipo30pOCTi BUKOHYBAHUX JIOCHI/DKEHb CIepIll HaBO-
JIATHCS KJIAaCMYHA MeToauka po3paxyHky JIPOP 3a [1] ta
pe3ysbTaTi, OTpUMaHi Helo.

KoedimieHT MarHiTHOI MPOBITHOCTI MU(EpEHITaTh-
HOTO PO3CIFOBaHHS

2
(Ts 'KWS) 'Krdm 'Kns 'Kdifs

Agq =09 ; ()
s 5-K¢
0,033-b3 L
Ie Knszl——ﬁ‘ Koe(illieHT, 10 BPaxoBYe
Ts-
BIUIUB BUIKPUTTSA Na3iB crtaropa; by — IIMpUHA IITiNA

fioro masis; T, — 3yOIOBUIA KpOK cTaTtopa; Ky, — Koedirti-
€HT TUQEepeHIiaIbHOrO PO3CiIOBaHHS cTaTopa, 1o JI0PiB-
HIOE BigHomeHHIO cymapHoi EPC Bin BHIIMX rapMoHIK
MarHitHoro nosist cratopa 1o EPC Bij nepioi rapMoHikH,
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BU3HAua€eThes 3a Tabu. 2; K, 4, — KoediuieHT nemndysa-
JIBHOT peakuil CTpyMiB, HaBeJIeHUX B KOPOTKO3aMKHEHIi
00MOTIII pOTOpa BUIIMMHU FAPMOHIKAMH MArHiTHOTO MOJIS
CTaTopa, BU3HAYAETHCA 3a TaOJl. 3 JuIst 3a/laHUX BapiaHTIiB

TAHl; Ky, — o0OMOTKOBHH KOC(]IiIi€eHT CTaTopa;
K. — xoedilieHT HOBITPSHOTO IPOMIXKKY.
Tabmus 2
Busnavenns koedinieHTy audepeHIialbHOro Po3CioBaHHS CTaToOpa
qs 2 3 4 5 6
| Kars | 0,0285 | 0,0141 | 0,0089 | 0,0065 | 0,0052
Tabmur 3

Buznauenns xoedinieHTy neMI(yBaIbHOI peakii cTpyMiB
00MOTKH poTopa ((parMeHT 3araabHOI TaOIIHIII)

3uaveHus K, 4, ipu O,/ p
% 0 15 20 25 30
0,98 0,93 0,88 0,85
3 0,92 0,87 0,84 0,78 -
0,90 0,84 0,8 0,77
4 - 0,81 0,77 0,75 0,72
3HauCHHS: y YHCEIBHHUKY — ITPU CKOCI Ma3iB poTopa,
B 3HAMEHHUKY — 3a BIICYTHICTIO CKOCY.

Hani nnst popmynu (1) st yeix Bapiantis TAJ] Bin-
MOBITHO 710 Ta0u. 1 3i0paHo y Ta0I1. 4.

BriacHe koegilieHT NPOBIOHOCTI AM(EPEHIiaIBHOTO
PO3CIFOBaHHS A,y OOMOTKH CTaTOpa Pa3oM 3 iHIIUMHU aHAJO-
TYHAMH BEITMYMHAMH HAJAHO B Ta0N. 5, ¢ MO3HAYEHO:
Asns A — KOE(DILIEHTH MarHiTHOI IPOBIZHOCTI NA30BOrO i
T000BOTO PO3CIFOBAHHS; Aoy — CYMApHHUN KOSDIIIIEHT pO3Cifo-
BaHHS; R, Xy, — IOBHI aKTUBHUM 1 pEaKTHBHUI OTIOPH 0OMO-
TKH CTaTopa B HOMiHAJIbHOMY pexxumi podotu TA/], a Takox
X;q — PEAKTUBHHIA OTTOp AM(EPEHIIIATBHOTO PO3CIFOBAHHSL.

Tabmurst 4

JlaHi JuIs MPOEKTHOTO PO3paxyHKy KoedilieHTa

MarHiTHOI IPOBITHOCTI Au(epeHIianbHOro po3citoBanus TAJ]
Py |p| 1t | ba K. Ky Kiam | K Kar |
kBT MM | MM
12,6 | 3,0
9,5 13,0
78 |32
143 [32
12,8 | 3,5
9,2 3,5
16,9 | 3,5
12,8 | 3,5
11,2 3.8

0,0089
0,0141
0,0141
0,0089
0,0141
0,0141
0,0089
0,0141
0,0141

Tabmuus 5

0,95
0,90
0,86
0,95
0,91
0,88
0,96
0,91
0,89

0,852
0,940
0,910
0,852
0,910
0,910
0,852
0,910
0,910

0,958
0,960
0,960
0,958
0,960
0,960
0,958
0,960
0,960

1,204
1,349
1,521
1,179
1,283
1,433
1,150
1,283
1,360

4

7,5
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Po3paxoBani npoektHi onopu TAJ]

xsn }"sd xsfh }\’GS Rs )(sd X os
B.O. B.O. B.O. B.O. Om Om Om
1,261 | 1,729 | 1,805 | 4,794 | 1,771 | 0,654 | 1,815
1,377 | 2,200 | 0,704 | 4,281 | 1,842 | 0,871 | 1,695
1,521 | 1,215 0,676 | 3,413 | 2,103 | 0,437 | 1,226
1,257 | 2,060 | 1,575 | 4,892 | 0,744 | 0,441 | 1,047
1,365 | 3,55 | 1,089 | 6,014 | 0,834 | 0,893 | 1,508
1,532 | 1,573 | 0,704 | 3,809 | 0,941 | 0,390 | 0,945
1,254 | 2,487 | 1,884 | 5,625 | 0,452 | 0,383 | 0,866
1,355 | 3,559 | 0,789 | 5,704 | 0,487 | 0,626 | 1,004
1,653 | 2,180 | 0,958 | 4,791 | 0,673 | 0,410 | 0,901

3ayBa)xnMo, 1110 BiTHOCHE 3Ha4YeHHs KoedillieHTa mpo-
BIIHOCTI JT(DePEHITIAIBHOTO PO3CIIOBAHHS Agy Y Ay CKIIAIAE
qacTky y Mexax 0,361-0,624, mo moka3zye BUCOKY MUTOMY
Bary 100 THITY PO3CIFOBAaHHS HA TJII IHIIIKX HOTO THIIIB.

kBT

75

11

W= |w|of=|w|ol—=]T

IanyxTHBHHN omip po3ciroBaHHA (a3HOI 0OMOTKH
CTaTopa po3paxoBYETHCS 32 BiIOMOIO GpopmyIoro [1]:
Sl N3 g,
Xos = 1,58-% )
P-qs-10
a pEaKTUBHUU omop audepeHIlialbHOTO PO3CIFOBaHHS
X4 — 32 aHAJIOTTYHOIO (POPMYJIOIO IIPH 3aMiHI A HA Agy.

Hapnanns B Tabn. 5 aktuBHOro omnopy R; 0OMOTKH
cTaTopa Mopsia 3 MOBHUM ii pEaKTUBHUM OIOPOM X, CBi-
JIMUTH MIPO IXHIO CYMIpHICTB 1 BaroMictb 000X y po3paxy-
HKY B&XIIMBHX EKCIUTyaTallliHUX MapaMeTpiB 1 XapakTe-
puctuk TA/] ta ixHix pexxumiB poboru [1, 2].

YucelbHO-NIOJILOBI  PO3paXyHKHM  MapaMeTpiB
audepeHiaTIbHOTO PO3CilOBAHHSI O0MOTKHM CTaTOpa
TA. ®izuuHo mpozopuit mosax mo JPOP mpomsrae ge-
pe3 mpsAMuil po3paxyHoOK rapMorigHoro ckiaxy EPC 00-
MOTKH CTaTopa, sIKi BU3HAYAIOTHCS OE3MOCePEeqHbO Yepes
a1 (MII3) [25]. Bee 1ie B Ha#OLIbII OCTOBIpHIA (Gopmi
MOXKHa 3pOOMTH HA OCHOBI YHCENbHHUX PO3PaxXyHOK Bif-
MOBIIHUX MArHITHHX IOJIIB caMe OOMOTKHU CTaTopa.

i marnitHi nosnst B TAJl po3paxoByIOThCs B IOITY-
JsIpHOMY O€3KOIITOBHOMY IporpamHomy nakeri FEMM
[24]. 3Baxaroun Ha OGaraToBapiaHTHI KOMILJIEKCHI po3pa-
XYHKH, 5IKi MicTTh npoektyBanHs TAJl, moOynoBy ioro
(hi3MKO-TeOMETPUYHOI MOJIeNell B IPOTPaMHOMY Cepeo-
Bumi FEMM, xepyBaHHA po3paxyHKaM{d MarHiTHOTO II0-
151, Bu3HaueHHS yacoBux ¢(ynkmiit MII3 i EPC ta ixwiit
rapMOHIYHMIN aHaji3, BCl BOHUM OyJM aBTOMATH30BaHI.
Jng mporo 3a mpukiIazoM B [26] W IHIIMX aBTOPCHKHUX
POOIT CTBOpPEHUH €IMHUHM CKPUIT HA AJITOPUTMIYHIA MOBI
Lua, interpoanoi 1o nporpamu FEMM.

IIporpama FEMM po3B’s3ye BETUKY CHCTEMY aire-
OpaluHux piBHsIHB, siIKi c)OpPMOBaHI Ha OCHOBI METOIY
CKIHUEHHX EJIEMEHTIB 1 JudepeHianbHoro piBHIHHS, 10
OIMCYE MarHiTHE I0Jie B TIOTNIEPEYHOMY Iepepi3i eNeKT-
pomarHiTHOI cuctemu TAJL, a came [24]:

1 - -
V x Vx(k4,) |=kJ,, 3
ol v

ne J,, A, — akciaJibHi CKJIaJI0Bl BEKTOPIB T'YCTHHH CTPYMY 1
BEKTOPHOTO MarHiTHoro norexuiary (BMII); p — marniT-

Ha NPOHUKHICTh, 3aJIeKHA BiJ MArHITHOI iHAyKLil B; k —
OpT 32 aKCiaTbHOIO BIiCCIO Z.

s oOmexeHHsT 30HU po3paxyHKy TA/l, ska Hamga-
Ha Ha puc. |, Ha 30BHINIHIA TOBEPXHI OCEP/Is CTaTOpa ISt
BMII 3anaerbes rpannyna ymosa [lipixie, To6to 4, = 0.

OCOOIUBICTIO AAHOTO AOCTIMIKEHHS € Te, M0 IS
BU3HAYCHHS IU(EPCHIIATBHOTO I1HIYKTHBHOTO OIOPY
OOMOTKHM CTaTopa OCHOBOIO € PO3pPAaxyHOK MAarHiTHOTO
moJIst caMe Iiel 0OMOTKH TIPU HAsBHOCTI B Hel CUMETpHY-
HOi TpruazHOi cucTeMu (pa3HUX CTPYMiB

Igq = L psc0s(01) 5

igg = I,,,cos(mt —%n) ; “4)
iyc =1,,,c08(0t + %n) s

A L = \/; I — amnuiityza crpymis; I, ® = 27tf; — ixui

Jlif04e 3HAYCHHS 1 KyTOBa 9acToTa; f — Yac.

[Ipu popmyBanHI cucTeMu CTpyMiB (4) B KOHKpET-
HHUX PO3PAaXyHKaX MarHiTHHX IOJiB BHHHMKA€E IMUTAHHS
BUOOpPY PO3PaxyHKOBOTO AiF0UOI0 3HAUCHHS CTPyMY /.
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OpieHTHPOM I PO3PaxyHKIB MPUHAHATO Te, MO0
HacuueHHsT MarHiTHOI cucteMi TAJl Oyio Takoro piBHS,
SK 1 B HOr0 HOMIHAJIBHOMY pexuMi podotu. BigmnosiaHo
JUTsl OOMOTKH cTaTopa SIK Tepine HabmmKeHHsS OepeThes
3HA4YeHHS CTPYMYy PEXHMY i7eai30BaHOTO HEpoOodoro
xoay (IHX), sike 3abesmneuye mo0 ymoBy. [IpuposHo, 1o
CTPYMH B OOMOTIIi pOTOpa B LILOMY PEXHUMI BiJICYTHI.

B Mopmeni Ha puc. 1 moka3aHO MPUAHATHIA PO3MOILT
(a3HUX 30H OOMOTKHM cTaTropa, a 3HaueHHs (pa3HUX CTpy-
MIB B HHX 3a/al0Tbes 3a (4) 11 KOHKPETHHX MOMEHTIB
yacy. Tak nipu ¢ = 0 MaeMo Bi/ITOBiTHI MUTTEBI 3HAYCHHS
CTPYMIB: isy=l,s; isp=isc= —0,51,, @ TAKOXK MO3HAYEHI XHI
HaNpsMKH B 3a3Ha4CHUIH MOMEHT Yacy.

YMOBHHUH PO3MOIT CTPYMIB TIO 1a3ax 0OMOTKHU CTa-
TOpa MOKa3aHO Ha pHC. 2 K AUCKPETHY (QYHKLIIO MO Ky-
TOBI¥M KOOpAMHATI €, sIKa [MO3HaYeHa Ha puc. 1, Ta 1o mo-
JOCHHUX KPOKaX T, MaloTh CEHC TOYKH, sKi BimoOpaka-
I0Th CTPYMH B Ma3ax, a 3’€IHYBaJIbHI JIiHIi IPOBEICHI IS
HAO0YHOCTI CTPYKTYPH CTPYMIB.

Juis mporpamu FEMM uncenbHe po3B’si3aHHsI piB-
HsiHHA (1) METOJIOM CKiHYEHMX €JIEMEHTIB € TPHBIAIbHOIO
3ajadero. Y pesynbTari B nomnepeyHomy mepepizi TAJ]
oTpuMyeThest posmoain BMII, skuit Ha puc. 1 gae xapTu-
Hy CHJIOBHX JIHIH MarHiTHOTO MOJS B PeXHMI iIeanizo-
BaHOTO HepoOodoro xoxy. TyT i mami MOTOYHI UTFOCTpartii
HAJAI0THCS HA NPUKIaal IpuitHaTo1 6a3oBoi moaeni TAI.

I

21, 3t 41p

Puc. 2. KyroBuii auckpeTHHI pO3MOALT CTPYMIB i
obomotku cratopa TAJ] mo #ioro nmaszax Ha po3ropTui
LITHIPHYHOT HOBEPXHi Y TIPOMIXKKY

YeproBuM KpOKOM PO3PaxyHKIB € BH3HAYEHHS Mar-
HiTHOTO TOoTOKO34eruieHHs: (MII3) ¢a3zHoi oOMOTKH cTa-
TOpa, B SKOCTi SKOI K 3BUYAMHO MpPHUUMAEThCS (a3Ha
obmoTKa A 31 cTpyMoM iyy. s MII3 B nporpami FEMM i
ckpunti Lua € BiamoBiaHi mporexypu. Aje HeOOXiTHUM €
HE OJIHE sikech 3HaueHHs MII3, a fioro kyToBa, a MOTIM i
yacoBa (QyHKIIis.

Jis 1poro € ABa UUISIXM PO3PAXYHKIB: IIBHIKHUIA
1 TpUBaNNH, SIKi PO3TIISTHEMO MTOYEPrOBO.

IBuakuii MmeToa opMyBaHHA YacoBUX (PyHKIIH
MII3 i EPC € nope4HnM Ha 1O4YaTKOBOMY €Tarli YHCEIb-
HO-TIOIBOBHX JociimkeHs JJPOP.

VY mpoMy pasi Crio4aTKy OTPUMY€ETHCS KyToBa (hyHK-
miss MII3 micns omHOPa30BOTO PO3PaXyHKY MAarHITHOTO
monist tipu ¢ = 0, KapTHUHA SKOTO B)KE IMOKa3zaHa Ha puc. 1 i
BianoBiznae ¢ikcoBaHomy posnoniny BMII.

Konkpetno, 3a posnoxainom BMII B momepeuyHomy
nepepizi TAJl pobutbcs «30ip» 3nadenp MII3 ¢asuoi
O0OMOTKH A4 TIpH MOYEProBOMY BHJUIEHI «MacKu» (a3Hol
30HM 3 11 HepeMillyBaHHSIM B KYTOBOMY HalpsMKy IO
1a30Bil CTPYKTYpi cTaTopa.

Ha puc. 3 nokazaHa mociizioBHICTh TaKUX JIiH 3 me-
pEeMIlIyBaHHS «MacKH» B MEXaX JIBOX IOJIIOCHUX KPOKIB,
10 BiATOBiAae mepioxy KyToBoi pyHkii MIT3.

Puc. 3. Iporec nepeminyBaHHs «MacKu» (pazHOT 30HH OOMOTKH
craropa Juist 36opy MII3 y mexax nepiofy #oro KyToBoi (yHKIii
Ha TJIi PO3paXx0BaHOr0 MarHiTHOTO MOJIs

B koxuiii BupiieHid nosunii komanmamu Lua
A=mo_blockintegral(1) i S;=mo_blockintegral(5) 3uu-
TYIOThCA TOBepxHeBHid iHTerpan BMII i uroma Bumine-
HOTO OJIOKY CTPIIKHIB, IO HAJIA€ MOKJIMBICTH BH3HAUYCH-
Hs1 MIT3 ymMoBHOT (a3HOT 30HH 3 HOMEPOM £

Tk:NSAk/Sk. (5)
TakuM 4MHOM 3’SIBIS€THCS IUCKpeTHa KyToBa (yH-
kiis MIT3
Yo(og); o =(k-Dtg; £=1,2,3,.K, (6)
ne k — JYWIBHHMK II0JIOKEHb YMOBHO IEpEMIIlyBaHOL
«Mackm» ¢a3Hoi 30HU; K=(Q,/p — KUIBKICTh TaKHX IOJIO-
’K€Hb Y MeXaX JBOX IOIIOCHUX KPOKIB T, IO € IEePioaoM
T dyuxuii (6); 1,=360°/Q, — 3yO1IeBUil KPOK CTATOPA.
Otpumanwmii yncnoBuii Macus MII3 HaaHo B Tab. 6.
Tabmuns 6
Kyrosa muckperna ¢ynxunis MII3 W, da3nux 300
¢a3znoi o6MoTkH A B 18 KyTOBHX NO3ULisnX, BO

k 1 2 3 4 5 6
V.| 0,4858 | 0,4555 | 0,3708 | 0,2418 | 0,0840 | —0,0840
k 7 8 9 10 11 12
Y| —0,2418 | -0,3707 | -0,4554 | —0,4858 | —0,4512 | —0,3644
k 13 14 15 16 17 18
V.| —0,2366 | -0,0819 | 0,0819 | 0,2366 | 0,3644 | 0,4512

KyroBoi ¢ynxuii ¥ (o) Ha ABOX MOIIOCHUX KpO-
Kax, ToOTO Ha ii mepiozi (Tabi. 6), B IPUHIHAII JOCTATHBO
JUIS YSBJICHHA TIPO 11 CYTHICTB, ajie Ui MepmIoi crupoOu
aHaJIoriyHi Aii OyJl0 BUKOHAHO IIE€ Ha JBOX IOJIOCHUX
KpOKax 1 pe3yibTaT IMOBHICTIO MOBTOpHBCA. OTpumaHa
JquckpetHa (yHkuis W npogeMoHCTpOBaHa Ha puc. 4.

KyroBa muckperna ¢ynkuis MII3 Wi (o) dasnux
30H 3a Ta0Jl. 6 MEPETBOPIOETHCS B aHAIOTIUHY (yHKILI0
Jutst ha3HOT 0OMOTKH A IIJIKOM Ha T1 mepioi:
Wk =W (o) =Yk 2(0g +1,) k=1,2,3,..K.(7)
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TyT BpaxoByeThCSI, IO BITKH OOMOTKH YTBOPIOIOTH-
Csl IPOBIIHMKAMHU y (Da3HUX 30HAX 3 PI3HMMH HaIpsIMKa-
MU CTPyMiB, PO3TallOBAHMX dYepe3 TOIMIOCHUH KPOK T,.
OkpiM TOro, OTPUMYIOTBCSI ycepenHeHHs 3HaueHb MII3
(a3HUX 30H, PO3TAIIOBAHUX Yepe3 JIBa IMOJIOCHI KPOKH,
3aBISIKM YoMy 3amicTh QyHKHil W 3a puc. 4 Ha 1BOX nepi-
oJlax OTpUMY€Thcs ycepennena Qynkuis MII3 W, Ha ox-
HOMY TIepio/li y MeXKax JBOX ITOJIFOCHHUX KpokiB. Llst GpyH-
KIIisI TPOLTFOCTPOBaHA HA TOMY X pHC. 4.

Puc. 4. Kyrosa ¢ynkuis MII3 da3Hux 30H M0I0BUHA
thaznoi oomoTkH — W 1 paznoi 0OMOTKH moBHICTIO — W

Bwiinino, mo kyrosa ¢yHkuis MII3 6mm3bka 10 Ko-
CHHYCOIH, SIK 1 4acoBl QyHKUil Ga3Hux crpymis (4), aie
BiJl KyTOBOI (D)YHKIIiT PO3MOALTY CTPYMIB IO mazax (puc. 2)
MIPUHIMTIOBO BinpizHAeThCA. [Ipote B Teopii TA/l Ha ocHO-
Bi cTymiHYacToi (PyHKIIi CTpyMIB cTaTopa iy(o) MPHIAHATO
¢dbopmyBatu ananoriydi (yHKIi PO3MOIUTy MarHitopy-
wriiinoi cmin (MPC) y npoMixky, Aaii — MarHitHOT 1HAYK-
il 1 MarHiTHUX THOTOKIB. | BCe 1€ MOK/IAJEHO B OCHOBY
TapMOHIYHOTO aHAJII3y MarHiTHUX 1 €JIEKTPUYHMX BEJIHYMH,
B ToMy umcii — EPC B gazHux oOMoTKkax craropa.

AJte HeaZIeKBaTHICTh LILOTO TMiX0y NOKa3aHa B [27]
Ha npukiaai TpudaszHoi 0OMOTKH craTopa TypOoreHepa-
Topa. Lle miaTBepmKYy€E MPaKTHYHO TapMOHIYHA (QyHKIIs
MII3 (puc. 4), Bix gxoi 10 aHanoriyHoi, ane 4acoBoi, ¢y-
vKuii EPC 3anmummBes nuie oIuH KpoK.

Oynukuis ¥, (7) € mepiogumyHOIO, TOMY IIi[IATa€E
po3kiramanHio B rapMoHiyHmi psag Dyp’e Ha 11 mepiomi y
JIBa TIOJIFOCHI KPOKH (IUB. puc. 4), Ha SIKUX PO3PAXOBAHO
MII3 y K toukax (iXHf KOHKpPETHA KiNBKICTh Y JaHOMY
TA/J] nopiBuioe 18, a Touka 19 Bke BXOJHUTH O HACTYI-
HOTO TIePiOy i OBTOPIOE TOUKY 1).

Po3kiiaiaHHs IOUYMHAETBCS 3 BU3HAYECHHS] CHHYCHUX
Ta KOCHHYCHHX aMILUTITy/l TADMOHIYHUX CKJIaIOBHX:

2 K . 2 K
s, =— > W sin(vay); ¢, =— > W) cos(va), (8)
Ko K5

e v — HOMep MOTOYHOI TapMOHIKH; kK — HOMEp KyTOBOi
mo3utii Ha puc. 3 i 4; oy — ii KyToBa KOOpAMHATA.

BizomMo 3 MareMaTHuHHX OCHOB, IIO JOMYCKA€ThCS
MaKCHMaJlbHa KilbKiCTh TapMOHIK N, = K/2.

3BaXkarO4M Ha Te, 10 JUIsl CTPYMIB OOMOTKH cTaTOpa
OPUHHATO KOoCcUHYCHI (yHKIiT (4), To 1 s MII3 3a koe-
¢imierTamu (8) TeX BU3HAYAETHCS TAPMOHIYHHUN PSJ KO-
CUHYCHHX (DYHKITiH:

Ng
Y= Z W)y cos(va +Y\|/v) > ©
v=1,3,5...

JIe IO IBOTO PSIy Ui KOXKHOI TApMOHIKH BXOJSTH TaKi
aMILTITYa i apryMeHT (1o4aTkoBa (asa):

2 2. s
W, =S5 +c) s Yy = —arctg—~.
c

v

(10)

KyroBa ¢yHkiis (9) mnepeTBOPIHOETHCS Ha YacoOBY
(yHKIifO 32 cmiBBigHOmEHHIM o=C)t, ne QQ=w/p — KyTO-
Ba MIBHAKICTH 00epTOBOro MaruitHoro moist TA. YV mia-
cyMky aisi MII3 BuXomuTh rapMOHi4YHA YacoBa (QYHKIIis,
sKa BiANoOBigae HepyxoMill (azHiit oomMoTHi A—A4 "

Ng
Y= Y Y, cos(vatty,,)-
v=1,3,5...

an

3a3HaunMo, WO B (9) BEIMYUHHU VO T Yy, BUMIpIO-
I0ThCS B KYTOBHX pajiaHax abo rpaaycax, a B (11) Benu-
YHHH VO! Ta Yy, BUMIPIOETECA B €NEKTPUYHHX pajiaHax
abo rpajycax, 3BaXalouu Ha BIIOMUIl Iepexisi reoMeTpu-
YHHUX KYTIB O Y €JICKTPUYHI O, TOOTO Ol ~=pCL.

Bin ¢ynkuii MII3 (11) Ha migcraBi 3aKOHY €JIEKT-
pOMarHiTHOI 1HIYKIii 32 3aragbHUM BHpazoM e = —d'W/d¢
pobuThCA Tepexin 10 rapMoHiuHOI yacoBoi ¢ynkuii EPC
(ha3zHOT 0OMOTKH cTaTopa:

Ng

€y = Z

v=1,35...
B miit popmymi Bugimstorecs ammiityga EPC v-toi
TapMOHIKH

vo?,,, cos (voot + Yy~ n/2). (12)

E,~voY,, (13)
Ta BIAMOBIAHA 11 moyaTkoBa (asa
Yev:wi_n/z' (14)

Takox 3a BiJOMUM CITiBBiTHOIICHHSM JIJIsl CHHYCOi-
JHOT (DyHKIIHM yepe3 aMIUTITYay OTPUMYEThCS Jif04e 3Ha-
geHHs EPC v-Toi rapmMoHikH, a came:

Eg, = \/EﬁfSV\va > (15)

Jie BPaXxoBaHO, II0 KYyTOBa YacTOTa ®=2Tf;; f; — 4acToTa
enekTpoMarHiTHUX BennauH B TAL.

KytoBi ¢ynxmii (6) i (7) BixmoBigHO Tabm. 6 i puc. 4
MAIOTh IMIBIIEPIOANYHY aCHMETPIIO:

\Ps,k (Otk)Z—lPS,k(OLk +‘Ep); k=1, 2, 3,...K, (16)

ToMy rapMmoHiuHi psau (9), (11) i (12) micTsaTh TiNBKK
HerapHi rapMOHIKH.

3a HaIaHOK0 METOUKO0 y BULIIAAL opmyi (5)—(15)
3pobineHa Ha ckpunTi Lua BinmoBinHa mporpaMHa peasi-
3arist popMyBaHHS Ta PO3KIAAAHHS MEPIOAUYHOI QYHKIIT
MII3 B rapmoHiunuii psig Pyp’e 1 OTpUMaHHS aHAIOTIY-
Hoi dynkmii EPC.

Bu3zHayeHHs] HaMar"idyBaJbHOr0 CTPyMy 00GMoO-
TKH cTaTtopa. Sk 3a3Ha4eHO, PO3PaxXyHKH MAarHiTHOTO
NOJIsi BUKOHYIOThCS B peskumi IHX 3a yMOBH HacuueHHs
MAarHiTOIIPOBOIY, €KBIBaJICHTHOTO HOMIHAJIBHOMY DPEXKH-
My. sl 1IbOTO B CTPYKTYPY PO3PaXyHKIB IICHS MPOEKTY-
BanuHs TAJl yBeseHUH TOIIYK BiAOBiHOTO CTpyMmy. Lle
BiZIOyBa€eThCS iTepalifHUM LUISIXOM 32 YMOBH BHXOJY Ha
HOMiHaIIbHY Hanpyry ooMoTku cratopa Usy.

Sk mOYATKOBE 3HAYCHHS CTPYyMY UIsl MEPLIOi iTeparii
OepeTbcsl MPOEKTHE 3HAYEHHS! HAMarHiuyBaJIbHOI CKJIa10BOi
CTpyMy 0OMOTKH cTaTopa I, o JOpiBHIOE 5,65 A.

[Ticast po3paxyHKy MarHiTHOTO TOJISl 32 HaBEIEHOIO
METOIMKOI BH3HAUaIOThCs "acoBa ¢yHkmis MII3 (11) i
npani EPC (12), anst sikux BHIUISIIOTBCS 1 BUKOPHUCTOBY-
I0ThCS TIepIia TapMoHika, a came, 1 EPC — ii mitoue
3HadyeHHsA Ej (15) i mouaTtkoBa ¢asza y,; (14).

poro mocraTtHbo, MO0 B CHMBOJIYHOMY BHIJISIII
BI/INIOBIIHO PIBHSHHIO PIBHOBArd HAanpyr B KOHTYpI (azHoi
00OMOTKH CTaTopa BU3HAYNTH KOMILIEKC (ha3HOi HalpyTru
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(17)

ne 3actocoBano kommiekcu: EPC E | = Eje’'e! ; mapinns

gs = _Esl +QRS +gscdif +gscfh >

Halpyru Ha
U R I

= Rs ~ "S=s0

JIHOTO gscd@'f = jXq1,, 1moboBoro Qmﬂl = JXsmlso

aKTMBHOMY OHOpi OOMOTKM cTaropa
Ta Ha IHAYKTHBHHX onopax ii audepeHuia-

po3citoBaHHs (IHAYKTHBHHUH OTIp Ma30BOr0 PO3CiIOBaHHS
BKe BpaxoByloThca B EPC E | 3aBAfdKu BHU3HAYEHHIO

moBHOro MII3 obMoTtkm craTopa (5) y Mexax ii akTHBHOT
4acTMHU Ha JOBXHHI ocepiap TAJ]); KOMIUIEKC CTpyMy
o0OMOTKH cTatopa Mae BHUTI I,=I;, depe3 Te, Mo I
HBOT'O ITPUIHATA HYJIbOBA [10YAaTKOBA (ha3a.

[Ticns BU3HAYCHHS HANPYTH HA TOTOYHIN iTepariii Ha
HACTYIHIH HaMarHiuyBaJbHUH CTPYM KOPHUTYEThCS 3a
JIHIMHOIO IHTEPIIOJIALIEI0, 1 Bce HMOBTOPIOETHCS 1O 3BE-
JeHHs BiaxuieHnHs Hanpyru dU; Bin ii HOMiHady A0 H0-
myctuMoro piBHA. [IpoXxopkeHHs iTepamiiHOTO mpouecy
LTIOCTpY€EThCs B Ta0II. 7, e n; — HOMEp iTepatlii.

Tabnuus 7
3MiHM HaMarHi4yBaJbHOTO CTPYMY B iTepalliifHOMY Iporeci
BUBCJICHHS HAIIPYTU Ha HOMIHAJIbHC 3HAYCHHA

n; Isoa A Usa B des B
0 5,65 240,9 20,86
1 5,16 224 4,01
2 5,05 221,2 1,25
3 4,99 219,9 —0,06
4 4,99 220 0

B nanomy npukiazi € HAOYHHUM, 110 TPH HPOEKTHO-
My 3HaY€HHI HAaMarHi4yBaJlbHOTO CTPYMY Harpyra JOBOJi
CHWIBHO BIAXWIAETBCS B HOMIHAIY, IO € HACIIIKOM
3aCTOCYBaHHSA B MPOEKTI MATHITHOTO PO3paxyHKy Ha OC-
HOBI Teopil MarHiTHUX Ki. Ase iTepauidiHuil mpouec mo-
Ka3aB, MO U1 poOOTH 3 HOMIHABHOIO HANpPyTOr0, a 3Ha-
YUTh TPU BIANOBIIHOMY HACHYEHHI MarHiTONPOBOIY
TAJl, HaMarHigYyBadbHUN CTPYM TIOBHHEH IOPIBHIOBATH
4,99 A. Came ne 3HaueHHS [, BUKOPHUCTOBYETHCS VIS
MTONANBIINX po3paxyHKiB TecTtoBoro TA/] B pexxumi IHX i
BH3HauyeHHs KWoro JIPOP.

B pesymprari momanpmux po3paxyHKIiB i TapMOHIY-
Horo aHaii3y kytoBux ¢ynkuiii MI13 ta EPC nHa nepioni
OTPUMYIOTBCS TaKi pO3paXxyHKOBI JaHi: aMIDITyAa i Imo-
yatkoBa ¢asza mepmoi rapmonika MII3 ¥,,;= 0,9640 Bo;
Yy1=0; Hiroue 3HAUEHHs Ta noyaTkoBa (asa 1€l x rapmo-
niku EPC E=214,1 B; y,,=-90°.

lapMOHIYHMI CKJal LUX BEJIWYMH Y BiJHOCHHX
onuHUIAX (B.0.) HamaHo B Tabn. 8 (3a 6azy mpuHHATO
3HAQYEHHS IXHIX MEepIIMX TapMOHIK), a JO3BOJICHA KIb-
KicTh TapMOHIK N, ckiana 9.

Tabmums 8
Tapmowniunmii cknag MII3 i EPC
v - 1 3 5 7 9
Y, | B.o. | 1,000 | 0,0047 | 0,0017 | 0,0010 | 0,0009
E,, | B.o.| 1,000 | 0,0141 | 0,0087 | 0,0070 | 0,0078
E, | B | 2141 3,02 1,87 1,51 1,68

VY winomy, rapMOHIYHHI CKIIa[l OLIHIOETHCS Koedi-
LieHTOM BUKpHBIeHH: (Ha npuknani EPC)

(18)

N

£ 2
ddisth z Emv Eml’

v=1

skuit ast pyskuiin MI13 1 EPC orpumag BifmnoBinHi 3Ha-
YeHHS: dgisny= 1,0000; dgi5=1,0002.

3 ypaxyBaHHSIM YChOI'O BU3HAYEHOT'O T'aPMOHIYHOTO
CKJIa[ly 3HAXOIATHCS CKBIBaJCHTHE Jif04e 3HAYCHHS (a3-
Hoi EPC oOMoTKH cTaTtopa

(19)

a takox audepenuiansHa EPC, sika ckiragaeTses TITBKH 3
BHIIMX TAPMOHIK,

N
£ 2
2 By
v=3,5...
Ocranns EPC no3Bomsie BH3HAYNATH IIyKaHHN aude-
peHIiaIbHUI IHIYKTHBHUH omip (ha3Hoi 0OMOTKH craropa:

Esaiy 1)
[SO

Pospaxynku 3a popmynamu (19)~(21) namu pe3yib-
TaTH: ES: 214,2 B, Esdif: 4,21 B, AX;dif: 0,84 Om.

SIKI10 MOPIBHATH OTPUMAaHUK JudepeHLiaTbHUN 1H-
JOyKTUBHHH omip X4 = 0,84 OM 3 HOro NpoeKTHUM 3HA-
4eHHsIM Xy = 0,893 3 Tabn. 5, TO MOXHA MOIYMAaTH MPO
OJM3BKICTH IBOX BapiaHTIB PO3PaXyHKY.

AJie 1ie 10T, 0KH aHAJIOTIUHI PO3PaxyHKH 1€ HE BU-
KOHAHO I ycix 3aruiaHoBaHux BapiantiB TAJL (tabm. 1):
yci OTpHMaHi pe3yJbTaTd HaBeieHo B Talu. 9, ne s pis-
HUX BapiaHTIB BiJIOBIMHO JO iXHIX JaHUX KUTBKICTH HO-
CTYITHHUX TapMOHiK N, ck1agana 9 a6o 11.

Egair = (20)

Xsaif =

Tabmuus 9
Hudepenuianpui mapamerpu TAJ], orpumaHi oqHOpa30BUM
YHCENBHO-TI0JbOBUMH PO3PAXyHKOM MarHiTHOTO MOJIS

PN )4 Iso \Pml Esl Es Euﬁ[ )(AQL
kBr |-| A B6 B B B Om
1] 2,56 | 09747 | 216,5 | 216,5 1,99 | 0,78
4 [2]384] 09700 | 2155 | 215,7 | 10,16 | 2,65
3] 6,34 | 0,9691 2153 | 215,8 | 14,54 | 2,29
11439 | 09749 | 216,6 | 216,6 1,99 | 0,45
7,5 121499 | 09640 | 214,1 | 2142 4,21 0,84
317,99 | 09694 | 2153 | 215,6 | 10,01 | 1,25
1]7595 | 09723 | 216,0 | 216,0 | 2,05 | 034
11 |2] 7,17 | 0,9655 | 214,5 | 214,5 4,25 | 0,59
319,06 | 09658 | 214,6 | 214,6 6,33 | 0,70

Jo nmanux Tabm. 9 BiAMITEMO, 110 KOSQII[IEHTH BU-
KPUBJIEHHS 3HAXOMATBCA Y MeXaX: dyisn,=1,0000-1,0002;
dyisie=1,0000-1,0023, ToOTO BizmnosiaHi KyToBi ¢yHKiii MI13
i EPC, sk Ha puc. 4, € OMM3bKUMH 10 IXHIX TEPIIHX rapMo-
Hik. ITpo 11e K CBiqUuTH 1 OJM3BKICTh 3HAUCHD Fy; Ta E.

o » cToCy€eThCS TOJIOBHOI BETHYUHH, KA TYT PO3-
IAA€ThCSI, TOOTO MU(EpeHIiaIbHUI PEAKTUBHUN OIIp
pO3CilOBaHHs, TO Horo 3HayeHHs Xy; Ta X, OTpUMaHi
pi3HUMH MeToAaMHu B TaOmI. 5 i Tabi. 9, MOXyTh OyTH K
OJIM3EKHMHU, TaK i CYTTEBO PO3XOIUTHCE.

e cBiguuTh MpPO BIICYTHICTH CyBOpPOi NETEPMiHO-
BaHoCTi emmipu4yHoi Gopmyin (1) 1 HU3KM KoedillieHTiB,
SIKI BXOIIAATH 110 Hel.

VY To# ke 4Yac YUCENbHO-NOJBOBHM METOJ HE Mae€
TakdX Ball, TOMy IIO Ma€ MEHIIE BarOMHX YMOBHOCTEH i
MPUITYIICHb. AJle Y PO3TIISIHYTOMY BUIJISI Y HBOMY €
TaKOX i CepiO3HUI HEJOMIK, a caMe — HEBEJIUKA KUTBKICTh
TapMOHIK, 1[0 MOB’sI3aHa 3 0OMEKEHOI0 KUTBKICTIO po3pa-
XYHKOBUX TO3ULIH (IuB. puc. 3) 4epe3 HasBHY KUTBKICTh
Ma3iB CTaTOpa Ha JIBOX MOJIIOCHHUX KPOKax, TOOTO Ha mepi-
oni ¢pynkmiit MII3 i EPC.
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{00 po3B’s3aTy BUsIBIIEHY MPOOIIEMy, OTPIOHO 3airy-
YUTH OUTBII TOYHMH METOJ PO3PaxyHKy. | TakuMm MeTonom
3HOBY TPUHHATHIA YHUCETHHO-TIONHOBHUM, ajie TaKWid, SKHUii
JIO3BOJISIE 3TYyYHTH JI0 PO3PAXYHKIB OakaHy KUTBKICTh PO3-
PaxyHKOBHX TMO3UIIIH 1, BIIIOBITHO, KUTBKICTh TAPMOHIK.

Tpusaauii MmeToa popMyBaHHS YacOBUX (PYyHKIULIM
MII3 i EPC € nopedHuM Ha NPHUKIHLIEBOMY €TaIll YACEIb-
HO-TIOJIBOBHX Jociimkens JJPOP.

VY nmanomy pasi po3risgaeThes Oe3mocepesHpO Jaco-
Ba ¢ynkuis MII3 oOMoTkm cratopa 0e3 iHoro momepe-
JHBOT KyTOBOI (DYHKIIIi.

Jns orpumanss gacoBoi ¢yskuii MII3 mpoBomaTscs
MOYEProBO 0araTOINO3MILIHHI PO3paXyHKH MAarHiTHOTO TOJs,
110 MOKa3aHo B [25, 27], 11 4acoBOTO PSITY 3 KPOKOM Af:

t=At (1), k=1.2,...K, (22)
ne K — KUIBKICTh MO3HMIIH, 110 103BoJsSE chopmyBatu
yacoBy (DYHKIIIO Ha 3aJJaHOMYy YacOBOMY IHTEpBaJIi.

[ligcraBisiroun 1 3HAYEHHS #; B (4), OTPUMYEMO
BIAMOBIIHI 3MiHM (ha3HHMX CTPYMIB cTaropa i; Ta iXHIO
XBHJIIO, IO MEPEMILYEThCSI Ha KYTOBI Kpoku Ao=Q-At,
ne Q=2nf,/p — BxKe 3rajiaHa KyToBa IIBUJKICTh 00epTO-
BOT'O MarHiTHOTO MOJISL.

Po3paxyHok cTpyMiB craTopa (4) B 3a1aHi MUTI 4acy
(22), a Takox obumcieHus i 360ip 3Hauens MII3 (5) podu-
ncs npu poborti nporpamu FEMM aBTOMaTndHO 3 BUKO-
PHUCTaHHSM BiKe 3raJjaHol mporpaMu Ha MoBi Lua.

Y manomy pa3si MarHiTHe ToJe o0epTaeThes, a Gpa3Hi
30HU Ui 300py 3HadeHp MII3 Hepyxowmi, IO 4acTKOBO
TOJJAETHCS Ha pUC. 5.

= *(é.\

Y

Puc. 5. KapTrau 06epToBOro MarHiTHOro moJisi OOMOTKH
cratopa B (iKCOBaHI MOMEHTH 4acy:
t1:0; tZZO,IT; t3:O,2T; t4:O,3T; t5:0,4T; t(,:(),ST

Sk 1 panime, BuaUIeHHS (a3HUX 30H POOMIOCS IS
(a3Hoi ooMoTkH A (nuB. puc. 1), ane B Takiid 4epsi, mio
MIOSICHIOE pHC. 6.

Puc. 6. Buninenns ¢a3Hux 30H 0OMOTKH cTaTOpa JJIst
orpumants MII3 da3zHoi 0OMOTKH cTaTopa

Crnovatky BUAUISAIOTHCS (ha3Hi 30HU 3 YMOBHHM I10-
3UTHBHUM HANpPSIMKOM CTPYMYy +igy 1 OTPHUMY€EThCA IXHE
MII3 W, NOTIM BUAUIAIOTHCS (ha3Hi 30HH 3 YMOBHHM
HEraTHBHUM HAaIPSIMKOM CTPYMY -i;4 1 OTPUMYETBCS IXHE
MIT3 ¥, .

VY mizgcyMKy BHUXOIWTH YacoBa IMCKPETHA (YHKIIiS
MII3 ¢aznoi oomotkn cratopa TAJ] y KOHKpeTHI MHTI
gacy 31 3MiHOIO iXHBOTO HOMepa k:

\Ps,k = \Pis+,k _‘Pis—,k Sl k=12,3,.K. (23)

JHai Bce BinOyBa€eThCs 5K 1 y IONEPEAHBOMY METOI
po3paxyHKy, ToOTO 3a dopmymnamu (10)—(15), moumnaro-
9 3 TapMOHIYHOTO PO3KIAJaHHS IUCKPETHOI YacoBOi
¢dyHkuii (23) 3amicth aHanoriuyHoi GpyHkuii (9).

Busnadeno, 1o T0CTaTHBO MOKPOKOBO (22) mpoxXo-
auTH ofuH nomocHuit kpok TAJ] 1, mo Oyze Bigmosina-
TH mosioBuHI nepiony 7 4vacooi ¢ynkuii MII3 W(¢) Ta
PO3paxyHKOBiH 30Hi (B rpagycax):

o, =360°/2p, (24)
a B TECTOBOMY HOTHpHIOIOCHOMY TAJ] KOHKpeTHO BH-
XOIUTH O, = 90°.

st oOrpyHTYBaHHS JOCTATHBOI KiIBKOCTI PO3paxy-
HKOBHUX 1o3ulii K Oyju BUKOHaHI MOPIBHSUIbHI pO3paxy-
HKHU IIpU pi3HUX 3Ha4YeHHsX K. Takum ymHOM Oyno BH-
3HAYE€HO, 110 AOCTaTHIM € 3Ha4eHHs K = 27, 1 Toai KyTo-
BUH KpOK (B rpagycax):

Ao =0,/ K=3,333°. (25)

Ile 3abe3mnedye 3aJ0BUIBHY JETaNi3allil0 YaCOBHX
¢dyukuiit Tuny (23). [Ipu npoMy yac po3paxyHKy Ajist Of-
Horo TAJ] Ha xoMm’ioTepi IOCTaTHHO BHCOKOI'O DPIBHS
TpuBaB OJM3bKO | TOAMHH.

