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UDC 621.313
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A. Kimouche, M.R. Mekideche, M. Chebout, H. Allag

Influence of permanent magnet parameters on the performances of claw pole machines
used in hybrid vehicles

Introduction. Claw pole machines (CPM) are commonly used in the automotive industry. Recently, importance has focused on the use
and introduction of permanent magnets (PM) in this type of machine to increase the power density. This paper studies the performance
of permanent magnet claw pole machines (PM-CPM) used in hybrid electric vehicle applications. The structure considers that the PMs
are placed between the claws of the rotor. Purpose. The influence of the PM magnetization effect on the performance of synchronous
PM-CPM is analyzed. Radial and tangential magnetizations are applied to obtain the best possible sinusoidal shape of the electromotive
force and an acceptable cogging torque. Then, the electromagnetic performance of the PM-CPM is analyzed and evaluated.
Furthermore, due to the complexity of the rotor armature, it seems difficult to give a direct relationship between the PM parameters and
the machine torque. This led us to study the effects of magnets geometrical dimensions variations on the torque and its ripple. Method.
3D nonlinear model of the machine is analyzed using the finite element method and comparisons between some electromagnetic
performances are processed. Results. It was found that the tangential magnetization of PMs makes it possible to obtain a better
distribution of the flux density and a minimum of cogging torque mainly responsible for vibrations and acoustic noise. Also, we observed
a non-linear variation between the torque and its ripples depending on the dimensions of the PM. In fact, electromagnetic torque
increases linearly with PM size but this is not the case for torque ripples. References 22, tables 2, figures 16.

Key words: claw pole machine, permanent magnet dimension, hybrid electric vehicles, finite element method, torque ripple.

Bemyn. Mawunu 3 niemvosum nontocom (CPM) 3a3suuaii euxopucmosyiomscsi @ asmomodinehiil npomuciosocmi. Ocmannin wacom
6enuKa yeaza npuoiIsiEMvbCs BUKOPUCIAHHIO MA BNPOBAOICEHHIO NOCMIliHUX macnimie (PM) y mawunax yvozo muny ons 36iibuieHHs
numomoi nomyacrocmi. Y yiii cmammi 6uguaiomvCs XapakmepucmuKy MawuH 3 Hi2mvo8uM NOIOCOM i3 nocmiuHumu maznimamu (PM-
CPM), wo euxopucmosyiomocsi y 2iopuonux enekmpomodinsx. ¥ konempykyii nepedbaueno, wjo PM pozmiwgyiomvcs midic Kynaukamu
pomopa. Mema. [Ipoananizoeano eniug epexmy namachivysanns PM na npooykmusenicme cunxponnozo PM-CPM. Padiarvna ma
MaH2eHYIaNbHA HAMASHIYEHICMb 3ACMOCO8YIOMbCS OIS OMPUMAHHI MAKCUMATLHO MONCIUBOT CUHYCOIOATbHOT (POopMU eneKmpOopyitiHOT
cuny ma npuiHAMHo20 3y6uacmozo momenmy. Ilomiv ananizylomecsa ma oyinioromsca enekmpomaznimui xapakmepucmuxu PM-CPM.
Kpim moeo, uepe3 cknaduicme sxops pomopa 30acmvCs CKPYMHUM 6CMAHOBUMU NPaMY 3anedcHicms midc napamempamu PM i
KpYMHUM MOMenmom mawuny. Lle cnonykano eusuumu 6niue 3miH 2eOMempudHuX posmipie MAa2Himié Ha KPYMHULL MOMeHm i 11020
nynvcayii. Memoo. Tpusumipna neniniiina mooenb MAWUHU AHATIZYEMbCA 3 GUKOPUCMAHHAM MEMOOy CKIHUEHHUX eleMeHmie ma
SUKOHYEMbCS  NOPIGHANHA ~ OEAKUX — eleKMPOMAsHimHux —xapakmepucmuk. Pesynomamu. Bcmanosneno, wo maneenyianvhe
HamaeHivyeannss PM 0o3eonsie ompumamu Kpawuii po3nooin MazHimuoi iHOyKyii ma MiHiMyMmy 3y64acmozo MOMeHmY, Gi0N0si0aIbHO20
207108HUM YUHOM 34 8ibpayii ma axycmuunuti wiym. Taxoowc mu cnocmepieany HeniHiuHY 3MIHY KPYMHO20 MOMEHMY ma 1020 nynbcayill
3anexcHo 6i0 posmipie PM. ®axmuuno, enexmpomasHimuuil KpymHuti Momenm 30inbuyemvca NiHiiHo 3 posmipom PM, ane ye ne
BIOHOCUMbCs1 00 NYIbCayitl Kpymuo2o momennty. bion. 22, Tabmn. 2, puc. 16.