Otpumana yacoBa QyHKILIs (a3HOT OOMOTKH cTaTopa
300pakeHa Ha pHC. 7: Ha HEpIIiii MOJIOBHHI Nepioay — Ie Te,
II0 OTPUMAHO PO3PAaXyHKOM, Ha APYTiH IOJOBHHI JIOPHCO-
BaHE JUIl HA0YHOCTI IOBHOTO IIEpiojly 32 YMOBH IIiBIIEpio-
mmaaoi acumeTpii Tamy (16). [Tpu BubpaHiit KTBKOCTI TOYOK
rpadik ¢yrkmii MII3 Bursimae nocTtaTHRO TIIATKUM (HA
BiZIMiHY BiJ] aHAJIOTi9HOI (YHKIII 3a puC. 5), a KUIBKICTh il
FapMOHIYHMX CKJIOBHMX MOXKHA B3ATH 10 N = 27, 10 Bid-
TMOBI/Ia€ KUTbKOCTI TOYOK Ha TIOJIOBHHI MEPIoy.

Hns ananizy ¢ynkuii MII3 1i Oyno poskiajeHo B
rapMOHIYHMH psizt, ananoriunuid (11), a mortim BinOyBcs
nepexia go rapmoniynoro psaay EPC (12). 3nadenns am-
writyx rapmonik EPC y B.0. Ta iXHi BIAMOBiIHI Jif0di
3HaYeHHs B aOCOJIIOTHOMY BUMIipi HanaHi B Tabxn. 10, ane
TIITBKU 10 19-i TapMOHIKH 3 27-Mi MOXJIMBHX, TOMY IO
BHIIIi TAPMOHIKH Aaji OyJIu 3HEBXKIMBO MaJIHMHU.

Po3zpaxynku 3a popmynamu (19)—~(21) mamu pe3yib-
Tati: E=215,4 B; Egr= 4,59 B; Xs40= 0,92 Om.

Puc. 7. Yacosa ¢yukuis MII3 ¢pa3noi oomotku cratopa TAJL
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Tabnuus 10
T'apmoniunuii ckirag EPC o6MoTkH cTaTopa

v | — 1 3 5 7 9
E, | B.0. | 1,000 | 0,0144 | 0,0155 | 0,0020 | 0,0011
E, | B | 2153 | 3,10 333 0,43 0,25
v | — 11 13 15 17 19
E, |Bo.| — | 00012 | 0,0006 | 0,0000 | 0,0005
E,| B | 004 | 0726 0,14 0,09 0,11

i pesymbTaTé 3HOB TaKd 3HAXOIATHCS HA TOCTAT-
HbO ONM3BKOMY piBHI IO TOTO, IO OTPHMAHO iHIIUMH
METO/IaMH PO3paxyHKy (X = 0,84 Om i Xz = 0,893 Om),
X04a 1 BIJPI3HAIOTHCS BiJl HUX, IPUYOMY BHHHKIIA PO30i-
XKHICTb Xy Ha 9,5 Y.

Aune Taka  OJM3BKICTh Pe3yJIbTATIB 32 TOPIBHIOBAIIb-
HHMMH METOJIAaMH PO3PaxyHKIB HE BUTPUMYETHCS JUISl IHIIMX
BapianTiB TA/, nuist sIKMX pe3ysbTaTh 3BeJeHO J0 Tadi. 11.

TaGmuus 11
Hudepentianshi mapamerpu pisaux TAJ], orpumani GaratopazoBumn
YHCENBHO-TIONIFOBAMU PO3PaXyHKOM 00EPTOBOTO MarHiTHOTO TTOJIS

PN p I.vo lel Esl E? E@/ )(YM
kBr |-| A B6 B B B Om
112,56 | 09818 | 218,1 | 218,2 | 5,51 2,15
4 12]3.84 | 09815 | 218,0 | 2182 | 7,93 2,07
316,34 | 0969 | 2154 | 2159 | 14,67 | 2,31
1] 4,39 | 0,9819 | 218,1 | 2182 | 5,53 | 1,26
7,5 [2]499 | 09692 | 2153 | 2154 | 4,59 0,92
31799 | 09717 | 2159 | 216,1 | 10,17 | 1,27
11595 09791 | 217,5 | 217,6 | 5,28 0,89
11 2] 7,17 | 09712 | 215,7 | 215,8 | 4,71 0,66
319,06 | 0,9703 | 215,5 | 2156 | 6,46 | 0,71

Temnep MOKHA MOPIBHATH OCHOBHI Pe3yJIbTaTH pO3pa-
XYHKIB Ut ycix BapianTiB TAJl, orpuMmani TppoMa pi3HH-
MH METOAaMH, II0 3pO0JICHO 3a 3HaYCHHSAMH Au(epeHiia-
JBHOTO 1HAYKTHBHOTO OTOpy 00MOTKH cTatopa TAJ muis-
XOM 300py TXHiX 3Ha4eHb 3 Tab. 5, 81 11 1o Tabdmn. 12.

V wiéi tabaumi mo3HadeHo: M1 — mpoexTHI AaHi 3a
CTaHJAApTHOIO METOMUKOI0; M2 — NaHi 3 BUKOPUCTAHHSIM
OJTHOPA30BOT'0 YHCEJIHLHO-TIOJILOBOTO PO3PaxyHKy Ha OcC-
HOBI KyToBOi (pyHkuiii MII3; M3 — naHi 3 BUKOpHCTaH-
HSIM 0araTorno3uLiifHUX YHCETBHO-TIOIHOBUX PO3PaxyHKIB
Ha ocHOBI yacoBoi ¢yHkuiit MII3.

TaGmuus 12
[opiBastHAS mudepenuiansHux onopiB TA/l, orpumannx
PI3HMMHU METOAAMHU PO3paxXyHKY

Mertoz po3paxyHKy M1 M2 M3
PN p Iso )(sd )(aﬂf XSL
kBt — A Om Om Om

1 2,56 0,654 0,78 2,15
4 2 3,84 0,871 2,65 2,07
3 6,34 0,437 2,29 2,31
1 4,39 0,441 0,45 1,26
7,5 2 4,99 0,893 0,84 0,92
3 7,99 0,390 1,25 1,27
1 5,95 0,383 0,34 0,89
11 2 7,17 0,626 0,59 0,66
3 9,06 0,410 0,70 0,71

Haragaemo, mo 11t metoga M2 BUKOPHCTOBYBAJIH-
cst yanie 9 abo 11 po3paxyHKOBHX TOUYOK 1 Taka K Kijlb-
KiCTh TapMOHIK, Isl MeToma M3 — 27 TOYOK, ajiec HaBiTh
MOJKHA 0YJI0 OOMEKUTHCS 1 MEHIIIO TXHBOKO KIIBKICTIO.

Po30ixHicTh 3HaYeHb X4 1 Xy4 32 MeTOmAMKU M1 Ta
M3 € Bpaxarouor0 i HEMOMIPHO BEJIHMKOI B NEPEBAXKHOT
yactiHi TAJl, m0 BKa3ye Ha OOMEXEHICTh KIACHYHOI'O

METO/Ia PO3PaxyHKy AH(EepeHIialbHOrO OMopy OOMOTKH
craropa TA/l. Le x cTocyeThes 1 MeToa po3paxyHKy M2
B JIBOTIOJIFOCHHX BapiaHTax TAJI.

JloBoui GiM3bKY KOPEJALI0 pe3ysbTaTiB KIaCHYHO-
r0 1 YHCEIhHO-TIOJIbOBOTO PO3PaxyHKIB sl 0a30BOTO
Bapianta TAJ] MOXHa TOSCHITH THM, 110 B MeToauIli [1]
pekomenznoBani Juis Gopmynau (1) koediuieHtn Oynu
IIPUCTOCOBAHI caMe JuIs IIbOTO BapiaHTa, aje, Ha JKaib,
BOHM HE CTald YHIBEpCAJbHUMH MJIsl IHIIMX BapiaHTIB
TAJl i noci yBoisITh y OMaHy iXHiX IPOEKTAHTIB.

Ilo 3aBepiIeHHI AOCITIHKEHb TU(PEPEHINATBHUX I1a-
pametpiB TAJl npu HacM4YeHHI HOrO MarHiTHOI CHCTEMH
BIJIMOBITHO HOMIHAJILHOMY PEXUMY poOOTH, OYyiH 3p00-
JICHI pO3PaxyHKOBi OI[IHKH BIUIMBY HACHYCHHS Ha IIi Ma-
pameTpu Ha mpuKiIani 6azosoro Bapianta TA/I.

B neputy yepry posrisinyto npukian TAJl 3 noBHi-
CTI0O HEHACHYEHOI0 MAarHiTHOIW cucreMoro. s mporo B
pexxumi IHX crpym I, 3anano piBHuUM 1 A, i BUKOHaHO
OaraTonmo3umiiHI YHCENFHO-TIONBOBI PO3PAaXyHKH Ha OC-
HOBI yacoBoi QyHkuid MII3 (23). Pesynbrati po3paxyH-
KiB HAJaHO y BIIMOBITHOMY psAKY TaOi. 13.

Tabmuus 13

OriHKa BIUIMBY HaCH4EHHsI MarHiTHOT cuctemu TA]J]

Ha qudepeHianbHui onip 0OMOTKH CTaTopa

]sa Br ts Br tr Mo ss oo Es Eajf X;di im
A Tn Tn B.O. B.O. B B Om
1 0,44 | 0,38 | 2500 | 2490 | 48 | 0,04 | 0,04
5 1,84 | 1,61 787 1265 | 208 | 4,38 0,88
55 1,89 | 1,70 | 530 | 1010 | 224 | 7,05 | 1,28
6 1,96 | 1,78 414 835 238 | 10,1 1,68
10 | 2,21 | 2,06 132 265 302 | 36,7 3,67
15 | 2,30 | 2,20 64 238 339 | 59,7 | 3,98
50 | 2,36 | 2,28 29 77 369 | 83,5 3,34

Jnst OLiHKM PiBHSI HACHYEHHS MarHiTHOI CHCTEMH B
TaONUIi HaJaloThCsl OTPUMAaHI yCepeaHEH! 3Hau4eHHS JUls
JUISIHOK MarHitonposony: B, s, B,, — MarHitHa iHayKuis B
3yOLsx cratopa i poTopa; ., My, — BIIHOCHI MarHiTHi
MIPOHUKHOCTI B HUX ke (B CIIMHKAaX OCepAb CTaTopa i poTo-
pa 3HAYEHHs AHAJOIIYHMX BEJIMYMH CKIAIM ., = 5200;
Wy = 4920).

HasiBHe nyxe cnabke HacuuenHs (abo itoro Bincyt-
HiCTh) MiATBepXKYE 1 3HaueHHs GazHoi EPC Ej, sika Buitmi-
yma HabaraTo MEHINOI0, YMM HOMiHayibHa Hampyra TAJL.
V nigcymky mudepenniansia EPC E,; i Binmosigno JAPOP
0OMOTKH CTaTOpa X, MOPIBHAHO 3 PEKHMOM HOMiHAIb-
HOT'O HacCHYeHHs (OuB. Tab. 12) Maiie HE IPOSIBUITHCS.

JocnipkeHHsT TPOJOBKEH]! NP PIBHAX HAaCHYEHHS
MarHiToNnpoBO/Y BiJ HOMIHAJIBHOIO JIO TAKOTO, SIKE MOXKE
Ooytu mpu mycky TA/l. Ane y ngaHoMy BHIIQJKy Tpeda
OyNo 3BaXKUTH HA Te, LIO IIPH MiIBUIICHUX KOB3aHHIX
TAJI Big kpuTHIHOTO 10 1 OAHOYACHO 3POCTAIOTH CTPYMH
cTaropa i poTopa, a Hampyra 3aJIHIIA€THCS HE3MiHHOI.
ToMy mpu HiABUIIEHH] CTPYMiB MagiHHS HANIPYT HA aKTH-
BHUX 1 peakTUBHHX OMOpax 0OMOTOK 301JIbIIyIOTECS, a Ha
EPC noBomutbcs 3Menmiena gactka. lIpomopiiiitno EPC
3MCHIIYEThCS OCHOBHHUI MarHiTHMH MOTIK 1 BIAMOBIIHO
3Ha4YeHHsI MarHiTHOI 1HYKIii B MarHITONPOBO/I.

Po3roain MardiTHOTO 0SS B MarHiTOIpoBOJIi B TaKO-
MY BHII3JIKY 1 piB€Hb HOr0 HACHYCHHS BUMArae peTeibHOro
aHaJli3y, SIKMH BaXKKO IPOBECTH JIOKJIAJHO y MeXKax JaHoi
CTATTi, 1 16 MOKEe OYTH BUKOHAHO i OITyOJIIKOBAHO OKPEMO.

[[{o6 monepenHBO OIIHUTH, HACKUIEKH TAaKAH aHAIi3
JacTh BaroMi pesysbTaTH i Mae CEHC HOro BHKOHAHHS,
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MIPH PO3PAXyHKY MArHITHOTO MOJS OOMOTKH CTaTopa Ui
Bm3HadeHHs J|POP npuitHATO Neski yMOBHOCTI.

A came, 10 HacHUuYEHHs CIIMHOK OCEpIb craropa i
poropa Tex 30epirae CBiil piBeHb, K 1 B HOMiIHAJTBHOMY
pexxumi. HacripaBni, 3Bakaroud Ha BHCIIOBIICHI 3ayBa-
JKCHHSI, HacH4eHHs Oy/e 3HaYHO MEHIIMM, aje Ie HE €
MIPUHIMIIOBUM, TOMY IO 1 NPH HOBHICTIO HEHACUYECHOMY
MmarHitonpoBogi APOP He nyxe cuibHO BiApi3HAETHCS
BiJl pe3ynbTaTiB NP HOMIHAJIHPHOMY HAaCHYEHHI. A 0Ch
3yOmi IIMX Ocepab HACHIYIOThCS IyKe CHIIBHO Yepe3 3Ha-
yHe 301IbIICHAS MAarHITHUX ITOJIiB TTA30BOTO 1 An(epeHtri-
aJTBHOT'O PO3CIFOBAHHS, SIK II€ TMOSCHIOETHCS B [2].

L1i npunyiieHHs: Jaau OCHOBY JUlsl OpraHisamii mry-
YHOTO pexuMy po3paxyHky JPOP mpu cuinbHOMY Hacu-
4eHHi 3y0I1ieBoi yacTku MarHiTHOT cuctemu TAJ].

KonkpetHo, 1u1s oniHoyHMX po3paxyHkiB JIPOP npu
MiJBUIICHUX KOB3aHHSAX MPUIHATO B CHOHMHKAaxX OCEpAb
cratopa 1 poropa BiJHOCHI MarHiTHI TNPOHHKHOCTI
Weys = 1256 1., = 3666 1 IpH pO3paxyHKy MarHiTHOTO
TOJIs1 BOHM HE 3MiHIOBaJHCA. Y TOH jKe 4ac MarHiTHI Tpo-
HUKHOCTI B 3yOIlIX OCepap BHU3HAYAJNCA ITPOTPAMOIO
FEMM sk 11e IPUIAHATO B MPOIIECI TAKMX PO3PaXyHKIB.

PesynbraTi po3paxyHKiB 3a3Hau€HHUX BapiaHTIB Ma-
raitonpoBoay TAJl 3BemeHo 10 tabn. 13 mpu BkazaHUX
3HAYEHHAX CTpyMY Iy, Bix 5 10 50 A.

Jani mono mudepeHiiaibHuX napaMmeTpiB Npy 3Ha-
YeHHI 5 A B IPUHLUII BiJIOBiNat0Th AaHuM Tabu. 11 mpu
craniaptHii podori nporpamu FEMM B pexumi THX
TAJ nipu ctpymi 4,99 A.

PiBeHp mMOmaNBIIOro 3pOCTaHHS HACHYCHHS BimoOpa-
JKAIOTh HaBeEH] ycepeaHeHi 3Ha4YeHHs MarHiTHOI 1HAyKii
1 BITHOCHOT MarHiTHOi MPOHUKHOCTI B 3yOIIsX OcepAb CTa-
Topa i potopa. Ilpm mpoMy mudepeHmianbHi TapaMeTpu
TA/Jl (EPC i IPOP) cyTTeBO 3pOCTaroTh, M0 HOB’SI3aHO 3
MepepO3IOIUIOM MarHiTHOTO IOJIsl B IPOMDKKY MIX Ocep-
JSIMH CTaTopa 1 poTopa MpH 30UIBIICHHI HACHYCHHS TXHIX
3yOuiB. I uepe3 e CyTTEBO 3pOCTArOTh BHIIM FapMOHIYHI
cxinanori MIT3 i EPC oOmoTkH cTatopa.

BunHo 3a Tabi. 13, mo npu 30iUIbIICHHI CTPYMY B
obmotui crartopa Temn 3poctanHs JJPOP ynoBimbHIOETH-
Csl TIOPIBHSTHO 31 3pOCTaHHSM CTPYMY, 1 HaBiTh y pasi me-
peHacuyeHHs 3yOIliB 1IeH OIlip csArae MakCUMyMy 1 HaBiTb
MIOYHMHAE 3MEHIITYBATUCH.

BucHosku.

1. B cucreMi MpoeKTYBaHHA 1 TEOPETUYHOTO TOCIiIKEH-
Hs1 TAJ] 3Ha4HEe MicIie BiJiBe/IeHe PEAKTUBHUM OIIOpaM PO3-
CilOBaHHS IXHIX OOMOTOK. BOHM BH3HAualOTBCH HAa OCHOBI
Teopii MarHiTHUX Kil, SiKa B yMOBax CKJIaJHHX 3yOIIeBO-
NIa30BUX CTPYKTYpP HE TapaHTye OaxkaHOi TOYHOCTI po3paxy-
HKiB. OCOOJIHBO 1€ CTOCYIOTHCS JU(EPEHITIATEHOIO PEaKTH-
BHOTO OIOpPY PO3CIIOBaHHS OOMOTKH CTaTopa, BU3HAYCHHS
SIKOTO IOTpeOy€ IETaTbHOTO PO3paxyHKy MarHiTHOTO TI0JIS B
MIPOMDKKY MK OCEpAsSIMH CcTaropa i poTopa, i rapMOHIYHOTO
aranizy HaBeneHUX HUM EPC miei oOMoTKH.

2. IlokazaHo, 0 B YMHHHUX KJIACHYHUX METOJHKAX
npoekxtyBanHs J|POP Bu3HawaroThCcs 3a crporeHoo ¢o-
PMYJIOIO 3 TOJJABaHHIM HU3KU KOe(Ili€HTIB, TAOIUYHUX 1
rpadiuHUX 3aJeXKHOCTeH. Y MiJCYMKY HE TUJIbKH BTpaua-
erbest  (pizmko-maremarnunuii ceHc JIPOP, ame HaBiTh
TOYHICTh HOTr0 pO3paxyHKy OLIHUTH Baxko. ToMmy akTya-
JIHOIO € TNepeBipKa pe3yJbTaTiB PO3PaXyHKY KIACHYHU-
MH METOJMKaMH, 1 y CydaCHUX YMOBax ILi¢ MOXHa 3p00H-

TH Ha OCHOBI YHCEIBHUX METOMAIB PO3PAXYHKY MarHiTHUX
HOJIIB HAassBHUMH INIPOTPAaMHUMH KOMILJIEKCAMH 1 CymyT-
HBOT'O TAPMOHIYHOTO aHaJII3Yy.

3. BifICyTHICTh TaKHX IOCIIPKCHb MOSCHIOETBCS IX-
HBOKO KOMIUIEKCHICTIO 1 3HAYHOK TPYAOMICTKICTIO, IO
MPaKTHYHO HEMOJKIIUBO 3[IHCHUTH B «PYYHOMY» PEKHUMI.
Tomy st mojoNaHHs MPOOJIEeM PO3paxyHKiB CTBOPEHHH
AaBTOMAaTU30BaHUH TPOrpaMHUI KOMIUIEKC Yy BHIJISII
enuHOTO cKpHNTy Lua, skuit 3a0e3medye Gi3HIHO MPO30-
puit mursix go APOP, mo mpossirae gepe3 MpoeKTyBaHHS
TAJl, moOymoBy Horo (i3UKO-TEOMETPUIHOI MOZEIi B
nporpamaoMy cepenosuiri FEMM, kepyBaHHS po3paxy-
HKaMH{ MarHiTHOTO IIOJIS, BU3HAYEHHS YaCOBUX (QYHKLIH
MII3 i EPC Ta ixHiii rapMOHIUHHI aHaIi3.

4. TlopiBHSIHHSL PE3YJIbTATIB KJIACUYHOTO 1 YHCEIBHO-
moJiLoBoro pospaxynkis JJPOP 3a mporpamoro FEMM
MOKa3aJl0 IXHIO BEJMKY PO30DKHICTb, L0 BIAHECEHO [0
3a3HauYEHMX YMOBHOCTEH 1 MpHUIyIIeHb Iepmoro. A ock
JIpyTHH BapiaHT 1030aBieHNI HEOIKIB NEPILOro 3aBs-
KM TOMY, IO BiH BpaxoBye po3Mmipu KoHCTpykmiin TA/,
HACHYCHHS MarHITONPOBOAY i1 ()i3WKO-MaTeMaTH9IHY CYT-
HICTh TIapaMETpiB 1 BEIWYHH, IO PO3TIANAIOTHhCA. Jlis
BUKJIIOUEHHS BUIIAKOBOCTI OLIIHKM PO3PAaXyHKOBHII aHa-
Ji3 BUKOHAHO IS JEB’SATI momupeHux BapianTie TAJI,
CIIPOEKTOBAaHUX 33 €IMHOI0 KJIACHYHOIO METOJMKOIO0 3
BapilOBaHHSM IXHBOT ITOTYXKHOCTI Ta KUILKOCTI MOJIOCIB.

5. Bussieno, mo JIPOP oomotku cratopa TAJ] cyrreBo
3aJICKUTh BiJl PIBHS HACHYCHHS MOrO MArHITHOI CHUCTEMH,
3pOCTArOYM TIPH MiIABUINCHHI HACHYCHHS 3yOLIOBOi 30HU.
SIKII0 K B3SITH TIOBHICTIO HEHACHYEHY CHUCTEMY, TO B 0OMO-
TIi CTaTOpa 3ATUIIAETHCS PAKTUYHO TLTBKH MEpIa rapMo-
Hika EPC, a mudepeHmiansae po3CiFOBaHHS CTa€ HECYTTe-
BuM. KiiacuiHa MeToziika Ha IboMy HE KOHLCHTPYE yBary i
HaJae yHiBepcanpHy hopMyity 11 po3paxyHky JPOP.

6. BukoHani JOCIiPKEHHS IIOKa3aiad, IO YHCEILHO-
MOJILOBI PO3paxyHKH JAu(epeHIiaIbHUX MapaMeTpiB 0OMo-
Tk cratopa TA/] € yHiBepcanbHUMH, TOMY BOHH MOXYTb
OyTH 3anpoIOHOBAHI JUIsl aHAJIOTIYHUX PO3PaxXyHKIB SIK JUIst
CTaropa, Tak 1 pOoTOpa Pi3HUX EJICKTPUYHUX MAIIUH 3MiH-
Horo ctpymy. [Ipuuomy, 3BaXkaroun Ha 3/ificCHEHy mporpa-
MHY peajizamiro Ha 6a3i nporpamu FEMM i ckpunry Lua,
TaKl po3paxyHKH MOKHa BOYZOBYBaTH B aBTOMAaTH30BaHi
METOJMKH MPOEKTYBAHHS 3a3HaYCHUX MAIIIUH.

KonguikT inTepeciB. ABTOp 3asBIsi€ PO BIACYT-
HICTh KOH(QIIIKTY iHTEpPECiB.
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Numerical-field analysis of differential leakage reactance of
stator winding in three-phase induction motors.

Introduction. The differential leakage reactance (DLR) of the stator
winding of three-phase induction motors (TIM) is considered. It is
known that DLR is the sum of the self-induction resistances of the
winding from all harmonics of its magnetic field, excluding the first
one, and its analytical definition is too complicated. But this reac-
tance is a mandatory design element, including for calculating a
number of other parameters and characteristics of such motors.
Problem. Because of this, in the current classical design methods,
the DLR are determined by a simplified formula with the addition of
a number of coefficients, tabular and graphical dependencies. As a
result, not only the physical and mathematical meaning of DLR is
lost, but even the accuracy of its calculation is difficult to assess.
Goal. The purpose of the paper consists in the comparative verifica-
tion of the classical design calculation of the DLR of the TIM stator
winding by numerical-field analysis of the harmonic composition of
the EMF of self-inductions in this winding and by the determination
of the considered DLR on such a basis. Methodology. Harmonic
analysis is performed by obtaining the angular and time discrete
functions of the magnetic flux linkage (MFL) of the stator winding
with their formation in two ways: single-position calculation of the
magnetic field and conditional rotation of the phase zones of the
winding, or multi-position calculations of the rotating magnetic field
and determination of the MFL of stationary phase zones. Results.
Computational analysis is performed for nine common variants of
TIM, designed according to a single classical method with variation
of their power and the number of poles. Originality. A comparison
of the results of the classical and numerical-field calculations of the
DLR using the FEMM program showed their large discrepancy,
which is attributed to the indicated inadequacy of the first one, since
the second option is devoid of the shortcomings of the first one due
to the fact that it takes into account the dimensions of the TIM struc-
tures, the saturation of the magnetic circuit and the physical and
mathematical essence of the parameters and values under consid-
eration. Practical value. The presented method of numerical-field
analysis and the obtained results of calculating the DLR of the TIM
stator winding are recommended as a basis for improving the sys-
tem of their design. At the same time, a similar approach can be
applied to the DLR of the TIM rotor winding, but taking into ac-
count its features. References 27, tables 13, figures 7.

Key words induction motor, three-phase stator winding, dif-
ferential leakage reactance, classical design, numerical-field
calculations, magnetic flux linkage, harmonic analysis.
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Brushless DC motor drive with optimal fractional-order sliding-mode control
based on a genetic algorithm

Introduction. Brushless DC (BLDC) motor is a type of permanent magnet synchronous motor that operates without brushes
employed in many applications owing to its efficiency and control in electric cars. One of the main reasons BLDC motors are better
than brushed DC motors is that they employ an electronic commutation circuit instead of a mechanical one. The fractional order
sliding mode controller (FOSMC) was used, which is characterized by high durability and is not affected by the disturbances that the
motor is exposed to during operation, as well as overcoming the chattering phenomenon present in the conventional sliding mode
controller (CSMC). The novelty of the proposed work consists of to use FOSMC by genetic algorithm (GA) to mitigate the chattering
phenomena in sliding mode control (SMC) for optimal response for speed control and regeneration braking control in BLDC motor
by using single stage by voltage source inverter and decrease energy use during motor starting. Purpose. Improvement FOSMC
techniques for the regulation of BLDC motor’s driving control system. Methods. Employing the GA to optimize the parameters of
FOSMC to mitigate the chattering phenomenon in SMC to regulate BLDC motor’s driving control system. Results. A comparison
was made between two types of sliding controllers to obtain the best performance of the control system in speed control operations
and motor braking operations, the FOSMC, through parameter optimization via the GA, surpasses the CSMC in achieving optimal
performance in driving the BLDC motor. Practical value. FOSMC exhibits superiority over the CSMC, as indicated by the reduced
integral time absolute error in motor speed tracking and regenerative brake control, with values of (0.028, 0.046, and 0.075) for the
FOSMC, in contrast to (2.72, 1.56, and 0.17) for the CSMC, the overshoot for FOSMC is (0, 0, and 11.4), but for CSMC it is (60.4,
43.7, and 11.2). During braking mode for FOSMC, the power recovery from the motor to the battery was (1.96, 9, and 17.76), but in
CSMC, it was (0.99, 4.49, and 11.98). Moreover, the braking length was expedited, and the battery’s initial power consumption
diminished at the outset. References 32, tables 5, figures 6.

Key words: fractional order sliding mode control, brushless DC motor, genetic algorithm, sliding mode controller.

Bcemyn. beswjimkosuil 0sueyn nocmitinoeo cmpymy (BLDC) — ye mun cuHXpoHHO20 08U2YHA 3 ROCMEUHUM MACHIMOM, SKUll npayioc 6e3
WIMOK i 8UKOPUCMOBYIOMbCA 6 DA2ambox chepax 3aCmocy8anHs 3a805KU CE0Ill eheKMUSHOCMI ma KOHMPOMO 8 eleKmpomMoOiiax.
Oona 3 eonosnux npuyun, yomy BLDC oOsucynu kpawji 3a wjimxogi O08ucyHu NOCMIUHO20 CMpYyMY, NOAA2AE 6 MOMY, WO 60HU
BUKOPUCTNOBYIOMb eNeKMPOHHY cXeMy KoMymayii 3amicms mexaniunoi. Bukopucmosysagcs konmponep pexcumy Ko83anHsa 0poboeo2o
nopaoky (FOSMC), axuii Xxapakmepusyemucs GUCOKOI0 008208IUHICINIO MA He 3ANedHCUmb 6i0 30ypedb, AKUM NI00AEMbCs 08U2YH nio uac
pobomu, a maxodc nooonag seuwe Gibpayii, npucymue y 36uuaiinomy kKowmponepi pedcumy koezanna (CSMC). Hoeusna
3anpononosanoi’ pobomu nonseae y suxopucmanni FOSMC 3a donomozoio cenemuunozo ancopummy (GA) ona nom axuienns saeuwa
siopayii 6 ynpaeninti pesicumom xoszanist (SMC) ons onmumanshoi peakyii 0151 Kepy8anHs WUOKICIIO Ma Kepy8aHHs peceHepayiiHuM
eanvmyeannsim y BLDC 0sueyHi 3a 00nomo2or0 00HOCMYRIHYAmMOo20 tHeepmopa 0dcependa Hanpyau i 3MEeHWUMU COXCUBAHHS eHepeii nio
uac 3anycky osucyna. Ilpusnauenns. Yoockonanenns memooie FOSMC ona pecymosanna cucmemu xepyéauus npueodom BLDC
osueyna. Memoou. Buxopucmanus GA ons onmumizayii napamempie FOSMC ona nom’saxwenna asuwa eiopayii ¢ SMC ona
peayniogants cucmemu Kepysauus npusooom BLDC oeucyna. Pesynemamu. [Ipogedeno nopieHAHHA Midc 080MA MUNAMU KOB3HUX
KOHMpOoepie 0151 OMPUMAHHS HAUKPAWOi npOOYKMUBHOCHI CUCeMU KepYBaHHs 8 Onepayiax pe2yioeanis weuoKkocmi ma onepayit
eanomyeanna ogueyna. FOSMC, 3aeosxu onmumizayii napamempie uepesz GA, nepeseputye CSMC y Oocsienenni onmumansHoi
npodykmugrocmi 6 kepyeanni BLDC osucynom. Ipakmuuna yinnicme. FOSMC oemoncmpye nepesacy nao CSMC, na wo exasye
3MeHWeRa abcoIomua NOXUOKA iIHMeZPaIbHO0 Yacy Y GIOCMENHCEH T WBUOKOCMI 08USYHA MA YNPAGNIHHI DEKYNepAMmUSHUM 2albMOM 3i
suauennsmu (0,028, 0,046 i 0,075) ons FOSMC, na iominy 6io (2,72, 1,56 i 0,17) ons CSMC, nepesuwenns onss FOSMC cmanosumo
(0, 0i 11.4), ane ona CSMC ye (60.4, 43.7 i 11.2). I1i0 uac pesrcumy eanomysanns ona FOSMC eionoenents nomysxcrHocmi 6io0 08ueyHa
0o bamapei oyno (1,96, 9i 17,76), ane 6 CSMC 6ono 6yno (0,99, 4,49 i 11,98). Kpim mozo, dosoxcuna 2anvmysanta Oyia npuckopeua, a
N0YamKo8e eHepeoCnoNCUBAnHs bamapei smenwunoca Ha noyamxy. bion. 32, Tadn. 5, puc. 6.

Kniouogi crnosa: kepyBaHHSI KOB3HHM PesKHMOM /IP000OBOro NMopsiaKy, 0e3IiTKOBUIi ABUTYH NMOCTiiiHOro cTPyMy, reHeTHYHUI
AJIrOPUTM, KOHTPOJIep KOB3HOTO PesKUMY.

Introduction. Brushless DC (BLDC) motor is
widely used among the several permanent magnet
synchronous motors (PMSMs) due to its enhanced
efficiency and control in electric vehicles [1]. Recent
trends indicate that BLDC motor technologies are utilized
for variable-speed drives in global industrial applications
and electric vehicles etc [2, 3]. PMSM characterized by a
sinusoidal back electromagnetic force (EMF) waveform,
is 15 % less efficient than a BLDC motor [4]. The flux
distribution is the main differentiator between the PMSM
and the BLDC motor. BLDC motor is a type of PMSM
that is identified by a trapezoidal back-EMF waveform
[5]. In contrast, BLDC motors have many benefits over
brushed DC motors, including quiet operation, reduced
size and weight, increased service life, reduced
maintenance needs, a large torque capacity, reduced size
and weight and improved dependability and efficiency

[6]. The electronic commutation circuit, which takes the
place of the mechanical commutated in brushed DC
motors, is the source of BLDC motors’ advantages. As a
result, BLDC motors are currently the industry standard
[7]. BLDC motor uses an electronic commutation
technique instead of employing brushes [8]. Sliding mode
control (SMC) has become known as a robust control
technique that ensures superior tracking performance
despite internal parameter fluctuations and external
disruptions [9, 10]. Aside from that, SMC’s notable
attributes  include its exceptional accuracy and
straightforwardness. BLDC motors are only one example
of the several machine kinds that have benefited from
SMC’s widespread use and effective implementation [11].
The use of SMC for BLDC motor speed control is the
main topic of this paper.
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The goal of the paper is to use FOSMC by genetic
algorithm (GA) to mitigate the chattering phenomena in
SMC for optimal response for speed control and
regeneration braking control in BLDC motor by using
single stage by voltage source inverter.

Review of the literature. Several speed control
structures are suggested for regulating BLDC motors,
encompassing PID controllers [12, 13], fuzzy logic
controllers, sliding mode controllers, fractional order
sliding mode controllers (FOSMC) and additional
controller types [14]. Numerous researchers are engaged
in this domain, employing metaheuristic algorithms to
determine optimal values for these controllers. In [15] the
researchers devised an adaptive integer sliding controller,
which demonstrated superior performance to the
conventional integer sliding controller regarding
variations in reference speeds and motor load changes.
Using a variable slope sliding mode observer (SMO), the
study [16] presents a way to control the speed of a high-
speed BLDC motor in a hand-stick Hoover cleaner. For
irrational BLDC motor estimations, the SMO based on
the signum function works wonders. The work [17]
utilises the Dragonfly Algorithm (DA) to identify optimal
configurations for the PI and SMC parameters. To
optimise the controllers, simulation findings indicate that
the DA-based SMC surpasses the optimised PI controller
and SMC. The study [18] presents the design and use of
the FOSMC to the quadrotor to demonstrate its fractional
behaviour in response to disturbances. Additionally, to
evaluate the FOSMC, the integer-order SMC (IOSMC)
has been executed on the quadrotor for identical routes to
regulate this unstable system. The experimental results
indicate that the FOSMC exhibits reduced trajectory
tracking error with minimal variations when following
inclined circular and zigzag paths. In contrast, the IOSMC
has more tracking errors and increased overshoot and
undershoot. The work [19] compares the conventional PI
controller and a sliding mode controller for closed-loop
speed regulation of a BLDC motor. The results
demonstrate that the SMC surpasses the PID controller.
The study [20] examines the regenerative braking of a
BLDC motor for electric vehicle applications using PI
controller. The paper [21] a predictive senseless driving
system based on SMO for a BLDC motor with
regenerative capabilities in electric vehicle applications is
given. The rotor speed and location calculation by SMO is
highly precise and resilient under fluctuating solar
insulation. This paper thoroughly analyses diverse control
techniques aimed at reducing torque ripples in BLDC
motors for electric vehicles, rigorously analyzed for their
functionality and control methodologies, using the SMC
controller employed for motor regulation [22].

Mathematical model of BLDC motor. BLDC motor
regulates the currents flowing through the armature with the
use of position sensors and an inverter (Fig. 1). Its
streamlined size, high efficiency, dependability, quiet
operation, and low maintenance requirements make it
excellent for use in industrial applications. There are several
configurations of BLDC motors; however, the three-phase
variant is the most popular because to its fast speed and little
torque ripple [23]. It is driven by a six-switch inverter,
whereby two phases operate concurrently during each

control step, while the third phase is deactivated. Pulses
Sy, ..., Sg) generated at 60 electrical degree intervals control
these switches from the 120-degree-displaced Hall effect
position sensor signals (H,, H,, H;). Using a sequence of
Hall effect sensors and transistors, the rotor’s evolution may
be switched between 0 and 360° in angular position, as
detailed in Table 1 [24].

FOSMC Speed Control

Fig. 1. The control drive for BLDC motor
Table 1
The sequence of switching utilizing Hall effect outcomes

Angle, Cvel Hall sensors Phase current Switch
deg. | Y°°| (H, H),H) iy iy 1) active
0-60 1 (1,0, 1) (+DC, -DC, off) | T\-T,

60-120 | 2 (1,0,0) (+DC, off, -DC) | T,-T¢

120-180 | 3 (1,1,0) (off, +DC, -DC) | T5-T5

180-240 | 4 0,1, 0) (-DC, +DC, off) | T5-T>
240-300 5 0,1, 1) (=DC, off, +DC) | Ts-T,
300-360 | 6 0,0, 1) (off, -DC, +DC) | Ts-T,
The model of the BLDC motor is [24]:
di, /dt -R/L 0 0 o i,
diy, /dt 0 -R/L 0 0 i
= +
dw,,/dt 0 0 ~ksp/J 0|,
dé,, / dr 0 0 1 0] 6,
2/3L 1/3L 0
Vb —€
—13L 3L o | b T 0
+ Ve —€pe |5
0 0 l/J bc ~ ©bc
Te - Tl
0 0 0
i = ~{ig +1p)

where e, = e, — ey, e = €, — e, e, €, e. are the motor
back-EMFs; i, iy, i. are the stator phase currents; v,, v, v,
are the stator phase voltages; v, Vi, Ve, are the stator phase
to phase voltages; R, L are the resistance and inductance of
a stator phase; @, is the rotor speed; 6, is the mechanic
angle; k; is the friction constant; J is the rotor inertia;
T,, T, are the electromagnetic and load torque.

Improvements to BLDC drive control via sliding
mode controllers. SMC is an effectively recognized
control technique in the domain of electric drives. It is a
variable structure nonlinear discontinuous control method
distinguished by precision, resilience, and straightforward
implementation [25, 26]. The mathematical equation for
SMC is:

s(t) =e(t) + Ae(t) , )
where s(?) is the sliding surface for SMC; e(f) is the
difference between the reference speed and the actual
speed of the motor; Ade(?) is the rate of variation of the
error signal.

The current theory views chattering problems in SMC
as the main challenge to SMC’s recognition as a significant
theoretical advancement. Researchers have suggested
different methods for dealing with this issue (Fig. 2).
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Fig. 2. Techniques to mitigate the chattering phenomenon in CSMC [26]

Figure 2 shows that the FOSMC surface is used as a
nonlinear sliding surface design method in this study to
reduce chattering problems [27]. GA was employed to
improve the functionality of FOSMC by identifying the most
effective components for regulating motor speed and
breaking in all scenarios [28]. For speed mode the FOSMC is:

Boundary layer method

Fuzzy | |

Integral SMC

I N A

51(t)= Ky -|e(tlv1 -sign(e(t))+ de(t)/dt , 3)
braking mode the FOSMC is:
52 (¢) ="y -Je(t)"* -sign(e(t))+ de(r)/dt , 4)

where k, vy, k,, v, are the parameter of FOSMC tuning by GA.

Genetic  algorithm (GA). The evolutionary
algorithm known as a GA is based on the ideas of natural
selection and how the strongest individuals reproduce
[29]. GA has earned a stellar reputation as an optimization
method among its many real-world uses. GA generates
the optimal solution for several generations by randomly
populating the candidate solutions. GA uses a set of
genetic operators during its search procedure, including
mutation, selection and crossover [30]. GA was used in
this work to find the best elements for FOSMC in BLDC
motor speed control and braking operations. Table 2
explains the parameters of GA algorithm.

Table 3
Parameters of the BLDC motor

Parameters Value
Rated power P, kW 0.4712
Voltage V, V 400
Frequency f, Hz 50
Angular speed @,, rpm 1500
Stator resistance R, Q 0.0485
Stator self-inductance L,, mH 3.045
Magnetizing inductance L, H 0.1194
Inertia J, kg-m® 0.0027
Friction factor F, N-m-s 0.0004924
Number of pole pairs p 4

It implements an SMC with the proposed FOSMC
surface types, this is due to the chattering phenomena in
SMC. The proposed type was used to control the motor
speed (speed mode) and the braking motor (braking
mode) using the regeneration braking technique, when the
machine is under regenerative braking (RB), the motor
inverter transfers power from the DC-link side to the low-
voltage source known as back-EMF, much like a boost
converter. Whenever the top diodes of the voltage source
converter are operational, energy is returned to the battery
pack [31]. GA was used in both models to find the best
values for the FOSMC at a different reference speed
during the motor’s full load.

The power reinstated to the battery pack may be
calculated by assessing the DC bus voltage vpc i and
current i.. The average power restored during the RB
operation is calculated as

i
F=— JVDC—link (t) ibrake(t)d[ . (5)
Ty

Equation (5) is used to determine the average power

output generated by the drive when it is in RB mode [32].

Table 2
Selection of the settings for the GA The performance Integral Time Absolute Error
Parameters Values (ITAE) index was used:
Crossover function Arithmetic !
Selection function Tournament size 4 ITAE = J‘t|e(l‘ldt . 6)
Scaling function Rank 0
Mutation rate 0.1 Table 4 explains the parameters of all modes of
Population size 20 (double vector) FOSMC by tuning GA.
and iteration number and 20 Table 4
Range of FOSMC tuning 0 < k=400, Tuning the FOSMC controller using GA
pararneter.s {c, v 0<v<5 7, tpm x, v o V) ITAE
The training process of the GA to find the best 500 38223 | 1.016 | 338.35 | 3.254 0.028
parameters for a FOSMC is shown in Fig. 3. 1000 | 296.019 | 1.155 | 69475 | 4431 0.046
g T ‘ ‘ L 1500 | 299.625 | 2.480 | 158.192 | 3.073 0.075
EO»O" T Table 5 compares between FOSMC and CSMC the
8 oos | N . . time response of the BLDC motor.
iz 007 L i Table 5
.. Comparison of FOSMC and SMC controllers at different reference
0061 G ’ speeds in terms of the time characteristics of the speed response
0.05 F \‘\\ 1 SMC Speed Setli Error Braki P
L ™ PeEC 1 Overshoot .ett ne steady craking) Fower
0.04 \ controller | reference, time Ty, time 7, |recovery
\ speed, % state,
003 ] : type pm ms % ms | P, W
OVOZO ; 2‘ ; ~‘1 4‘ 6 ; Itzraﬁori‘l)nul}’lnbl‘elr l"ﬁ 14 1‘4 1‘6 1‘7 I‘X l“) 20 >00 0 28 0 27 1.96
) T .. . ) FOSMC 1000 0 15 0 39.4 9
Fig. 3. Training the GA 1500 | 114 | 20 | 0 | 585 | 17.76
Simulation and results. This section shows the 500 60.4 6 0.4 38 0.99
simulation method for driving BLDC motor with SMC 1000 43.7 45 02 | 655 4.49
parameters from Table 3. 1500 11.2 21 0.2 88.33 11.98
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Figures 4-6 show the time response of the motor in the
case of speed control mode and braking mode for each figure
using 2 types of sliding controllers. The results show the
superiority of the FOSMC in the speed control process, in
addition to the fast braking process and less energy
consumption from the battery when starting the motor.

@, Tpm [—smc
——GA-FOSMC|

4
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T00
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500
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4000 3
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-2000 +
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-6000 ! | | | s
0 005 01 005 02 025 03 035 04 045 05

Fig. 4. Response of BLDC by GA-FOSMC and CSMC
controllers: a — speed reference 500 rpm; b — battery power
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Fig. 5. Response of BLDC by GA-FOSMC and CSMC
controllers: a — speed reference 1000 rpm; b — battery power
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Fig. 6. Response of BLDC by GA-FOSMC and CSMC
controllers: a — speed reference 1500 rpm; b — battery power

Conclusions. Fractional order sliding mode controller
(FOSMC) treats the chattering phenomena in conventional
sliding mode controller (CSMC) to optimally control the
speed and regenerative braking of the brushless DC motor
via the voltage source inverter circuit, where the firing
signal is generated using the pulse-width modulation
method. The comparison between the FOSMC and CSMC,
which includes several levels of speed references, and
using the genetic algorithm to find the best parameters of
the FOSMC through the results of the simulation turns out
the superior FOSMC over the CSMC where the lowest
integral time absolute error in tracking the motor speed
500, 1000 and 1500 rpm for the FOSMC (0.028, 0.046 and
0.075) respectively. The overshoot by FOSMC is (0 and
11.4), while in CSMC (60.4, 43.7, and 11.2). In braking
mode for FOSMC was the power recovery from motor to
battery (1.96, 9, and 17.76), while in CSMC, it was (0.99,
4.49, and 11.98). Furthermore, the braking duration was
quicker, and the initial power consumption from the battery
decreased at the starting.
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Ensuring service continuity in electric vehicles with vector control and linear quadratic
regulator for dual star induction motors

Introduction. In this paper, the use of a Linear Quadratic Regulator (LOR) to control a Dual Star Induction Motor (DSIM) powered by dual
three-level neutral point clamped inverters in electric vehicle (EV) propulsion systems is explored. Purpose. Ensuring both high
performance against parameter sensitivity and service continuity in the event of faults is challenging in EV propulsion systems. The aim is to
maximize both system performance and service continuity through the optimal design of the controller. Methods. DSIM is controlled by a
LOR, which is replaced the traditional PI controller in the field-oriented control (FOC) system for speed regulation. Starting with FOC the
optimal regulator is designed by introducing a minimization criterion into the Ricatti equation. The LOR control law is then employed as a
speed regulator to ensure precise regulation and optimize DSIM operation under various load and speed conditions. The avoidance of
linearization of the DSIM facilitates the exploitation of its true nonlinear dynamics. Novelty. Three tests are conducted to evaluate system
performance. A precision test by varying the reference speed and analyzing speed response, settling time, precision and overshoot, a
robustness test against parameter variations, assessing system robustness against changes in stator and rotor resistances and moment of
inertia, and a fault robustness test evaluating system robustness against faults such as phase faults while maintaining load torque. The
results show that this approach can keep the motor running smoothly even under parameter variations or degraded conditions. The
precision and adaptability of the LOR technique enhance the overall efficiency and stability of the DSIM, making it a highly viable solution
Jfor modern EVs. This robust performance against parameter variations and loads is essential in ensuring the reliability and longevity of EV
propulsion systems. Practical value. This approach holds significant potential for advancing EV technology, promising improved
performance and reliability in real-world applications. References 44, tables 2, figures 15.

Key words: dual star induction motor, linear quadratic regulator, neutral point clamped, electric vehicle, field-oriented control.

Bemyn. 'V yili cmammi 0ocaiodcyemscsi 6UKOpUCmanms niHitino2o keaopamuunozo peeyismopa (LOR) ons xepysanns acumxpoHHUM
d8u2yHoM i3 nooeitinoio 3ipkoro (DSIM), wo scusumscs 60 NOOGIIHUX MPUPIGHEBUX THEEPMOPIE 13 3aKPINICHHAM HEUMPAIbHOI MOYKU 8
cunosux cucmemax erekmpomooinie. Illpusnauenus. 3abesneuens sx 6UCOKOL RPOOYKMUGHOCH WOO0 YYMAUBOCHE 00 napamempis, max i
besnepepsHocmi pobomu 8 pasi HeCHpasHocmell € CKIAOHUM 3a80AHHAM OJiA CUTOBUX CUCIEM eNeKmpomooinie. Memoio € maxcumizayis sx
npoOOYKMUGHOCMI cucmemu, max i 6esnepepsHocmi 00Cy208y6anis 3a OONOMO2010 ONMUMANLHOI KOHCMpPYKYii Konmpoaepa. Memoou.
DSIM xepyemvca LOR, axuii 3amintoe mpaouyitinuii PI-konmponep y cucmemi opienmoganozco Ha noie kepyearta (FOC) ona pezynosanms
weuoxocmi. Houunarouu 3 FOC, onmumanshutl pe2yiamop po3poOnsemvcs uiaxom 66e0eHHs Kpumepiro MiHimizayii  pienanus Pixammi.
Tlomim 3axon xepysanns LOR @uxopucmogyemvcs Sk pecyisimop weuokocmi O 3a6e3nedents moyHo20 pe2yilo8ants ma Onmumizayii
pobomu DSIM 3a piznux ymoe nasanmagicenmsi ma wieuokocmi. Yuuxnenns nineapusayii DSIM nonezuiye guxopucmanis 1io2o cnpasicHboi
Heninitinoi ounamixu. Hoeusna. /[nsi oyinku npooykmueHoCmi cucmemu npogoosmvCsi mpu mecmu. Bunpobysanns na mouHicms wisxom
BMIHU eMANOHHOI WEUOKOCIE MA AHAIZY 6I0N0BI0T HA WEUOKICb, YACy 6CMAHOGIICHHS, MOYHOCME MA NepepeyO8anHtsl, 6UNPOOYEAHHs HA
cmitikicms w000 eapiayiii napamempie, OYiHIO8AHHA CIIIKOCMI CUCEMU W00 3MiH ONOpY CIamopa ma pomopa ma MoMeHmy inepyii, a
Maxodic mecm Ha CMIUKICMb 00 HeCnpagHocmell, o OYIHIOE CMIUKICIb cucmeMu npomu HecCnpagHocmetl, Makux K 3aMuKanHs @as,
30epiearouu MOMeHm HaeanmaicenHs. Pesynomamu noxasyiome, wo yeti nioxio moosce niompumysamu 6e3nepebitiny pobomy 0sucyHa
Hagimb 3a KOIUBaHb napamempis abo nozipuenux ymos. Tounicmo i adanmugnicmes mexriku LOR niosuwgyroms 3aeanvhy eghekmugHicms i
cmabinenicme DSIM, wo pobums tio2o Oyice Jcumme30amuum pilieHHIM O CYHacHUxX enekmpomooinie. Lla naditina poboma npomu
KOIUBAHb NAPaMempie i HABAHMAICEHb € BANICTUBOIO OJiA 3a0e3neyeHHs HAOIIHOCME Ma 0068206IYHOCHIL CUTIOBUX CUCIEM eleKmpOoMOOLS.
Ilpaxmuuna yinnicme. Llei nioxio mae 3naunuti nomenyian 015l 600CKOHANCHHs MEXHONO02I eNeKmpoMOOINié 3 MOUKU 30PY NOKPAWEHO!
npoOyKmueHocmi i HaditiHocmi y peanvhux npukiadax. bioin. 44, Tadm. 2, puc. 15.

Kniouosi cnosa: acHHXpPOHHUIA IBUTYH 3 NMOABiiiHOIO 3ipKol0, JiHIi{HO-KBaPATUYHMIT peryasATop, 3adikcoBaHa HeHTpaabHa
TOYKA, eJIeKTPOMOOi/Ib, KEPYBAHHS 3 OPi€HTALIEIO 32 MOJIEM.

Introduction. Preserving the environment is a top
priority in today’s world. Pollution and climate change
are forcing us to reconsider the way we travel. Electric
Vehicles (EVs) unquestionably represent an efficient
measure and a promising solution to this problem [1]. In
the world of EVs, the core of this technology lies in their
propulsion system, which separates it from combustion

.

BATTERY Inverter

BMS

J

Fig. 1. Powertrain of EV

vehicle. It contains [2] (Fig. 1):

e the battery, which is an energy storage unit that
powers the electric motor for vehicle propulsion. Often, EVs
are equipped with Battery Management System (BMS) that
supervise the performance of the battery and motor,
optimize energy efficiency, and ensure safe operation;

e the electric motor is responsible for converting electric
energy into mechanical energy to drive the vehicle’s wheels;

e the inverter is an electronic converter that controls
the direction and power of the electric current supplied to
the motor;

e the embedded control system, that control the inverter
state and hence the direction and the speed of the vehicle.

To control any AC motor, an essential step called
Field-Oriented Control (FOC) is used. FOC allows us to
decouple the electromagnetic torque from the flux, making
AC motors behave similarly to DC motors [3]. This
technique provides several advantages, including high
efficiency, better torque control at low speeds, smooth
operation, a wide speed range, and improved dynamic
response [4]. Nevertheless, FOC requires an estimator to
calculate angular velocity feedback for speed control [5].

Purpose. This paper aims to maximize the
performance of EVs by improving the powertrain of the
EV, and to do so a comparison between regulators such as
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Sliding Mode Control (SMC) regulator, Model Reference
Adaptive Control (MRAC) regulator and Linear Quadratic
Regulator (LQR) to choose the most appropriate one. In the
context of ensuring service continuity of EVs, it is essential
to choose an appropriate type of motors from the
commonly used types that are AC and DC motors.

Brushless (BLDC) motor. With the elimination of
brushes, the BLDC motor has emerged as a solution to the
old DC motor. This type of motor offers improved efficiency
and requires less maintenance [6, 7]. Additionally, it has the
ability to provide higher torque and power over a wide
operating range, compared to the older DC motor. However,
the BLDC motor has a relatively limited field weakening
capability. Furthermore, high speeds pose a safety risk due to
the potential for magnet breakage. They are also sensitive to
high temperatures, which affects the overall motor
performance [6, 8]. While the BLDC motor offers various
advantages as mentioned, it may not ensure service
continuity in the presence of motor faults, which make it
not the most suitable motor in this case.

Induction motor. The simple structure, high
reliability, robustness, reduced maintenance, low cost, and
operation even in adverse conditions are all advantages that
led Tesla Company to choose this type of motors for the
Tesla S model [6]. Additionally, these motors offer an
extended speed range through flux weakening in the constant
power zone, as well as absence of commutation and the
ability to recover energy during the braking phase [9, 10].

However, controlling this type of motor is also
challenging, as it requires precise balancing of slip
percentages and load quantity to ensure efficient operation
at all times [6]. Additionally, while losses increase at high
speeds, its efficiency decreases at both low and high speeds
[8]. Furthermore, if the critical synchronous speed is
reached, the motor may fail [11, 12]. In the context of
selecting more suitable motor for an electric car to ensure
continuous service, it appears that induction motors are
not the optimal choice for this scenario.

Dual Star Induction Motor (DSIM). The
robustness and low maintenance of the DSIM allow for
the gradual replacement of the induction motor in
industrial applications, even in high power scenarios such
as railway traction, marine propulsion [13—15]. This type
of motor consists of two windings with phases shifted by
30 electric degrees from each other, powered by a 6-phase
inverter or 2 inverters of 3 phases [16].

Among its advantages, one can also note a higher
torque density compared to traditional induction motors.
Additionally, the DSIM reduces harmonic content and
exhibits high reliability, allowing it to operate even in the
presence of faults on one or more phases of the motor [17,
18]. It also offers power segmentation, minimizing torque
ripple and rotor losses while reducing harmonic currents
[19]. However, controlling the DSIM is considered
complex, especially regarding achieving torque and flux
decoupling [16, 17]. Despite this drawback, this type of
motor is capable of operating under degraded conditions
[20, 21]. In comparison between BLDC, induction motor
and DSIM the last one stands out as the most suitable
option for EVs in most scenarios and, particularly in
ensuring service continuity.

Control methods. There are numerous control
techniques classified into 2 categories: classic techniques
and advanced techniques.

Starting with classical ones, the indirect and direct
(IFOC and FOC) was proposed for the first time by K.
Hasse in 1968 and Werner Leonard in 1971 [22], as a
replacement for classic correctors. Many researches have
focused on these 2 techniques [23-27], applying them to
different types of machines, and according to the results
obtained: FOC and IFOC control allow for control over
the machine’s flux and torque. They have a better effect
on suppressing high-order harmonics, reference tracking
with a good response time, and high precision in steady
state. However, they are sensitive to parametric variations,
and the transformation of variables is based on an
estimator, making it sensitive [28]. For the several
mentioned disadvantages, many researchers were proposed
such as SMC, MRAC and optimal control with LQR to
enhance FOC and mitigate high sensitivity to parameters
variations, and ensure fault tolerant control [29].

SMC is intended for systems with variable
structures because it is robust to parameter changes or
parameter uncertainty and total suppression of external
disturbances [30-32]. It provides also good reference
tracking with fast response time [33]. On one hand, high-
frequency switching causes chattering phenomenon which
significantly affects the overall system performance.
Additionally, it suffers from overshoot peaks and high
stabilization times. Finally, it does not guarantee good
performance in the presence of disturbances such as
sudden changes in reference speed [30, 34].

MRAC is used to control systems with variable
structures or unknown parameters [35, 36]. Many
research has been conducted on MRAC and applied to
various types of motors [37—40]. According to simulation
results, MRAC is robust against parameter uncertainties
such as stator and rotor resistance (R,, R,) and moment of
inertia (J) [41], as well as parameter changes [42], and
presents a good reference tracking and precision [37, 38,
40]. However, it suffers from high overshoot [42, 43],
complexity and heavy computational time of the
algorithms [41]. Real-time parameter updates lead to
oscillations in the response and influence the desired
dynamic response [43].

Optimal control. Thanks to its robustness, the LQR
control has been widely used in the industry, especially
from the 2000s to the present day [44]. It is based on
maximizing or minimizing a performance criterion
(depending on how the Hamiltonian is defined) [37].
Studies have already been conducted on the LQR control
[38, 39, 44], where simulation results have shown that
this technique offers high performance by eliminating the
gap in the state trajectory. It also allows for tracking the
reference with zero steady-state error in a settling time of
less than one second, and with minimal effort [39].
Carried out robustness testing against parameter
uncertainties and external disturbances, where the LQR
control showed very satisfactory performance, with
tolerance ranging from 30 % to 90 % uncertainty and
complete rejection of external disturbances.

However, the only inevitable issue when designing an
LQR controller for different dynamics lays in the systematic
determination of the parameters of the performance matrices
O and R [44]. Therefore, it can be said that optimal control
is a promising choice to control an EV.
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This contribution not only focuses on ensuring high
performance of the EV, but also on service continuity by
combining the advantages of the DSIM and LQR. By
leveraging the strengths of both LQR and the DSIM, such
as precise speed tracking, minimal overshoot and high
precision offered by LQR, along with the capability of
working with DSIM even under phase faults, this
approach ensures a seamless operation of the EV system,
maintaining superior performance and robustness in
various operating conditions.

Given the comparison above, the DSIM will be
controlled by a LQR, which will replace the traditional PI
controller in the FOC system for speed regulation.

Modeling of the DSIM. The stator consists of two
pairs of windings shifted by 30°, and a short-circuited
rotor as a classical
induction motor. The
spatial representation of
the windings of the DSIM
is illustrated on the Fig. 2,
where L,, L, are the rotor
and stator inductances, R,,
R, are the rotor and stator
resistances.

The dynamic of the DSIM
in the d-q reference can be
divided into three categories of equations.

1) Electric equations:

Vias1 = Rotigg + APy [dt — 0Dy

Fig. 2. Spatial representation
of the DSIM windings

Vis2 = Ryolgsn + d®ds2/dt - ws¢qs2;

Vqsl = Rsliqsl + dcpqsl/dt + 0Dy

: (1
Vqs2 = Rs2lq32 + d®qs2/dt + 0, Dys2;
0=Ryig, +d @y, [dt - (0, - o, o
0= Ryiy, +d@,, [di +(0; - 0, )Py,

where Vi, Vi, Vao, Vi are respectively the stator
voltages in the d-g axis; R, R, are the stator resistances;
Ly, Ly, are the stator inductances; iz, g1, las2, igs2 are the
components of the stator currents in the d-q axis; iy, i,
are the rotor currents in the d-g axis; @y, Pys1, Pusr, Dys2
are the components of the stator flux in the d-q axis; @,
@, are the rotor fluxes in the d-g axis; R, is the rotor
resistance; @, @, are the stator and rotor angular speeds.
2) Magnetic equations:

D51 = Lgiigs + Ly, (idsl +igg +igr );
D> = Lyigss + Loy liast +lasa +iay
Q)qsl = L.vliqsl + Lm iqsl + iqs2 + iqr

2

cDqu = Ls2iq32 + Lm (iqsl + iqu + iqr

Dy =L,ig. + Ly, (idsl +igso +igy );
Dy = Lyig + Lip\igs1 +igsn + igr

where L, is the rotor inductance; L, is the mutual
inductance.
3) Mechanical equations.
The electromagnetic torque is given as:
C

em = p(cpdsliqsl - (Dqslidsl + cDds2iq52 - CDquidSZ)o (3)
where p is the number of pole pairs.

The rotation dynamic is given as:
do 1
?zj(cem_cr_Fr"Q)s “
where (2 is the rotor angular speed; J is the moment of
inertia; C, is the load torque; F, is the friction coefficient.
Modeling of the three levels neutral point
clamped (NPC) inverter. Figure 3 illustrates a three-
level inverter. A multi-level inverter typically contains
(n—1) capacitors in the DC link, (n—1)(n-2) clamping
diodes, and 2(n—1) switches. Therefore, a three-level
inverter requires 2 balancing capacitors, 2 clamping
diodes, and 4 switches multiplied by 3 (number of
phases). This gives us a total of 6 diodes and 12 switches.
Table 1 summarizes the possible switching sequences.

Sat#s  Sb1-fs Sc1-4%
Lo 7 Sa2 k% ZE Sb2 % Sc2-1i%
A
)
EC
D Z%Saaﬁ}& Z‘XSb3H} TSC%EK
lc2
Sa4ﬁ}’]} Sb4 Hﬁ} 80445}

Fig. 3. Three phases three levels NPC inverter

Table 1
Possible sequences of three levels NPC inverter
K, Ky K Ky Vao
1 1 0 0 E2
0 1 1 0 0
0 0 1 1 —-E2

Optimal control by LQR. In this section, instead of
using PI regulator, the LQR will be used as a speed
regulator to ensure service continuity and robustness
against parameters variations. To accomplish this, several
steps will be taken, beginning with the general state space
representation of the DSIM:

ot
[(e)]=[C)-x(0))+ [D] [u(e)]

where [x(f)] is the state variable matrix, xeR"; [4] is the
state parameters matrix, 4eR""; [B] is the control matrix,
BeR™™; [u(f)] is the control vector, ueR™; [C] is the

observation matrix; [D] is the direct action matrix; [y(f)]
is the output matrix. While:

[x([)]:[¢d51 cDdsZ (Dqsl dquZ cDdr djqr

[u(t)] = [Vdsl Vasa Vqsl Vqu 0 O]T-
The optimality criterion can be expressed as:

j(u(t))zf;o[xT~Q~x+uT~R~u]dt. (6)
In the case there are constraints, to obtain the
optimal feedback coefficient, we must solve the following
Ricatti matrix equation:
AT .p+P-A-P-B-R"-BT-P+0=0. (7)
The introduction of the minimization criterion in
Ricatti equation make it as follows:
AT p+P-4-P-B-R BT .P+CcT.0.C=0. (8)
While:
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where:

o = Ler + Lm'le + Lr'le;
(250 Lm 'Lr + Lm 'Ls2 + Lr'LSZ;
¥= Ly L + LyL +2-LyeLy-Ly;
0=2-LyL,+L,L;+L,-Lg
LS = le = LSZ;
where L, is the magnetizing inductance.
The optimal gain can be expressed as:
K, =-R"B"-P. 9)
New optimal gain will be calculated starting from
Kop which will equal the sum of elements of K,

Klopt :ZKopt : (10)
The control law equal:
Uopt :_Klopt [X] (1)

As K, is defined, also U, will also be defined in

the same way:
Ulopt = z Uopt : (12)

The optimal controller will be used in the control loop
as shown in Fig. 4, the global control scheme — in Fig. 5.

oy |

Fig. 4. Optimal control loop

1,

sal sal

Visy, | papg-s Vios [ s
o 7 . INVERTER 1
oV , =
a, !
Je
1 Veaz
-1 »
PARK™ 3
G-a Vi P

Fig. 5. LQR global regulation loop with FOC

Simulation results. The simulation investigates into
the evaluation of the LQR implemented on a control
system of the DSIM. It includes 3 distinct tests.

Test 1. The precision in tracking reference speed,
settling time, and overshoot are examined to gauge the
regulator’s performance under different conditions.

Test 2. The regulator’s resilience against parameter
variations such as stator resistance, rotor resistance and
inertia under load torque conditions is tested, aiming to
ensure stable operation amidst the fluctuations that are
encountered in the real world.

Test 3. The simulation examines the regulator and
the DSIM robustness against phase disturbances for
enhancing its reliability in practical scenarios.

Through these meticulous assessments, valuable
insights are gained into the effectiveness and durability of
the LQR regulator in controlling the DSIM system across
diverse operating conditions in objective to ensure service
continuity and high performance against parameters
variations and external disturbances.

The parameters of the DSIM used in this study are
defined in Table 2.

Table 2
Parameters of the DSIM
Parameter Value Parameter Value
R, Q 3.72 L.H 0.006
R, Q 2.12 L, H 0.4092
L,H 0.022 J, kg-m® 0.0625
p 1 F, 0.001

Test 1. Speed tracking and disturbance rejection.
The motor is initiated with a reference speed @,,r= 200 rad/s
(Fig. 6). The response shows a settling time of 0.25 s, without
overshoot and a precision level of 99 %. At the moment of
0.5 s, the speed reference is transitioned to 300 rad/s.
Clearly, the system demonstrates the same stabilizing
time of 0.25 s, coupled with an absence of overshoot
(0 %) with a precision level of 99 %. These results
underscore the LQR regulator’s particular ability to
quickly and accurately track reference speed changes.

350 @, rad/s

@,

300
250 Bt /

200

Wref

150 1

100 -

50

0

ts

50 . . . .
0 0.2 0.4 0.6 0.8 1

Fig. 6. Performance evaluation of LQR regulator in tracking

The current curves are observed to be non-ideal
sinusoidal waveform and shifted by 120° (Fig. 7, 8). The
currents of the second stator are shifted by 30° from the first
stator. During the first 0.25 s, the currents undergo a transient
phase before stabilizing at a peak value of 29 A. Then, at
t = 0.5 s, the reference speed undergoes a sudden transition,
reaching 300 rad/s. This change in speed results in a change
in power, according to the relationship P = C,, Q2
Consequently, the currents also evolve, reaching a lower
peak value of 20 A in response to the change in speed.
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Figure 9 illustrates the response of the DSIM
controlled by an LQR regulator. Initially, the system starts
unloaded with a reference speed set to 150 rad/s. The
DSIM reaches this target speed rapidly, within 0.2 s,
achieving a precision of 99 %, with a resulting speed of
151.5 rad/s. At ¢t = 0.5 s, a resistant torque of 10 N-m is
applied, causing the speed to decrease to 148.8 rad/s.
When the load torque is removed at ¢ = 1 s, the speed
recovers to 151.5 rad/s. Despite these disturbances, the
DSIM demonstrates robust performance, maintaining a
response precision of 99 %.
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Fig. 9. Speed response of DSIM under load torque

Figure 10 shows that depicts the system’s response
when load torque is introduced at 0.5 s. DSIM promptly
generates an electromagnetic torque equal to load torque.
At t = 1 s, when the load torque is removed, the
electromagnetic torque returns to 0. The system
demonstrates a stabilization time of 0.1 s in both scenarios.
Notably, small ripples of approximately +8 N-m are
observed around the generated torque, indicating minor
fluctuations. This response highlights the DSIM’s ability to
swiftly adapt to load torque changes while maintaining
overall stability within a tight time frame.
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Fig. 10. DSIM torque response to load torque introduction

Test 2. Parameter variations evaluation. The
simulation (Fig. 11-13) shows the response of the DSIM
controlled with LQR regulator under parameters variations
such as J, R, and R,. Initially, the motor operates with
parameters R, =3.72 Q, R, =2.12 Q and J = 0.0625 kg-mz.
When these parameters are multiplied by 1.5 at instant
t=0.5 s, the new values become R, = 5.58 QQ, R, =3.18 Q
and J = 0.09375 kg-mz. Then, at t =1 s, the parameters are
doubled, resulting in R, = 744 Q, R, = 424 Q and
J = 0.125 kg-m”. Despite these substantial variations, the
motor maintains stable performance in all scenarios. This
constancy demonstrates the robustness of LQR controller
against parametric changes, highlighting its ability to
effectively regulate the system and minimize deviations
from the set point, regardless of the conditions, thus
ensuring precise and stable control of the system in
changing conditions.
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Fig. 11. Motor response under moment of inertia variations
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Test 3. Phase fault evaluation. In the final test phase,
the motor will start with a load torque 10 N-m, followed by
the introduction of a phase fault at 1.5 s (V, = 0), which
represents challenging conditions, with a speed reference
of 300 rad/s (Fig. 14). Despite the phase fault and the load
torque, one can see that the DSIM continues operating
with a speed value equal to 299 rad/s, ensuring service
continuity. Additionally, small ripples of approximately
+1 rad/s around the reference speed are observed,
highlighting the system’s ability to maintain stability even
under challenging and degraded conditions. The current in
the faulty phase (phase A) is shown in Fig. 15. Ideally, the
current in phase A should be 0, but due to interactions of
magnetic fluxes, a current is induced in phase A. This
phenomenon can be explained by mutual inductance,
where the changing magnetic field produced by currents

in other phases induces a current in the faulty phase.
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Conclusions. The evaluation of the Linear Quadratic
Regulator (LQR) applied to the dual star induction motor
system (DSIM) through a series of rigorous tests has yielded
promising results. In the precision test, the LQR regulator
showcased high accuracy in tracking reference speed changes
with zero overshoot and swift stabilization times, ensuring
precise control. Furthermore, the robustness test against
parameter variations demonstrated the regulator’s resilience,

maintaining stable motor performance even with doubled
stator and rotor resistances and inertia. Additionally, the
introduction of load torque displayed the system’s ability to
swiftly adapt while sustaining stable performance. Moreover,
in the face of a phase fault and load torque at the same time,
the DSIM maintained almost the same speed, with minor
fluctuations around the reference speed, ensuring service
continuity and stability. These results affirm the effectiveness
and reliability of the LQR regulator and the DSIM in
facilitating precise control and stability applications, without
the need for simplifying assumptions, thereby contributing to
the advancement of electric vehicle technology.

For further developments to enhance this technique,
adaptive control algorithms such as fuzzy logic or neural
networks can be used to improve precision and settling
time by changing current classical PI regulators by one of
the adaptive algorithms.
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Global maximum power point tracking method for photovoltaic systems
using Takagi-Sugeno fuzzy models and ANFIS approach

Introduction. A new global maximum power point tracking (GMPPT) control strategy for a solar photovoltaic (PV) system, based on
the combination of Takagi-Sugeno (T-S) fuzzy models and an ANFIS, is presented. The novelty of this paper lies in the integration of
T-S fuzzy models and the ANFIS approach to develop an efficient GMPPT controller for a PV system operating under partial
shading conditions. Purpose. The new GMPPT control strategy aims to extract maximum power from the PV system under varying
weather conditions or partial shading. Methods. An ANFIS algorithm is used to determine the maximum voltage, which corresponds
to the actual maximum power point, based on PV voltage and current. Next, the nonlinear model of the PV system is employed to
design the T-S fuzzy controller. A reference model is then derived based on the maximum voltage. Finally, a tracking controller is
developed using the reference model and the T-S fuzzy controller. The stability of the overall system is evaluated using Lyapunov’s
method and is represented through linear matrix inequalities expressions. The results clearly demonstrate the advantages of the
proposed GMPPT-based fuzzy control strategy, showcasing its high performance in effectively reducing oscillations in various
steady states of the PV system, ensuring minimal overshoot and a faster response time. In addition, a comparative analysis of the
proposed GMPPT controller against conventional algorithms, such as Incremental Conductance, Perturb & Observe and Particle
Swarm Optimization, shows that it offers a fast dynamic response in finding the maximum power with significantly less oscillation
around the maximum power point. References 20, tables 3, figures 14.

Key words: photovoltaic system, maximum power point tracking, Takagi-Sugeno fuzzy model, linear matrix inequalities.

Bcemyn. IIpeocmasiena nosa enobanvna cmpameeis giocmedcents mouku maxcumanvioi nomyowcnocmi (GMPPT) ona conaunoi
¢omoenexmpuunoi (PV) cucmemu, 3achosana na xomobinayii neuimxux mooeneu Taxaei-Cyeeno (T-S) i ANFIS. Hoeusna cmammi
nonseae 6 inmeepayii Heuimxux mooeneti T-S i nioxody ANFIS ons pospobxu egpexkmusnozo konmponepa GMPPT ons PV cucmemu, wo
npayioe 8 ymosax yacmkoeo2o 3aminenns. Mema. Hosea cmpamezis konmponio GMPPT cnpamoeana Ha OmpumManHsa MaKxcumMaibHOi
nomyscnocmi  6i0 PV cucmemu 3a 3MIHHUX NO200HUX YMO8 abo uacmkogozo saminenns. Memoou. Aneopumm ANFIS
BUKOPUCTNOBYEMBCS OISl BUSHAUEHHS MAKCUMATLHOT Hanpyau, AKa 8I0N06ioae hakmuuHiil mouyi MaKCUManibHoOi ROMYICHOCHI, HA OCHOBI
PV nanpyeu ma cmpymy. /lani neniniiina mooens PV cucmemu euxopucmogyemvcs 01 po3pooku Hewimxozo kouwmponepa T-S. [lomim
HA OCHOBI MAKCUMATLHOI HANpyeu 6UB0OUMbC emanonHa modens. Hapewmi, konmponep cmedicentsi po3pobieHo 3 6UKOPUCTIAHHAM
emanonnoi modeni ma newimkozo koumpoiaepa T-S. Cmitikicms cucmemu 8 yiiomy oYiHIOEMbCA 3a 00NOMO2010 Memoody JIanynoea i
npeocmasnsiemvcs y uenAol JIHIHUX MampuyHux HepieHocmel. Pe3ynomamu uimko OemoHcmpyiomb nepeeacu 3anponoHO8aHOT
cmpamezii Heuimkoeo xepygsanms Ha ochosi GMPPT, oemoncmpyiouu it 6ucoky npoOyKmMugHicmv wjo0o eQheKmueHo20 3MeHUIeHHS!
KoAUuBans y pisnux cmanux cmanax PV cucmemu, 3abesneuyiouu minimanshe nepepeyniogants ma weuowiui yac eiocyxky. Kpim moeo,
nopienaAneHul ananiz npononosanozo koumponrepa GMPPT i3 3euuaiinumu ancopummamu, makumu sk Incremental Conductance,
Perturb and Observe ma Particle Swarm Optimization, noxasye, wjo 6in NponoHye weUoKy OUHAMIUHY Pearyito Yy NOULYKY MAKCUMATbHOT
NOMYHCHOCMI 31 3HAUHO MEHWUMU KOTUBAHHAMU HABKONIO MOYKU MAKCUMATbHOT nomyxcrocmi. biom. 20, Tabn. 3, puc. 14.

Kniouosi cnosa: poroesieKTpHYHA CHCTEMA, BilCTeKeHHS TOUKH MAKCUMAJIBHOI MOTYKHOCTI, HeuiTka Mojesab Takari-Cyreno,
JiHifiHi MaTpUYHi HepiBHOCTI.

Introduction. Fossil energy has several drawbacks,
such as environmental pollution, climate change
contributions, and resource depletion. In contrast, renewable
energy, like solar and wind power, offers advantages like
reduced environmental impact, sustainability, and the
potential for job creation and innovation in clean energy
technologies. Photovoltaic (PV) solar energy offers
compelling advantages. It is a clean and sustainable source
with zero emissions, reducing environmental impact.
Moreover, solar modules are durable, low-maintenance, and
cost-effective over their long lifespan. Scalability makes PV
systems versatile for diverse applications, from homes to
large-scale projects. Abundant sunlight in many regions
promotes energy independence, diminishing reliance on
finite resources. Ongoing technological advancements
further enhance efficiency and affordability, making PV
solar an increasingly attractive and accessible choice for
renewable energy [1, 2].

The PV system consists of solar modules that
transform sunlight into DC electricity and a DC-DC
converter, which plays a pivotal role by facilitating the
efficient power transfer from the solar modules to the load.
Its primary function is to match the varying voltage levels
between the PV module and the load or storage system [3].
In essence, it optimizes power extraction from the solar

modules by maintaining the output voltage at the maximum
power point V,,, a task typically controlled by the
Maximum Power Point Tracking (MPPT) algorithm [4, 5].

Many conventional MPPTs methods have been
proposed in the literature, these include Perturb and
Observe (P&O) [6, 7], Incremental Conductance (InCond)
[8, 9] and Hill Climbing [10]. However, each method has
its application challenges and inherent disadvantages. For
instance, P&O is susceptible to oscillations around the
maximum power point and may result in power losses,
especially under rapidly changing irradiance conditions.
InCond, while more efficient, can exhibit sensitivity to
noise and instability. Hill Climbing methods may struggle
in partially shaded conditions and exhibit slow
convergence to the optimal operating point.

Additionally, these conventional MPPT approaches
may not fully exploit the potential of PV systems under
dynamic environmental conditions. As a result, exploring
advanced and adaptive MPPT techniques becomes crucial
to overcoming these limitations and improving overall
performance [11]. On the other hand, shading introduces
multiple peaks and wvalleys in the power-voltage
characteristic, leading to inaccurate MPPT operation.
These conventional methods may experience slow
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convergence and oscillations and may even be trapped in
local maximum power points, resulting in sub-optimal
energy harvesting. To address these limitations, advanced
MPPT techniques, often incorporating intelligent
algorithms and adaptive strategies, are increasingly
explored to enhance performance in partial shading
conditions [12].

Over the past few years, numerous fuzzy MPPT
controllers have been suggested, leveraging Takagi-
Sugeno (T-S) fuzzy models [13, 14]. The fundamental
concept behind T-S fuzzy models is to represent a process
by aggregating linear models, facilitating the construction
of fuzzy controllers using a technique called parallel-
distributed compensation (PDC) [15]. Determination of
fuzzy controller gains is dependent on the stability
conditions of the augmented T-S fuzzy system, which can
be readily formulated as linear matrix inequalities and
efficiently solved through convex optimization
techniques. In [16] the InCond algorithm is utilized to
ascertain the reference voltage. Subsequently, it is
combined with a T-S MPPT-based fuzzy controller. Other
studies, such as [17], calculated the reference voltage
employing a T-S reference model incorporating, as inputs
measurements of temperature and irradiation. An
alternative approach involves, an MPP searching
algorithm, which evaluates the changing levels of
irradiation and temperature. This algorithm instantly
calculates the partial power derivative which respect to
the PV cell current and generates the reference state
required for tracking with a PDC controller.

Purpose. This work aims to design a Global
Maximum Power Point Tracking (GMPPT) controller
using the adaptive ANFIS technique to accurately track
the global maximum power point in the presence of
partial shading. ANFIS uses PV current and PV voltage
as inputs to generate the maximum voltage. Subsequently,
a T-S fuzzy -controller ensures maximum energy
transmission, enhancing the PV system’s efficiency. The
efficacy of the proposed T-S fuzzy method is assessed
through the total-cross-tied configuration, partial shading
as well as under sudden solar irradiance changes.

PV system modeling. As seen in Fig. 1, the PV
system under consideration is made up of a PV panel, a
DC/DC boost converter, and a DC load.

PV Modulei DC-DC Boost converter 1 DC Load
b
RL L D E 1
c e et <
[ U GE : RS Vo
PWM — ' T

Fig. 1. PV system

PV system parameters applied in this study are as
follows:

e [ and V denote, respectively, the PV output current
and voltage;

e i;, iy, Vo and u denote, respectively, the converter’s
self-inductance current, load current, load voltage and
duty cycle;

e C, G, L, R;, R, and v, denote, respectively, the
input capacitor, output capacitor, boost inductance,

resistance of self-inductance, resistance characterizing the
loss through the electronic switch (MOSFT) and diode’s
forward voltage.

PV panel model. According to the electrical circuit
of PV panel (Fig. 2), the PV current can be described by
[17,18]:

q(V+IRS)j_1j_V+IRS O

I=n,1,,—n,1I.|ex
P’ ph ’”( p( AKT R,

where /; is the cell saturation current in the dark; 7, is the
light-generated current; R, and R are the shunt and the
cell series resistances respectively; ¢, k, T, n,, A are,
respectively, the electron charge, Boltzmann constant
(1.38:10 % J/K), cell temperature, number of parallel solar
cells and the ideal factor.
Rs |
( /\/\/\/\/

g N § Rsh v

Fig. 2. Electrical equivalent model of PV module

Equation (2) describes the light-generated current
I, which is dependent on cell temperature 7" and sun
irradiation G:

]ph = G(ISC + KI(T_ Tr))s (2)
where I, is the cell short-circuit current at 7= 25 °C and
G=1 kW/mz; K, T,, G are, respectively, the cell’s short-
circuit current temperature coefficient, cell’s reference
temperature and solar irradiation.

Conversely, the saturation current is dependent on
cell temperature according to the following expression:

g [T e (11 5
s=sl ) P T\ T

where E, is the band-gap energy of the semiconductor used
in the cell; 7, is the reverse saturation current given by:

I :# (4)

rs >
Ve
exp| 17ec |1
n kAT
where V. is the open-circuit voltage.
The considered PV panel is simulated using the
MATLAB/Simulink model illustrated in Fig. 3 with the

values provided in Table 1. The PV panel is composed of
36 cells, as shown in Fig. 4.

]
Continuous

PV Panel with 36 Cellules

Fig. 3. Simulink model of PV panel
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Fig. 4. Simulink model of PV panel cells

Table 1
PV panel parameters
Parameter Value

Ideal factor of PV cell 4, V 1.1
Shunt resistance R, Q 360
Cells connected in series 7, 36
Number of module in parallel n, 1
Series resistance R,, Q 0.18
Temperature reference 7, K 298
Irradiation reference G, W/m?> 100
Nominal short-circuit current [, A 3.8
Open-circuit voltage V,., V 21.6
P-V characteristic (Fig. 5) shows the significant

impact of solar irradiation and cell temperature on the
fluctuation of the PV module’s maximum power Py,
which translates to an ideal PV output voltage
Vinax = Vimpp- On the other hand, when the PV module is
partially shaded, it gives rise to the occurrence of multiple
operating points on its P-V characteristic plot.

60-G=1000 Wim?, T=25 G Vg, o= 16.6476 Y,
P o, =59.3936 W
P,W \
50 ,
(G=800 W/m®, T=40 C 'R F-\B 9944 V
Pe ., =36.4204 W
40 \

G=600 W/m®, T=30 G |6 3771V,

3‘ 4877 W

,;-f—/

30!
v ~15.2074 V,

G=400 Wim®, Tseo/c’ L=21.4928 W

20

= | \\\ Al
0 5 10 15 20 25
Fig. 5. P-V characteristic of a PV module

155527\1
-1042|DW

DC-DC boost converter model. The dynamic model
of DC-DC boost converter can be described as [17]:

: Ry, . 1 1—u .
ZLZ—TLZL-FzV—( I j(Vo-FVd—RmZL),

, (5
. . : (%)
V=i +—1.

G G

By using (5) and adding a new state, such as
U = uy, the PV system can be described as:

i) = f(x(0)+ Bult)+n(t), (6)

where

RL 1 1-u V0+Vd R lL
——=i;+—V -
oy’ (L j( L ”
1
x\t))= ——1 ;
1(+0) i
0
V0+Vd
ir 0 1L
x=|V |, B=|0}, n=| ——I
1 .
Upy Uy

The considered boost converter parameters are given
in Table 2.

Table 2
Boost converter parameters
Parameter Value
Output capacitor Cy, uF 50
Input capacitor C,, uF 220
Resistance of self-inductance R;, Q 0.5
Resistance of IGBT characterizing R,,, Q 0.05
Load resistance R, Q 35
Inductor L, uH 180
Diode’s forward voltage v, V 1.9

Proposed GMPPT method. The purpose of this
study is to design a feedback controller using T-S fuzzy
models and ANFIS technique that permit to maximize the
output power of the PV Panel. The primary objective is to
ensure that the PV system states follow x = [zL vV upv]T
pre01sely a desired reference x; = [izs Vy upvd] regardless
of varying weather conditions and partial shading. The
initial stage involves designing a T-S fuzzy controller
using the nonlinear mathematical model of the PV
system. Subsequently, a desirable reference model and a
nonlinear tracking controller are determined using a
maximum voltage Vyax = Vi Which can be determined
using an ANFIS. Consequently, the control scheme
depicted in Fig. 6 is proposed.

PV Module | DC-DC converter

v
A T "ﬂ B

Cz|
- AN FIS Model 1At Ry
Controller generator
Learnlng

Fig .6. Control scheme of proposed GMPPT method

ANFIS design. The implementation of an ANFIS for
the prediction of the maximum voltage is illustrated in Fig 7.

Simulink/SimPower models of the PV module
operating in diverse climatic conditions and under various
partial shading, scenarios are employed to create the training
dataset for the ANFIS. These datasets encompass predictor
inputs and corresponding desired output values. The system

i Load

L
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involves two inputs, the PV voltage and PV current and a
single output representing the maximum PV voltage which
corresponds to the actual maximum power point. The
ANFIS network formulates fuzzy rules based on a provided
input-output  dataset, utilizing suitable membership
functions whose shape parameters are adjusted in the
learning phase. The training process employs a hybrid
learning method that integrates the least squares approach
with the back-propagation gradient descent algorithm.

[ PV Module modeling ]

Simulation of PV module unde
several shadlng scenarios

Training Data collection

rules

ANIS Network Model

\_/T\_/;/

[ Fuzzy input Data and fuzzy

Is
rror<=Max Error

New Mebership
Functions

i

Training Model

Is
rror<=Max Error

No New Mebership
Functions

Yes

v, TS Fuzzy PWM signal
"""" Controller+PWM
Learning Model +M
PV module | I DC-DC Boost Load

Converter

Fig. 7. ANFIS flowchart

Fuzzy modeling of the PV system. To design the
feedback T-S controller, the nonlinear system given by
(6) is converted into a T-S fuzzy model. This
transformation is achieved by considering the converter
inductance current i; and the load voltage ¥ as decision

variables. Consequently, the following state space
representation is produced:
()= Alig Vo (t)+ Bult)+n(e), (7)
where:
_R_L l VO+Vd_RmiL _V0+Vd
L L L 0 L
1 1
A=-— 0 0 ,B=|0n= —i
q | =g
0 0 0 0

Assuming that the output load voltage and the boost
inductance current are bounded as:

Vo<Vo<Vo, (8)
and using the nonlinearity transformation sector approach
[19], the mathematical model of the PV system (7) can be
given by a fuzzy models with » = 2" = 2° = 4 If-Then
rules, as follows: Rule i: If z;(¢) is F; and zy(¢) is F;. Then

i <ip <ip,

%(¢)= Apx(e)+ Bule)+ne) i = 1,...,7,

where z; = i; and z, = ¥V}, are the premise variables, F',
F,, F5, F») are the membership functions given by:

’L(t)_éL . )
Fylip) ===, Fali)=1-F,(i)
lL(t)_lL
Volt)-7, ®
Fy(g)==—~—=", Fyn(y)=1-Fy ()
Vol)-7,
The sub-matrices are deﬁned as:
_& 1 Vo +vg—RyiL [ R, 1 Votva—Ruip |
L L L L L L
4=l- o 0 4=l-L o 0 2
G G
0 0 0 0 0 0
R, 1V tv-Rig (R, 1 Vo+va—Rai,
L L L L L L
1 1
A=[-— 0 0 A= —— 0 0 ’
3 G Ay G
0 0 0 0 0 0
0
Bl Bz :B3—B4— 0

The overall output of the T-S fuzzy model can be
given by:
N Ax(e)+ Bu(e)+n(t),  (10)

Zh
Zw

where h

H Fy (zj ) for all

.
t>0, h{z)20 and Y hy(z)=
i=1
T-S fuzzy controller gains. The aim is to develop a
feedback fuzzy controller that can steer the state of the PV
system, denoted as x(f), to closely match a reference
model x,(f). Subsequently, the feedback tracking control
must adhere to the following conditions:
x(f) — x4(f) >0 as t —o0.

(11)

The derivative of the tracking error }’(t) can be

(1) = ()~ %4 (0) (12)
By substituting (10) in (12) and adding the term

ghxz)A,(x(t)—

B
i=1
Equation (13) can be written as:

Zh N5 ()+ B, (1)),

defined as:

x4(t)), equation (12) becomes:

(13)

(14)

where

3B na 0+ Bl 340 19

i=1
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T-S feedback controllers are developed to solve the
control problem as outlined below.

Controller rule i: If z;(¢) is Fy; and zy(¢) is F»; Then
(1) =KX (0).

The final output of the fuzzy controller is given as:
r
7,(6)==> Iy(z(e)K% (¢ (16)
j=1

By applying T-S control law (16) to model (14), the
closed-loop system is represented as:

= > S (e )i - ik )

i=1 j=1
By letting G; = (4, — BiK)), equation (17) can be

expressed as:
r r
=2 2 hilz(0)n (=067 ().
i=1 j=1
To compute the feedback controller gains K, the
subsequent theorem is taken into consideration [20].
Theorem: T-S fuzzy system described by (18) is
globally asymptotically stable if there exists a matrix
X >0, a diagonal matrix O, matrices M; and matrices Z;
with: Z; = Z;" and Z;; = Z," for i#j, such that:

xal + 4x-BM,-MmIBl +v, x0
ox
XA + 4.X + XA} + 4;X - BM ;- M| B]

(17

(18)

<0. (19)

(20)
—B;M;-M[B} +27;<0, i<j<r.
Zn 2 Ziy
Zyy Z Z
2o =750 1)
er ZZr er
The feedback controller gains can be extracted as:
Ki=MX". (22)
Controller law and reference model. The

controller law u(f) and the variables of the desired
reference model, represented by x,(f), can be determined
through the utilization of (1 5), which is restated as:

N
> hBi(ule)-1, Zh,A,xd n(e)+x4(). (23)
i=l
Noting that:

Alig V) Zh,A,, B= Zh (24)
Then, equation (23) can be rewntten as the

following compact form:
Blu—1,)==Alig.Vo)xg =1+ (25)
In matrix notation, the equation (25) can be given as:

Ry
-—— — «a
0 % L i -B .
0lu-z,)=—| —— 0 0w, |-|=i,, |+—|¥, |- 206)
( u) Cl d Cl pv dr d
1 0 0 o0k 0 Uq
where
_V0+Vd_RmiL ﬂ_V0+Vd
L ’ L

It is important to highlight that the optimal reference
and the nonlinear controller are calculated based on the
optimal voltage reference which corresponds to the
maximum voltage V; = V.. The second equation of (26)
implies:

ig(Vg)=i, —CVy. 27

From the initial equation in (26), it can be inferred
that:

”d(Vd):i[ﬁid _lVd +ﬁ+lzdj - @2¥
a\ L L

The nonlinear tracking control is derived from the
third equation in (26), as outlined below:

ulVy)=igWa)+7,. (29)

Figure 8 shows the configuration of the proposed
MPPT controller and its key components. The first block
is dedicated to the calculation of the maximum voltage
Viax- This computation involves a fuzzy inference system
that takes PV voltage V and PV current / measurements as
inputs. Next, V. is utilized by the desired reference
block to produce x; using (27) and (28). Following this,
the fuzzy controller generates the fuzzy control signal
utilizing (16), derived from the error e(r) between the
current and desired states. This generated signal is then
utilized by the nonlinear controller block, employing (29)
to produce the ultimate control signal. Further insights
into the fuzzy inference system block will be provided in
the subsequent section.

v v
e aFs ¢

fechnique |

% PV system

Fig. 8. Diagram of the control strategy

Desired
reference

e Nonlinear

controller

TS Fuzzy
controller

5
Simulation results. To validate the proposed

method’s efficacy, simulation tests of the PV system were

conducted using the Simulink model (Fig. 9).

\'vv

[ =

'ANIS Algorithm

TS Fuzzy Controler

\'A\‘,\‘fl
a

PV Panel with 36 Cellules

Fig. 9. Simulink model of the proposed control method

The obtained T-S feedback gains are computed as:
=[155.0075 -0.6106 633.6307}

K, =[92.6114 —0.1194 570.2396}
K3 =[282.7187 —0.4403 616.0382}
K, =[103.4164 03952 577.9426)
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The maximum voltage, which corresponds to the
peak power corresponding to the peak power, is
calculated using an MPPT algorithm based on the ANFIS
algorithm (see Fig. 7). This algorithm relies on a database
constructed from the P-V characteristic, where fuzzy
membership functions model the PV voltage and PV
current. This method establishes a fuzzy relationship
between these parameters and the maximum voltage.

The initial simulation is conducted under diverse
conditions with variable solar radiance and temperature,
assuming temperatures and irradiation levels as illustrated
in Fig. 10,a and Fig. 10,b, respectively.

T,°C '
60 .

40t

500

L 1 t, S
0 5 10 15
Fig. 10. Temperature (@) and radiance (b) profiles for the first test

0

Figures 11,a,b display the responses of PV voltage
and PV power, respectively, while Fig. 11,c,d depict the
responses of the boost converter current and control
signal. Notably, the steady states align precisely, with the
desired trajectories, remaining unaffected by variations in
solar irradiation and cell temperature. This precision in
tracking optimal paths contributes significantly to the
enhanced extraction of available solar power and the
overall performance of the system.

20

0 1 I
0 5 10 Ls 15
a) PV output voltage
80 ‘ ‘
PW | —FP,, 30
60 .>| ___'Pmax )
40 i 1y 12.5)
i
2041
)
0 10 0.05 ‘ 4s
0 5 10 15
b) PV output power

=

758 859 95

2
4
142 Fi
0 0o 0.05 , 8
0 5 10 15

¢) Inductance current of boost converter

|

1

N\
0.5 "1

0 0.05 T 72 . 8.2 t,s
0 5 10 15
d) Duty cycle
Fig. 11.Simulation results for various atmospheric conditions
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The second test involves maintaining a constant
temperature while varying irradiation levels as shown in
Fig. 12,a. The corresponding response of the output power
is depicted in Fig. 12,b. One can clearly see that the steady
states of the system exactly follow the optimal trajectories
and remain consistent despite in cell temperature and sun
irradiation. The precision with which the system stays on
the best courses is critical to optimizing solar energy use
and raising the overall system’s efficiency.

ok
1000 G, W/m
800
600
4001
0 02 04 06 08 "°1
a) Irradiation profile
P, W
3 1, _va
60 P
max

4071,

_’ 22
20 60 ...._._‘ Ie 4
>/ - 0698

X 0.704
oo
0 : 0. 0.02, . .
0 02 04 06 08 °°1
b) PV output power
Fig. 12. Simulation results for sudden change of atmospheric
conditions

The third test is conducted under partial shading
conditions for a PV panel consisting of 36 cells, with 4 cells
shaded, maintaining a constant temperature of 7= 25 °C and
solar irradiation of G = 1000 W/m?2 P-V characteristic
curve reveals 2 maximum power points: a local maximum
0f 29.91 W and a global maximum of 52.76 W (Fig. 13,a).
To assess its performance, the proposed fuzzy method is
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compared to conventional methods such as P&O,
IncCond, and Particle Swarm Optimization (PSO).
Figure 13,b presents the responses of the PV output
power under partial shading conditions.

___________________________ 52.66 W
P,W :
40t 5
20} I
0 1 1 L L
0 5 10 15 V.V 20
a) P-V characteristic
60 P, W
YRR LA
40
52.76 1 =519
20 29.91 /VV _'pnscgm
{ ——TS-ANFIS
0 s PMax
0 0,002 004
0 1 2 Ls 3
b) PV output power

Fig. 13. Simulation results for the third test

One can clearly see that the PSO as well as the
proposed methods can identify the global maximum amid
various local maxima and quickly stabilize at the
maximum global. However, the proposed controller
exhibits a rapid response time, efficiently locating and
maintaining the global maximum without oscillations.
Moreover, conventional methods such as P&O and
IncCond tend to stabilize at the minimum power.

The fourth test is conducted under partial shading
conditions for a PV panel consisting of 36 cells, with 8 cells
shaded, maintaining a constant temperature of 7= 25 °C and
solar irradiation of G = 1000 W/m? P-V characteristic
curve reveals 3 maximum power points, including 2 local
maxima of 37.86 W and 21.37 W, along with a global
maximum of 40.86 W (Fig. 14). Performance evaluation
involves a comparison of the proposed fuzzy method with
well-known methods such as P&O, IncCond and PSO.

-------------------- 40.86 W
5 10 15 "V 20
a) P-V characteristic
40 By :
Lo
| 40.86
| 37.86 =5
! p—
20 a0 8O feoa===smd 1 g5 14| PSO
| 20 o IncOond
% - Pmax
0 0 001,002 .
t
0 1 2 3
b) PV output power

Fig. 14. Simulation results for the fourth test

Simulation tests confirm that the developed MPPT-
based controller effectively guides the steady states to
closely match the optimal operating points, displaying
minimal oscillation. Conversely, the PV system responses
under the compared methods exhibit notable fluctuations
across different states.

Additionally, the performance of the proposed and
comparative methods is evaluated through many indexes
such as root mean square error, MPPT energetic
efficiency, and MPPT energetic error.

The root mean square error is defined as:

N

Z (va,i - Pmax,i)z
Eyms = =l N (30)
The static efficiency:
P
n:[ ’”J-loo. (31)
Vmax
The relative tracking error:
P
&= [iJ ~1. (32)
Vmax

The obtained indexes for the proposed and compared
methods are summarized in Table 3.

Table 3
Comparison of different MPPT methods
Index P&O InCond PSO Proposed
E, s 0.2891 0.2182 0.0575 0.0215
n 46.2568 46.8910 97.1906 98.1256

e 5.2918 5.3109 2.8094 1.0295
This  comparative  study  demonstrates the
effectiveness of the proposed control strategy in

overcoming the limitations associated in traditional
controllers. It is demonstrates also that the proposed
controller delivers a faster dynamic response, significantly
reduced oscillation around the maximum power point, and
overall superior performance.

Conclusions. This paper presents a highly effective
Takagi-Sugeno fuzzy controller for global maximum
power point tracking in PV conversion systems. This
controller demonstrates the capability to guide the PV
system in swiftly tracking a desired reference model with
minimal oscillations during rapid weather changes and
under partial shading conditions.

The desired reference model is determined by the
ANFIS algorithm based on the maximum voltage. Fuzzy
controller gains are computed according to specific
conditions shown in linear matrix inequalities and are
determined using optimization tools. Simulation results,
alongside comparisons to classic Incremental Conductance,
Perturb & Observe and Particle Swarm Optimization
algorithms, demonstrate the effectiveness of the proposed
fuzzy tracking control scheme in managing the PV system
across various operating conditions. Addressing practical
implementation and robustness concerns remains a focus
for future research endeavors.
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Integrating dual active bridge DC-DC converters:
a novel energy management approach for hybrid renewable energy systems

Introduction. Hybrid renewable energy systems, which integrate wind turbines, solar PV panels, and battery storage, are essential for
sustainable energy solutions. However, managing the energy flow in these systems, especially under varying load demands and climatic
conditions, remains a challenge. The novelty of this paper is introduces a hybrid renewable energy system structure using Dual Active
Bridge (DAB) DC-DC converters and an energy management strategy (EMS) to control power flow more effectively. The approach includes
a dump load mechanism to handle excess energy, offering a more efficient and flexible system operation. The purpose of this study is to
develop a novel approach to managing and controlling hybrid renewable energy systems, specifically through the use of a DAB DC-DC
converter. Unlike traditional methods that may struggle with efficiency and flexibility, our approach introduces an innovative EMS that
leverages a reduced neural network block for real-time optimal power tracking and a sophisticated control system to adapt to dynamic
conditions. This approach aims to improve the flexibility of the system, enhance energy utilization, and address the limitations of existing
methods by ensuring rapid and efficient responses to changes in load and climatic conditions. The primary goal of this study is to improve
the performance and reliability of hybrid renewable energy systems by optimizing energy distribution and battery management. The strategy
aims to ensure continuous energy availability, enhance battery lifespan, and improve system response to dynamic changes. Methods. The
proposed EMS was developed and tested using MATLAB/Simulink. The system’s control mechanism prioritizes battery charging when
renewable energy output exceeds demand and redirects excess energy to a dump load when necessary. Simulations were conducted under
various load and climatic conditions to assess system performance. Results. The simulation results demonstrate that the proposed strategy
effectively manages energy flow, ensuring optimal power distribution, quick adaptation to load changes, and maintaining the battery’s state
of charge within safe limits. Practical value. The system showed improved stability and efficiency, validating the effectiveness of the control
strategy in enhancing the overall performance of hybrid renewable energy systems. References 33, tables 3, figures 13.

Key words: hybrid renewable energy system, dual active bridge DC-DC converter, energy management strategy, maximum
power point tracking.

Bemyn. T'ibpuoui cucmemu 8ionosnioganoi enepeemuxu, sKi 00 €Onyioms Gimpsani mypOinu, coHsumi gomoenekmpuuni nameni ma
akymynsimopui 6amapei, € eaxciugumu Ol CIIUKUX eHepeemuyHux piuienb. OOHAK YNPAGNIHHA NOMOKOM eHepeii 6 Yux CUcmemax,
0CoONUB0 3a 3MIHHUX BUMO2 00 HABAHMAIICEHHA MA KNIMAMUYHUX YMOG, 3anumacmucs npobaemoro. Hoeusna yici cmammi nonseae 6
npedcmagienti 2iOpuOHoi Cmpykmypu cucmemu 8iOHOGII0BAHOI eHepell 3 BUKOPUCIAHHAM NOOBIHUX akmueHux mocmie (DAB) DC-DC
nepemeopiosauis i cmpameeii ynpasuinus enepeiero (EMS) ons binvu egpekmuenoco KoHmpomo nomoxy enexkmpoenepeii. Ileii nioxio
BKIIIOUAE MEXAHIZM CKUOAHHS HABAHMANCEHHA Ol 0OPOOKU HAOTUWKOB0I eHepeii, wjo 3abe3neuye Oinb epeKmusHy ma eHyuKy pooomy
cucmemu. Memorw yb020 00CTIONCEHHA € PO3POOKA HOB020 MIOX00Y 00 YNPAGIIHHA MA KOHMPOIO 2IOPUOHUX CUCTEM BIOHOBIHOBAHOT
eHepeii, 30kpema 3a donomozor nepemeopiosava DAB DC-DC. Ha 6iominy 6i0 mpaouyiiinux Memoois, sKi MOXNCYMb MAmu npoonemu 3
epexmueHicmio ma eHyuKicmio, Hawt NioXio 3anpoeacicye innosayiuny EMS, axa suxopucmosye 3menuienuti 610K HelpoHHOT Mepexci 0a
8i0CMediCeH s ONMUMATILHOT NOMYIICHOCTIE 8 PeaNbHOMY 4aci ma CKIAOHY cucmeMmy Kepysants 01 adanmayii 00 ounamiynux ymos. Llei
niOXIiO0 CHPAMOBAHUL HA NOKPAWEHHS! 2HYYKOCI CUCMeMU, NOKPAWEHHsI 6UKOPUCIMANHS eHepeil ma YCYHEHHSI 0OMEJNCeHb [CHYIOUUX
Memooie WiAXom 3abe3nedens WeUoKoi ma eqhekmueHol peakyii Ha sMiHU HABAHMANCEHHA MA KAiMamuyHux ymos. OCHOBHOI Memoo
Yb020 00CTIONHCEHHS € NOKPAUEHHS NPOOYKIMUBHOCE M HAOIUHOCMI 2IOPUOHUX cucmeM GIOHOBTIOBAHOI eHepeii WiaxXom onmumizayii
po3noodiny enepeii ma xepysanns bamapesimu. Cmpamezis cnpsamosana na 3abe3nevenns be3nepepsHoi 0ocmynHocmi enepeii, 30i1buenHs
MEPMIHY CIYIHCOU aKYMYIAMOpa ma MNOKPAwjeHHs. peakyii cucmemu Ha OuHamiyui sminu. Memoou. 3anpononosana EMS 6yna
po3pobrena ma npomecmosana 3a oonomo2oto MATLAB/Simulink. Mexanizm kepyearnts cucmemoro Hadae npiopumem 3apaoyi bamapei,
KOIU BUXIO GIOHOGMIOBAHOL eHepeii nepesuuyye nonum, i 3a HeoOXIOHOCI NEPEHANPABIAE HAOIUWKOBY eHepeito Ha CKUOaHHs. /st oyiHKu
npooykmusHocmi cucmemu Y10 npogedeHo MOOen08aHHA 3d PI3HUX HABAHMADICEeHb | Kuimamuunux ymos. Pezynomamu mooeniosanns
OdemMoHCmpylomy, WO 3anponoHOBAHAd cmpamezis e@eKmusHo Kepye NOMOKOM eHepeii, 3abe3neuyiouu OnmumanbHull po3nooin
NOMYJICHOCMI, WBUOKY a0anmayito 00 3MiH HABAHMAICEHHS. Ma NIOMPUMKY cmany 3apady bamapei 6 besneunux meoicax. Ilpakmuuna
suauumicms. Cucmema npoOemMoHCmpysana NOKpaweHy cmabiibHicms ma egpeKmueHicnb, NIOMEePONCYIOUU eekmusHicms cmpamezii
Kepy8aHHs 0718 NIOBULYEHHS 3A2AbHOT NPOOYKIMUBHOCTIE 2IOPUOHUX cucmeM 8iOH06m08aHoi enepeii. bibi. 33, Tabm. 3, puc. 13.

Kniouoei crosa: riOpuaHa cucTreMa BiIHOB/IIOBaHOI eHeprii, moasiiinuii axkTuBHuMii mMocroBuii DC-DC mnepersoproBay,
cTpaTerisi ynpaBJliHHSl eHepri€lo, BiAcTeskeHHS TOUKH MAKCUMAJILHOI OTYKHOCTI.

Introduction. Renewable energy sources (RESs) are Several studies have been conducted to evaluate the

gaining increasing attention as a sustainable alternative to
traditional fossil fuels, which have negative environmental
impacts and limited availability. Various RESs, such as solar,
wind, and hydropower, have been developed to harness clean
and abundant energy from natural resources [1-5]. However,
single source renewable energy systems have several
limitations, such as intermittency, variability, and low
efficiency. To overcome these limitations, hybrid renewable
energy system (HRES) is an effective solution [6-8].

HRESs combine two or more RESs to improve the
system’s reliability, stability, and performance [9-11].
These systems can be configured in various ways,
depending on the available RESs, system requirements,
and design constraints. The most common configurations
include PV/wind hybrid systems [9], PV/hydropower
hybrid systems, and wind/fuel cell hybrid systems [6].

performance and efficiency of different HRESs. These
studies employ various methodologies, including
simulation, optimization and experimental analysis [10].

In recent years, significant progress has been made in the
field of HRESs, with numerous studies reporting successful
implementation of these systems in various applications, such
as rural electrification, microgrids and building integration
[11]. However, challenges such as cost-effectiveness,
scalability, and reliability still need to be addressed to facilitate
the widespread adoption of HRESs [12].

In the literature we can distinguish several structures
of hybrid systems based on renewable energies, there are
two more useful types of hybrid system structures,
specifically the DC bus structure [1-12] and the multiport
converter structure [13], irrespective of their operating
mode, standalone and grid-connected mode.
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HRES based on ordinary DC-DC converters is a
configuration that combines various RESs, including solar
panels, wind turbines (WTs) and batteries [14], integrating
them into a shared DC bus. This approach involves
converting the energy generated by these sources into DC
and merging them into a unified bus, enabling efficient
energy management and optimal resource utilization [15].

Another approach looks at the implementation of a
new secondary structure designed to streamline protection
measures, minimizing the need for protection circuits.
Another advantage of this type of structure is to ensure
galvanic isolation without additional circuits [16], thereby
enhancing safety and reducing electromagnetic interference.

This research embarks on a comprehensive exploration
of a specific HRES configuration, strategically integrating
solar panels, WT, a load and a dump load. At the heart of this
integration is a battery storage system, the latter is connected
to the other elements by a DC-DC Dual Active Bridge
(DAB) converter, a technological cornerstone streamlining
the interconnection of various energy sources [17—-19]. The
DAB converter, equipped with a single-phase high-
frequency transformer, also strengthens the system against
voltage fluctuations and other operational challenges.

The orchestration of this energetic symphony relies
largely on a sophisticated control strategy. The crux of this
strategy lies in the manipulation of the phase shift within
each transformer. This control ensures optimal contributions
from each energy source to interconnected loads, aligning
with constantly fluctuating power demands. The battery
storage system, the central element of this arrangement,
seamlessly transitions between charging and discharging
modes, acting as a stabilizing force that mitigates the impact
of intermittent renewable sources.

The impact of climatic conditions on power availability
is uncertain; the operating point often changes, to control the
latter the DABs are controlled by a PI regulator, whose

reference is precomputed by a reduced neural network block
and a structural approximation which makes it possible to
extract the maximum power point (MPP) of photovoltaic
(PV) array [20] and WT energy [21].

The goal of the paper is to enhance the flexibility
and efficiency of HRESs by developing an advanced
control strategy. This approach aims to improve the
adaptability of the system’s structure and streamline the
management of currents supplied or consumed by different
components. The paper introduces a novel method for
optimizing the use of RESs, utilizing a reduced neural
network block for precise reference calculation. It focuses
on effective energy management based on the State of
Charge (SOC) of the battery and the load requirements.
The proposed strategy ensures a rapid and adaptive
response to load fluctuations, sudden changes in climatic
conditions, and variations in energy availability.
Performance evaluation is conducted through simulations
using MATLAB/Simulink, with results compared to
existing control strategies and management approaches.

System performance is simulated using the
MATLAB/Simulink software; results were compared to
the control approach to management organization charts.

System description. This paper carries out a HRES,
depicted in Fig. 1, comprises a permanent magnet
synchronous generator (PMSG) WT, solar PV panels, a
variable load, and a dump load, these components are
interconnected with a battery energy storage system each
through a DAB DC-DC converter [19].

With the PV panel as the first input, the PMSG WT
as the second input, the third input linked to the load, the
fourth is gave to the dump load and the common and the
fifth designated for the battery. The system operates
independently in standalone mode.

Dump Load
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Fig. 1. Structure of the studied HRES

To regulate both the quantity and direction of power
transfer, the rectangular waveforms generated exhibit
controlled phase shifts with respect to each other. The relative
delays, namely 7,5 (controlling power flow from PV to the
battery), 75 (for power flow from the WT to the battery), 735
(variable load to the battery) and 745 (dump load to the

battery), 7, determine the extent of phase shift. Positive values
of indicate that the voltage in port j is leading the reference
voltage in port k, while negative values imply the opposite.
The proposed energy management system is
illustrated in Fig. 2 as a block diagram, showing its inputs
and outputs. The management method in this study relies
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on several key elements: it prioritizes charging the batteries
when the load demand exceeds what the RESs can supply
and pass the excess of power through a fixed dump resistor

when the battery is maximally charged. This approach
ensures the continuous availability of energy, extends the
battery life cycle, and improves system efficiency.

Climate DATA T.G.V.8

] = /Energy Management System of HRES\

Measurement of DC Load Power &
{ voltage ] |:>

Measurement of PV & WT DATA |:>
Ppvmes, Pwtmes, Ipvmes & Iwtmes

Measurement of SoC

\

10000 Hz 4 square
signals delayed with
T1, T2, T3 and Ty
respectively.

=

/

Fig. 2. Block diagram of the energy management system

Modeling
parameters.

1. PV source. PV cell’s equivalent diagram (Fig. 3)
features a generator current that simulates illumination
and a parallel diode representing the PN junction. The
practical circuit also takes into account parasitic resistive
effects due to manufacturing [22, 23].

R. Upe

1
—_—

and sizing of electrical system

T

. Iy I
G S,
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Fig. 3. Eqﬁivalent diagram of a PV cell
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The solar PV module is formed by connecting PV
cells in both series and parallel configurations. The current
output /,, from the solar PV module is determined as:
9V ]

N, AkT _1)_V_d
Rsh
where N, is the number of cells in parallel; N is the number
of cells in series; 1, is the photocurrent; I, is the reverse
saturation current; V, is the diode voltage; 4 is the diode
ideality factor; k is the Boltzmann’s constant; 7' is the
temperature; ¢ is the elementary charge; Ry, is associated
with the non-ideal characteristics of the p-n junction and
the presence of defects along the cell’s edges that create a
short-circuit path around the junction; R,, is the overall
resistance encountered by the electrons along their path.

PV array used in this study under standard testing
conditions of solar irradiance G = 1000 W/m? and a
temperature of 7 =25 °C (Table 1).

1, =Np(lph—lde[ , 1)

Table 1
Specification of the PV

Parameter Value
Maximum power of the solar panel P,,,,, kW| 64
Current at MPP 7,,,,, A 110.25
Voltage at the MPP V,,,,, V 580
Short-circuit current /., A 117.6
Open circuit voltage value V., V 726

2. WT model. Numerous mathematical models have
been developed to describe the relationship between wind
speed and the mechanical power generated from wind. In
this study, the WT is represented as [24]:

1 3
By=2pA,Cpr, )

where P, is the wind power extracted; p is the air density;
A, is the rotor area of the WT; v is the wind speed; C, is
the power coefficient. The power coefficient is influenced
by the tip speed ratio 4 and the pitch angle £.

Numerical approximations are utilized to compute
C, for specified values of A and 3, as shown in [24] with
the following expression:

s

Cp(4.8)= Cl[%—%ﬂ - 04}/1" +eds ()

-1
~ 1 (0.035
li_[(ﬂm.o%ﬂj [ﬂ3+1]] ' @

The coefficient C, utilized for the simulation, as
referenced in [25], are: ¢,;=0.5176, c,=116, c3=0.4, c4=5,
¢s=21, ¢4=0.0068. Notably, the maximum C, (Cpmay) is
achieved at an optimal tip speed ratio (4,,) and a pitch
angle of f = 0. Additionally, a relationship linking the
rotor speed to the tip speed ratio [3] is expressed as:

A= R ®)
v
where R is the length of the WT blade.

The characteristics of the WT at "= 12 m/s and =0

used are presented in Table 2.

Table 2
WT specification
Parameter Value

Maximal power P,,,, kW 100
Density of air p, kg/m’ 1.12
Radius of rotor R, m 8.28
Turbine total inertia, kg-m* 0.1

Total viscous friction, N-s/m> 0.0004924

3. Dual active bridge. Figure 4 shows a typical full-
bridge DAB DC/DC converter that interfaces between
two voltage sources and its equivalent circuit. The two
actively controlled full bridges are connected via a high-
frequency transformer [26]. The power inductor L, which
includes the leakage inductance, serves as the main
energy transfer device.

Fig. 4. DAB DC-DC converter
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DAB converter is characterized by its easy control,
high efficiency, high power density and galvanic isolation
ensures by the transformer.

The power transfer between the two windings,
represented as Py, is regulated using a simple-phase-shift
technique [27]. This relationship is described by the
following equation, while admitting that n,=n,:

VD (=|Dy))

P; ; Dl <1, 6
Jk 2stjk ‘ ]k‘ ()
T jk
Dy =2-1; 7

Jk Ts (7
Tk =(Tk = 7). )

where 7 is the relative delay between the square wave
signals from inverters j and k; 7, and 7; are the absolute
delays of the signals V; and V}, respectively; T is the
period of the square wave signals, also known as the
switching period [27].
Assuming the following equality based on (7), (8):
Djy=Dy—-D;. )

MPPT method. Application on PV generator.
This part of the energy management process begins with
setting the irradiance G = 1000 W/m?. It uses a simplified
neural network block that takes temperature 7 and
irradiance G as inputs and provides /,,, as the output.

The nntool Toolbox in MATLAB is used for
designing, training, validating and testing a neural
network. The dataset is divided into 3 parts: 70 % for
training, 15 % for validation and 15 % for testing. The
neural network is trained using the Levenberg-Marquardt
algorithm, which is a very fast and accurate method for
minimizing the mean square error (Fig. 5). This algorithm

provides superior results compared to others. The
regression results are depicted in Fig. 6.

Train a neural network to map predictors to continuous responses.

Data

Predictors:  in - [1x61 double]

Responses: inn-[1x61 double]

in: double array of 61 observations with 1 features.

inn: double array of 61 observations with 1 features.

Algorithm

Data division: Random

Training algorithm: Levenberg-Marguardt

Performance: Mean squared error

Training Results

Training start time: 30-Jul-2024 20:24:43

Layer size: 10

Observations MSE R

Training 43 0.0127 0.9947

Validation 9 0.0059 0.9969

Test 9 0.0108 0.9975

Fig. 5. ANN model summary

In the second step, an adaptation block is developed
to calculate 7,,, for any irradiance level by referencing the
value obtained at 1000 W/m?. We will validate this
adaptation with experimental results.

The idea stems from the observed proportionality in
the PV graphs at a constant temperature. Using the case
presented in Table 3, for a fixed temperature 7 = 25°C,

we compare the relative value G/1000 with 1,,,/1,,(1000)
for irradiances ranging from 100 to 1000. According to
the neural network block at 7'=25°C, 1,,,(1000) = 110 A.
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Fig. 6. The regression results

Table 3 demonstrates the approximate equality of
G/1000 and 1,,(G)/1,,(1000). Therefore, the adaptation
we adopted involves first determining /,, at any
temperature for G = 1000 W/m? and then multiplying it
by G/1000. The effectiveness of this technique will be
validated in the results discussion section.

Table 3
Optimal current /,,, at different irradiance values G and T'=25°C

G G/1000 Loy 1,/ 1,,{1000)
100 0.1 11.07 0.10063636363
200 0.2 22.155 0,20140909090
300 0.3 33.1763 0,30160272727
400 0.4 44.226 0,40205454545
500 0.5 55.2232 0,50202909090
600 0.6 66.2241 0,60203727272
700 0.7 77.2974 0,70270363636
800 0.8 88.2805 0,80255000000
900 0.9 99.6837 0,90621545454
1000 1 110 1

Figure 7 shows the circuit configuration between the
PV and the battery this kind of techniques is represented
in [28-32].

The energy management system is a computerized
system, which allows, firstly, to find the current
instructions to extract the maximum power from RESs,
while referring to the SoC of the battery and secondly a
regulation system which makes it possible to control the
three converters in order to guarantee the performance of
the powers in each element of our system.

The flowchart shown in Fig. 8 deploys the energy
management strategy (EMS) proposed by our work. The
management algorithm is designed to adjust the 4 phase
shifts based on the reference, which is the battery, as
mentioned in the system description. These adjustments
are driven by 2 key factors: SOC of the battery and the
comparison between the power demanded by the load and
the power supplied in real time by the RESs.

The algorithm presented in Fig. 8 is summarized in
the following situations:

1. Situation 1. When the total power produced by
RESs is less than the power demanded by the load, and

42

Enexmpomexnixa i Enexmpomexanika, 2025, Ne 2



SoC is greater than 85 %, the battery discharges and
contributes to meeting the demand.

2. Situation 2. In this case, if SoC of the battery is
greater than 85 % and the load demand is lower than the
production from the RES, the battery is isolated, and the
excess power produced is directed towards the dump load.

3. Situation 3. In this situation [33], if the SoC is
between 15 % and 85 % and the power produced by the
RES is lower than the load demand, the battery discharges
to cover the remaining demand.

4. Situation 4. When the load demand is lower than
the power produced by the RESs and the battery’s SoC is
between 15 % and 85 % [33], the excess power is directed
to the battery, indicating that the battery is charging.

5. Situation 5. If the SoC is now less than 15 % and
the power from the RESs exceeds the demand, the battery
will be charged by the excess power.

6. Situation 6. The last situation involves isolating the
load while the battery is charging when the battery’s SoC is
below 15 % and the RES cannot meet the load demand.

B |

ERaEal |

Bidirectional High Frequency Bidirectional RC Filter High Capacity
DC-AC Converter Transformer AC-DC Converter | e
Batteries

tninli

Square wave

s(2nf(t — 1))

ST

Square wave

s(2nf(t — 1))

Fig. 8. EMS proposed flowchart
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Results and discussion.

1. MPPT method validation. The test presented in
Fig. 9,a assesses the reliability and capability of our
control system to track maximum power. As previously
mentioned, the optimal current under specific climatic
conditions is calculated using a simplified neural network
block and an adaptation method.

In this scenario, the PV system is subjected to a
temperature 7 = 30°C and an irradiance G = 850 W/m?.

The block provided 94 A as the reference current.
To verify the block’s reliability, we applied 3 reference
currents to the PI regulation system with a 0.6 s delay:
initially 94.5 A, then 94 A at 0.2 s (as calculated by the
block), and finally 93.5 A at 0.4 s. The average power at

the PV level was evaluated for the 3 cases. Figure 9,0
summarizes these results.

After analyzing the residual graph, we see that the
regulation system accurately followed the current references.
For each current, the PV system developed an average
power: approximately 53540 W for 94.5 A, 53552 W for
94 A (as calculated by the block), and 53539 W for 93.5 A.
These results indicate that our system achieved maximum
power for the reference calculated by our block,
demonstrating that the MPPT approach is both efficient and
reliable. It is worth noting that the system produced
consistent results under different climatic conditions, which
should be considered in the optimization algorithm.
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Fig. 9. MPPT PV results

2. EMS scenarios. In this section, we will evaluate
the developed algorithm under different scenarios. One
important thing to consider is that we did not vary the
climatic conditions of the WT.

In a 4-second simulation, we evaluated the system’s
performance across the first 4 situations by adjusting the
irradiation G, temperature 7 and changing the load
demand. The results are presented in Fig. 9, 10.

Regarding the load, it requires 125 kW between
0 and 2 s, and 186.5 kW between 2 s and 4 s.

Between 0 and 1.33 s, the PV system operated at a
temperature of 22 °C and an irradiance of 600 W/m?
producing 39,32 kW. From 133 s to 2.66 s, with the
temperature at 27 °C and irradiance at 1000 W/m?, the power
output increased to 63,35 kW. Finally, between 2.66 s and 4 s,
at 25 °C and 900 W/m?, the PV system generated 57,75 kW.

The climatic conditions for the WT were fixed
throughout the simulation, with a wind speed of 12 m/s
and a pitch angle of 0°, resulting in an average power
output of 98,5 kW.

Based on the data provided, we can conclude that
between 0 and 2 s, the power generated by the RESs
exceeds the load demand, while between 2 s and 4 s, the
opposite is true.

We began with the SoC of 84.9972 % to ensure a
smooth transition between situations. Initially, we were in

situation 4, which was confirmed by the simulation. At
0.91 s the battery reached 85 % (Fig. 11). At this point, we
transitioned to situation 2 by isolating the battery through a
command and diverting the excess power to the dump load.
In Fig. 10, the dump load is represented by the power P,

At 2 s, the SoC is still slightly above 85 %, and as
the power demand exceeds production, the system shifts
to situation 1. In this scenario, the battery becomes the
power source, and the dump load is isolated again.
However, this situation only lasts for 0.02 s before the
SoC drops below 85 %, moving the system to situation 3,
which follows the same instructions as situation 1.

This demonstrates the system’s efficiency in
regulation and control, as it dynamically adjusts based on
the battery’s status. For instance, at 2 s (Fig. 10) the load
changes its setpoint, yet the system successfully adapts to
the new setpoint, while the PV and WT maintain their
average values, proving the system’s resilience against
load disturbances.

To avoid too much repetition, we kept the simulation
conditions, including those for the PV, WT, and load,
almost the same. This time, we focused on evaluating the
energy management system with the SoC around 15 %.

Figure 12 shows the power levels in different
situations when the SoC is close to 15 % (Fig. 13).
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As shown in Fig. 13, the SoC is below 15 %
between 0 and 0.406 s. During this time, Fig. 12 indicates
that the load’s power demand is lower than the combined
output of the PV and WT, triggering situation 5. After
0.406 s, the SoC surpasses 15 % under the same
conditions, causing a switch to situation 4, which
maintains the same outputs as situation 5. The battery
continues to charge in this situation until 2 s, when the
power demand exceeds what the sources can supply, as
long as the SoC remains between 15 % and 85 %,
situation 3 is activated, causing the battery to discharge
until 2.9115 s, when the SoC reaches 15 %, At this point,
a critical situation arises: the battery is at its minimum
level, and the load demands more power than is being
produced. This triggers situation 6, where charging the
battery becomes the priority.

In the scenario shown in Fig. 12, the charging voltage
is cut off to allow the battery to charge. To prevent the
system from oscillating around 15 % (switching between
situations 3 and 6), we implemented a strategy to stabilize
the process, we introduce a tolerance band (hysteresis) in
SoC levels to avoid frequent switching between charging
and discharging modes. In this case, we might wait until
SoC rises to 20 % before resuming power to non-critical
loads. This prevents short cycling of the battery.

In the scenario shown in Fig. 12, the charging voltage
is cut off to allow the battery to charge. To prevent the
system from oscillating around 15 % (switching between
situations 3 and 6), we implemented a strategy to stabilize
the process, we introduce a tolerance band (hysteresis) in
SoC levels to avoid frequent switching between charging
and discharging modes. In this case, we might wait until
the SoC rises to 20 % before resuming power to non-
critical loads. This prevents short cycling of the battery.

Conclusions. This research has successfully created
and tested a hybrid renewable energy system that
combines solar panels, wind turbines, and a battery
storage system. The system uses a smart control strategy
with a dual active bridge DC-DC converter and an energy
management system to effectively manage the energy
from different sources and supply it to the load.

One of the main advantages of this system is its
flexibility in managing energy. The control strategy

25 3 35 4

1 15 2
Fig. 13. Battery SOC corresponding situations between 3 and 6

adjusts the energy distribution based on changing power
demands and environmental conditions, ensuring that all
energy sources work together efficiently.

The energy management system is designed to
prioritize when to charge or discharge the battery based on
its state of charge and the energy demands in real time.
This helps to keep the system reliable, extend the battery’s
lifetime, and improve overall efficiency.

We validated the MPPT method through simulations,
showing that it accurately tracks the maximum power
available under different weather conditions. The energy
management system was also tested under various
scenarios, proving its ability to adapt to changes in load and
energy generation.

The simulations conducted using MATLAB/Simulink
showed that the system performs consistently across
different situations. By using a simplified neural network for
MPPT and effectively managing the state of charge, the
system maintains stable operation and optimizes energy use.

In summary, this hybrid renewable energy system,
with its advanced control and management strategies,
offers a practical solution for integrating renewable energy
sources in a flexible and efficient way. Future research
could focus on optimizing the system and on developing
other control techniques to further improve the
performance of the system.
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Method for reduction of magnetic field of uncertain extended technical objects based on their
multyspheroidal model and compensating magnetic dipoles

Problem. The implementation of strict requirements for magnetic silence of elongated energy-saturated objects such as naval vessel
and submarines is an important scientific and technical problem of magnetism of technical objects. Purpose. Development of method
for reduction of magnetic field of uncertain extended technical objects based on their multyspheroidal model and optimization of
parameters of compensating dipoles for compensate of spheroidal harmonics of external magnetic field of technical object.
Methodology. Number, coordinates of spatial arrangement and magnitudes of spherical harmonics of compensating dipole of
magnetic field sources calculated as magnetostatics geometric inverse problems solution in the form of nonlinear minimax
optimization problem based on multyspheroidal model of magnetic field of extended technical objects. Nonlinear objective function
calculated as the weighted sum of squared of resulting magnetic field COMSOL Multiphysics software package used. Nonlinear
minimax optimization problems solutions calculated based on particle swarm nonlinear optimization algorithms. Results. The results
of reduction of the initial magnetic field of extended technical objects based on their multyspheroidal model and optimization of
parameters of compensating magnetic dipoles for compensate of spheroidal harmonics of external magnetic field of technical object
using multyspheroidal model of the magnetic field in the form of spatial prolate spheroidal harmonics in the prolate spheroidal
coordinate system and taking into account the uncertainty of the magnetic characteristics of extended technical objects. Originality.
For the first time the method for reduction of magnetic field of uncertain extended technical objects based on their multyspheroidal
model and optimization of parameters of compensating magnetic dipoles for compensate of spheroidal harmonics of external
magnetic field of technical object using multyspheroidal model of the magnetic field developed. Unlike known methods, the
developed method makes it possible to increase the efficiency of magnetic field reduction of uncertain extended technical objects.
Practical value. It is theoretically shown the possibility to reduce by almost 100 times of modulus of induction and horizontal
component of the induction of the original magnetic field of uncertain extended technical objects based on optimization of
parameters of compensating magnetic dipoles for compensate of spheroidal harmonics of external magnetic field of technical object
using multyspheroidal model of the magnetic field. References 48, figures 6.

Key words: extended technical objects, magnetic field, multyspheroidal model, magnetic silencing, prolate spheroidal
coordinate system, spatial prolate spheroidal harmonics, control, uncertainty.

Ipoonema. Peanizayis 3copcmkux 6umMoe w000 MASHIMHOL muti GUMSCHYMUX eHEP2OHACUHEHUX 00 €KMIB, MAKUX sIK GIICbKO8I KOpaoii
ma ni08OOHI YOBHU, € BAICUBOIO HAYKOBOIO MA MEXHIYHOIO NPOOIEMOI0 MacHemu3My mexniyHux 06 ekmis. Mema. Pospobxa memooy
3MEHUIeHHSI MACHIMHOZ20 NOJISL HEGU3HAYEHUX NPOMSINCHUX MEXHIYHUX 00 '€Kmi@ Ha 0CHOBI IX Mynbmicgepoidanshoi modeni i onmumizayii
napamempie KOMREHCYIOUUX MASHIMHUX OUNONI6 OJisi KOMReHcayil cghepoioanbHux 2apMOHIK 306HIUHBO2O MAZHIMHO2O NOJISL MEXHIYHO20
06’ckma. Memooonozia. Ilapamempu KomneHcylOUUx OUNObHUX Odicepeil MASHIMHO20 NONA PO3PAX08aHi AK pilleHHs 06epHeHuUx
2e0MemPUYHUX 3a0aY MASHIMOCMAMUKY Y popmi HeiHItIHOL 3a0aui MIHIMAaKCHOT onmumizayii Ha 0CHO8I My1bmMucpepoioanbHoi Mooeni
MACHIMHO20 NOJIA GUMACHYMUX MeXHIUHUX 006 'ckmis. Heninilina yinboéa @OyHKYiss po3paxosana 5K 368aAJiCeHd CyMd Keaopamis
PE3VIbMYI01020 MACHIMHO20 NOAA 3 eukopucmannam npozpamnozo naxemy COMSOL Multiphysics. Po3é’asku 3adau meninitinoi
MIHIMAKCHOI onmumizayii po3paxoeani Ha OCHOBI ANCOPUMMIE HeMiHIUHOI onmumizayii poem yacmunokx. Pezynemamu. Pesynvmamu
KoMneHcayii 6UXiOH020 MACHIMHO20 NOJISL GUMASHYMUX MEXHIYHUX 00 €Kmie Ha OCHOSI IX MynbmicepoioanvHoi mooeni i onmumizayii
napamempie KOMREHCYIOUUX MASHIMHUX OUNONI6 OJisi KOMREHcayil cghepoioanbHux 2apMOHIK 306HIUHBO2O MAZHIMHO2O NOJISL MEXHIYHO20
00’exma 3 8UKOPUCTNIAHHAM MYTbMUCHEPoioansHoi Mooeni MacHimHO20 NOA 8 6UA0l NPOCMOPOBUX GUMASHYMUX CQepoioanbHUX
2apMOHiK 6 umsAHYmill cghepoionitl cucmemi KOOPOUHAM MA 3 BPAXYBAHHAM HEGUSHAUEHOC MASHIMHUX XAPAKMEPUCIUK GUIMASHYMUX
mexniunux 06 ’ckmis. Opuzinanvuicms. Bnepuie po3poOneHo memoo 3MeHUleHHA MASHIMHO20 NONA HEeGUSHAYEHUX NPOMANCHUX
MEeXHIYHUX 00 €Kkmi6 Ha OCHOSI iX Mynbmicghepoidanvhol Modeni i onmumizayii napamempie KOMNEHCYIOUUX MASHIMHUX Ounonie Ois
Komnencayii cgpepoioanbHux 2apMoHiK 308HIUHBO20 MACHIMHO20 NOJA MEXHIYHO20 06 €KMA 3 UKOPUCMAHHAM MYIbIMUCepoioansHol
Mooeni macHimnoz2o nons . Ha eiominy 6i0 eidomux memoois, po3pobneHuti memoo 0036015€ NIOSUWUMU eDEeKMUGHICTb 3MEHUUEHHS
MASHIMHO20 NONIA HEBUSHAUEHUX NPOMANCHUX mexHiunux 06 ckmie. Ilpaxmuuna uinunicme. [loxazana meopemuuna MONCIUGICTb
smenuienna mavixce 6 100 pazie modynsa iHOYKYii ma 20pu3oHmanbHoi cKIa008oi iHOYKYii BUXIOHO20 MASHIMHO20 MO He8USHAUEHUX
NPOMANCHUX MEXHIYHUX 00 ’€Kmié Ha OCHOGI ONMUMI3AYIi napamempie KOMNEHCYIOUUX MASHIMHUX OUunonie Ona KomneHcayii
chepoidanvhux eapMOHIK 308HIUHBO2O MASHIMHO20 NOJA. NOJIA MEXHIYHO020 00 '€EKMa 3 GUKOPUCIAHHAM MYTbmMuc@epoioansroi mooeni
MmaeHimuoezo noas. bion. 48, puc. 6.

Kniouoei cnosa: BUTATHYTI TexHiYHi 00’€kTH, MarHiTHe noJe, MyabTHChepoilalbHa MOJe/lb, MATHITHA THIIA, BUTATHYTA
cdepoigHa cucTeMa KOOPIAMHAT, MPOCTOPOBi BUTATHYTI cepoinHi rapMoHiKu, ynpaBJ/iiHHS, HeBU3HAYEHICTh.

Introduction. Strict requirements are imposed on
the accuracy of the description of the magnetic field near
a technical object in shipboard magnetism such as naval
vessel and submarines, when solving problems of
electromagnetic compatibility, as well as in developing
means of magnetic orientation and ensuring the magnetic
cleanliness of spacecraft [1-3]. The main threat to naval
vessel and submarines in modern naval warfare are naval
mines. The magnetic protection complex of naval vessel
and submarines from naval mines designed to reduce the
magnetic field level at the control depth at which mine

fuses do not operate through the following channels:
magnetic, responding to the magnetic induction of a
constant and slowly changing of magnetic field induction,
responding to changes in the induction of a constant and
slowly changing magnetic field during the movement of
the naval vessel and submarines, -electromagnetic,
responding to the low-frequency electromagnetic field of
the naval vessel and submarines [4-8].

The requirements for magnetic protection of naval
vessel and submarines formulated as follows: the
maximum value of the magnetic induction module of a
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constant and slowly changing magnetic field calculated
from the magnetic signature (pass-through characteristic)
of the naval vessel and submarines at the control depth,
should not exceed the specified value; the maximum
value of the change in the horizontal component of the
magnetic induction of a constant and slowly magnetic
field changing over a certain period of time, calculated
from the magnetic signature of the naval vessel and
submarines, at the control depth when it moves at the
nominal speed, should not exceed the specified value; the
maximum value of the magnetic induction module of the
low-frequency magnetic field of 50 Hz, calculated from
the magnetic signature of the naval vessel and submarines
at the control depth should not exceed the specified value.

To meet these stringent requirements for magnetic
silence, all ships periodically carry out the demagnetization
(degaussing) process on special magnetodynamic stands.
To enhance the demagnetization process, a special
solenoidal winding is installed on the ship’s hull. To
compensate the magnetic field of naval vessel and
submarines a system of compensation windings are used in
three orthogonal coordinates associated with the ship —
the longitudinal, transverse and vertical directions [4-7].
Compensation of the magnetic field of the main
magnetization of the ship in the vertical direction is carried
out using main parallel coils designed to compensate for
the large magnetizations of the bow and stern of the ship. In
addition to the general ship compensation windings,
separate local electromagnetic compensators are also used.

Naval vessel and submarines are elongated energy-
saturated objects and have a cigar-shaped appearance. The
use of a spherical expansion of the scalar potential for
objects with a predominant overall size does not make it
possible to describe the magnetic field near their surface
[9-13]. It seems relevant at present to use of spatial
harmonic analysis in an extended 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 [14—16].

To compensate of initial magnetic field generated by
these energy-saturated elongated object, it is theoretically
possible to use compensating spheroidal magnetic field
sources located at points in the space of the technical
object, calculated when designing a multyspheroidal model
of the original magnetic field of the technical object.

Multyspheroidal sources of the magnetic field
should be taken equal in magnitude, but opposite in sign
to the corresponding spheroidal harmonics of the
spheroidal sources of the original magnetic field of the

2.1
H:. =
= /—
Cl' gl/ _773 n=lm=0 dégy
2
1—n;
Hnij:—TZZQm(éf

_ m
H(p’j_ c[\/(fl-jz—lh—?]lj )n 1m=0

here are the spheroidal coordinates &;
observation points of the space of a technical object with

(cos(n,-j))

ny ¢y of

technical object. However, the technical implementation
of such compensating spheroid magnetic field sources
presents certain difficulties [16]. Therefore, we will
consider the generation of a compensating magnetic field
using compensating dipole magnetic field sources.

In various operating modes of an energy-saturated
elongated technical object, as well as during operation, its
signature changes, therefore, when reducing it, it is
necessary to take into account the uncertainties of the
magnetic signature of a technical object [17-19].

Optimization of parameters of compensating dipoles
based on multyspheroidal model of magnetic field of
energy-saturated elongated objects will improve the
efficiency of reduction of original magnetic field of such
uncertain objects.

The purpose of the work is to develop a method for
reduction of magnetic field of uncertain extended
technical objects based on their multyspheroidal model
and optimization of parameters of compensating dipoles
for compensate of spheroidal harmonics of external
magnetic field of technical object.

Definition of forward multyspheroidal
magnetostatics problem. Let’s consider a
multyspheroidal model of the original magnetic field of
an energy-saturated extended technical object in an
elongated spheroidal coordinate system. Let us assume
that the initial magnetic field of an extended energy-
saturated object is generated using / spheroidal magnetic
field sources located at points in space of the technical
object with coordinates (x;);, z;) in a rectangular
coordinate system associated with the center of the
technical object as shown in Fig. 1.

X

XpYjpZj

Fig. 1. Energy-saturated extended technical object

Then the components Hy;, H,; H,; of the magnetic
field generated by these [ spheroidal sources at J
measurement points are calculated at points with
coordinates &, 77;, ¢; in elongated spheroidal coordinate
systems associated with the centers of these sources,
according to the following dependencies [16]

i i de (gll) %m COS(WMD,])"' Spi s1n(mfpy)} P (005(77”))

{c,'g cos(me;) + sy; sin(m(p,-j)}, (1)
dmy

3 3 0P costny e sintmy) — 2 costmar)

coordinates (x;, y;, z;) in rectangular coordinate systems
associated with the center of the technical object, from the
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location points of spheroidal magnetic field sources with
coordinates (x;, ;, z;) in an orthogonal system coordinates

associated with the center of the technical object are
related by the relation

' 2 ' 2

Sy
2 2 .
Yi—yi=ci|& —lyl-my -sm(wij):my e[0.1];

Zj—Zi:Ci'ny'ﬂij;

where P,,"f( ii)’ Oni (fy) associated Legendre functions of
the first and second kind, respectively, with degree n and

order m; c;, cpyi, sni — constant coefficients characterizing

the amplitudes of external spheroidal harmonics of the
magnetic field.

Hyj = y"—,—'cos(%)H@ ij

-—~cos((p,-j)-H,7ij

e[1,00[;
)
@; €10.2x];

Measurements and calculations of magnetic field
components it is more convenient to carry out in the
orthogonal coordinate system (x; y; z;), the transition to
which for the components H,;, H,; H.; is carried out
using the formulas [16]:

—sin(py; ) H
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2 2 2 2
i ~1ij i~ ~1j
Harmonic ~ analysis in elongated spheroidal o (é‘l]) of the second kind calculated using the well-

coordinate system based on (1) or (3) requires the
calculation of associated Legendre polynomials of the

first P,; (§U) and second O (fy) kind. Polynomials

m
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known formula with a limitation on the number of terms
of the infinite series [18]
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function calculations. Algorithms
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Note that the calculation of the components Hy;, 1,;,
H,; of the magnetic field in spheroidal coordinates &;, 7,
@; using (1) or components H.;, H,;, H.; in the orthogonal

g2 1)

coordinate system (x; ), z) using (3) generated by
spheroidal sources of the magnetic field for given values of

parameters ¢; and spatial spheroidal harmonics c); , s); at
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measurement points with coordinates (x; y; z;) is a forward
problem of magnetostatics for spheroidal magnetic field
sources [20-25].

Definition of forward multydipole magnetostatics
problem. To compensate for the spheroidal spatial
harmonics of magnetic field of an energy-saturated
extended object, we introduce C dipole magnetic field
sources located at the C points of space of the technical
object with coordinates (x,, y., z.) in a rectangular coordinate
system associated with the center of the technical object. Let

us define the spherical harmonics g, h). of these C

compensating dipole magnetic field sources.

Let us consider the calculation of the components of
the magnetic field generated by these C dipole magnetic
field sources at the magnetic field measurement points with
coordinates (x;, 3, z;) in a rectangular coordinate system
associated with the center of the technical object. Let us
calculate the spherical angular coordinates r,;, ¢, 6,; under

which the measurement points with coordinates (x;, y;, z))
are «visible» from the location points of dipole magnetic
field sources with coordinates(x., y., z.) in a rectangular
coordinate system, associated with the center of the
technical object, from the following relationships

Xj=Xo =1y -Sil’l(@cj )Cos(wcj )’
Tej € [0,00]
Vi—Ve=ty sm(HLJ) sin(%j b= Oy €l0] —(6)
€[0,2m]
Zj=Ze =g COS(tgcj)

Then the components H,;, H,, Hy; of the magnetic
field in the spherical coordinate system r;, @ 0
associated with the center of location of the compensating
dipole source of the magnetic field, are calculated using

the following formulas [20]

Z Z 2 {gnc Cos(m¢’q) + hnc sin(m Pcj )} Fae (COS(GC/ ))

n=lm=0"

Hye = z Z 2 {gm cos(me,;) + hye Sln(mgpq)}

n=lm=0"

ZZ 2 {gn051n(m¢q) hp cos(m(pc])}

n=1m=0"
Using the calculated components H,;, H,;, Hg; of the

magnetic field in the spherical coordinate system r;, ¢, O,
we calculate the components Hmj, H,,, H.; of magnetic

H,, rej SIN(0,;) €08(@;) + H e c08(0,;) cos(@;) — H
H ;= H,jsin(0;)sin(@y;) + Hyj cos(0;)sin(g,;) + H .

aey (cos(&cj)) .

do,;

sin(0,)
field with orthogonal coordinate system, associated with

the center of the compensating dipole magnetic field source
according to the following formulas [20]

cos(wc,) ®)

(7

Hzcj = H ¢ cos(0) — Hog; sin(0;).

Let us take the axes of the orthogonal coordinate
systems of compensating dipole sources parallel to the
corresponding axes of the orthogonal coordinate system
associated with the center of the technical object. Then
the magnetic field components H,, H,, H. in an
orthogonal coordinate system associated with the center
of a technical object generated by all compensating dipole
sources of magnetic field in currents, measurements with
coordinates (x;, y;, z) are calculated as sums of the
corresponding components H,y;, H,;, H.,; of magnetic
field generated by individual compensating dipole sources
at measurement points with coordinates (x;, y;, z)).

Note that the calculation of the components H,;,
H,;, Hy; of the magnetic field in the spherical coordinate
system 7, ¢, 0 using (1) or components H,, H,., H.;
of magnetic field with orthogonal coordinate system
(x5, ¥» z;) using (3) generated by spherical sources of the
magnetic field for given values of spherical harmonics
gne> e
(x; ¥, z) is a forward problem of magnetostatics for
spherical magnetic field sources [26-30].

Definition of prediction geometric inverse
problems of magnetostatics. Let us now consider the
definition of the prediction geometric inverse problems of
magnetostatics based on a forward multyspheroidal model

at measurement points with coordinates

(1) of the initial magnetic field of an energy-saturated
extended object [26-34]. As a result of solving the
prediction of the geometric inverse problem of
magnetostatics based on the multyspheroidal model (1) of
the original magnetic field of the energy-saturated
extended control object, it is necessary to calculate the
following coordinates (x;, y;, z;) of the location of the
multyspheroidal sources of the original magnetic field in
the space of the technical object and the parameters ¢; and

spatial spheroidal harmonics ¢, sp: in such a way that,

based on this mathematical model (1), the values of the
magnetic field at measurement points with coordinates
(x; ¥ z)) are close to the experimentally measured values
of the magnetic field in these measuring points.

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 the magnetic
characteristics of energy-saturated extended technical
object [41-44].

Let us introduce the vector ¥/(G) of the measured
values of the magnetic field signature of a technical
object, the components of which are the measured
components H(G), H(G), H..(G) of the magnetic field
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of the technical object for given rectangular coordinates
(x5, ¥, z;) associated with the center of the technical
object. Note that the vector ¥(G) of measured values of
the magnetic field signature of a technical object depends
on the operating modes of the technical object and on the
vector G of uncertainties of the parameters of the
magnetic cleanliness of the energy-saturated extended
technical object units.

Let us introduce the vector X of the desired
parameters of solving the prediction of the geometric
inverse problem of magnetostatics, the components of
which are the coordinates (x;, y;, z;) of the location of
spheroidal sources of the magnetic field at points in the
space of a technical object in a rectangular coordinate
system associated with the center of the technical object
and given magnitudes of parameters c¢; and spatial

spheroidal harmonics cj;, sn: of these spheroidal
magnetic field sources.

Then for given coordinate values (x;, y;, z;) of the
location of spheroidal magnetic field sources, at points in
space of a technical object in a rectangular coordinate
system associated with the center of the technical object

and given values of parameters ¢; and spatial spheroidal
harmonics c¢;, sp; components Hy(X,G), Hyu(X,G),

H.(X,G) Hy;, H,;, H.; of the magnetic field generated by
these spheroidal magnetic field sources at measurement
points with coordinates (x;, y;, z) in a rectangular
coordinate system associated with the center of the
technical object can be calculated based on forward
multyspheroidal magnetic field model (1).

The values of parameters ¢; and spatial spheroidal

harmonics c,;, sy; of forward multyspheroidal magnetic

field model (1) of an elongated energy-saturated object in
an elongated spheroidal coordinate system & 7, @
depended on the operating modes of the energy-saturated
extended technical object 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.

Therefore the components Hy, (X G), H,n(X G),
H..(X G), H, H,;, H.; of the magnetic field generated
by these spheroidal magnetic field sources at
measurement points with coordinates (x;, 3;, z;) are also
functions of the vector G of uncertainties of the
parameters of the magnetic cleanliness of the energy-
saturated extended technical object and the vector X of
the desired parameters of solving the prediction of the
geometric inverse problem of magnetostatics.

Let us introduce the vector Y«(X,G) of calculated
values of the magnetic field signature of a technical
object, the components of which H,(X,G), H,;(X,G),
H.,(X,G), H;, H,;, H.; are calculated values components
of the magnetic field of a technical object for given
measurement points with coordinates (x;, );, z) in a
rectangular coordinate system associated with the center
of the technical object.

Let us introduce the E(X,G) vector of the
discrepancy between the vector ¥j(G) of the measured
magnetic field and the vector Y«(X,G) of the predicted by
model (3) magnetic field

E(X,G) =Yy (G)~Yc(X,G). ©)

Then the solution of prediction geometric inverse
problem of magnetostatics comes down to the standard
approach of designing a robust prediction multyspheroidal
model of magnetic field of an energy-saturated extended
object, when the coordinates (x;, y;, z;) of the location of
spheroidal sources of the magnetic field at points in the
space of a technical object in a rectangular coordinate
system associated with the center of the technical object
and magnitudes of parameters ¢; and spatial spheroidal

harmonics ¢, sp; of these spheroidal magnetic field

sources 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 forward multyspheroidal model magnetic field, but for
the «worsty the vector G of uncertainties of the
parameters of the magnetic characteristics of energy-
saturated extended technical object 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 multyspheroidal
model of magnetic field.

Definition of control geometric inverse problems
of magnetostatics. Let us now consider the definition of
control geometric inverse problem of magnetostatics
based on a multydipole model (1) of the compensating
magnetic field of an energy-saturated extended control
object. As a result of solving the control of the geometric
inverse problem of magnetostatics on the basis of a
multy-dipole model (7) of the compensating magnetic
field of an energy-saturated extended control object, it is
necessary to calculate the coordinates (x., y., z.) of the
location C of multy-dipole sources of the compensating
magnetic field in the space of energy-saturated extended

control object and the magnitude g, h,. of their

spherical spatial harmonics, in such a way that, on the
basis of this, the control of the mathematical model (7) of
components values H,., H,., H.. of magnetic field at the
measurement points with coordinates (x;, y;, z;) were close
in magnitude but oppositely directed to the values of the
initial magnetic field calculated on the basis of the
predictions of the multyspheroidal model (1) at the same J
measurement points with coordinates (x;, y;, z)).

Let us introduce the vector X of the desired
parameters for solving the problem of compensating of
initial magnetic field of energy-saturated extended control
object, whose components are unknown values of
coordinates (x;, y;, z;) of the location of spherical sources
of the compensating magnetic field at points in the space
of a technical object in a rectangular coordinate system
associated with the center of the technical object and

unknown values magnitude g, k. of their spherical

spatial harmonics of magnetic field of these spherical
compensating sources.

Then, for a given value of the vector X of the desired
parameters of the compensating dipoles, based on (7), the
vector B.(X) of the compensating magnetic field
generated by all compensating dipoles at the specified
points in space, in particular at the control depth of a
technical object generated by all compensating dipoles
can be calculated.
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Then we calculated the vector Bg(X,G) of resulting
magnetic field at the specified points in space, in
particular at the control depth of a technical object
generated by energy-saturated extended control object and
all compensating elements

Br(X,G)=B(G)+B.(X). (10)

Then the problem of calculated unknown values of
vector X of the desired parameters for solving the
problem of compensating of initial magnetic field of
energy-saturated extended control object, whose
components are unknown values of coordinates (x;, y;, z;)
of the location of spherical sources of the compensating
magnetic field at points in the space of a technical object
in a rectangular coordinate system associated with the
center of the technical object and unknown values

magnitude g, h,. of their spherical spatial harmonics

of magnetic field of these spherical compensating sources
can be reduced to solving the problem of minimax
optimization of resulting magnetic field (10) generated by
energy-saturated extended control object and all
compensating elements at the specified points in space, in
particular at the control depth of a technical object.

This approach is also standard when designing of
robust control by resulting magnetic field of an energy-
saturated extended control object, when the coordinates of
the spatial arrangement and the magnitudes of the
compensating dipole calculated from the conditions for
minimizing modulus of spacecraft resulting magnetic field
(10) at the specified points in space, in particular at the
control depth of a technical object, but for the «worst» values
of the vector of uncertainty parameters of the energy-
saturated extended technical object magnetic characteristics.

Inverse problems solution method. Components of
the vector games (9), (10) are nonlinear functions of the
vector X of required parameters and the vector G of
uncertainty ~ parameters of  geometric  inverse
magnetostatics problem for prediction and control by
magnetic signature of an energy-saturated extended object
based on a multydipole model (1) taking into account
forward problem uncertainties and calculated by
COMSOL Multiphysics software.

A feature of the calculated solution problem is the
multy-extremal nature of games payoff (9), (10) so that the
considered region of possible solutions contains local
minima and maxima. This due to fact that when
minimizing the resulting magnetic field at one point in the
signature of technical object, the magnetic field level at
another point in signature of this technical object increases
due to under compensation or overcompensation of the
original magnetic field of technical object. Therefore, to
calculate the solution this vector games (8) — (10) used
stochastic multy-agent optimization algorithms [45].

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. To find a unique solution of a
vector games (9), (10) from a set of Pareto-optimal
solutions used information about the binary relationships
of preferences of local solutions relative to each other
[45]. To calculate one single global solution to the vector

games (9), (10) 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 calculated all Pareto-optimal
solutions. To increase the speed of finding a global
solution, special nonlinear algorithms of stochastic multy-
agent optimization in which the motion of i particle of j
swarm described by the following expressions [46]

~-(t+1)=W1,' ~~(t)+cl ~r1j(t)><...
0, ())P,-,-@—...
() H\pyji (1) -

‘521'1’1%' - ij(’)l
Ml](t+l):W2j l]()+c3jr3j ) X.
><(p3l](t)—6‘3l] Zjj )— (;]"'
+C4]V4](t)H p4l/(t) 84l]t X
..X[Z;(z)_(s,,(z)l
2(1+1) = 3 (0)+ 1 +1), (13)

where x;(?), g;(f) and vi(?), uy(f) is the position and
velocity of i particle of j swarm.

In (11) = (13) (0. 2,(0) and (), ;(1)
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

an

]+02]r2]

(12)

— the best

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

understood in the sense of the first player strategy x;(#) for
minimum of component E{(X,G), Br(X,G) of the vector
payoff (9), (10). 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), Br(X,G)
of the vector payoff (9), (10).

Simulation results. Each naval vessel and each
submarine has its own unique signature — a magnetic
portrait, which can be used to determine not only the type
of technical object, but also this particular technical
object. Therefore, the magnetic signatures of specific
naval vessel and submarines are a top secret [47, 48].

Measuring the magnetic field signature of naval
vessel and submarines is usually carried out when a
technical object moves against magnetic field sensors
fixedly installed at various points in space. In particular,
in the French marine laboratory 13 three-component
magnetometers were installed along the body of the
technical object being measured [13]. With linear
geometric dimensions of a technical object £100 m and
measuring the magnetic field signature after 1 m, the
number of measurement points will be 2613 pieces, and
the number of measurements will be 7839 values of
magnetic field components.

Based on these measurements, a mathematical
model of the magnetic field signature is calculated.
Recently, moving underwater drones equipped with
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magnetometers have been used to measure the magnetic
signatures of naval vessel and submarines [47, 48].

As an example, consider the magnetic signature of a
technical object, the parameters of which are given in [6].
The technical object has linear dimensions from —100 m to
+100 m. The initial magnetic field is generated by 16
dipole sources located at points in space of the technical
object with the following coordinates. When measuring
the magnetic field along the length of a technical object
from —100 m to +100 m with an interval of 1 m along
three lines with [6] coordinates, 603 measurement points
are obtained. In this case, at each point three components
of the magnetic field are measured in an orthogonal
coordinate system associated with the center of the
technical object, so that the total number of measurements
is 1809 magnetic field values.

Let us first consider the design of a multyspheroidal
model of the initial magnetic field. As a result of solving
the predictions of the geometric inverse problem, the
coordinates (x, y, z) of the spatial location and their values
of the parameters ¢ and the coefficients of the first
spheroidal harmonics clo, cll, s;tof 5 spheroidal sources of
the multyspheroidal model of the initial magnetic field of
the energy-saturated elongated technical object under
consideration were calculated by magnetosystems.

1)Sources M|, — x = 24.1775 m, y = 0.203945 m,
z = 144653 m, ¢ = 17.1245, ¢, = -840.073,
a',=13.9223,5,' =-193.016;

2)Sources M, — x = —13.2818 m, y = 0.498642 m,
z = 0266331 m, ¢ = 0232014, ¢°, = —58875.5,
a',=1373.1, 5, =-7953.4;

3)Sources M; — x = -38.496 m, y = 0.276427 m,
z = -1.03295 m, ¢ = 0.337585, ¢, = —3620.08,
a',=-11852.2,s,' =-3933.69;

4)Sources My — x = 241911 m, y = 0.203772 m,
z = 14617 m, ¢ = 169606, ¢’ = 847.093,
', =-14.0885, 5,' = 194.566.

Figure 2 shows the signatures of the original (solid
lines) and model (dashed lines) magnetic field components
of the magnetic field for the following coordinate values:
aA)Y=-20m,Z=19m;b) Y=0,Z=19m; c) Y =20 m,
Z =19 m; d) magnetic field induction modules. As seen in
these figures, the signatures of the original and model
magnetic fields practically coincide, which confirms the
adequacy of the designed multyspheroidal model to the real
signatures of the magnetic field.

One of the main technical requirements for the
signature of ships and submarines is the limitation of the
induction module of the magnetic field signature to the
control depth. Technically, it is easiest to compensate for
the initial magnetic field wusing local dipole-type
compensators. Let us consider the reduction of the original
magnetic field based on the designed multyspheroidal
magnetic field model using compensating dipoles.

As a result of solving the control geometric inverse
problem of magnetostatics, the spatial location
coordinates and values of the magnetic moments of
5 compensating dipoles were calculated
{x1, ..., xs} — {~13.4224, -38.4723, 38.3674, 29.2921,
11.2709} m;

{1, - ysp — {0.557271, 0.2328, —0.886435, —5.39425,
0.341033} m;

{z1, ..., zs} — {0.37837, —1.00586, 0.809621, —1.51659,
0.0348981} m;

My, ..., M5} — {1026.93, 136.8, 330.364, 99.726,
468.882} A'm’;

{M,y, ..., Mys} — { —48.7259, 900.474, 77.9282, -58.4812,
263114} Am’;

{M,, ..., M5} — {263.642, 293.553, 135.072, 56.0585,
268.282} A’

Another technical requirement for the signature of
ships and submarines is to limit the amount of change in
the horizontal component of the magnetic field at a
control depth over a certain period of time when passing a
technical object at a given speed.

Y=-20m
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I
)
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-100 50 50 100 " )

Fig. 2. Signatures of the original (solid lines) and model
(dashed lines) magnetic field

Let us now consider the solution of the geometric
inverse problem of magnetostatics based on the location
of 5 compensation dipoles when introducing into the
objective function, in addition to the magnetic field
induction modules, also horizontal components at the
control depth.

As a result of solving the control geometric inverse
problem of magnetostatics, the spatial location

54

Enexmpomexuika i Enekmpomexanika, 2025, No 2



coordinates and values of the magnetic moments of
5 compensating dipoles were calculated

{x1, ..., xs} — {11.081, —13.3971, 26.2429, 38.3417,
—38.5133} m;
{1, . ¥sp — {0.148509, 0.547627, -9.81257, —0.832418,
0.288649} m;
{z1, ..., z5} — {0.0697367, 0.302065, —2.47162, 0.512463,
—1.01949} m;
{My, ..., M} — {469.602, 1040.86, 84.7869, 347.086,

138.088} A'm’;

My, ..., Mysp — {-37.4432, -50.1551, —22.2874,
59.2771,904.151} A'm?;

{M,, ..., M} — {252.922, 269.704, 30.4981, 164.38,
298.216} A'm’.

Figure 3 shows the signatures of the modules: a) the
initial and resulting magnetic field compensated using
5 dipole sources; b) taking into account only the module;
¢) taking into account the horizontal component of the
resulting magnetic field at the control depth. The signatures
are given for the following coordinate values: a) ¥ =-20 m,
Z=19m;b)Y=0,Z=19m;c) Y=20m, Z=19 m.
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Fig. 3. Signatures of the modules of the initial and resulting
magnetic fields

From a comparison of the signatures of the induction
modules of the original magnetic field shown in Fig. 3,a
and the resulting magnetic field shown in Fig. 3,b, it
follows that with the help of 5 compensation dipoles it
was possible to reduce the induction modulus of the
original magnetic field by almost 100 times. Taking into
account the horizontal component leads to a certain
increase in the modulus of the resulting field, as follows
from a comparison of Fig. 3,b and Fig. 3,c.

Figure 4 shows the signatures of the horizontal
components of the induction of: @) the initial and resulting

magnetic field using 5 compensating dipoles; b) taking
into account only the module; ¢) taking into account the
horizontal component of the resulting magnetic field at

the control depth.
By, nT

y=-20m,z=19m L

y=20m,z=19m

— Y=-20m, Z=19 m
Y=0,Z=19 m
— ¥Y=20m, Z=19 m

a)

y=-20m,z=19m y=0m,z=19m

y=20m,z=19m
— Y=-20m, Z=19m

Y=0,Z=19m
— Y=20m, Z=19m

008 b)

y=-20m,z=19m

A

-1 -5 \ | o/ 100

— Y=-20m, Z=19m
¥=0,Z=19m
— Y=20m, Z=19m

y=20m,z=19m c)
-0.06
Fig. 4. Signatures of the horizontal components of the initial and
resulting magnetic fields

From a comparison of these signatures it follows that
with the help of 5 compensation dipoles it was also
possible to reduce the horizontal component of the
induction of the original magnetic field by almost 100
times. Moreover, taking into account the horizontal
component of the magnetic field leads to an additional
reduction in the horizontal component of the resulting field
by approximately 1.5 times, as follows from a comparison
of Fig. 4,b and Fig. 4,c.

Figure 5 shows the signatures of the longitudinal
components of the induction of: @) the initial and resulting
magnetic field using 5 compensating dipoles; b) taking
into account only the module; ¢) taking into account the
horizontal component of the resulting magnetic field at
the control depth.

From a comparison of the signatures of the
longitudinal components of the induction of the original
magnetic field, shown in Fig. 5, and the resulting
magnetic field shown in Fig. 5,b, it follows that with the
help of 5 compensation dipoles it was possible to
simultaneously reduce the longitudinal components of the
induction of the original magnetic field by almost 200
times. However, taking into account the horizontal
component in the optimization criterion leads to an
increase in the longitudinal components of the induction
of the resulting field by more than two times, as follows
from a comparison of Fig. 5,6 and Fig. 5,c.
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Fig. 5. Signatures of the longitudinal components of the initial
and resulting magnetic fields

Figure 6 shows the signatures of the vertical
components of induction: a) of the initial and resulting
magnetic field using 5 compensating dipoles; ») when
taking into account only the module; ¢) when taking into
account the horizontal component of the resulting

magnetic field at the control depth.
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Fig. 6. Signatures of the vertical components of the initial and
resulting magnetic fields

From a comparison of the signatures of the vertical
components of the induction of the original magnetic
field, shown in Fig. 6,a and the resulting magnetic field
shown in Fig. 6,b, it follows that with the help of
5 compensation dipoles it was possible to simultaneously
reduce the vertical components of the induction of the
original magnetic field by almost 50 times. However,
taking into account the horizontal component in the
optimization criterion leads to an increase in the vertical
components of the induction of the resulting field by more
than 1.5 times, as follows from a comparison of Fig. 6,b
and Fig. 6,c.

Thus, by minimizing the magnetic induction
modules, a decrease in the module of the resulting
magnetic field by more than 100 times is achieved, while
simultaneously reducing the magnetic induction
components of the resulting magnetic field, also by
approximately 100 times. When simultaneously taking
into account in the optimization criteria both the magnetic
induction modules and the values of the horizontal
components of the magnetic induction of the resulting
magnetic field, the value of the horizontal component of
the resulting magnetic field is additionally reduced by
1.5 times. However, in this case, the modules of the
resulting magnetic field, as well as the longitudinal and
vertical components of the magnetic field, increase by
approximately 1.5 times.

Conclusions.

1. For the first time the method for reduction of
magnetic field of uncertain extended technical objects
based on their multyspheroidal model and optimization of
parameters of compensating dipoles for compensate of
spheroidal harmonics of external magnetic field of
technical object. Unlike known methods, the developed
method makes it possible to increase the efficiency of
magnetic field reduction of uncertain extended technical
objects.

2. Parameters of compensating dipole magnetic field
sources calculated as magnetostatics geometric inverse
problems solution in the form of nonlinear minimax
optimization problem based on multyspheroidal model of
magnetic field of extended technical objects. Nonlinear
objective function calculated as the weighted sum of
squared of resulting magnetic field COMSOL
Multiphysics software package used. Nonlinear minimax
optimization problems solutions calculated based on
particle swarm nonlinear optimization algorithms

3. Based on the simulation results it is theoretically
shown the possibility to reduce by almost 100 times of
modulus of induction and horizontal component of the
induction of the original magnetic field of uncertain
extended technical objects based on optimization of
compensating magnetic dipoles spatial arrangement for
compensate of spheroidal harmonics of external magnetic
field of technical object using multyspheroidal model of
the magnetic field.

4.In the future it is planned to conduct experimental
studies of the effectiveness of reducing of magnetic field
of uncertain extended technical objects based on
developed method.
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Numerical modeling of coupled electromagnetic and thermal processes in the zone induction
heating system for metal billets

Introduction. For many modern manufacturing processes, induction heating provides an attractive combination of speed, consistency and
control. Multi-inductor (zone) systems with continuous billets feed are the most promising, which keep the billet cross sectional average
temperature equal. It allows to avoid overheating at low throughputs and reduces the number of rejected billets. Problem. With zone
induction heating systems for metal billets developing it is necessary, at the design stage, to perform a quantitative analysis of the main
characteristics of the electrothermal process and provide recommendations for optimal parameters and heating modes selections. Accurate
calculations for induction heating systems involve considering the distribution of the magnetic field, current density, and changes of material
properties throughout volume of the heated billet. The goal of the work is to develop the numerical model and analyze the coupled
electromagnetic and thermal processes in zone induction heating system for metal billets to determine the optimal power ratio of the
inductors and choose rational heating modes for the billets. Methodology. The spatiotemporal distribution of the electromagnetic field and
temperature throughout the volume of the billet during the induction heating process is described by the system of Maxwell and Fourier
equations. For numerical calculations by the finite element method, the COMSOL Multiphysics 6.1 software package was used. All three
methods of heat transfer are taken into account — conduction, convection, and radiation. Multiphysics couplings use electromagnetic power
dissipation as a heat sources, and the billet material properties are specified by temperature functions. The operation of the inductors’ coils
is modeled using the «Multi-Turn Coily function, which uses a homogenized model. The translational motion of the billet is modeled by using
the «Translational Motiony function. Results. The numerical 3D-model of coupled electromagnetic and thermal processes in the zone
induction heating system for metal billets has been developed. Modeling was carried out for the design of a four-inductor system with the
nominal capacity of 5000 kg/h. Data on the spatial distribution of the electromagnetic and temperature fields in the moving heated steel
billet were obtained. Originality. Three-dimensional graphs of electrical conductivity and relative magnetic permeability change inside the
moving heated steel billet are presented. Results of the temperature distribution calculations along the length of the steel billet for different
inductors power ratios are provided. It is shown how the change in the power distribution of the inductors affects the billet heating
parameters. Practical value. Analysis of the obtained data allows to determinate the necessary inductors powers to ensure the required
heating mode. The results make it possible to reduce the time and resources required for the development, optimization of the design and
improvement of the technological process of zone induction heating for metal billets. References 20, table 1, figures 13.

Key words: zone heating, numerical model, inductor, temperature field, finite element method, metal billet, electrical
conductivity.

Bcemyn. [[na 6azamvbox cyuachux eupobHuuux npoyecie IHOYKYIHUL Haepie 3abesneuye npuéabiueée NOCOHAHHS WEUOKOCTII,
y32000/cenocmi ma koumpomo. Haiibinbw nepcnexmusHumu € 0aeamoinOyKmopui (30HHI) YCMAHOBKU 3 0e3nepepsHor Nooauerd
3020MOBOK, W0 NIOMPUMYIONb CePeOHI0 MEeMnepamypy NonepeuHo20 nepemuny 3a20mosku pienoi. Lle 0036onie ynuknymu nepezpisy
34 HU3LKOI NPOOYKMUBHOCI Ma 3MEHWUmu KinbKicms Opaxosanux 3acomogok. Ilocmanoska npoonemu. Ilpu po3pobyi ycmanogox
IHOYKYIIHO20 30HHO20 HA2PIBy Memanesux 3a20Mmo8oK HeoOXIOHO, HA emani NPOEKMYBAHHS, GUKOHAMU KiTbKICHULL AHANI3 OCHOBHUX
Xapakmepucmux eieKmpomensiogo2o npoyecy ma upooumu pexomeHoayii wooo ubopy payioHatbHuX Rapamempie ma pexicumie
Hazpigy. Ymounenuii pospaxynox inOYKyitiHux HazpisaibHux YCMano6oK nepedbaiac 8paxysans posnooity MAaeHimHo20 NOJA, 2YCIMUHU
cmpymy ma 3mMinu 61acmueocmeti Mamepiany no 6CboMy 06 €My 3a20moeKu, wo nazpieacmoca. Memoro pobomu € po3pobka HucenbHoi
MOOeni ma ananiz 63a€MON08 A3aHuX eneKmpoMacHIMHUX | MenIosux npoyecie 8 yCmanosyi iHOYKYitiHo2o 30HHO20 HAZPIY Memanesux
3020MO60K Ol NOOANLUIO20 BUSHAYEHHS ONMUMATILHO20 CRIGBIOHOWEHHS NOMYICHOCMEN [HOYKMOPIE md 6UO0py DPayioHATbHUX
peorcumie Hazpigy 3azomogox. Memoouka. [Ipocmoposo-uacosutl po3nooin enekmpomMazHimno2o nois ma memnepamypu no o6 'emy
3a20mo6KU 8 npoyeci IHOYKYitiHO20 Hazpigy onucyemuvcs cucmemolo pignuans Maxcsenna i @yp’e. [lnsi nposedenHs uucenibHux
PO3DAXYHKIE MEMOOOM CKIHUEHHUX eleMeHmis sukopucmano npoepamuui komniexkc COMSOL Multiphysics 6.1. Biomeoproiomubcs 6ci
mpu cnocobu menionepeoadi — MenionpoSIOHICMIO, KOHGEKYI€Io | UNPOMIHIO8anHsM. Myibmudizuuni 36 s13KU GUKOPUCHIOBYIONb
PO3CIIO8AHHS  eNeKMPOMASHIMHOT NOMYJNCHOCII AK 0dicepena Mmenid, a 6IACUeoCmi MAmepiany 3a20moeKu 3a0aHi yHKyisIMU
memnepamypu. Poboma xomywok inoykmopie mooenoemocs i3 3acmocyeéanuim @yuxyii «Multi-Turn Coily, sixa euxopucmogye
20MO2eHi306any mooens. IlocmynanvHuii pyx 3a20moeku MoOentoemscs 3a 0onomozoto Qyrryii « Translational Motiony. Pesynsmamu.
Pospobreno uucenvny 3D-mo0env 63aemMonoe’s3anux enekmpoMazHimHux i meniosux npoyecie 6 ycmanosyi iHOYKYitiHO20 30HHO20
Haepigy Memanesux 3a2omoeok. PospaxyHok npoeedeHo Onsi  KOHCMPYKYIl  YOMUPUIHOYKMOPHOL YCMAHOBKU — HOMIHAIbHOIO
npodykmugricmio 5000 ke/200. Ompumano 0awi npocmopo8oco po3nooiLy eleKmpOMAsHIMHO20 Ma MeMNepamypHo2o Nojist 6 PYyXOMiil
cmanesiti 3aeomogyi, sika Hazpisacmovca. Haykoea nosusna. Ilpedcmasneno mpusumipHi KapmuHu 3MiHU e1eKmponposioHocmi ma
BIOHOCHOI MAZHIMHOI NPOHUKHOCME 6CEPeOUHi PYXOMOI cmaneeoi 3a2omosku, wjo Haepieaemocs. Hasedeno po3paxyHku po3nooiny
memnepamypu no 006JICUHI CIANeB0i 3a20MOGKY OJia PI3HUX CRIBGIOHOWIeHb NOMYIICHOCMell IHOYKIMOPI@ YCMAHO0GKU 30HHO20 HAZPIEY.
Tloxasano, sax smina po3nodiny nomyscrHocmell iHOYKMOPI6 6NIUBAE HA NOKA3HUKU Hazpigy 3acomosku. IIpakmuuna 3nauumicms.
Ananiz ompumanux 0aHux 00360J15€ 6CIMAHOBUMU HeOOXIOHI NOMYICHOCHE THOYKIMOPIS, 34 AKUX 300e3NnedycmbCsi HeOOXIOHULL PeXcum
HaepisanHa. Pesyremamu 0osgonaiome smenwumu uac i pecypcu, HeoOXiOHi 01 po3poOKu, onmumizayii KoHCmpykyii ma
800CKOHAICHHS MEXHON02IYHO20 npoyecy IHOYKYIlIHO20 30HH020 Hazpigy Memanesux 3aeomogok. bioin. 20, Tabxn. 1, puc. 13.

Kniouoei cnosa: 30HHMIl HArpiB, YNceJIbHA MOJE/b, iHIYKTOP, TeMIIePAaTyPHe I10J1e, METO] CKIHYEeHHHX eJICMEHTIB, MeTalleBa
3aroTOBKa, eJICKTPONPOBIIHICTh.

Introduction. A number of technological processes,
including high-temperature processing of solid materials,
liquid and granular substances, are based on the induction
heating use [1-5]. The application area of induction
heaters is quite wide: from hot water supply to process
heating, including smelting and thermal processing of
metals, thermal processing of bulk materials or liquid
substances (for example, liquid fuel) placed in a metal
container for its recycling. For many modern

manufacturing processes, induction heating provides an
attractive combination of speed, consistency and process
control. In addition, induction heating is an
environmentally friendly form of heating.

Modern induction heating installations are complex
set of devices. Their main components are: an inductor
with a billet, a control system, power supply, a billet
supply system, etc. [1, 2]. The alternating magnetic field
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of the inductor excites eddy currents of the same
frequency inside the billet, which create internal heat
sources in the billet. In industry, the following main
methods of implementing through induction heating
processes are used: periodic, methodical and continuous,
as well as periodic heating with reciprocating movement
of the billet (Fig. 1).
- Inductor winding
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Periodic heating with reciprocal movement of the billet
Fig. 1. Main methods of implementing through induction
heating processes

In periodic heating systems, the billet is placed in
the inductor for the time required to reach the desired
temperature conditions, after which it is unloaded and
transferred to the next technological operations, and a
new billet is loaded in its place. The process is repeated
with the periodic release of heated billets from the
inductor. Methodical heating systems are designed for the
sequential heating of two or more billets in a single- or
multi-section inductor during their discrete movement
(pushing) with a certain step in time and distance, with
the step equal to the length of one billet from the entrance
to the inductor to its exit.

Continuous heating systems provide heating of
billets in an inductor of single- or multi-section design
during their continuous movement at a constant speed
inside the heater.

In systems with periodic heating and reciprocating
movement of the billet, the depth of the billet inside the
inductor periodically changes during heating. This
compensates for undesirable longitudinal edge effects and
helps to reduce temperature variations along the length of
the billet. Such systems are used for heating long billets.

In mass production conditions, where it is necessary
to ensure high productivity and heating quality, as well as
the possibility of implementing different heating modes
by changing the parameters of the heated billets, multi-
inductor (zone) systems with continuous billets feed are
the most promising [6-9]. In contrast to conventional
billet heaters, zone heaters keep the billet cross sectional
average temperature equal and independent of the
throughput and billet dimensions. Due to that uniformity
this technique avoids overheating at low throughputs and
reduces the number of rejected billets. With the aid of a
suitable control program the temperature profile can be
modified in order to find the best compromise between
low billet sticking and scaling rate, uniform temperature

The accuracy of heating is ensured by the power
supply system through the power distribution between the
inductors and appropriate control of power in each
inductor. The inductors can be either identical or differ
from each other. The power supply system must include
semiconductor power sources corresponding to the
number of inductors. The most efficient power sources for
induction heating devices before further plastic
deformation are thyristor and transistor frequency
converters [2, 4, 10].

Transistor inverters are predominantly used because
they allow the transistor to be turned off not at the «zero»
current point but when it is necessary. The use of resonant
inverters with transistors and freewheeling diodes
eliminates no-load pauses, significantly improving the
harmonic composition of the output current. Additionally,
the presence of freewheeling diodes eliminates the
possibility of voltage overloads.

A generalized circuit of frequency converters is
shown in Fig. 2. It includes an input rectifier that provides
the required constant output voltage, a filter for
coordination, a resonant inverter, and a load.

tifi inverter
network recumer filter load

—rrrm ==
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Fig. 2. Frequency converter circuit for induction heating

When developing automated complexes for zone
induction heating for metal billets, it is necessary, at the
design stage, to perform a quantitative analysis of the
main characteristics of the electrothermal process and
provide recommendations for selecting optimal
parameters and heating modes. This will allow choosing
the most efficient heating mode, and the obtained power
values will serve as guidelines during the subsequent
tuning of the technological cycle. The primary goal of
achieving the specified temperature evenly throughout the
volume of the billet must be attained with the highest
possible performance indicators, which include process
productivity, metal loss due to scaling, -energy
consumption, and the cost of the heating system.

Accurate calculations for induction heating systems
involve considering the distribution of the magnetic field,
current density, and changes of material properties
throughout volume of the billet being heated [11, 12]. High
precision in calculating thermal characteristics, which are
necessary at the design stage of such systems, must be
ensured.

Analysis of approaches to calculating
electromagnetic and thermal processes in induction
heating systems. Determining the distribution of the
electromagnetic field and the temperature of the heated
billet is generally performed by using numerical methods,
such as the finite element method, considering skin effect,
proximity effect, and ring effect [13]. This approach can
be fully implemented with a small number of inductor
turns (w = 1-5 turns). From the thermal calculation
perspective, it is essential that the main part of the energy

distribution within the billets and low energy
consumption [6].
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is released within the depth of the magnetic field
penetration into the conductor. For a large number of
turns, the electromagnetic field of round massive
conductors with current, representing a multi-turn coil
model, has been studied by various authors. Is considered
the high-frequency mode characterized by a pronounced
skin effect and analyzed the case of using both massive
conductors and multi-stranded litz wire. A method is
proposed for calculating the resistance of the litz wire
inductor winding for induction heating. The resistance is
determined taking into account eddy current losses and
winding temperature. The calculation of eddy currents
and losses in the turns of high-frequency device inductors
is carried out based on the experimental data analysis.

Solving the field electromagnetic problem for an
induction heating system with a large number of massive
inductor turns (w > 10) generally requires applying a
fine computational mesh to cover the cross-section of all
conductors and considering the aforementioned effects.
Discretization the inductor turns in this case is
associated with significant computational difficulties,
and typically, each individual turn in the model ends up
being too small to correctly account for the non-uniform
current density distribution in its cross-section when
calculating the entire system.

One approach to simplifying the task solution is to
preliminarily  calculate  the  frequency-dependent
equivalent parameters of a separate inductor (assuming
the heated billet is absent) and then use the found
parameters in the overall system calculation [14].
However, in the case of a strong skin effect, using this
approach may be ineffective since the inductor parameters
significantly depend on the value of the resulting field
created by the currents in the inductor turns and the billet.

We will consider a multi-scale modeling technique
for calculating electrothermal processes in induction
heating systems [13]. The traditional understanding of this
approach involves sequentially considering hierarchical
levels with information transfer both top-down and bottom-
up, with refinement performed iteratively based on the
system’s main parameter — the equivalent resistance of the
inductor. Two spatial levels are distinguished for the
induction system. At the macro level, the electromagnetic
process in the entire system volume is considered. At the
micro level, the problem of the volume of a single inductor
turn is solved. As a result of solving the electromagnetic
task at the micro level, the equivalent resistance of the
inductor is determined, which is then used as a set
parameter for calculating the current value in the inductor
at the macro level. Tasks that consider the electromagnetic
process at two spatial levels are solved jointly using
successive approximations, with the solution of the micro-
level task refining the solution of the macro-level task.

Using multi-scale modeling, a numerical calculation of
coupled electrothermal processes in the heated metal billet
is performed [13, 15]. The dependence of the magnetic
properties of its material on temperature is considered. An
analysis of the processes occurring in the electrical circuit of
the induction system’s power supply is conducted.

The task of developing models for calculating
electromagnetic and thermal processes in induction
systems is relevant and allows determining their optimal

parameters and efficient modes of -electromagnetic
controlled processing of conductive materials at the
design stage of such systems [14].

Mathematical models for calculating such processes
can be created based on both the theory of
electromagnetic and thermal fields and the theory of
equivalent thermal circuits. Models based on the theory of
thermal circuits are widely used, for example, for
analyzing thermal processes in electric machines. When
constructing a thermal model of an induction system for
heating a moving billet, the processes of convective heat
transfer play an important role [14].

Field Theory Method: this method is characterized
by high accuracy in calculating the temperature
distribution within the billet volume, but it requires
significant computational power and does not allow
modeling electrical processes in a complex-structured
power source, such as one with a rectifier and inverter.

Thermal Circuit Method: this method is simpler to
implement, does not require significant computational
power, and allows quickly obtaining the billet temperature
values online as input parameters (billet movement speed,
inductor current, etc.) change. By adding an electrical
circuit of the power source to the model, this approach
allows accurately modeling the processes in the inverter
as part of the power source and in the compensating
capacitor, as well as modeling the entire system, for
example, the automatic control system of the billet
temperature both at the inductor exit and along the billet
length. The disadvantage of this method is its lower
calculation accuracy compared to the field theory method.

The non-uniform current distribution in the inductor
and the heated billet leads to the emergence of several
specific effects that determine the main physical laws of
induction heating [11, 12]. For typical induction heating
systems of cylindrical billets placed inside the inductor, the
ring effect, together with the skin effect and proximity effect,
leads to current concentration on the inner surface of the
inductor winding at the minimum distance from the heated
billet. This increases the electrical efficiency coefficient in
the electromagnetic system «inductor-billet» [8].

The highest accuracy in analyzing electromagnetic
and thermal processes is ensured when solving a three-
dimensional problem. This becomes possible when
considering the influence of the aforementioned physical
effects, which manifest more deeply under conditions
reproducing the finite length and detailed geometry of the
inductors and the billet. Such three-dimensional problems
are of practical interest.

The goal of the work is to develop a numerical
model and analyze the coupled -electromagnetic and
thermal processes in zone induction heating system for
metal billets to determine the optimal power ratio of the
inductors and choose rational heating modes for the billets.

Mathematical description of coupled
electromagnetic and thermal processes. In general, the
spatiotemporal distribution of the electromagnetic field
and temperature throughout the volume of the billet
during the induction heating process is described by the
system of Maxwell and Fourier equations for
electromagnetic and thermal fields [16, 17]:
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rotH=J+—; (1)
or

rotE:J+a—B; 2
or

divB=0; (3)

divD=p; @)

c(T);/(T)Z—TdiV(/i(T)gradT) +c(TM)y(T)VeradT =F, (5)
T

where H is the magnetic field strength vector; E is the
electric field strength vector; J is the conduction current
density; B is the magnetic flux density vector; D is the
electric flux density vector; T is the temperature of the
billet; 7 is the time; c(T), y(T), A(T) are the specific heat
capacity, density, and thermal conductivity of the metal,
respectively; ¥ is the velocity vector of the billet’s
movement; F is the internal heat sources.

In the considered task, the source of heat is resistive
losses in the billet due to the flow of eddy currents, as well
as hysteresis losses. The power of heat generation per unit
volume of the heated body can be found by calculating the
transferred energy of the electromagnetic field:

F =div[E-H] (6)

Obtaining a unique solution to the system (1) — (4)
for all unknowns, whose number exceeds the number of
equations, is possible if this system is supplemented with
the following basic relationships [16, 17]:

D =¢gyE ; (7
B = yH (3)
J=cE, )

where ¢ is the relative permittivity of the billet material;
g 1s the permittivity of vacuum; u is the relative magnetic
permeability of the billet material; u, is the permeability of
vacuum; o is the electrical conductivity of the billet material.

Taking into account (7) and (9), equation (1)
becomes:

rot H = oF + (10)
In the case of induction heating of metals at
frequencies below 100 MHz, the density of the induced
conduction current is much higher than the displacement
current density. Therefore, the second term on the right

side of (10) can be neglected. Thus, we get:
rot H =oFE . (11)

The electrical conductivity ¢ and relative magnetic
permeability u of the billet material are functions of
temperature, defined analytically and tabularly during
numerical implementation. For induction heating, these
dependencies are significant since the thermal power
generated in the billet is related to ¢ and p of the material.
Their decrease when heating the billet leads to a reduction
in heating power, a change in skin depth, and the
efficiency of the heating process.

During induction heating, all three methods of heat
transfer take place — conduction, convection, and radiation.
Heat transfer within the heated billet from its more heated
layers to less heated ones occurs due to the conduction
process, described by the fundamental Fourier’s law.

The convective heat exchange process between the
heated billet and the surrounding environment is carried

0(egyE)
or

out according to Newton’s law, which states that the heat
transfer rate is directly proportional to the temperature
difference between the billet surface 77 and the
surrounding environment 7). Heat loss from the billet
surface to the surrounding environment by radiation is
described by the Stefan—Boltzmann law, which states that
the heat transfer rate is proportional to the difference of
the fourth powers of the absolute temperatures 7 Ao T 04.
Such a description of radiative heat losses is satisfactory
when constructing mathematical models in most real tasks
of studying induction heating processes.

The thermophysical parameters A and ¢ in (5) are
nonlinear functions of temperature. In practice, the
assumption of a constant thermal conductivity coefficient
A = const does not usually lead to significant errors when
modeling temperature fields during induction heating.
Similar approximation of the temperature dependence of
specific heat capacity can lead to substantial errors in
calculating the required power and thermal profile of the
billet. Together with the corresponding boundary and initial
conditions, equation (5) describes the three-dimensional
temperature distribution at any time for any point throughout
the volume of the heated billet. The solution to the system of
equations (1) — (5) can only be realized by numerical
methods. These methods are widely used in modemn
multiphysics simulation software packages such as Cedrat
FLUX, COMSOL Multiphysics, ANSYS, and others.

Equations (1)—~(6), (11) provide a general description
of the coupled three-dimensional electromagnetic and
thermal fields, allowing for the determination of all
necessary structural characteristics of the induction system.
In this case, equations (1), (2), (10) are rewritten in
frequency domain [16]. This approach enables solving the
tasks of optimal control of multidimensional temperature
fields both in the process of continuous induction heating
and in the optimal design of induction heating systems.

Numerical implementation of coupled
electromagnetic and thermal processes calculation. For
numerical calculations, the COMSOL Multiphysics 6.1
software package was used. The preparation of the
calculation process can be divided into several stages. The
first stage is the synthesis of the model, which begins with
the selection of the model’s dimensionality and physical
modules. In this software package, there is an option to
choose a module that is already highly adapted for
calculations in induction heating devices — «Induction
Heating». This can be selected through the
«Electromagnetic Heating» branch. The multiphysics
module (interface) «Induction Heating» is used for
calculations of induction and eddy current heating and
includes a magnetic fields interface and a heat transfer in
solids  interface. = Multiphysics  couplings  add
electromagnetic power dissipation as a heat source, and
the electromagnetic properties of the material can depend
on the temperature. Moreover, combinations of frequency
domain modeling for the «Magnetic Fields» interface and
stationary modeling for the «Heat Transfer in Solids»
interface are supported, known as frequency-stationary
and frequency-transient modeling.

The «Heat Transfer in Solids» interface allows
modeling of heat transfer by conduction, convection, and
radiation. The solid model is active by default in all
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domains. The temperature equation defined in solid
regions corresponds to the differential form of Fourier’s
law, which may include additional heat sources.

Model geometry synthesis. Each inductor heats a
part of the billet in a specific area of space. Optimal
heating programs and the required final temperature can
be achieved by ensuring that each inductor individually
transfers the corresponding power to the billet. This
approach requires solving the task of forming the
necessary power by the inductors, which determines the
design of the inductors and the circuit design of the power
part of the converter that powers them.

Modeling was carried out for the design of a multi-
inductor system for zonal heating of steel billets with the
nominal capacity of 5000 kg/h. The geometric dimensions
and technical parameters of the zone induction heating
system are presented in Table 1. The model consists of
four cylindrical inductors and a cylindrical billet. Each
inductor is 1,5 m long, and the billet has a length of 6,5 m
and a radius of 0,05 m. The power distribution is such that
all inductors have the same operating frequency and
number of turns but different current values. For the
initial modeling, the power ratios of the inductors were
chosen as 1 : 0,8 : 0,8 : 0,6. The inductors are numbered
according to the direction of the billet’s movement.

Table 1
Geometric dimensions and technical parameters
of the zone induction heating system

Parameters Value
Length of one inductor /;, m 1,5
Distance between inductors /,, m 0,1
Inner radius of the inductor |, m 0,07
Outer radius of the inductor r,, m 0,1
Length of the steel billet L;, m 6,5
Radius of the steel billet R;, m 0,05

Initial temperature of the billet 73, °C 20
Ambient temperature Ty, °C 20

Required heating temperature 7, °C 950
Velocity of the billet V, m/s 0,022
Frequency of the inductor current f, Hz| 1000
Current density in the conductors
of individual inductors J, A/m>
Ist 8,9-10°
2nd 7,12:10°
3rd 7,12-10°
4th 5,45-10°
Electrical conductivity o 5.56-10°
of the billet material at 20 °C, S/m ’
Relative magnetic permeability u 16

of the billet material at 20 °C

The model geometry can be constructed using
COMSOL Multiphysics tools or in AutoCAD, with
subsequent importation.

Setting physical constants and properties. After
creating the model’s geometry, constants are defined. In
our case, it is recommended to introduce several constants:
Ji — J4 — the current density values for each inductor. These
values equal the product of the current and the number of
turns of the inductor divided by the cross-sectional area of
the corresponding inductor. Also, /' — the frequency of the
current in the inductors. Using constants simplifies the
subsequent reconfiguration of the model.

The calculation of the electromagnetic field is solved
first in the frequency domain modeling step, and the

calculation of the temperature field is solved in the
subsequent stationary step.

The billet’s movement speed is sufficiently low, so
the induced current density due to the movement of the
conductor is considered negligible compared to the
current density induced by the alternating field. The
operation of the inductors’ coils is modeled using the
«Multi-Turn ~ Coil»  function, which employs a
homogenized coil model consisting of a large number of
thin conductors [18, 19].

The boundary conditions applied to the radiating
surface of the billet (the surfaces in contact with air) are a
combination of thermal flux considering natural thermal
convection in the air and a diffuse surface modeling
radiative heat transfer to the environment. The
translational motion of the billet at a constant speed is
modeled using the «Translational Motion» function in the
«Heat Transfer in Solids» module.

Finite element mesh construction. The minimum
size of the finite elements (given the order of the
approximating function polynomial) and the minimum
calculation time should be chosen based on the required
accuracy of the electromagnetic field calculation. The
discretization requirements are applied to the conductive
elements of the structure where eddy currents are
calculated. Mesh step in these elements should be less
than 1/4 of the field penetration depth. Reducing the size
of the finite elements increases the calculation time, and
the solution becomes more accurate.

Figure 3 shows a fragment of the finite element
mesh, representing one of the four inductors and part of
the steel billet (inside the inductor, shown in blue).

-0.10

Fig. 3. Fragment of the finite element mesh representing
one of the four inductors and part of the steel billet

Results of modeling and discussion. The results of
determining the spatial distribution of eddy current
density within the steel billet in the form of longitudinal
and several transverse sections are presented in Fig. 4.
According to the obtained results, the highest heat
generation occurs in the layers of the steel billet adjacent
to the inner surface of the inductor. In the operating zone
of the first inductor, which initiates heating, the maximum
current density on the surface of the billet reaches
approximately 105-10° A/m?2. This value rapidly decreases
along the axis of the billet and at a distance of 2 mm from
the surface, it is around 45-10° A/m?.

For comparison, these values in the billet at the edge
of the fourth inductor are approximately 65-10° A/m? and
28-10° A/m?, respectively. Presumably, this difference is
solely due to the varying powers of the first and fourth
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inductors (approximately 1,65 times difference). The
influence of changes in ¢ and p of the billet material on
the redistribution of heat sources within it is minor, as this
change primarily occurs within the operating zone of the
first inductor. Figure 5 shows the change in temperature T
and electrical conductivity ¢ along the length of the
heated steel billet.

0.2 0.3 0.4 05 06 0.7 0.8 0.9 1

Fig. 4. Spatial distribution of eddy current density inside the
billet in the form of longitudinal and several transverse sections

As observed, under such a power ratio between the
inductors, the surface temperature of the billet at the end
of the first inductor’s working zone exceeds 660 °C,

while it is 375 °C along the central axis. The electrical
conductivity of the billet material in this section decreases
by a factor of 5.5 on the surface and 3.1 along the axis
compared to its initial values. However, until the
completion of heating, the electrical conductivity of the
billet decreases by only 25 % and 55 %, respectively.

Figures 6, 7 present the spatial change of ¢ and p
inside the billet in the form of longitudinal and several
transverse sections. Due to skin effect, the surface of the
billet transitions through the Curie point earlier than its
center. This transition occurs gradually; however, Fig. 7
clearly shows a paramagnetic layer over the ferromagnetic
layer within the heating zone of the second inductor,
indicating a significant transition. From the perspective of
magnetic properties, the billet material becomes two-
layered over a length of approximately 1,25 m. Thus, these
findings are crucial from a design standpoint. Specifically,
the magnetic field strength and distribution of eddy
currents, as well as changes in material properties, directly
affect temperature control, heating rate, and the formation
of localized heat treatment zones in billet.

Figure 8 shows typical curves of equivalent parameters
changes of the inductor replacement circuit with the billet
during heating for magnetic and non-magnetic metals.

g, S/m T7 °C T T T T T
5.5x10° R
900
5 - i
800
4.5 g
4 | 700 i
3.5 600 B
3 7 s00 b
2.5+ g
400
2 4 i
300
1.5 g
200
1 - i
05- 100 _
- Arc length, m
0 | 0 L L L L L L L 1 L L L L
0 0.5 1 1.5 2 25 3 35 a4 45 5 5.5 6 65

Fig. 5. Change in electrical conductivity and temperature along the heated steel billet length: 7 — value on the surface of billet o(L,);
2 —value along of billet central axis o(L;); 3 — value on the surface of billet 7(L,); 4 — value along of billet central axis 7(L,)

e

0 1 1.5 2 25 3

3.5 r 45 5 5.5

Fig. 6. Change in electrical conductivity o inside the heated steel billet
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10 12 14 16

Fig. 7. Change in relative magnetic permeability p inside the heated steel billet
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Fig. 8. Change of heating parameters for magnetic and
non-magnetic billets (relative to final values) as a function of
relative time #/¢¢, where 7 — duration of the heating cycle
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The curves of changes in R and X are provided for
the parallel replacement circuit [10]. The parameters
correspond to the complete filling of the inductor with
fully heated metal. The ratio of the maximum R value to
the minimum ranges from 1,5 to 2,5. The X value
decreases during heating by 1,3 to 1,6 times. Accordingly,
the quality factor can vary by 2 to 3 times.

The conclusion of the modeling involves obtaining
comprehensive data on the spatial distribution of
temperature inside the billet. Figure 9 presents
temperature field maps of the billet at a time moment of
290,91 s (end of heating). The billet moves from left to
right. Current density values in the inductors were chosen
so that the exit temperature of the billet from the system
would be approximately 950 °C.

v 20 e e —— [P

v I N Asies

Fig. 9. Temperature spatial distribution in longitudinal and transverse sections of the steel billet for individual heating zones:
a — heating zone of the first inductor; b — heating zone of the second inductor;
¢ — heating zone of the third inductor (c); d — heating zone of the fourth inductor

Temperature spatial distribution in longitudinal and
transverse sections of the steel billet for the four heating
zones allows a visual assessment of the heating intensity
as the billet moves into the zones influenced by individual
inductors. For instance, the maximum temperature is

found at the end of the heating zone of the fourth inductor
(on the surface of the billet), reaching 976,6 °C. Due to
skin effect, the center of the billet heats up slower than its
surface, resulting in a temperature gradient between them
during heating. Depending on the heat source power, this
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gradient may exceed the allowable temperature
uniformity specified for subsequent rolling or stamping
processes, where permissible temperature gradients
between the surface and center of a steel billet typically
range from +50 °C to £25 °C, given the required heating
temperature of 1000-1250 °C.

This temperature gradient is somewhat reduced due to
heat losses from the billet surface through convective
and/or radiative heat exchange with the surrounding
environment. Analysis indicates that convective losses
predominate in low-temperature heating setups, whereas in
high-temperature heaters (for steel, titanium, cobalt, and
nickel billets), heat loss predominates through radiation. In
our case, the nature of the temperature gradient between the
center and surface of the billet can be visually assessed
using the temperature distribution across the radius of the
billet at the output of each inductor (Fig. 10).
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Fig. 10. The temperature distribution across the radius of the
billet at the output of each inductor: / — the output of the 4th
inductor; 2 — the output of the 3rd inductor; 3 — the output of the
2nd inductor; 4 — the output of the 1st inductor

350

The obtained temperature distribution closely
resembles the distribution of eddy current density across
the radius of the billet. The temperature difference
between the center and the surface of the billet (under the
edge of the fourth inductor) is 32 °C. However, this
difference decreases rapidly, reaching about 11 °C within
4,5 s, explained by the rapid cooling of the billet surface.
Figure 11 shows the temperature distribution across the
end section of the billet as contours and surface plots at
the exit of the zone heating system.

As we can see, after the billet exits the working zone
of the last inductor, the temperature maximum of 960 °C
is maintained at a distance of 5 mm from its surface.

Additionally, a series of numerical calculations were
carried out to determine the optimal power distribution of
the inductors when heating the steel billet. The conditions
for comparing all calculations were as follows: the total
power of all inductors (only the distribution changes),
constant current frequency, productivity (speed),
geometry (see Table 1), and cooling conditions. The
required surface temperature of the billet at the output is
950 °C (within £20 °C). Heating indicators such as the
amount of heat loss in the billet (including the areas

between inductors), overheating, and the temperature
gradient along the length and cross-section of the billet
are taken into account.
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Fig. 11. Temperature distribution on the billet end part
at the exit from the zone heating system

As previously established [20], to ensure an
effective thermal process for heating billets, the power
ratio of the inductors should be 1 : 0,5 : 0,25 : 0,125. The
result of modeling such a power distribution for the
inductors is overheating of the billet surface within the
first inductor zone to 1150 °C (Fig. 12). However,
subsequently, the billet begins to cool rapidly due to the
lack of power from the other inductors, and the center
(1009 °C) of the billet has a higher temperature than its
surface (968 °C) at the output of the fourth inductor. In
the forging industry is advantageous to achieve a
homogeneous billet temperature at the outlet of the heater
with the shortest possible coil line installation length
while at the same time minimizing the scaling rate and
energy consumption. These objectives should be obtained
not only for the nominal billet diameter and throughput
but also for smaller billets and throughputs. Since these
requirements are partly in conflict the solution generally

involves reaching a compromise [6].
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Fig. 12. Temperature along the billet length for the inductors
power ratio 1 : 0,5 : 0,25 : 0,125: 7 — temperature on the surface
of the billet; 2 — temperature along the central axis of the billet
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From the standpoint of minimizing the temperature
gradient across the cross-section of the billet, an
acceptable power distribution for the inductors was found
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to be when the power of each subsequent inductor
decreases by 33 % compared to the power of the previous
one. That is, the ratio is 1 : 0,67 : 0,45 : 0,3. In this case,
the first inductor provides a rapid heating of the billet to
880 °C, and the temperature inside and on the surface of
the billet equalizes at the beginning of the movement into
the heating zone of the last inductor (Fig. 13). However,
this design as a whole is characterized by thermal losses
between the zones of individual inductors, which requires
further improvement of the device.
1000 T
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Fig. 13. Temperature along the billet length for the inductors
power ratio 1: 0,67 : 0,45 : 0,3: temperature on the surface of

the billet (1); temperature along the central axis of the billet (2)

The task of defining the heating program for a multi-
inductor heating complex generally involves subtasks to
determine the power variation processes for each
inductor. Determination of the inductors power ratio and
heating programs for a multi-inductor complex presented
in detail in works [6, 20].

The setup and resolution of the problem can be
significantly simplified by predefining the function of
power variation for each inductor over time. If the power of
each inductor is assumed to be constant over time (taking
into account data on changes in ¢ and u throughout the billet
volume), then the task of determining the inductor powers
(power distribution among the inductors) can be solved
using an iterative approach. This requires further modeling
under various inductor power conditions to meet the heating
requirements, gradually approaching the final result — power
values. This approach significantly reduces resources when
determining the optimal heating modes for a metal billet.
The model can be represented as an m-file, describing
geometric parameters, constants, global variables, nonlinear
properties of the media, solver settings, and more.

Conclusions. This work presents the numerical 3D-
model of coupled electromagnetic and thermal processes
in zone induction heating system for metal billets. The
model considers various effects that determine the
fundamental physical principles of induction heating.

Using the finite element method and the COMSOL
Multiphysics 6.1 software package, data on the spatial
distribution of the electromagnetic and temperature fields
in the moving heated steel billet were obtained. Three-
dimensional graphs of electrical conductivity and relative
magnetic permeability change inside the moving heated
steel billet are presented.

Analysis of data on the distribution of the
electromagnetic field, the temperature of the billet, and

the changes in material properties allows for determining
the necessary inductors powers to ensure the required
heating mode. The established power distribution can
serve as a reference for preliminary setup at the beginning
of the zone heating system’s operation.

Results of the temperature distribution calculations
along the length of the steel billet for different inductors
power ratios are provided. It is shown how the change in
the power distribution of the inductors affects the billet
heating parameters.

The thermal losses observed between the zones of
individual inductors are a challenge that needs addressing.
These losses can lead to inefficiencies and potential
quality issues of the billet. Future work should focus on
reducing these thermal losses, possibly through design
modifications or improvement of thermal insulation and
the heating process control system.

The presented 3D-model of coupled electromagnetic
and thermal processes can be used for quickly readjusting
initial parameters (frequency, power and number of
inductors, billet dimensions and material, etc.) to obtain
variations in numerical calculations. This allows for
predicting the efficiency and performance indicators of
zone heating, such as efficiency, speed, heating depth,
temperature, and gradient.

The obtained results have practical application and
make it possible to reduce the time and resources required
for the development, optimization of the design and
improvement of the technological process of zone
induction heating for metal billets. Experimental validation
of the developed technique and obtained numerical results
is a prospect of further research.
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EnekmpoizonsayiiiHa ma kabenbHa mexHika
VK 621.319
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I'.B. Besnpo3Bannux, €.C. MockasiTin, 1.O. Koctiokos, O.M. I'peuko

HienexTpnuni mapamerpu ¢a3Hoi Ta NOSICHOI NANEPOBOI MPOCOYEHOI i30/1A1il CHII0BUX Kale1iB

Bcmyn. Cunogi kabeni cepeonvoi hanpyau 3 naneposoro npocoyeHor0 i301aYi€lo 3aauuaiomscsi 6adNCIUBOIO CKIAO0B0I0 eleKmpoeHe-
peemuunux mepeic. Haoiiinicms ma egpexmuenicmes makux Kabenie niomeepoAceHo mpusaium mepmiHoM eKCniyamayii makoic Ha
AEC. IIpobnema. Besnocepeonvo suznauumu OieleKmpuyni napamempu (asHoi ma nosichoi nanepogoi izonayii cunosux kabenig ne
BUSBTISIEMBCS. MONCIUSUM. [ OYiHKU MEXHIYHO20 CMARY MaKux 6udis i301ayil cunosux kabenie HeoOXioni e(pekmueHi elekmpuyni
cucmemu Odiaenocmuku. Memorw pobomu € 00IPYHMYBAHHA MeMOOON02i] GUIHAYEHHA OleleKMPUYHUX éracmusocmell ¢asHoi ma
NOACHOT naneposoi npocouenol i30ayil Ha Ni0cmasi CyKYRHUX UMIPIOSAHb eleKMPUYHOL EMHOCME MA MAH2eHCY Kyma OleleKmput-
Hux empam cunosux kaoenie AEC ma enexmpuunux mepesic. Memoouka. Pospobrena memoouxa ipyHmyemucsa Ha po3e a3aHHI cuc-
memu AHIUHUX aneeOpaiuHux pieHAHb WOCMO20 NOPAOKY O/ GUBHAYEHHS OleIeKMPUYHUX 8IACTMUEOCEN 8UOI8 NANEPosoi npocoye-
Hoi i30aaYii cunosux mpudicunrbhux xabenis y memanesii obononyi. Haykoea nogusna. Bcmanosneno 6iominnocmi cmpykmypu 30H-
0Y8AIbHO20 eNeKMPULHO20 NOJIA Y (a3Hill ma ROACHIU NANeposiil i301Yil 6 3aNedCHOCH 6i0 cxeMu 0OCMENCEHH MPUNCUTLHUX CU-
JI0BUX KAOENi6 i3 CEKMOPHUMU JHCUNAMU y Memanesiti 060a0nyi. Busnaueno wacmxku enexkmpuunoi enepeii’ y euoax izonayii 3a pizHux
cxem 30HO0Y8ANLHO2O eIeKMPUYHO20 NOJIA, WO 00360JAE SUSHAUUMY MAH2EHC KYMA OieleKMmPUuyHUX empam @asHoi ma noacHoi nane-
posoi izonayii. Ipakmuuna 3nauumicme. IIpeocmasneno pe3yromamu npaxmuyHoi peanizayii po3pooaeHoi memoouxu Ons oyiHKu
giominHOoCmell éracmugocmetl @asHoi ma noscroi izonayii cunosux xabdenie AEC ma xabenie enepeomepesc npu npocmoposoMmy
CKAHYBAHHI eleKMPUYHOT i301ayii 30 uacmomoro ma Hanpyzo0to 8ionosiono. biobmn. 41, puc. 4, Tadm. 6.

Kouosi crnosa: cuiioBi kadeini, cTapiHHs nanepoBoi NPoco4veHoi i3ousuii, pa3Ha Ta mosicHa 3015151, CTPYKTYpa eJIeKTPHYHOI0
NoJIsl, CyKYIHi BUMIPIOBaHHSI, MATPHUIA KOMYTallii, TAHreHC KyTa JieJJeKTPHYHUX BTPAT, CHCTeMa JiHIiHUX anredpaidHux

piBHSIHB, CTAJIa Yacy caMOPO3PsAY.

Beryn. EnextpoeHepreTwdHi CHCTEMH BKIFOYAIOTH
3HAYHYy KUTBKICTh BOKJIMBUX CHIIOBHX KaOCTBHHX CHCTEM.
Kabeni 3 manepoBoi npocouenoro i3ossimiero (PILC — Paper
Insulated Lead Covered Cables) BUKOPHUCTOBYIOTBCS OliTb-
ure 100 pokiB y cucremax_cepeHboi Harpyru Big 6,6 1o 36
kB, 1 HaBiTh y cucremax BuCOKOi Hanpyru. Taki kaOenbHi
CHCTEMH TOPIBHSIHO 3 KaOeNsiMu 31 3UIMTHM HOJIETUIICHOM
MaroTh IIepeBary, Mepu 3a BCe, B €JIEKTPHYHNX XapaKTepH-
CTHKax: BUCOKA €JISKTPUYHA MIIHICTh, HU3bKA YYTJIHBICTH
JI0 BUNPOOYBaHb IOCTIHHUM CTPYMOM 1 JI0OBEIEHA €KCILTY-
aTaiiHa HajiHicTh [1-10].

VYV cydacHHX Mepexax CepelHbOl Hapyrd Bce B Oi-
TBIIIA Mipi 32aCTOCOBYIOTHCS Kabeti i3 3MHUTOO TOJTieTHIIe-
HOBOIO 130JIA1Ti€r0. 3aMiHa KaOeliB 3 TarmepoBO0 Mpocoye-
HOIO 130JISIIIEI0 € JOBIOCTPOKOBOIO cTparerieto. Kabem 3
MANIePOBOIO TIPOCOYCHOIO 130JSIMIEI0 3aTHUIIAIOTHCS KHUTTE-
BO BaXJIMBUMHU KOMIIOHCHTaMU pO3HOJIiJ'I])‘il/IX CJICKTpHUY-
HHUX MEpEeX 1 CHUCTeM JKUBJICHHS LMPKYJLILIHHUX HAcOCIB
cucteM oxoJomkeHHs1 peakropiB AEC [4-7]. Cuin 3a3Ha-
YHTH, MO Ka0eJi MalOTh BCTAHOBJICHUI TEPMIH CITyxkO0u 25
pokiB [7—13]. ®DakTUUHMI TEpMiH BH3HAYAETHCS TEXHIY-
HUM cTa”HoM i3oiimii kabOemro. PisnuHMil 3HOC KadeliB
CepeNHbOI HAIPYTH 3 MAIePOBOI0 MPOCOYCHOK 130JIAIIE0
eHeprocucteM Ykpainu cranoButb 80 % [7], B kpaiHax
€sporu — Ha piBHi 50 %. B ekcrutyaranii Takox € kabedi,
TEpMiH CIY)XOM SIKUX KOJHMBAeThcs Bia 25 no 60 pokis.
[onosxenus tepminy exciutyatanii AEC g0 60, 1 HaBiTh
no 80, pokiB BH3HA4Ya€e akTyaJbHICTh MPOOJIEMH OLIHKU
TEXHIYHOTO CTaHy KaOesiB st 3a0e3reueHH s HaliiiHol Ta
0e3revHoi poOOTH eHepProOJIOKiB cTaHIil [7-9].

IMocranoBka mpodiaemn. Y mpoueci ekcruryararii
CUJIOBI Ka0eli 3a3Hal0Th KOMIUICKCHOTO BIUTHBY Pi3HUX
(axTopis:

® CJIEKTPUYHOTO IOJISI, 0 BUKIMKAE EIEKTPUYHE CTa-
PpiHHS 1307151ii;

® TEIUIOBOTO MOJIsL, 10 BUKIIMKAE TEIUIOBE CTAPIHHS Ta
OKHCJIEHHS 130JIALIT;

® 3BOJIOXKEHHS 130JIA1ii MPU3BOIUTH JO TOTipIICHHS
eJIeKTPO(DI3NYHUX XapaAKTEPUCTHK 130JIA11T;

e MexaHiuHe CTapiHHA Ta MOLIKOKEHHS I1iJ] BIULTUBOM
BiOparii, eJIeKTPOIMHAMIYHUX 3yCHIb Ta MEXaHI9HUX
HaBaHTAKCHB;

e XiMi4HE CTapiHHS IiJ BIUTHBOM arpeCMBHUX pPEUO-
BuH [4-13].

CrapiHHS 130Js11i1 CHIIOBHX KaOelliB BHACIIIOK TPH-
BaJIoi Iii eKkcIutyaTanifHuX (GakTopiB MOXKe MPHU3BECTH 10
npo0oro KabelliB MpPH JOCATHEHHI TI'PaHMYHHX 3HAYCHD
MEXaHIYHMX, eIEKTPUYHNX XapaKTEPUCTHUK 130111

MepesxeBi KOMIaHii HAMAraroThCsi 3MEHIIMTH YaCTOTY
3001B 1 CyITyTHI BUTPATH 3aBASKH MOHITOPUHIY CTaHy i30-
JSMil Ta TEXHIYHAM OOCITYyTOBYBaHHSIM KaOEIbHUX CHCTEM 3
MArepOBOK0 MMPOCOYCHOIO 130JIsMIi€r0. J[JIsl MiABUILICHHS Ha-
IIMHOCTI CHJIOBHX KaOemiB 1 KaOenpHHX JiHI B yMOBax
eKCIUTyaTallii 3aCTOCOBYIOTBCSI Pi3HI ENIEKTPUYHI METOH
BUTIPOOYBAHB Ta MIaTHOCTHKH IS OLIHKH CTaHy €JIeKTpHY-
HOI 1301 CHJIOBHX KaOesiB, Y TOMY YHCII TPaIUIliiHO
BHUKOPHCTOBYBaHI Ta HOBI cydacHi metomu [14-26].

Texuiuynuii cra i30isii KabeixiB BU3HAYAIOTH I10-
JTadero TOCTIHOT BUMIPOOYBaIbHOI HATIPYTH, IO MEPEBHU-
IIy€e HOMIHAJIBHY B 6 pa3iB. BurpoOyBauHs kabeiB mmij-
BHUILECHOIO BHIPOOYBAIEHOIO HANPYrol0 HE JI03BOJIIE
OTpHUMaTH JOCTOBIpHY iH(OPMAIiI0 PO pealbHUI TeXHi-
YHWHA CTaH CHJIOBHX KaOelliB 3 MarepoBOI0 MPOCOYCHOIO
i3oysmiero. Taki BUNpPOOyBaHHS CHJIOBHX KaOemiB, sKi
eKCILTyaTYIOThCS MIPOTATOM TPHBAJIOTO Hacy, y 0araTtbox
BUIIaJKaxX TPHU3BOIATH JI0 3HWKEHHS Pecypcy, HECBOE€Ua-
CHOT'O Ta HeTlepe10aqyBaHOTO MPOOOFO 130JIAIII.

Cepell Cy4acHHX METOJIB MOYKHA BHJIUTUTH TaKi He-
pYHHIBHI €NEKTPHYHI METOIM JiarHOCTUKH CHIJIOBHX Ka-
6emniB HarpyrH 10 35 kB BKIIOYHO:

® METOJ BHMIPIOBaHHS XapaKTEPUCTHK YACTKOBHX
pospsinis [7, 21];

e BHUMIpDIOBAaHHS Ta aHANI3y BiIHOBIIOBaHOI HAIPyTH
[7, 22-24];

e METOJ BHMIPIOBaHHS CTpyMy pemnakcariii (B OuTbIiit
Mipi y Ka0elsix 3 130JSILI€0 31 3LUIMTOTO MOJIIETUIICHY );

e METOJA BHUMIPIOBaHHS IiEJIEKTPUYHUX XapaKTepHc-
THK 13014111 Ha 3MiHHI# Hampy3i [23-33].
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BumMmiproBanHSs Ha TOCTIHHIM Hampy3i JO3BOJSIOTH
BHSIBUTH JIOKJIbHI 1e()eKTH KaOeIbHOT JIiHil, Ha 3MIHHIH —
BUSIBUTH 3arajbHi MOTIPUICHHS SKOCTI 130JIs11i{, 3yMOBJIe-
Hi Ti cTapiHHsIM.

Ha Bigminy Bix kopoTkux 3paskiB kabeniB AEC —
JIOBXKHMHOIO O61M3bKO0 /10 10 M, 00CTEXKEHHS SKHX 32 eJICKT-
PUYHMMH XapaKTepUCTUKaMU B JIaDOpaTOpHHX YyMOBax
MOJKHa BMKOHYBaTH B Jiamaszosi yacrotu jo 10 x['m [7,
25-27, 34], nnst moBrux KaOeliB €HEepreTHYHHX CHCTEM
JOBXHHOIO 10 5 KM JIOBOJHUTBCS ITPOBOIUTH OOCTEKEHHS
Ha npomucioBiit gactoTi 50 (60) I'm s yHUKHEHHS pe-
30HAHCHUX SIBUI MPH OOCTEKEHHI Ta 3MEHIIEHHS TTOXUO-
KU B OIIHII pe3yJIbTaTiB JiarHOCTUKH.

Cui0Bi Kabelti 3 MarnepoBOK MPOCOYCHOO 130IAIII€0
MaroTh JIBa BUIM 1301111 — (ha3Hy KOXKHOT JKHIIH 1 OSCHY
TPBOX JKHJI pa3oM. [30iisiist 34IMCHIOETBCS LUISIXOM 00-
MOTKH JKWJI CTPIUKaMH KaOeJIbHOTO narepy. Y BUXiIHOMY
CTaHi BIAcTUBOCTI (ha3HOI Ta MOSCHOI i30JIsIii ITOBHHHI
OyTH iIeHTHYHUMH. Y TpoLeci cTapiHHSA KaOeliB MposiB-
JSAE€THCS. CHHEPTETUYHUN e(eKT BIUIMBY €JIEMEHTIB Kabe-
JIFO Ta 30BHIIIHIX YMHHUKIB Ha CTapiHHSA MarepoBoi mpo-
coueHoi i3ousmii [27, 29, 30,32].

Ile 0OymMOBITIOE BiAMIHHOCTI Y MEXaHIYHHUX BIACTHUBO-
cTsix (azHoT 1 MOsiCHOT 130111, 110 BUKIIMKAHI AECTPYKI-
€10 LIEJTFOJIO3H Ta MITPAIi€l0 HU3bKOMOJIEKYJISIPHUX ITOJISIP-
HMX NPOAYKTIB Ti po3kiany (Boau, GpypaHiB) y OLIbII XOJI0-
JIHY 4acTHUHY KaOelro — 10 OOOJIOHKH, y TOSICHY 130JISILIi0
[23]. B pe3ynbrari BIacTUBOCTI MOSICHOT i30JisLIii 3 4acom
TIOTIPIIYIOTHCS. B OUTBIIIN Mipi MOPIiBHSHO 3 (ha3Ho0. 3Me-
HIIIY€ThCS MEXaHiYHA MIIHICTh KaOelbHUX TarepiB, 3poc-
Ta€ TAHTeHC KyTa JieJIeKTpH4YHuX BTpar [7, 15, 27, 30].

BaxnBo BUSBHTH 03HAKU CTapiHHS KOKHOTO i3 BUIB
OKpeMo: (ha3HOI Ta TOSCHOI MANepoBOi eMEKTPUIHOI 1301~
1ii, SKa BU3HAYA€E MPALE3IATHICTh CHIOBHX KaOEeyiB B €KC-
IUTyaTallii sik BAYKIIMBOTO eneMeHTa Mepexi. da3ua i nosicHa
30ms11is1 KabesiB HEeMOCTYIHI Juisi Oe3MmocepeHiX BUMIpIO-
BaHb. Lle OOYMOBIIOE yCepeaHEHHs MapaMeTpiB 13011,
3aBISKA YOMY BIJIMIHHOCTI B iX CKJIJIOBHX CTAlOTh MCHIII
nomiTHUMH [25, 27]. SIk 03HaKy 3aKiHYeHHsI Mepioxy HOp-
MaJIbHOT poOOTH Kabero Ciji pO3rIIsIaTH BiIMIHHOCTI Y
JUETeKTPUYHIX BJIACTUBOCTSX (Da3HOI Ta MOSICHOI i30SI,
sIKI BUHUKAIOTh TIPU TPHUBAJIH eKcrutyaTaliii. 3MiHa BJIacTH-
BOCTEeH MOXe OyTH BHKJIMKAaHAa HEPIBHOMIPDHAM CTapiHHAM
3a3HaYCHUX BUJIB 130JI11ii 00 3BOJIOYKESHHIM Yepe3 BTpaTy
TePMETHYIHOCTI 3’€JHYBAJTbHUX 1 KiHIIEBUX MY(T, 3aXHCHOT
000JIOHKH TOILIO.

MeTo10 po6oTH € OOIpYHTYBaHHS METOJOJIOTIT BU-
3HAYCHHS MICJICKTPUYHUX BIacTHBOCTEH (hasHOI Ta mosic-
HOI TarepoBoi MPOCOYEHOI 130J1s1ii Ha MiJCTaBi CyKyIl-
HHUX BUMIPIOBaHb EJIEKTPUYHOI EMHOCTI Ta TaHTEHCY KyTa
JieneKTpuYHUX BTpat cuiioBux kabdenie AEC ta enexrpu-
YHHUX MEpEeXK.

CTpyKTypa 30HAYBAJbHOIO €JIeKTPHYHOIO MOJIs
Yy BUAaX NanepoBoi MPOCOYeHOI i30s1il CHJIOBHX Ka-
6esriB. MeToq BU3HAYCHHS MiCIEKTPUYHUX BIIACTHBOCTEH
(a3HOi Ta MOSACHOI MarepoBoi MPOCOYEHOI 130Tl Oazy-
€THCS Ha BCTAHOBJICHHI BIIMIHHOCTEH CTPYKTYpH 30HIY-
BaJIbHOT'O €JIEKTPUYHOIO MOJIsl Y TOMY BHII 130JIs11i1, BiIa-
CTHBOCTI SIKOTO 0€3MM0CePEeIHbO IIKABISTh.

I'yctuHa ¢ MOBEPXHEBHX EJEKTPUYHUX 3apsiiiB Ha
MEXI TOAUTYy CEepelOBUII 3HAaXOIUTHCS B PE3yJIbTaTi
PO3B’sI3aHHSl CHCTEMHM JIHIHHMX aiureOpaiyHHuX PpiBHSIHb

(CJIAP) y marpuuniii GopMi METOJIOM BTOPHHHHX IDKe-
pen [25]: iHTerpanbHUX piBHSHD PpearosibMa MEpIIOro
POy Ui TOTCHIIANIB HA TMOBEPXHIX KHUJ, METalIeBOl
00OJIOHKH Ta JIPyroro poiy [uisi CTPUOKIB HOPMaJIbHOI
CKJIaJI0BOi HAITPY>KEHOCTI HOJIsI Ha MeXi oLy (a3Hoi Ta
MOSICHOT €JIEKTPUYHOT 130715111 BiAMOBIIHO

A-5=U, (1)
Jie ¢ — MaTPHILA-CTOBITYMK HEBIJJOMHX 3HAYCHb I'yCTUHU
BTOPHHHUX 3apsiaiB, Ki/m” y Bysmax 3arampHoi KibKoCTi
N (nopsimok CJIAP), U — MaTpHusi-CTOBIUHK, mepii Ne
YJICHIB SKOI BiOWBAIOThH 3a/IaHi MOTCHIIATH BY3JIB, IO
JeXaTh HAa eNeKTponax, iHmi (N — Ne) — Ha Mexi OIiTy
JUCIEKTPUYHHUX CEPEIOBUII Ta OPIBHIOIOTH HYJIIO; A -
KBaJIpaTHa MaTpHll KoedillieHTiB, eneMeHTn AKoi a; 10-
PiBHIOIOTE [25]

1 Toj
—lnﬂﬂlj; Vi#j
2mey 1y
i=1+N,
mn
21 e ‘Xz)-mj; Vi=j
TEY j e
ay = " 1)
S5 Vi=j
€0
- i=N,+1+N
1 COS(}’,-J-,nj) . .
- In———=-4[;;Vi#j
2mey) T

Jie | — HOMEp BY3J1a, y KOMY IIyKAIOThCS XapaKTePUCTH-
KU TIOJIsL; j — HOMEp BY3J1a, Y SIKOMY PO3TAIIOBaHU 3apsiji;
¥ — BIICTaHb MIXK JUISHKAMM i 1 j; ¥o; — BIICTaHb BiX Ji-
JSIHKA j 10 Touku O, MOTEHLiaN SIKOi MOXKHA NPUUHSITH
PIBHUM HYIIO; & = 8,85-10’12 ®/M — enekTpUYHA CTaja;
Al; — nopxuHa Bipi3ka TBIpHOI LMIIIHAPA 3 LIEHTPOM Y
TOUIIl j; ¢ — OCHOBA HATYPaJbHOTO JIOrapudpmy; o — napa-
METp, TMOB’SI3aHUN 3 JiCJICKTPUYHUMH MPOHHUKHOCTSIMHU
JUENeKTPUYHUX CEPEeJOBHII: IPU OpieHTalil BEKTOpa HO-

pMaii n; 3 CepeloBHILA 3 AieJCKTPUYHO NPOHUKHICTIO

£ B CEPELOBHILE 3 £ TAPAMETP ¢, TOPIiBHIOE:
a=2"°%
&y +81

[pu yrcenpPHOMY MOJIETFOBaHHI aHAJIITUYHO BU3HAYC-
HO KOOpIMHATH, IUIOLIi AUISHOK, EHTPaMH SKHX € BY3IH,
PO3TAIIOBaHi IO TOBII 130JIA1Iii, Ta AaHAJITUYHO 33JAF0THCS
rpaHuil X1, (asHol Ta MOSCHOI 130JI1Ii1, MeTaneBol 000-
J0HKH [25]. MoenroBaHHsI BUKOHAHO Y BIKPHUTHX IS J10-
CTyIly porpamHuX cepenoBuinax Lazarus ta Octave.

Ha puc. 1 npeacraBineHo CTPyKTypy €JIEKTPOCTaTH-
yHoro mois (puc. l,a,c,e) Ta PO3rOPTKU HAIPYKEHOCTI
esrekTpuyaHoro nons (puc. 1,b,d,f) 3a pizHHX cxeM obcre-
JKEHHSI CWJIOBOTO Ka0emro y MeTajieBiii 0OOJIOHII Ha Jii-
HiliHy Hanpyry 10 kB 3 mamnepoBoio nmpoco4eHoo 1301~
€10 3 XKMIAMH CeKTOpHOI (popmu mepepizom 185 mm”. To-
BIIMHA (a3HOi i30mamil — 2,75 MM; mosicHol — 2 MM. [lie-
JIEKTPUYHA TIPOHUKHICTH (Pa3Hol i30mmii €,=4,5; moscHol
&=4; y mieIeKTpUUHUX KIMHAX (B IEHTpi Ta Ha mepude-
pii), 3amOBHEHUX PIAMHOIO, IO Mpocouye, — &=3. Ilpu-
KJajeHa (aszHa Hanpyra gopiBHioe 5774 B.

Ha puc. 1,a,c,e mpencraBieHO KapTHHU BEKTOPIB
HAINpy>XEHOCTI EJIEKTPUYHOTO IIOJIsi IPU PO3TallyBaHHI
BY3JIIB Ha TIOBEPXHI €JIEKTPOIB (KW, METaJIeBOi 000I10-
HKH), B TOBILI (a3HOT 1 MOSCHOT 130JIA1i1, AieNIEeKTPUIHIX
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KIMHAX U PI3HUX CXeM OOCTEXEHHS CHIIOBOrO Kadelro.
Puc. 1,a BignoBigae 0OCTEKEHHIO KaOEII0 32 YMOBH IIPH-
KJIaJICHOI €JIEKTPHYHOI HAIpyTrH A0 ofHiel 13 xwi (4) 1 3a-
3eMJIeHUX J1BOX iHIUX (B, C) Ta MeTaneBoi 000IOHKH (S) —
cxema obcrexenns I. Puc. l,e — cxema obctexenns II:
NIPUKJIaJieHa eJIeKTPHYHa Harpyra 10 Tpbox xui (4, B, C)
Ta 3a3eMJICHOI METaJIeBOi 000JIOHKH (S).

BignoBigHO 10 3a3HaY€HHX CXEM OOCTEXEHb Ha
puc. 1,b,d,f HaBeneHO PO3TOPTKH HATPY>KEHOCTI EIEKTPO-
CTaTHYHOTO TIOJIS TI0 By3JIaM, PO3TAIIIOBAHAM B TOBIII (ha3-
HOi (4, B, C) ta mosicHoi (SA4, SB, SC) izomsamii. [Tpu cxemi
obcrexenHs I elexkTpuyHe oJje NpucyTHE y (asHiil i mo-
scHill 13ossinii (puc. 1,a,b). Tlpu Takiii cxemi y Olmbrii
Mipi MPOSIBIISIIOTHCS €IEKTPHYHI BIIACTHBOCTI came (azHol
i3osswii. EnexrpuuHuii 3apsii MOTEHIIaNbHOT )KUIIM CTAHO-
BUTH 2,9 MKKI/M, HynboBuX xui —0,62 MkKn/m ta 060s10-
HkH —1,63 MxKi/m.

Ipu cxemi obcrexenns 111 32 yMOBH MPUKITAICHOT elie-
KTPUYHOI HAMPYTH JI0 BOX W 1 3a3eMJIEHUX TPEThOT YKIIIH
Ta MeTaJeBOl OOOJIOHKH €JIEKTPUYHE TIOJIe TIPHCYTHE y MiXK-
(hazHill 130JAIIT came JBOX KW, HiCNEKTPHIHIX KIIMHAX Ta
nosicHIX 13ormii (puc. 1,c,d). Exexrprdanamii 3apsi moTeHia-
JIBHUX KU cTaHoBUTH 2,29 MKKi/M Ta 2,29 MxKi/Mm, Hynbo-
Boi W —1,23 MxKi/M 1a o6ononku —3,24 MxKi/m. OnHa-
KOBICTb BU3HAUECHNX 3HAYEHb €IEKTPUYHNX 3apsIiB ABOX JKIIT
JIOBOJIUTH BUCOKY TOYHICTh YHCEIIbHUX PO3PAXYHKIB.

I[Tpu cxemi obOcrexeHHs 3a cxemoro 11 enekTpryHe 1o-
nie y Olnbliiit Mipi IpUcyTHE Y NosicHil 130w (puc. 1,e.f).
Y Mik¢azHOMy NpOCTOpi ENEKTpUYHE TI0JNe BIJCYTHE
(puc. 1l,e.) EnexTpranuii 3apsi KOXKHOI i3 JKHJI CTAaHOBHUTH
1,67 mxKii/m, metaneBoi ooomonku —4,98 MxKi/m.

PesynpTaTH 4YMCENBPHOTO MOJIEIOBAHHS IOBOISTD,
oo 3a Oyap-sKOoi CXeMH OOCTEXEHHS eJCKTPUYHE MoJie
MoTparuisie K y Gpa3Hy, Tak i y nosicHy 130Jsiiito (mopis-
Haiite puc. 1,a, puc. 1,c Ta puc. 1,e). B Toit xe yac, po3-
TalIOBaHI MOPYY 3a3eMJICHI KHUJIM Ta MeTajieBa 000JIOHKA
CYTTE€BO BIUIMBAIOTh Ha 3HAYCHHSA CJIICKTPUYHOI'O 3apsnay,
TOOTO eNEKTPUYHY EMHICTh Ta BTPATH EJIEKTPUYHOI eHep-
rii B manepoBoi NpocoYeHol i301sLii KU, 10 K0T Npu-
KJIaJICHA eJIEKTPUYHA HaIlpyra.

VY Tabin. 1 HaBeneHO BU3HAUEHI 33 PE3yJIbTaTaMH UH-
CEeNIbHOTO PO3paxyHKy PpO3IMOJUI €Heprii elIeKTPUYHOTrO
monst (MKBT) y a3niif Ta mosicHiN i3omAmii kabemo 3a
PI3HHX cXeM OOCTEXEeHHS: CXeMoro I — «Kuia — IpOoTH
JIBOX IHIIIMX Ta METAJIEBOi OOOJOHKM», cxeMoro 11 — «Tpu
XKHJIN Pa3oM — IPOTU METAJIeBOT OOOTIOHKI».

3a KOKHOT 13 BHOPaHOT cxeMH OOCTEKECHb 3IIHCHIO-
€THCSI CKAHYBaHHS CTPYKTYpH i30Jsiiii kabeniB 3MiHHUM
eJIeKTpUuHUM TosieM. Enexrpuyne mone Qoxycyerbest y
pi3HUX BHIAX 130J1s1ii kabenro: y dasmiit (cxema A-B,C,S
— puc. 1,a)), nosicHiit (cxema 4,B,C—S — puc. 1,e) i3ossitii,
y Mibkdaznomy npoctopi (cxema 4,8 — C,S — puc. 1,¢).

B 3anexxHOCTI Bifi CXeMH OOCTEXEHHSI €HEprisl eNeKT-
POCTAaTHYHOTO IO, SIKa HAKOIIMYYETHCS Y BUIAX CJICKTPH-
YHOI 1307111111, BiAPI3HAETHCS. Tak, 32 CXEMOIO «KOKHA JKHJIA
MIPOTH JBOX IHINHMX Ta OOOJOHKW» YacTKa €Heprii, mo Ha-
KOIMYyeThes y (has3Hil 13051ii, craHOBUTE 76,4 %, y HOsIC-
HI{ 130JLi] py 1bOMY Hakomu4yeThes jmmre 21,8 % gac-
THHH BCI€T CHEPTii eJIEKTPUYHOrO MOJIS B 130JIS111T KaOeIro.

IMpu cxemi obcrexxenns 111 «aBi XU pa3oM — IPOTH
TpeThol Ta MeTajeBoi OOOJOHKM» YacTKa eHeprii y (asHii
130J1s11iT cTaHOBUTH 69,4 %, y mosicHii 3osmti — 27,4 %. 3a

cxemoro II yactka eHeprii, 110 HAKOMUYYeThCs y (aszHil
130umsi11ii, cTaHoBUTD 59,4 %, y nosicHiit 3ossiwii — 43,07 %.
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Puc. 1. CtpykTypa 30HAyBalIbHOIO €IEKTPOCTATHYHOI'O OIS
y BU/IaX NATepoBOi MPOCOYEHOT eNeKTPHIHOT 13011 32 pi3HIX
CXeM OOCTEKEHHSI TPIDKHIBHOTO 3 METAJICBOIO 000JIOHKOIO
CHJIOBOTO Ka0elIto

BigMiHHICTE eHeprii, 1110 HAKONUYY€eThCS y PI3HUX
YacTHHAX KaOelto 3a pi3HUX CXEM 30HYBAJILHOTO EJIEKT-
PHUYHOTO OIS, ZO3BOJISIE BU3HAYUTH BTPATH €IEKTPUIHOL
eHeprii, TOOTO TaHT€HC KyTa JieJIEKTPUYHHUX BTpaT Oe3-
nocepenHpo (a3zHoi Ta MmoscHOI i3omamii. [TuTanHsa moms-
rae, y sSIKiif caMme Crocio 11e MOXKIIMBO 3IIHCHUTH.

Cxema 3aMillleHHSI CHJIOBOTO KadeJIl0 Ta MeTO/10-
JIOTifl CYKYNHMX BHMIpIOBaHb €MHOCTi Ta TaHIEHCY
KyTa AiejJekTpuunux BTpaT. Ha puc. 2 mpencrasieHo
CXeMy 3aMIIIeHHs TPHKIIFHOTO CHIOBOTO Kabemro y Me-
TaJIeBiil 000JIOHLII.

Cxema MICTUTB 6 JIAaHOK, L0 BiZI0OpaXKatoTh JTieNeKT-
PHYHI BIACTHBOCTI 130J1s11iT TpbOX 11 A, B, C Ha 000J10H-
Ky S ta Mixk co6or0 Cy.s, Cp.s, Cc.s, Cyp, Cp.c, Cc.4 BiIIO-
BizHO. [lapayenbHO 10 KOXKHOI 3 YacTKOBHX €MHOCTEH
BKJIIOYEHI PE3UCTOPH, IO BiOOpaXKaroTh IiENeKTPHUHI
BTpaTu B i30JI}I]_Ii'1': tgéA_S, tgéB-S; tgéc_g, tgéA_B, tg&B_C, tg6c_A.

Jlst Bi3HaueHHs Oe3mocepeTHhO YaCTKOBHX €MHOCTEN
3 BIANOBIIHMMH BTpaTaMHd CJICKTPUYHOI €HEPril B i30Sl
(puc. 2) 3aCTOCOBYETHCSI METO/ CYKYITHUX BHMIPIOBaHb Jlie-
JIGKTPUYHHUX [ApaMeTpPiB Ha 3MIiHHII HaNpy3i CHUJIOBUX Kade-
JIB 13 3aCTOCYBAHHSM TPIJIAIIB 3 TBOMA KIICMaMHU.
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Tabmus 1

YacTku eHeprii eleKTPOCTaTHYHOTO MOJIs Y KOMIIOHEHTAX eNEeKTPUYHOT 130111 B 3aJIeKHOCTI BiJl CXeMH 0OCTEXEHHS
CHJIOBOTO Ka0ento Ha Hamnpyry 10 kB

Cxema 00CTeKEHHS
Cxema I Cxema III: Cxema II:
«Kua A — IPOTH 3a36MJICHUX KU B, | <ok 4, B—npoTH 3a3eMiIeHUX | «KWM A, B,C — IpoTH 3a3eMIICHOI
Bun C ta mMetaneBoi 00010HKH S» npukia- | ki C Ta MeTaaeBoi 000JIOHKH S» | MeTaeBOi 000JIOHKU S» MPHKIIa-
izomsii JieHa Harpyra U=5774 B npukiajgeHa Hanpyra U=5774 B JieHa Hapyra U=5774 B
Yacrka eHeprii, HaKOITH- Yacrka eHeprii, HaKo- Yacrka eHeprii, HaKo-
" ;& ’/M YeHa y B 130J1Lii MV};;’(IZ\/[ MUYeHa y BUI 130JIi1 hﬁ%;ﬁ /Ch:[ MU4YeHa y BUAIL 130711
na=WJWw Nas=Wap/W Nasc=WasdW
Dasra izomma 4,73 0,5761 3,66 0,28 2,74 0,198
KU A
®asea I3onaniz 0,81 0,099 3,70 0,28 2,76 0,198
ki B
®asHa i3omnis 0,81 0,099 1,75 0,134 2,76 0,198
xu C
[osicHa i3osmsris
MIK KUJIaMH 1,79 0,218 3,58 0,274 5,62 0,4307
000JI0OHKOIO
IosicHa i30is1ist
Mix xuoro C ta 0,0453 0,0052 0,045 0,0034 0 0
000JI0HKOIO
Mixdasua isonsuis | g 0,0144 0,0996 0,0077 0,0107 0,00082
Mmix xmioro C 1a 4
Mixasia OIS | 5 174 )9 0 0,125 0,0086 0,0109 0,00083
MK xusioro Cta B
Mixpasua isonsuis | -, ) 0,0148 0,1135 0,0087 0,0110 0,00084
MiX KWIOK0 A Ta B
3aranpHa eHepris
W, s/ 8,21 1 13,071 1 13,913 1

Puc. 2. Cxema 3aMillleHHsI TPHKUIBHOTO CHIIOBOTO Kabeltto
y MeTaJieBiii 000JI0HII

MeroauKa CyKyIHHX BHMIpPIOBaHb OLITBII yHiBepca-
JIbHA, HDK METOJI BHMIPIOBAHHS YaCTKOBOI €MHOCTI 3
TpboMa KireMaMi. CTpyMH IPOMIDKKIB, IO BITBOAATHCS HA
3eMITIO 32 JOTIOMOTOO TPEThOI KIIEMH TTOB3 BUMIpIOBAIILHE
KOJIO, BIUIMBAIOTH HAa Pe3yJbTAaTH BUMIPIOBaHb OOPaHOTO.
[loxmbKka pe3ynbpTaTiB BHMIPIOBaHb 3 TPbOMa KIEMaMH
MoOJKe Oy/ie 3HaYHOI0, OCOOJIMBO B eKCIuTyaTartii [35].

JlienexkTpuyHi MmapamMeTpu KOHTPOJIHOBAHOTO KoJja
3HaXOIIThCsl HE OE3M0CEePEHhO B X011 BUMIPIOBaHb, a B
pe3ynbTati po3s’s3anns CJIAP. Metoauka mMoxke OyTH
peaii3oBaHa K 3a JONOMOI'OIO IPHJAIiB 3 TphOMa Kile-
MamHu (y LbOMY BHIAJKy OJHAa KJIeMa HE BUKOPHCTOBY-
€TBCS), TaK 1 3a JOTIOMOTOIO IIPMIIAZIB 3 ABOMA KIIEMaMH.
Mix 00’€KTOM Ta BUMipIOBa4e€M MiCTHUTHCS JBOTO3HIIIH-
Huit komyTtaTop (C, puc. 3).

Koxna 3 knmem tpmwkunbHoro (4, B, C) cuioBoro
Kabemo y MeTaneBid 0007oHIMI (S) MiOKITIOYAETHCS 10
onHoro (7) abo inmoro (j) Bxoxy npmiaxgy (I).

Cxema OOCTEXEHHS TPWXKHIIBHOTO 3 IalepOBOIO
MIPOCOYCHOIO 130JISII€I0 CHIIOBOTO KaOEIo y MeTajeBii
00OJIOHIII METOAOM CYKYITHHX BHMIpIOBaHb IIPEICTABIIE-
Ha Ha puc. 3.

Puc. 3. Cxema miKIIOUeHHS! TPHKHIBHOTO CHIIOBOTO KabeIto
y MeTaJieBiii 000JIOHLI /10 ABOIO3UIIIHHOTO KOMYTaTopy

VY TpuwKWIBHOMY Ka0esi 3 MeTaleBol O00JIOHKOO
MOJKHA BUJUJIMTU 7 MOBHUX CXEM OOCTEIKEHHS METOIOM
CYKYITHHX BHMIPIOBaHb IIIOJO0 KOHTPOJIO ENEKTPHYHOI
€MHOCTI Ta TaHTEHCY KyTa JieJICKTPUYHUX BTPAT CHIIO-
BOTO KaOeltto.

YoTupu cxeMu BimoOpaXkaroTh MieJeKTPUYHI BIIAC-
TUBOCTI (pa3HOI Ta MOSACHOI 130JIAMIIi MiX KHUJIAMH 1 MeTa-
J1eBO1 OOOJIOHKM IUI BUIIAIKIB: 3a cXeMoro I «KOXKHa 3
TPBOX W — MPOTH 3a3€MJICHHX JIBOX IHILIHUX Ta MeTalie-
BOi 000m0oHKM» (puc. 1,a) Ta 3a cxemoro IT «BCi TpH XHU-
U pa3oM — MPOTU 3a3eMJICHOT METaJeBOi OOOJOHKI
(puc. l,e). PeectpyroTbcs BiIIOBiIHI 3arajibHi €JIEKTPH-
yHi eMHOCTI Cypcs, Cpacs, Ccaps, Capcs Ta 3arajibHi
TAHT€HCU KyTa JIIeNEeKTPUYHUX BTPAT t2045.cs, t€05.4.C5
tg80c.4,8,5 t1804,8,C.5-
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Tpu cxemu obcrexennst I1I BinoOpakaroTh dienek-
TPUYHI BIACTUBOCTI MixkdazHoi i3omsamii (puc. 1,c). ¥
TaKOMy BHWIIQIKy Hpwian (ikcye BiANOBiAHI 3arajibHi
€JIEKTPUYHI EMHOCTI Ta 3arajibHi TAHTCHCH KyTa JiCJCKT-
puunux BTpat: Cyp.cs Ccuanss Cpeas t€045-cs t80c -
5> t205.c.45-

CraH KIII04iB KOMyTaTopa BU3HAYAETHCSI MATPHIICIO
komyTauii AK, eneMeHTH 5KOi JOpiBHIOIOTH «1» y pasi
MIKTIOYeHAS KIIeMHu 00°€KTa, HallpUKIAA, 0 JIBOI Kile-
MU nipuiaay Ta «0» y NpOTHIICKHOMY BUIAJKY — 10 TIpa-
Boi (puc. 3):

0101010
0011001
10000111

0000000

AK .(3)

(e
S
—_ 0 O =
—_— O = O
—_— O = =
—_——= O O
[ e
—_ == O
—_ = =

Marpuiis MicTUTh 4 pAOKH (32 KUTBKICTIO KIIeM
06’eKxTa KOHTpOIIIO) i 2*=16 cTOBMIIB (32 KIIBKICTIO BCiX
MOJJIMBHX BapiaHTIB CTaHy KIIOYiB KomyTaropa). Ilep-
I Ta OCTAHHIM CTOBMEIb BiANOBITAIOTh BUPOHKEHUM
Bunajkam: 0000 — Bci nonrocu 00’ exTa MPUEIHAH] 10 O
Hiei kemu, Ta 1111 — mo iHmOI kIemu BuMiproBada. 11
JIOCJTIIM MOXYTh BUKOPHUCTOBYBATHUCS ISl OLIIHKH Mapa3u-
THOI EMHOCTI KOMYyTaTOpa Ta 3’€JHyBaJbHUX NPOTiB. [HIII
nociian (ix Bceoro Ne=16 — 2 = 14) ninarscst Ha JBi Tpy-
mu. [lepmri 7 mocminiB — ocHoBHi (croBmui (2 — 8) B (3)),
iHmi — igBepcHi (croBmmi (9-15) — BiXmOBimarOTH 3MiHI
TIOJIIPHOCTI TiIKITFOYSHHS IO BCIX MOJFOCIB).

HeBigomi 4acTKOBI €MHOCTI 3HaXOAATHCS 3a pe-
3yJIbTaTaMM CYKyIHHUX BUMiptoBaHb i3 CJIAP:

ACxCx = Ce, @)
ne Ce — MaTpHIA-CTOBIENb PE3YIbTATIB CYKYITHIX BUMi-
proBanb: Cypcs, Cpacs Ceanss Cases, Cascs Coass
Cg.c.as; Cx — MaTpULA-CTOBIIELIb HEBIJOMUX YaCTKOBHX
€MHOCTEH: CA-B: CB-C, CC-A» CA-S, CB-S, Cc_s); AC — Martpu-
ISl «y4acTi» 4aCTKOBOI EMHOCTI Yy 3arajibHiii eMHOCTI JJIst
BOTO JOCIITY.

Enemenr a; matpuui AC nopiBHIoE 1, KO pi3HHU-
1S KOJIiB TTOJTIOCIB [ 1/ BiIMIHHA BiX HYJI, 1 AopiBHIOE ( B
IHIIOMY BHUITAIKY.

V mocmini 2 (gpyrumit croBmems y (3): mepima Kiema
«ly», pemra — HyTbOBI) BUMIPIOIOTECS €MHOCTI, BKJIFOUCHI
napanensHo: Cyp + Cey + Cyus Y mocnigi 3 (TpeTiit CTOB-
nenp y (3): apyra xineMa «1», pemrra — HyJIbOBi) BUMIpPIO-
FOTHCSI EMHOCTI, BKITto4YeHi mapaneinbHo: Cyp + Cpc + Cpas.

YacTKoBI €MHOCTI, [0 MPUAMAIOTh y4acTh y 3ara-
JIBHIM €MHOCTI JUIsl TIEBHOTO JOCHITY, 3HAXOMATHCS LIS~
XOM TepeMHOXEHHs psaka marpuii AC Ha MaTpulo-
croBneupb Cx:

'110100‘-C _
101010CA‘B
0111 10| 5¢
B Ce-4
ACxCx=|0 1 1 0 0 1|x

Cy-s
oT o 1|
110011CB‘S
000 1 1 1|65

CJIAP, nogibna no (4), 3amucyeThest 1 g 3HAXO-
JOKEHHS tg0 YaCTKOBHX €EMHOCTEH:

ATGxTGx = TGe, &)

ne TGe — MaTpUILI-CTOBIICI[> BUMIPSIHUX 3arajbHUX 3Ha-
4yeHb tgo (pe3yNbTaT 3arajbHOi Aii HU3KH YaCTKOBUX €M-
HOCTEH i3 BTpaTramu, BKIIOUCHHMH MapanensHo); 7Gx —
MaTpULS-CTOBIEIb 3HA4YeHb tgd YACTKOBOI €MHOCTI i3
BTpaTaMH, IO € MeTOol po3paxyHky; ATG — matpuis
koedirtieHTiB, momiOHa 3a CTPykTyporo a0 marpuili AC,
ayre MiCTUTH 3aMiCTh OIMHUYHHUX KOe(IIlieHTIB — qpoOH, B
YUCETBHUKY SIKHX 4acTKOBI eMHoOCTi Cj, 3HaiieHi B pe-
3ynbTatTi po3B’s3aHHA (4), a B 3HAMEHHHKY — CYMH 4acT-
KOBOI €MHOCTI, 1[0 OEPYyTh y4acTh Y IbOMY JOCIIJIL.

Koedimiearn matputi A7TG BU3Ha4YalOTh YaCTKU pea-
JIbHUX 3Ha4€Hb YaCTKOBHUX €MHOCTEH (3 BTpaTaMH €NeKTpH-
YHO{ eHepril) y CyMapHUX BTpaTax Ui BOTO JOCTIY.

Ipu peanizariii Bcix 7 OCHOBHUX JOCTiIB 3a (4), (5)
CJIAP crae mepeBH3HAYCHOIO: YHCIO PIBHSHD OLIbIe
Bil yncia HeBioMux [25]. 3HaX0/pKEHHST pO3B’s3KY I0-
TpeOye 3aCTOCYBaHHS METOy HAMMEHIINX KBAIPATiB:

Cx = (AC'xAC) 'xAC'xCe, (6)
Je «'» 03Ha4yae TPaHCIOHYBAHHS; CTYIIHb «—1» — 3Haxo-
JOKEHHSI 3BOPOTHOI MATPHIIi; 3HAK «X» — MaTPUYHE MHO-
JKCHHHA.

AHaJIOTIYHO 3HAXOMATHCA HEBINOMI 3HAUEHHS TaH-
TeHCIB KyTa JieISKTPHYHHUX BTPAT YaCTKOBUX €MHOCTEH,
IIO SIBJISIE METY IOCJIiIKeHHSI:

TGx = (ATG'xATG) 'xATG 'xTGe. 6)

JIyist 3HAXOJPKEHHS ieNEeKTPUYHUX IapaMeTpiB da-
3HOI Ta MOSACHOT 1307141111 JOCTaTHHO BUKOHATH 6 TOCIIIIB
13 3a3HaYCHUX 7 OCHOBHUX, Hanpukian, 2 — 7: Cypcs,
Cpacs Coupss Capes Capcs, Conns

IMpu peanizauii 6 gocnixis (croBnui (2—7) marpuii
komyTamii AK (3)) orpumaemo CJIAP 6-ro mopsiaky 3
Matpuuero AC Buny:

(1101 0 0

1 01010

011110
AC =

0110 01

1 01101

11001 1

Binnosigxa 3BopotHa MaTpuilst AC 1 JOPIBHIOE:
(1 1 -1 0 0 O]

1 0 0 1 -1 0

,1 0o 1 0 1 0 -1
AC™ =0,5x%

0 -1 1 -1 1 0

-1 0 1 -1 0 O

-1 -1 0 0 1 1

[lykani 9acTKOBI €MHOCTI 3HAXOIATHCA IIISIXOM
MIEPEeMHOXEHHSI PS/IKIB 3BOPOTHOI MaTpHIli Ha CTOBIELb
eKCIIEpUMEHTAIBHIX JaHUX.

Hampuxonan, nepia HeBigoma emHicTh C, g 3HANHICTD-
CSI IIUTSIXOM [IEPEMHOKEHHS! [IepIoro psiaka marpuii AC
Ha CTOBHENb pe3ynbTariB BuMiptoBansb (8). Lle Hamae min-
CTaBU BHU3HAYNTHU tgéA_B 3a (9), e CA-B,C,S; CB—A,C,Ss CC—A,B,S;
Cupcss Capcs, Ccaps — EKCIEPUMEHTANIbHI Pe3yJIbTaTH
CYKYITHUX BHUMIpIOBaHb, TOCIIIOBHICTh SKHX 3a/laHa CTO-
BrisiMu (2-7) matpuni xomytanii (1), Cy = Cypcs +
+ Cpucs + Ccups — 3arajbHa eNEKTPHYHA €EMHICTD JOCITi-
1y, IO BiJOBia€e nepmomy psiaky marpuii AC.
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3ayBaxuMmo, 1o (opmynoro (9) MoxkHA cKOpHUCTa-
THCS TUIBKHU MICJIS TOTO, SIK OynyTh 3Haii/leHI 4acTKOBI
€MHOCTI CA-B, CB-C9 CCAc

dopmMyaH IS TApaMETPiB iHIINX YACTKOBHX €MHO-
cTeil Ta TaHTeHCIB KyTa MiCJIEKTPUYHUX BTPAT BH3HAYA-
10ThCs BiamoBinHO 10 (8) 1 (9):

Ci3=05(Crpest Coucs— CoupstO0xCyupest 0xCyp st 0xCoypgs); (®

C, C Cr_
tgop =05 X( g £ tgo4pcs+ CB{ t20p_4c5 — o
s1 s1 s1

Takum uuHOM, po3e’s3anus CJIAP (4) 1 (5) Ha
MPAKTHUII 3BOAUTHCS 10 HOPMYJI, IO € JIIHIHHUMHA KOMOi-
HallisIMH pe3yJIbTaTiB BHMIpIOBaHb, B3SITUX 3 IIE€BHHUMHU
BaroBuMH koeoinieHramu. Po3paxyHOK 3a HUMH HE CTa-
HOBHTBH 0COOJIMBHX CKIIATHOIIIB.

Jlnist BU3HAYEHHs! TieNIeKTPUYHMX ITapaMeTpiB (a3Hol
Ta TOSCHOI 130JIAIIi1 Ha MiJCTaBi METOAY CYKYITHUX BHMi-
PIOBaHB 3aCTOCOBYETHCS IIPOCTOPOBUI CTIOCIO CTBOPEHHS
30HIYBAJIBGHOTO EIEKTPHYHOTO IIOJIsl B TOMY BHII Marepo-
BOI IPOCOYEHOI i30JAIIil CHIIOBHX KaOemiB, BIACTHBOCTI
SIKOTO HEOOXiIHO BHM3HAYUTH. {1 BOTO 3OiHCHIOETHCS
KOMYTaLlisl )KWJI, MeTaneBoi 00OJOHKH CHIIOBOTO Kalernto
y cHoci0, SIKUH LIYHTYE eIEeKTPHYHE MoJIe B THX JUITHKAX
KOHCTPYKIIii, BIULINBOM SIKUX HEOOXIZHO 3HEXTYBATH.

VY pa3i peanizauii 3a3Ha4€HOTO CIIOCOOY /I KOPOT-
KHX 3pa3KkiB cuiioBux kabeniB AEC MOXIIMBO MPOBENICHHS
00CTeXEeHHS Ha JIeKUIbKOX 3HAYEHHIX YaCTOTH 3BYKOBOTO
niarmasony (0,1 — 10) x['11 HU3BKOI HaNpyTH JUIS BU3HA-
YeHHs MEePEeBaXKHUX YMHHHKIB MPOILECY CTapiHHS B Yaci
(a3zHOI Ta MOSACHOI MamepoBoi MpocodeHol i3omsmii. Js
MPOTSDKHUX KaOelmiB, HAPUKIAJ, MICBKHX EINEKTPUIHUX
Mepex, 3aCTOCYBaHHS YacTOTHOTO METOAy OOMEKEHO
OJIHIEIO MPOMHCIIOBOIO POOOYOI0 YACTOTOI IPH ICKiIb-
KOX 3HAYeHHSIX BHCOKOI mpukiageHoi Hampyru. Obcre-
JKCHHsI KaOelmiB B eKCIUTyaTallil Ha JACeKUIbKOX 3HAYCHHSIX
YacTOTH OOMEXEHO PE30HAHCHUMH SIBHIIAMHU MDK BIac-
HOIO IHIYKTHBHICTIO Ta EMHICTIO Ka0eJIro.

IMpuxjiaam npakTHYHOI peasizamii MeTom0JI0TIT
BU3HAYEHHSI JieJIeKTPHYHUX BJacTUBOCTel (ha3Hoi Ta
MOSICHOI ManepoBoi NPoco4YeHol i30Js11ii CHII0OBHX Kale-
aiB. Ha puc. 4 mokaszaHo 3arajibHi Ta BU3HAYCHI HA Mi/ICTa-
Bi 3aIIPOIIOHOBAHOT METOIMKH EJICKTPHYHI XapaKTePHCTUKH
BHIB €TEKTPUYHO] 130J1s1mii y BUMIIim C-tgd miarpaMu s
gactotu 0,1; 1 Ta 10 x['1 3pa3kiB cumoBux kadeniB AEC Ha
Hanpyry 6 kB 3 manepoBor0 MpOCOYCHOO 130JISIIIEI0 Y J1a-
OopaTopHUX yMoOBaX. [lo3Ha4yeHHS EKCIePUMEHTAIBHUX
nmanux Bignosimae vacroram 0,1; 1 ta 10 x['m: cykymHAM
pe3ysibTaTaM BHMIDIOBaHHS — YEPBOHOMY, 3€JICHOMY Ta
CHHBOMY KOJIbOpaM; BU3HAUYCHUM JIieJIEKTPUYHUM Tapame-
TpaM (a3HOI Ta MOSCHOT 130JI1Iii — MypPITypOBOMY, Oipr030-
BOMY Ta YOPHOMY KOJIbOpaM BiJITTOBITHO.

st 3paska kxabemio (puc. 4,a) criocrepiratorbest Oi-
JBII 3Ha4YEeHHS tgd (a3Hoi Ta mosicHOi 130l uIst Jac-
totr 0,1 x['m, o € CBiTYCHHSAM 3BOJIOKEHHS TArepoBOi
MIPOCOYCHO] 130JIALIIT B TIPOIIeCi TpHUBaJOi eKcInTyaTamnii. B
TOW JK€ Yac TOsCHA 130JAIis B OLTBIIIM Mipi 3icTapeHa
MOPIBHSHO 3 (pa3HO0: 3HAYECHHS tgd BIAPIZHIIOTHCS OLTb-
e, Hix y 1,33 pasu s yacroru 10 k[,

s 3paska kabemnro (puc. 4,b) CroCTepiratoThesi Me-
HII 3HAYEHHS JieJIEKTPUYHHUX BTpaT (ha3Hol Ta MOSCHOI
i3omsnii s yactotd 100 I'u. Ile cBig4eHHS MEHIIOTO
BMICTY BOJIOTH B 130JIAIIIT i €0 MiABUIICHOT poOoUoi
TeMITepaTypy Kabesro B Ipolieci ekcruryaTanii. B Toif ke
yac s yactotu 10 xI'1] mosicHa 13071sMisT TaKOX Xapak-
Tepu3yeThest Olmbmmmu, Ha 25 %, 3HaYeHHSIMH tgd mopi-
BHSHO 3 (Da3HOIO.

t20c_4,B,s +0x1tg04 p s +0xtgdy p_c 5 +0x tg5CA—B,SJ -9

VY Oyap-skoMy pa3i 3MiHa CXeMH OOCTEXKEHHSI TIPH-
3BOAMTH IO 3HAYHUX Bapiamiil tgd, 0 € 03HAKOIO CTapiH-
HS TIAIIepoBOi MPOCOYEHO] 1301smii kabemiB (puc. 4).

g% O ) *[es % *
| Bmp8® "
10 kHz ) * %
L5 ¥ 10kHz %%
1kize ¥ 15 ; o
1 # i B Wgo
05 * C.pF 05 1y 2 G
10! 10° 100 102 10° 10*
a b

Puc. 4. JlienexTpyudHi mapamMmeTpy narnepoBoi MPOCOYCHOT eIeKTPH-
4HOI 1301111 3pa3kiB kabeniB AEC st pi3sHUX 3HAYECHb YaCTOTH

B Tabn. 2 — 5 npencraBneHO BU3HAYCHI JTiCIEKTPHY-
Hi MapaMeTpu 3a pe3ylbTaTaMi CYKYITHHX BHMIipIOBaHb
KabeniB Oe3rmocepeHbO B €KCIUTyaTallii CHIOBUX KaOelb-
HUX JiHil Hanpyra 10 xB.

Tax, nosicHa 13omsiist a3 4, B ta C kabeniB (Tabu. 2, 3)
Mae, MPaKTUYHO, OJHAKOBI 3HAUECHH.

Ie, mo-mepiie, OMOCEPEAKOBAHO CBIIYUTH MPO PiB-
HOMIpHE CTPYMOBE HaBaHTa)KEHHs B IPOLECI TPHUBAIOI
excrutyartartii. Ilo-mpyre, 3Ha4YeHHS tgd 3aJHIIAOTHC,
MPaKTUYHO, HE3MIHHUMU TIPH 3pPOCTaHHI MPUKIIAJICHOI BU-
NpOOYBAIBGHOI HANPYTH: BIACYTHICTH ITIOBITPSHHUX HOPOXK-
HUH. Brpatn enextprynoi eHeprii Ha ioHi3awito He crocTe-
piratoTbest (CBiTYEHHS PiIBHOMIPHOCTI 3aIlTOBHEHHS IPOCO-
YyBaIGHIM KOMITAYHIOM JMieIEKTPUYHIX KITMHIB — pHC. 1).

Tabmuus 2
Jienextpuuni napamerpu ($pa3Hoi Ta MOSCHOT 130111 Kabelrto
AAIIB-3x120 na Hanpyry 10 kB, nosxwuna 240 m
[Ipuxiagena Hanpyra
2 xB 5 kB 8 xB
C,ud |tgd, %| C, ud |[tgd, % | C, ud |tgd, %
A-S 47,9738|0,3456(49,2300)0,3475|48,6638|0,3308
B-S 48,4738|0,3376(47,8800)0,3503|48,4937]0,3348
C-S 48,7237/0,3280(48,8800)0,3334/49,0638|0,3441
A-B 12,07250,1802{12,0400]0,1146|12,1625[0,1318
B-C 12,42250,2492(12,8800]0,1799]12,1925|0,1488
C-4 12,48250,2202{12,0400]0,1396|12,4125|0,1418

Cxema
00CTE)KCHHS

Tabmuus 3
JienexTpruni mapamerpH (a3Hoi Ta HOSCHOI 1301l kabero
AAIIIB-3x70 na nanpyry 10 kB, nosxuna 220 m

ITpukianeHa Hanpyra
065;;;“;‘1“ 2B 5 KB 8 kB

C,ud (tgd, %| C,mdD |tgd, % | C,nd |tgd, %
A-S 29,86 | 0,666 |29,9266|0,7265[29,9913 10,7204
B-§ 29,63 | 0,655 |29,58760,6312]29,5913|0,6346
C-§ 29,851 0,624 |129,7946 10,6534 29,7912 10,6653
A-B 7,491 0,108 | 7,4657 |0,1311| 7,3975 |0,1305
B-C 7,361 | 0,097 | 7,4578 |0,1211| 7,4975 |0,1157
C-4 7471|0,112 | 7,449 |0,1261| 7,476 | 0,126
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Tabmuus 4
Jienextpuuni napamerpu (a3zHol Ta nosicHoT i30i1i1 Kabento
AAIIIB-3x120 na Hanpyry 10 kB, nosxuna 2470 m
a) 10 peMOHTY — nomkomkeHa ¢daza C

Tpukiajiena Hampyra
C,ud | tgo, % |C, ud |tgd, % | C, ud |tgd, %
A-S 636,3 1,00 |616,5]0,891 | 840,1 | 1,39
B-S 639,9 0,99 618,410,896 | 839 | 1,61
C-§ nomkopkena ¢aza C
A-B 99,48 1,842 | 119 | 2,151 (97,69 | 1,203
B-C 97,5 1,346 | 99,3 | 1,802 | 119,3 | 2,158
C-4 nomkoprena dasza C
0) micIist pEeMOHTY
Cxema Ipukianena Harpyra
00CTeKESHHS 2 kB > KB 8 B3
C,u®d |[tgd, %| C, ud |tgd, %| C,ud |tgd, %
A-S 500,756|0,7640|501,062(0,8341{504,2875|0,8624
B-S 498,256|0,7774|498,162|0,8511(502,1875|0,8570
C-S 497,756/0,7600|497,462(0,8582(501,5875|0,8830
A-B 139,937(0,7164|139,675|0,7202{138,5250(0,7212
B-C 141,637|0,7252(141,475]0,7202|140,1250|0,7442
C-A 141,637|0,7452(141,475|0,7242]|140,3250(0,7242

Tabnur 5
Hienextpuuni mapametpu (HazHOi Ta HOSACHOT 130114111 Kabeto
AAIB-3x95 na Hanpyry 10 kB, nosxuna 40 M

[Ipuxiagena Hanpyra

065’;;“21 - 2 kB 5 kB 8 kB
C,ud |tgd, % | C, ud |tgd, %| C, ud |tgd, %
A-S |12,6340(0,6654]12,77310,7312[12,4834]0,7503
B-S  |12,5230(0,6673]12,3241]0,8482(12,7184]0,7772

C-§ 12,9240]1,7844(13,1081]1,8594(12,8934|1,7415
A-B 3,1630 |0,3537] 3,1978 |0,0778| 3,1433 |0,1053
B-C 3,2130 |0,3446| 3,3227 |0,0938| 3,1332 |0,1233
C-4 3,1620 |0,2077| 2,8337 |0,1030| 3,3583 |0,0982

[Ticnst pemonTy momkopkeHol da3u C CHIIOBOTO Ka-
6emro AAIIIB-3x120 (tabn. 4) BCTaHOBJIEHO DPiBHOMIp-
HICTH cTapiHHA MOsicHOi Ta (a3oBoi 130l BCIX TPHOX
¢a3. Ilicns peMOHTY piBeHb tgd 3HU3HMBCS, alle 3ATHIIHBCS
B obmacti Bix 0,6 no 0,8 %, mo BiamoBimae MOMipHO 3i-
cTapeHoi i3oismii [29].

s xabemo AAIIB-3x95 (tabn. 5) xapakrepHO He-
PIBHOMIPHICTh CTPYMOBOI'O HABAaHTA)KCHHS B €KCILTyaTallii.
Sk Hacmimok, 3o ¢dazu C'y 2,3 pasu Mae OLIbIN 3Ha-
YeHHs tgd: y 3HauYHIl Mipi 3icTapeHa NOPIBHSHO 3 IHIIHMHU.
Kpurtnani 3HauenHs tgd ais yacrtotu 50 ' BiamosinaoTs
KPUTUYHOMY 3HaYEHHIO MEXaHIYHOI MIITHOCTI 32 KiJIbKICTIO
MTOJIBIfHNX BUTWHIB KaOCNBHHUX MarepiB Ta MArOTh Taki
3HaveHHS: Uit ¢a3Hol 3omsmil: (1,2673-1,3874) %; s
mosicHOT: (1,29-1,4886) % [36]. JomaTKOBUME OOCTEkKCH-
HIMH Ha TIOCTIHHOMY CTpyMi B €KCIUTyaTamii JOBEICHO
nedexrHicTs KabempHOI MydTH (hasu C.

BuMiproBaHHS Ha TOCTiHHIA Hampy3i IO3BOJIAIOTH
BUSIBUTH JIOKAIbHI Ie(eKTH KaOeIbHOT JiHIT — BUTIKAaHHS
MPOCOYYBAJBHOI PiAMHM, sKI Haluacriiie OyBalOTh Yy
3’€IHyBaJIbHUX Ta KiHIIeBUX Mydrax [37-40].

BumiproBaHHS CTpyMy BUTOKY Ha ITOCTIHHOMY CTpyMi
npH TpHKiIafeHHi Hanpyru 40 kB 1o3Bonmio BU3HAUMTH
orip 301l R;; pasu C xabenpHOI JiHil 3 MydToro. [100y-
TOK oropy i3ossimii R; Ha eleKTpu4Hy eMHICTh ¢azu C
(tabm. 5, C-S = 12,924 u®) Bu3HAUAE CTAITY Yacy caMoOpo3-
pany i3omawii @ = R;-C — 00’ €KTHBHHI TOKAa3HUK SIKOCTI,
SIKUA HE 3aJIeKHUTh Bil TEOMETPHYHHUX PO3MIPIB i30SI

TakuM 4HMHOM, O3HaKH Je(EKTiB CICMEHTIB Kabeb-

HUX JIHIH 13 TalepoBOIO MPOCOYEHOIO 130JIAIII€I0 BCTAHO-

BJICHO Ha CITIBBIMHOIICHHI 3HAYCHb tgd BUIB 130l

kabeito (pe3ynbTaT BUMIpIOBaHb HA 3MIHHOMY CTPYMi) Ta

cramoi wacy camopo3psnmy (pe3ynbTaT BHUMIpIOBaHb Ha

MOCTIHHOMY CTPYMi OIOpY i30IIAIil Ta €NEeKTPUIHOI €M-
HOCTI Ha 3MiHHOMY CcTpyMi) (Ta0m. 6).

Tabmuns 6

Krnacudikauis nedekriB kabelpHUX JIIHIH 3 anepoBOro IPOco-

YCHOIO 130utAIiero [41]

Jiamazon 3HaueHp 6, ¢ | tgd < (0,5-1D)% | tgo>(1-2)%

0<(1-10) Mydta MydTa Ta xkabensb

Kabenb

6> (10-100) Hopmanbhuii ctan

VY po3risHyTOMy BHIIAIKy CTaja 4acy CamMopo3psiay
(ha3u C cranoButs 0= 1,52 c; nnst paz 41 B: 6 =12,14 cta
7,43 ¢ BiAOBIAHO.

BucHoBku.

1. BcTaHoBeHi BiIMIHHOCTI CTPYKTYPH 30HIYBaJIbHO-
o EJEKTPUYHOIO IMOJsSI B BHJAX MHAlepoBOi MPOCOYEHOL
SJIEKTPUYHOI 1307111 JO3BOJIMIM BU3HAYUTH YacTKy €He-
prito, 110 HAKOMUYYEThCs y (hasHiil, moscHii 130yl Ta
Mik(azHOMY TIPOCTODI, Y Kabei B ILIOMY.

2. JloBeneHo, IO 3a CXeMaMH OOCTEKEHHS «KOXKHA 3
TPBOX JKHJI — MPOTHU 3a3eMJICHUX JIBOX IHIIUX Ta MeTale-
BOT OOOJIOHKN» Ta «TPHU KWK Pa3oM — MPOTH 3a3eMIICHOT
000JIOHKM», 30HIYBaJIbHE E€JEKTPHYHE I0JIE 30CEePEIIKY-
€THCS TIepeBaKHO y (a3Hiif abo y moscHiN i3o0msmii kabe-
o BignosigHo. Lle Hamamo migcTaBu po3poOUTH METOIO-
JOTif0 BU3HAYEHHS [iCJICKTPUYHUX I[apaMeTpiB BHUIIB
€JeKTPUYHOI 1301ii — (pa3HOi Ta MOACHOI 130JIALIT CH-
JOBHX KabeiB.

3. Metonuka IpyHTYEThCSI Ha PO3B’sI3aHHI CHUCTEMH JIi-
HIIfHUX anreOpaluHuX PIBHSAHb 6-TO MOPSJAKY, LIO BijO-
Opaskae pe3yNbTaTh MIECTU CYKYITHUX BUMIpPIOBaHb Jlielie-
KTPUYHUX TapaMeTpiB CHIOBHX TPIDKIIBHUX KaOewiB y
MeTayeBiii 000JIOHIII.

4. TlpencraBieHO pe3yibTaTH IMPAaKTUYHOI peanizamii
PO3p00ICHOT METOAWKH ISl OLIHKH BiJIMIHHOCTEH BiIac-
TUBOCTEH (ha3HOI Ta MOSICHOI 130JAIiI CHIOBHX KaOemiB
AEC Ta kaberniB eHeproMmepeix.

5. ApryMeHTOBaHO HEOOXiTHICTH TOPIBHSIHHS Pe3yIlb-
TaTIiB JIarHOCTUYHUX 0OCTE)KEHBb Ha TOCTIHOMY Ta 3MiH-
HOMY CTpyMax Jjisl MiJIBUIICHHS TOYHOCTI OI[IHKH TEXHi-
YHOTO CTaHy CHJIOBHX KaOeliB 3 HallepoBOIO IPOCOYECHOIO
130JISIII€I0 B KCILTyaTaIlil.
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Dielectric parameters of phase and belt paper impregnated
insulation of power cables.

Introduction. Medium voltage power cables with paper impreg-
nated insulation remain an important component of power net-
works. The reliability and efficiency of such cables have been con-
firmed by their long service life also at nuclear power plants. Prob-
lem. It is not possible to directly determine the dielectric parameters
of phase and belt paper insulation of power cables. Effective electri-
cal diagnostic systems are required to assess the technical condition
of such types of power cable insulation. The aim of the work is to
substantiate the methodology for determining the dielectric proper-
ties of phase and belt paper impregnated insulation based on cumu-
lative measurements of the electrical capacitance and the tangent of
the dielectric loss angle of power cables of nuclear power plants
and power networks. Methodology. The developed methodology is
based on the solution of a system of linear algebraic equations of
the sixth order for determining the dielectric properties of types of
paper impregnated insulation of power three-core cables in a metal
sheath. Scientific novelty. The differences in the structure of the
probing electric field in phase and belt paper insulation depending
on the inspection scheme of three-core power cables with sector
cores in a metal sheath have been established. The shares of electric
energy in the types of insulation under different probing electric
field schemes have been determined, which allows determining the
tangent of the dielectric loss angle of phase and belt paper insula-
tion. Practical significance. The results of the practical implemen-
tation of the developed methodology for assessing the differences in
the properties of phase and belt insulation of power cables of nu-
clear power plants and power network cables during spatial scan-
ning of electrical insulation by frequency and voltage, respectively,
are presented. References 41, figures 4, table 6.

Key words: power cables, aging of paper impregnated insula-
tion, phase and belt insulation, electric field structure, aggre-
gate measurements, commutation matrix, dielectric loss angle
tangent, system of linear algebraic equations, self-discharge
time constant.
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Complex physicochemical analysis of transformer oil parameters using the inductively
coupled plasma mass spectrometry technique

Introduction. Transformers are crucial and expensive components of power systems, experiencing electrical, thermal, and chemical stresses.
Transformer oil analysis is important for diagnosing transformer faults and assessing its remaining service life. The oil used in transformers
degrades over time due to its interaction with electrical loads and heat from the core and windings. The oil degrades into low-molecular
gases and carbon particles, which affect its dielectric properties and indicate potential problems. Analysis of dissolved gases in oil allows
early detection of defects such as corona or arc discharges, as well as overheating. In addition, analysis of metal content in oil helps to
clarify the type and location of the fault identified by gas analysis. Novelty of the proposed work lies in the study of the relationship between
transformer oil parameters and its quality, as well as the effect of dissolved gases. The article proposes a method for determining how
changes in these parameters affect each other. The obtained data are compared with the results of mass spectrometric analysis for a more
accurate assessment of the transformer condition. The purpose of this paper is to explore the connection between the chemical properties of
transformer oil and the elemental composition determined through inductively coupled plasma mass spectrometry (ICP-MS). Methods. The
solution to the problem was carried out using the inductively coupled plasma mass spectrometry method from Agilent Technologies 7700e
(USA) to measure the concentration of metals in transformer oil. Results. An inverse correlation has been identified between the acidity of
transformer oil and its furfural content. Experimental evidence has shown that the water content has the most significant impact on
decreasing the breakdown voltage of dielectric oil. It was found that CO gas has the greatest influence on the formation of furfural. It has
been established that gaseous C,H, plays an important role in the formation of acidic components. Correlations were found between the oil
acidity and the concentrations of copper and iron and between the breakdown voltage and the amount of lead and aluminium in the
transformer oil. A high concentration of copper in the oil indicates potential issues with the transformer windings, as well as in any bronze
or brass components, and the concentration of iron in significant quantities indicates problems with the transformer core and tank.
Moreover, as the breakdown voltage of the oil decreases, there is a marked increase in the concentrations of lead and aluminum. This
suggests that significant amounts of lead are found in the transformer solder joints, while aluminum is present in the windings and ceramic
bushings. Practical value. The advantage of the mass spectrometric method for detecting metals in transformer oils is the ability to
accurately determine the type of fault and diagnose transformer problems. Research shows that this method allows early detection of
potential problems and predicts the condition of the transformer. References 21, table 2, figures 8.

Key words: transformer oil, furfural component, breakdown voltage, mass spectrometer, dissolved gases analysis.

Bemyn. Tpancghopmamopu € 8adcnusumu ma KOWmoSHUMY KOMIOHEHMAMU eHeP2OCUCTEM, K] 3A3HAIOMb eNeKMPULHUX, MENI08UX md
XIMIUHUX Hasanmasicenb. AHaniz mpancgpopmamoproi onusu adcauuil Ons O0iazHOCMUKU HecnpasHocmeli mpasc@opmamopa ma
OYiHKU 11020 mepMiny cyscOu, wo sanumuecs. Onusa, wo UKOPUCMOBYEMbCA 8 MPAHCHOPMAMOPAX, 3 HACOM PYUHYEMbCA Yepe3 U020
63a€MO0il0 3 eNeKMPUYHUMU HABAHMAIICEHHAMU Ma Meniom cepoednuxa ma oomomox. Onuea po3Knaoacmovcs Ha HU3bKOMONEKYAAPHI
2a3u ma YacmuHKu Gyeneyio, wo 6Naueac Ha ii OieleKmpudHi 1acmueocmi ma 6Ka3ye Ha nomenyiuni npooaemu. Ananiz posuuneHux
2asig y 0nusi 00380J1A€ 3a84ACHO BUABUMU OeeKmu, MaKi K KOPOoHHUU abo 0y2oeull po3pso, a maxodc nepezpis. Kpim moeo, ananiz
emicny memainy 6 onusi 0onomazac ymounumu mun i micye deghekmy, susgnenozo 2azosum aunanizom. Hoeusna npononosanoi pobomu
nonsA2Ac Y GUBYEHHI 38 SI3KY MIdIC napamempami mpaHcopmMamopnoi oausyu ma ii AKiCmio, a Makodlc 6NIUBOM PO3YUHEHUX 2a3ig. V
cmammi  3anpoONOHOBAHO MemOoO BUSHAYEHHA MO20, AK 3MiHU YUX napamempie enaugaromv o00Ha Ha 00wHy. Ompumani Oawi
NOPIBHIOIOMbCS 3 PE3YALIMAMAMU MAC-CHEKMPOMEMPUYHO20 aHanizy O1s Oinbut mounoi oyinku cmamny mpancgopmamopa. Memoro
cmammi € OOCTIONCEHHA 36 A3KY MIHC XIMIYHUMU BIACIMUBOCAMU MPAHCHOPMAMOPHOT ONUSU MA eNeMEHMHUM CKIAOOM, BUSHAYEHUM
3a 00NOMO2010 MAc-cnekmpomempii 3 iHOykmueHo 38 °sa3anoio naasmoro (ICP-MS). Memoou. Piwenna npobremu 30iicH08anocs 3a
00nOMO2010 MeMOOy Mac-cnekmpomempii 3 iHOYKmusHo 36 ’azanoro nuasmoro Agilent Technologies 7700e (CLLA) onsa eumiprosanusa
KOHYyeHmpayii memanie y mpancgopmamopniil onuei. Pezynemamu. Misxc kucrommuicmio mpancgopmamopuoi onueu ma emMicmom y Hii
dypdypony suseneno 36opomny s3anedxncuicmo. Excnepumenmanvhi 0ani nokasanu, wjo Micm 600U MA€ HAUOINbW 3HAYHUL BNAUE HA
3HUdICEHHs1 Hanpyeu npobolo dierekmpuunoi onusu. Bemanosneno, wo natibinewuii ennus na ymeopenns gypgypony mae eaz CO.
Bcmanosneno, wo 6 ymeopenni Kuciommux KOMROHEHMI 8axiciugy pons sidiepac 2azonodionuii C,H,. Bynu eusigneni kopensyii misc
KUCTIOMHICIIO ONUBU MA KOHYESHMPAyiclo Miol ma 3aiza, a maxodic Midc Hanpy2oio npobor ma KilbKiCmio CEUHYIO Ma ANIOMIHII0 6
mpancghopmamopiti onuei. Bucokuii emicm Mioi 8 OMU6I 8KA3YE HA NOMEHYIUHT nPodaeMU 3 0OMOMKAMU MPAHCHOPMAMOPA, & MAKOIC
y 6yob-sakux 6poH306ux abO NAMYHHUX KOMHOHEHMAX, a4 KOHYeHmpayis 3ani3a 6 3HAYHUX KilbKOCMAX 6KA3yE€ HA npobnemu 3
cepoeunuxom mpancgpopmamopa ma bakom. Kpim moeo, y mipy 3uudgwenms manpyzu npobor Onusu CROCmepieacmvcs nomimue
30IMbUEHHA KOHYeHmpayii ceunyto ma antominiro. Lle ceiouums npo me, wjo 3HaAUHA KITbKICMb CEUHYIO MICMUMbCA 8 NAAHUX 3 €OHAHHAX
mpancghopmamopa, mooi aK ANOMIHIUL npUcymHiu 6 oomomkax i xepamiunux emyaxax. Ilpakmuuna winnicme. [lepesazoro mac-
CHEKMPOMEMPUYHO20 MEMOOy GUABNCHHA MemAnie y MpaHchOpMAmopHil OAUSl € MOJNCIUBICIb MOYHO2O BUSHAYEHH MUNY
necnpagrnocmi ma diazHocmuku npobrem mpancgopmamopa. Jlocniodxcents nokazyomo, wo yeti Menmoo 003605€ 3A84ACHO BUABTAMU
nomenyitiHi npobiemu ma npoeHosyeamu cmar mpancgopmamopa. bion. 21, tabn. 2, puc. 8.

Knouosi cnosa: tpancdopmaropHa osmBa, (ypQypoJsioBUHil KOMIOHEHT, MPOOMBHA HAMpyra, Mac-ceKTpPOMeTp, aHaJi3
PO3YHHEHMX ra3iB.

Introduction. By sampling transformer oil and
conducting various tests, it is possible to diagnose
numerous faults in the transformer and evaluate its
remaining service life and overall condition. Transformer
oils, like most insulating and dielectric materials,
decompose and deteriorate during prolonged use. This is
attributed to the oil’s role in resisting electrical loads and
facilitating heat transfer from the core and windings. The

condition of dielectric oil is influenced by contamination,
its type, and the presence of acidic compounds like metal
sulfide particles. Besides chemical degradation, dielectric
oil also deteriorates due to physical contamination. When
exposed to partial discharges, electrical arcs, and rising
temperatures, dielectric oil breaks down into low
molecular weight gases that dissolve in the oil, along with
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carbon particles. The behavior of each type of insulation
oil is influenced by the way carbon particles are
transformed. Hence, analyzing dielectric oil is crucial for
assessing the condition of a transformer and identifying
its potential issues [1, 2].

Dissolved gas analysis (DGA) in insulation oil is a
reliable method for detecting transformer faults early.
These are typically used in transformers hydrocarbon
(mineral) oils or silicones as insulating fluids because of
their superior dielectric properties, heat transfer
efficiency, and stability. These insulating fluids typically
undergo minimal decomposition under normal conditions.
However, damage can lead to the degradation of both the
liquid and solid insulation materials [3]. Gases like H,
(hydrogen), CH; (methane), C,H; (ethane), C,H,
(acetylene), CO (carbon monoxide), and CO, (carbon
dioxide) can dissolve in transformer oil, indicating
decomposition caused by thermal or electrical stresses.
Quantitative examination of these gases can help in
detecting issues like corona, arc, spark discharge, and oil
overheating, all of which can impact the transformer’s
operational lifespan. Furthermore, analysing metals in
transformer oil supports dissolved gas analysis by
specifying the nature and source of potential problems
identified through gas analysis [4, 5].

High-energy faults not only damage transformer
insulation materials like oil, paper, and wood but also
generate metal particles that disperse into the oil. These
particles can subsequently circulate throughout the
transformer, mainly through the oil flow. Different
components of a transformer produce distinct types of
metal particles, which can manifest individually or in
various compounds, and may appear in different
concentrations. Identifying these particles can help narrow
down the potential components contributing to failures [6].

Common metals found in transformer oil include
aluminum, copper, iron, lead, silver, tin, and zinc. Two
techniques used to analyze these metals in oil are mass
spectrometry with inductively coupled plasma (ICP-MS)
and mass spectrometry with atomic absorption. The
amounts of metals in the oil must be measured using these
techniques. Typically, the metal atoms in a sample are
liberated by high temperature burning of the metal
particles, making them amenable to accurate examination
via these methods. The presence of these atoms in an
atomic absorption flame or inductively coupled plasma
can be determined by measuring discrete frequency
absorption or positive ion emission (ICP) from the atoms,
as well as the metal’s ion concentration and composition.
The Agilent Technologies 7700e inductively coupled
plasma mass spectrometer was used in this study [7, 8].

Recently, ICP-MS has been gradually replacing
flame atomic absorption spectrometry due to the
significantly greater availability and performance of
modern equipment while maintaining undoubted
advantages, including the ability to record low detection
limits for chemical elements and isotopes, down to ng/l
and occasionally even pg/l levels, low consumption of the
analyze, the ability to conduct multielement analysis, and
high sensitivity and resolution of the analyser [9—-11].

In previous studies [3-5, 12], the quality of
transformer oil and the DGA have been individually

investigated and quantified as parameters for assessing
transformer performance or diagnosing malfunctions.
However, these works did not explore the
interdependencies  between  the  electrical and
physicochemical parameters of transformer oils.

The goal of the paper to approach the study of how
changes in transformer oil parameters affect each other, as
well as the effect of dissolved gases on oil quality. In
addition, the study compares these parameters with data
obtained by mass spectrometry, which serves as a
criterion for assessing the condition of transformers

Materials and methods. The research used a mass
spectrometer with inductively coupled plasma (Agilent
Technologies 7700e, USA) to measure and assess the
concentrations of metals in the transformer oil (Fig. 1) [7].

To exhaust

ventilation Extractor Quadrupole
Interface Deflector Detector

1 | :

/
/

| I |
lon optics and the
interference
eliminating systems

To forepump To turbo-molecular pump

Fig. 1. Diagram of the ICP-MS Agilent 7700¢ [7]

To mineralize the samples, a «Speedwave Xpert»
microwave system (Germany) equipped with small-
volume vessels for working with microsamples was used
to control the temperature (Table 1). Dispensers with
volumes ranging from 100 to 1000 1 and 1 to 10 ml, made
by Pipetdu and Eppendorf (Germany), along with
disposable tips and polypropylene tubes with capacities of
15 and 50 ml, were utilized.

Table 1
Procedure for microwave decomposition of transformer oil
Acid Volume
Reagents
HNO; (65 %) 8 ml

A 100 mg (0.1 ml) sample was added to the vessel,
followed by the addition of 8 ml of HNO:; for
mineralization. The mixture was then thoroughly
shaken or stirred with a clean Teflon or glass rod.
Before sealing the vessel, it should be allowed to sit
for at least 10 min before being heated in a
microwave oven according to the specified program

Procedure

Step T, °C P, bar ¢, min P, %
1 145 80 10 80
Program 2 170 80 10 80
3 190 80 20 90
4 50 60 10 0

To mineralize the materials and generate calibration
solutions, 65 % nitric acid (HNO;) was utilized.
Furthermore, a 30 % solution of hydrogen peroxide
(H,0,) from Suprapur (Merck, Germany) was used to
quickly dissolve the samples during mineralization. The
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solutions were diluted using deionized water with a
resistivity of 18.2 MQ-cm. The instrument’s calibration
accuracy was verified by analyzing a standard sample of
drinking water.

Chromatography was used to detect the amounts of
gases dissolved in the oil (H,, CO, CO,, CHy4, C,Hg, CoH,,
CH,, Ny, and O,). This was accomplished using an
automated KRISTALLUX-4000 M gas chromatograph,
which featured both a flame ionization detector and a
thermal conductivity detector.

Experiments. Figure 1 shows a diagram of the
ICP-MS Agilent 7700 instrument. The measurements were
carried out on an ICP-MS system from Agilent Technologies
7700e (USA) under stable operating conditions [7-9]. The
ICP-MS method is based on the use of an argon ICP as an
ion source and a quadrupole mass spectrometer.

Figure 1 shows a diagram of the main parts of the
instrument using an Agilent 7700e ICP-MS instrument as an
example. The sample introduction system included a
peristaltic pump, an atomizer, and a spray chamber. The
solution of the studied substance was removed by a
peristaltic pump at a speed of 0.1 ml/min. An aerosol was
obtained from the sample solution and passed through a two-
pass spray chamber. The fine aerosol obtained from the
sample (leaving the spray chamber) directly enters a tube
that directs the aerosol into a horizontally mounted plasma
burner. The gas entering the three-cylinder plasma burner is
called plasma, auxiliary gas, or carrier gas (supplied to the
atomizer). A four-turn coil (inductor) is attached to the end
of the burner, and a high-frequency signal (27.12 MHz) is
supplied to it. After the plasma is enriched with electrons in a
strong high-frequency field, collisions of argon atoms are
ensured (i.e., plasma «combustion» is supported). At the
plasma centre, the temperature reaches the range of 8000 to
10000 K. The aerosolized sample is instantly freed from the
solvent and ionized. Furthermore, a beam of ions from the
analysed sample is formed and introduced into the mass
spectrometer through a system of cones and lenses. The ions
then entered the quadrupole analyser. Only ions with a
specific mass-to-charge ratio (m/z) can pass through the
centre of the quadrupole under a specific combination of
applied voltages.

The quadrupole provides a very fast (sawtooth)
change in voltage because it can scan the entire mass
range (from 2 to 260 Da) in 100 ms. As a result, mass
spectra displaying the intensity vs. mass can be recorded
for all elements virtually simultaneously. After passing
through the quadrupole, the ions are detected by an
electron multiplier. Table 2 shows some ICP-MS data
from the experiments.

Table 2

Experimental mode
Plasma, generator power, W 1450
Argon flow rate, I/min 1.2
Sample supply rate, /min 1
Mass-spectrometer resolution, Da 0.2
Vacuum without plasma, Torr 4-107*
Dynamic cell, gas Helium
Time of measurement, s 0.1-0.5

Results and discuss. The analytical findings from
50 transformers, which included dissolved gases, oil
quality parameters, and metals in the oil, were utilized to

determine the change or departure of oil quality
parameters from one another to evaluate the transformer’s
performance and early diagnosis. The top results were
chosen from 30 different analyses.

Carbon monoxide (CO) and carbon dioxide (CO,)
emissions found in transformer oil are indicative of a
malfunction that may cause the deterioration and
breakdown of paper insulation. The gases that indicate
transformer overload include ethane (C,Hg), ethylene
(C,Hy), and methane (CH,). Acetylene gas (C,H,)
indicates that there may have been an arc inside the
transformer, which could have been brought on by a tap
changer contact failure that resulted in internal shorts. The
concurrent presence of methane, ethane, ethylene, carbon
monoxide, and carbon dioxide gases (CH4, C,Hg, C,H,,
CO and CO,) in the dielectric oil signals the combustion
of the transformer’s paper insulation. The presence of
hydrogen indicates the formation of partial discharges,
and this gas is produced in most types of faults [13—-15].

Transformer oil always contains oxygen, which
leads to the formation of the gases CO and CO, and
acidity. As the temperature rises in the transformer, oxide
and acid components trigger a hydrolysis reaction, leading
to the decomposition of the paper insulation. Conversely,
overheating the oil also breaks down the paper insulation
molecules, resulting in pyrolysis. The products of
hydrolysis and pyrolysis react to form furfural, which is
generated from oxygen, acid, moisture, as well as CO and
CO, gases. The cause of transformer oil and paper
insulation degradation is the acid, moisture and oxygen
contained in furfural [16—-19].

Figure 2 illustrates the inverse relationship between
the furfural component, which forms from the degradation
of the transformer’s paper insulation, and the acid
component. Figure 2 shows that a 1 ppm increase in the
acid component results in a 0.6 ppm decrease in the
furfural component. The primary causes of acid formation
in transformer oil are oxygen and oil oxidation. The
degradation of transformer paper insulation and the
formation of furfural are attributed to processes involving
oxygen, hydrolysis, and pyrolysis [20]. Figure 2 clearly
demonstrates that the concentration of furfural decreases
as the acid content in the transformer oil increases.

T
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25+
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0,0} 1
0,0 0,5 1,0 1,5 2,0 2,5
Fig. 2. Relationship between acid and furfural components
of transformer oil

The dependence of furfural on the water content of
the oil is depicted in Fig. 3. Apart from ambient moisture,
the hydrolysis of paper insulation results in the creation of
moisture within the insulating oil. As the temperature
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increases, these bubbles evolve into partial discharge and
hydrogen production [21].

T T T T

Furfural, ppm

0,5

0.4}

0,3

0,21

0,1F

Water, ppm ||
U,O 1 i 1 pl? 1

0 10 20 30 40 50
Fig. 3. Variation in furfural content with water content

Carbon monoxide is a gas produced during the
decomposition of transformer paper insulation and has the
most significant impact on the furfural component. Figure 4
shows that at low CO concentrations, the furfural content in
the transformer oil does not change. However, as the heat
increases and the paper insulation degrades, the carbon
dioxide content increases, which increases the furfural
content. The furfural component is a key parameter for
assessing the degree of polymerization and estimating the
remaining service life of transformer paper insulation.
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Fig. 4. Dependence of furfural on carbon monoxide

The breakdown voltage of transformer oil is a crucial
indicator of its quality, reflecting its dielectric strength
against factors such as arcing. The parameter exerting the
most significant influence on this breakdown voltage is the
water content. As the water content increases, the electrical
conductivity of the oil also increases, thereby reducing its
dielectric strength against electrical stress. Specifically, the
breakdown voltage of the oil decreases by 1 kV for every
increase of 1 ppm in water content.

Figure 5 illustrates the relationship between the
concentration of copper and iron and the acidity of
transformer oil. The data from the figure show that as the
acidity of the oil increases, there is an exponential
increase in the concentration of these metals. This
confirms the correlation between oil acidity levels and the
accumulation of metals such as copper and iron, which
can indicate transformer issues.

Oil acidity is a critical parameter that directly affects its
quality and operational safety. When the oil acidity exceeds
1 ppm, active corrosion of transformer components such as
the core, windings, and tank occurs. This corrosion leads to
the formation of iron and copper particles in the oil.

Copper can be found in the windings or in components
made of bronze or brass, while iron is present in the core and
tank of the transformer. These particles can result in
significant transformer malfunctions, such as decreased
electrical strength and increased risk of short circuits.

To determine the breakdown voltage of the oil,
which can serve as an indicator of its contamination and
degradation, a standard test cell is used. The breakdown
voltage is measured according to the international
standard IEC 60156, which describes the testing
methodology and result interpretation. This standard
allows for an objective assessment of transformer oil
quality and its suitability for continued use.

Thus, the data in Figure 5 highlight the importance
of monitoring oil acidity and regularly analyzing its
composition to ensure the reliability and safety of
transformer operation.

Threshold levels for metals in transformer oil are not
universally established, but accumulating data and
documented cases are making metal analysis in oil an
increasingly valuable tool for the early detection of
transformer faults before they escalate into serious issues.
Relying on a single report for metal analysis is insufficient
to fully assess the transformer’s condition; establishing
correlations between transformer oil parameters and
elemental analysis obtained through techniques such as
ICP-MS is crucial for a comprehensive understanding.
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Fig. 5. Change in the breakdown voltage of transformer oil
relative to the water content

Significant levels of iron and copper were detected in
oils with acidity levels higher than 1 ppm. In fact, corrosion
of several parts, including the transformer’s core, windings,
and tank, occurs as the acidity of the oil increases. As a
result, iron and copper particles accumulate in the oil,
causing transformer failure. Figure 6 illustrates how the
amounts of iron and copper increase exponentially with the
acidity of the oil. Iron is present in a transformer’s core and
tank, while copper is present in the windings and other
bronze or brass components.
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Fig. 6. Dependence of the acidity of transformer oil
on the concentration of copper and iron

oF

The primary factor affecting the transformer’s
performance the most is the variation in oil breakdown
voltage. This is mainly influenced by the presence of
contaminants and foreign particles in the dielectric oil,
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which decreases both the breakdown voltage and the
insulation effectiveness. Among these factors, the presence
of water in the oil has the most significant impact on the
breakdown voltage. According to findings in the literature,
higher water content correlates directly with a reduced
service life of the transformer. The value of furfural
decreases with increasing temperature since the
concentration of furfural is inversely related to the level of
the acid component. CO, and CO gases have the greatest
impact on transformer performance. These gases are formed
when the paper insulation of the transformer decomposes
into transformer oil. C,Hg has the most significant impact on
the water content of transformer oil. Additionally, the most
influential component of oil acidity is C,H, gas. The
advantage of using a mass spectrometric method to detect
metals in transformer oils is to determine the type of fault
and accurately diagnose transformer problems.

Additionally, as the breakdown voltage of the oil
decreases, the concentrations of lead and aluminium
increase sharply due to the decomposition of the dielectric
oil under the influence of electrical voltage. The presence
of particles like iron filings and impurities in dielectric oil
leads to a reduction in both its breakdown voltage and
dielectric strength. Figure 7 shows that at lower
breakdown voltages, the concentrations of aluminium and
lead increase significantly. Lead is commonly found in
solder joints, connectors, and other ancillary components
of transformers, while aluminum is present in the
windings and ceramic bushings.

80
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20

| | | Oil breakdéwn voltage, kV i
0 20 40 60 80
Fig. 7. Dependence of the oil breakdown voltage
on the aluminium and lead concentrations

Elemental analysis of several oils revealed the presence
of tin, silver, and zinc. It was experimentally revealed that a
high concentration of water in the oil leads to partial
discharge, which in turn increases the electrical conductivity
of the oil, and sparking occurs, leading to the failure of
several components of the transformer. Figure 8 shows that
with a high concentration of water in the transformer oil, the
concentrations of tin, silver, and zinc increase.

Tin, silver, and zinc may be present in the terminal,
bolts, connectors and some peripheral components of the
transformer, and their presence in the oil indicates failure
of these components.

According to the findings, increasing acidity in
transformer oil causes exponential increases in copper and
iron concentrations. Copper levels above normally
indicate problems with bronze or brass windings and
components. Significant iron concentrations suggest
difficulties with the transformer’s core and tank, whereas
large levels of aluminum indicate problems with the

ceramic bushing. Tin, silver, and zinc concentrations in
the oil usually indicate wear on the tips and bolts. A
significant amount of lead suggests that there may be

difficulties with the transformer’s solder joints,
connectors, and peripheral components.
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Fig. 8. Dependence of the amount of water in oil
on the concentration of tin, silver, and zinc

Conclusions. The analysis revealed a significant
correlation between moisture concentration, aluminum, lead,
and the breakdown voltage of transformer oil. At equal
concentrations, aluminum has a more pronounced effect on
the breakdown voltage of the oil compared to lead.

Experimental studies have established a positive
correlation between moisture content and the
concentrations of tin, silver, and zinc in high-voltage
transformer oil. The most critical factor affecting
transformer performance is the change in the oil’s
breakdown voltage. The presence of particles and
impurities in the oil reduces the breakdown voltage and,
consequently, the insulation strength of the oil.

The most significant factor influencing the
breakdown voltage is the water content in the oil.
Therefore, water content is the key parameter that greatly
reduces the transformer’s lifespan, which aligns with
previous research findings. Furfuryl alcohol is inversely
proportional to oil acidity: as acidity increases, furfuryl
alcohol decreases. Gases like CO, and CO have a major
impact on transformer performance since they are formed
during the decomposition of paper insulation. The gas
C,Hg has the greatest influence on the oil’s water content,
while the gas C,H, most significantly affects oil acidity.

The use of mass spectrometry for detecting metals in
transformer oil allows for precise fault diagnosis and
identification. Research indicates that with increasing oil
acidity, the concentration of copper and iron rises
exponentially. High levels of copper suggest issues with
windings or components made of bronze or brass, while
significant iron concentrations point to problems with the
transformer core and tank. Aluminum is typically
associated with ceramic bushings, while the presence of tin,
silver, and zinc indicates wear on terminals and bolts.
Elevated lead levels can indicate problems with soldered
connections, connectors, and other peripheral components.
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KOeinei

3ABJIOJCBKU MUKOJIA MUKOJIAMOBINY

(1o 75-pivus 3 THSI HAPOPKEHHS )

Bimomuit BuYeHHMH y Tamy3i eIEKTPOMEXaHiKH,
JOKTOp TEXHIYHHUX HayK, podecop, 3aciIyKeHUI Iparis-
HUK OcBiTH YKpainu 3abnoacekuii Mukoia Muxomaifo-
Bu4 HapoauBcsi 11 Gepesust 1950 p. y m. IlepBomaiicbky
Jlyrancekoi obmacTi.

Y 1973 p. maitOyTHiit HaykoBemb 3akiH4uB J{oHOA-
CHKHI JIep)KaBHUN TEXHIYHUH yHIBepcHTeET (3apa3 y cKia-
ni CXiTHOYKpaiHChKOTO HalliOHaIbHOTO
yHiBepcuteTy iM. Bomogumupa [lans),
3100yB  KBamidikamito  iHXeHepa-
enekrpomexanika. 3 1973 mo 1979 pp.
— iHKeHep, MPOBITHAN HXKEHep, MPOBi-
JHUHA KOHCTPYKTOP CIELIILHOTO Tpoe-
KTHO-KOHCTPYKTOPCHKOTO 1 TEXHOJIOTIY-
Horo Oropo IIckoBCBKOTO eneKTpoma-
mMHOOyIiBHOrO 3aBogy. Y 1979 p.
M.M. 3a6moncekuii TOBEPHYBCS [0
JIoHOAChKOT0O JIEPIKAaBHOIO TEXHIYHOTO
YHIBEPCUTETY, /I TpallOBaB acCHCTEH-
TOM KadeIpu EICKTPUYHUX MAIIMH 1
arnapariB, HayKOBHM CIiBPOOITHHKOM.
[Micnst 3aKiHUeHHS 3a04HOI acHipaHTy-
p¥ MOCKOBCBKOTO TipHHYOTO iHCTHUTY-
Ty ¥ 1991 p. Mukora MukonaiioBud 3aXUCTHB KaHIUAAT-
CbKy nmucepramiro. Y 1995 p. HioMy IpHCBOEHO BUCHE
3BaHHA noueHTa. 3 1995 mo 2005 pp. M.M. 3abmoncekuit
— JeKaH (akynbTeTy aBTOMATH3aLIl Ta eIeKTPOTEXHIYHHUX
cucrem, 3 2000 p. — ogHOUYACHO 3aBinye Kadeaporo enek-
TPUYHMX MalivH Ta anapatis. 3 2005 p. mpairoe mpopek-
TOPOM 3 HAyKOBOI POOOTH 1 MPOJIOBXKYE 3aBiqyBaTH Kade-
apoto. Y 2008 p. B HanionaiapHOMY TEXHIYHOMY YHiBep-
cuteTi «XapKiBCbKUH MONITEXHIYHUH 1HCTUTYT» MuKosa
MuKonaiioBUY 3aXMCTUB JIOKTOPCBKY JAuCepTalito. Y To-
My X poli oMy OyJI0 IpUCYKEHO BUEHHUH CTYIIEHb JIOK-
TOpa TEXHIYHUX HayK 1 BUeHe 3BaHHA mpodecopa. 3 2011
mo 2014 pp. mpod. 3a0moACHKHN TpAIOBaB IEPIITUM
MIPOPEKTOPOM 3 HABYAJIBHOT pOOOTH.

3 2015 p. nounHa€eTHCS HOBUH €Tal TPYAOBOI JisUTb-
Hocti M.M. 3abnoxcekoro y HarionansHOMy yHiBEpCH-
TeTi OiopecypciB 1 NPUPOAOKOPHUCTYBaHHS YKpaiHu Ha
nocani npogecopa kadeapu eIeKTPOTEXHIKH, EIEeKTPO-
MeXaHiKu Ta enekrporexHojoriit. [Ipod. 3admoachkuii €
iHiniaTopoM Ta Oe3rmocepeiHiM BUKOHABIIEM PO3pPOOKH Ta
BIIPOBA/PKEHHS B HABYAJILHUI MPOLIEC KOHLEIILT PO3BUT-
Ky IHHOBAIIIHOI CKJIAJIOBOi MOTEHIIaNy cryaeHTa. Hay-
KOBO-METOJUYHUH TopoOok M.M. 3a0101CHKOTO CKIIaae
noHaJ 325 HayKOBUX Ta HaBYaJIbHO-METOIUYHUX TIPaLlb, 3
HUX — 13 moHorpadiit, 10 HaBYaIBHHX MOCIOHUKIB, BiH
Ma€ BHIATHI IPaIli, [0 JiCTaId MiKHAPOIHOTO BU3HAHHS.

IMpod. 3abmoxmcekuii Beme IUIAHY  HAYKOBO-
JOCIiZIHY POOOTY 32 3aMOBJICHHSIM JEpP)KaBHHX OpPraHiB
yIpaBiiHHSA 1 mignpuemMcts. BiH OyB HayKOBHM KepiBHU-
KoM 12 HayKOBO-JOCHIAHUX POOIT MO CTBOPEHHIO TEIUIO-
€JIEKTPOMEXaHIYHUX KOMILIEKCIB 1 €HeproolaJHuX TeX-
HOJIOTiH JIJIsl KOHBepcii 6ioMacH Ta TEXHOTCHHUX BiJIXOJIiB
y TaJnuBO, OloNOriyHi KOpMH Ta K0OpHBa, BUKOHAHUX 32
3aMOBJIEHHsIM MiHicTepcTBa OCBITH 1 HayKd YKpaiHH.
[IpomucnoBo-moCHigHI 3pa3Kd MO  (PYHKIIOHATHHUX

MIEPETBOPIOBAYIB 1 €HEProOMmafHIX TEXHOJOTIH IeMOH-
CTPYBAIUCh Ha CIEIialli30BaHUX MIKHAPOIHUX BHCTAB-
Kax «Byrimwut», «Bucoki texaomorii» y 2010-2015 pp.
Mukoja MUKOIaioBHY € aBTOPOM 58 MaTEHTIB Ha PO3pO-
OKH, sIKi BIPOBa/PKEHI Ha 26 MiINPUEMCTBAX TIPHUYO-
METayprifiHOrO Ta arpolpOMHCIOBOTO  KOMIUIEKCIB
VYkpainu 1 ['pysii. Ha cworomui 3abmoncekuii M.M.
€ HayKOBUM KEPIBHMKOM IPOEKTA, IO
BHUKOHY€THCS 3a 3aMOBJICHHSIM
MinicTepcTBa OCBITH 1 HAYKH YKpaiHH.

M.M. 3abnoncekuii Gepe akTHBHY
Y9acTh y CHIBpOOITHHUITBI i3 3apyOixk-
HUM OpTaHi3allisiMHA Ta YHIBEpCUTETaMH.
Y 2008 — 2009 pp. OyB KepiBHHKOM
CIIUIBHOTO MIXKHApOAHOTO YKpPaiHCHKO-
YTOpCHKOTO MPOoeKTy «Pizuune 1 MaTe-
MaTHYHE MOJICTIOBaHHS IPOIECiB TBEp-
JIHHS, PE3YJIbTaTH SKOTO BIIPOBaDKe-
HO Ha J[yHayiiBapolmicbKoMy MeTKOMOi-
Hati. Y 2014 p. y cniBaBTOpCTBI 3 KoJIe-
raMu YechbKOro TEXHIYHOTO YHIBEpCH-
TEeTy IMiATOTYBaB HAaBYAIGHHNA MOCIOHUK
«CAIIP enekTpoMeXaHIYHUX MEPETBO-
proBadiBy 3 rpudom MiHicTepcTBa OCBITH 1 HayKH YKpai-
HU. Y 2019 — 2021 pp. M.M. 3abmoncekuii 37iiiCHIOBaB
HAayKOBE KEpIBHHULTBO OilarepalbHAM  YKPaiHCHKO-
iHAIHChKUM TIpoeKTOM «HayKoBO-TeXHIYHI OCHOBH CTBO-
PEHHSI KOMIUIEKCY €HEepProTeXHOJIOTIYHOI IepepoOKu 0io-
MacH Jyisi OTPUMaHHSI PEYOBUH 3 HOBUMH BIIACTUBOCTSIMHU
1 IIBUIICHHS X KOMEPIIHHOT IHHOCTI.

[pod. 3abnoacekuii 6epe akTUBHY Y4acTh y HiIro-
TOBII 1 aTecTallii HayKOBUX KaJpiB. BiH cTBOpHB HayKOBY
mkoxy 3a HanpsiMoM «llomidyHKIIOHATIBHI eeKTpoMe-
XaHIYHI MepeTBOPIOBaYl €Heprii Ta eHepropecypco3oepi-
rarodvi TEXHOJIOTii Ha 1X OCHOBiI». TakoX MiATrOTyBaB 4O-
THPHOX KaHAWAATIB HAayK, IBOX MOKTOPiB (inmocodii i ox-
HOTO JOKTOpa HayK, a Ha ChOTOJHI € HAYKOBUM KEpiBHU-
KOM YOTHPBOX AacIlipaHTiB i HAYKOBUM KOHCYJIHTAHTOM
noktopanTa. [Ipod. 3abmoachkuii — WieH creriani3oBa-
HOi BueHoi panu HarionansHoro yHiBepcutery Giopecyp-
ciB 3i cremianbHocTi 05.09.03 «EnexTpoTexHiuHI KOM-
TUIEKCH 1 CUCTEMH» 13 3aXUCTY JOKTOPCHKUX JUCEPTAIlii.
M.M. 3a0n0AChKHil € TOJIOBHUM DPEIaKTOPOM EJIEKTpPO-
HHOTO (haxoBoro BunaHHs «EHepreTrka i aBTOMaTHKay.

3a BuAaTHI HAYKOBO-TICNATOTiIYHI  JOCSATHEHHS
M.M. 3abmoncekuii HaropomxkeHuil [loyecHUM 3HaKOM
«IlaxTapcrka cmaBa» Il crymens MinicrepcTBa BYTUThb-
Hoi pomucioBocti CPCP, ITouecHoto I'pamoToro MiHic-
TEpCTBa OCBITH 1 HaykH YKpaiHW, 3HaKOM «3a HayKOBi
JOCSITHeHHs» MIiHicTepcTBa OCBITH 1 Hayku YKpaiHw,
[MTovecHoro rpamotoro Kabinery MinictpiB Ykpainu, Ha-
rpyaHAM 3HakoM «BigmiHHMK ocBiTH» MiHicTepcTBa
ocBiTH 1 Hayku Ykpainu, y 2021 p. iiomy npucBoeHno Ilo-
YecHe 3BaHHS «3aCITy>KeHHUH MPalliBHUK OCBITH YKpaiHW».

Pemakuiitna koserist xypHany «EnexTporexHika
1 eJIeKTpoMexaHika» Iupo Bitae Mukosry MukomaiioBnda
3 IOBUIEEM, 3UYUTHh HOMY MIITHOTO 37I0POB’Sl, TOJAIIBIINX
TBOPYHX YCHIXiB y HOTO BU3HAYHIN JisITBHOCTI.
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