Kmouosi crosa: malidHa 3 HIrTHOBHM MOJIIOCOM, PO3Mip MOCTiliHOro Mardity, riopuaHi eJekTpoMooOini, MeToq CKiHUeHHHX
eJIEMeHTIB, ITyJIbcalliss KPyTHOTO MOMEHTY.

Introduction. Claw pole machines (CPMs) are
widely used in automotive applications; they are
considered the energy of many electrical consumers of a
vehicle. However, the mild hybrid vehicles technology
allows energy transfer in both modes of operation. The
system consists of recharging the battery and powering
the electrical equipment in generator mode, and starting
the vehicle in engine mode [1, 2]. In this case and unlike
conventional vehicles, the diode bridge associated with
the classic alternator is replaced by a voltage inverter
transistor [1, 3].

A peculiarity of the CPMs is the structure of its
rotor, the poles of which have the shape of a claw, hence
its name. This particular structure makes claw alternators
exceptionally competitive from an economic point of
view, because they can be manufactured easily and
quickly while having very good mechanical strength for
operation at high rotational speed.

Traditionally, conventional CPMs use a single
excitation winding which creates the rotor magnetic field.
However, the high demand for electricity from automotive
equipment such as security systems comfort and the use of
starter-generator system leads to the consideration and
introduction of permanent magnets (PMs).

Different rotor topologies containing PMs are used.
The study presented in [4] concerning hybrid excitation

CPMs for vehicles with 3D-FEM leads to increasing the
air gap flux density. Thus, the electromagnetic torque of
the CPM is increased and the torque ripples are reduced.
In [5] the addition of PMs between the rotor claws allows
a significant increase of more than 22 % in the output
power of the CPM, but there is a non-linear relationship
between the weight of the PMs and the torque when the
PMs weight is considerable.

The equivalent magnetic circuit proposed and
presented in [6] aims to visualize the influence of the type
and volume of the PM (NdFeB) on the characteristics of a
CPM, the proposed analytical method makes it possible to
calculate the dimensions a PM which will create the
desired electrical voltage. Therefore, in [7], a brushless
PM claw pole motor with a soft magnetic composite is
proposed. PMs are positioned on the claw pole surface
and consequently, the optimal method applied gives an
improvement of power density and torque density.

In order to eliminate the slip-ring and brush
arrangement, a brushless electrically excited claw pole
generator was proposed in [8, 9]; it had strong excitation
magnetic performance, reduced excitation copper loss,
and increased energy conversion efficiency. In [10], the
ring PM structure is inserted in the stator yoke, and the
stator and rotor are both claw-pole structures. Its power

© A. Kimouche, M.R. Mekideche, M. Chebout, H. Allag
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density has significantly increased. Another topology with
skewed and non-skewed PMs in the claw-pole rotor
fingers is presented in [10]. Results show that the CPM
performances such as back-EMF value augments and the
cogging torque vary when the skew angle increases.

Several techniques are used to introduce and place
the PMs in the machine for hybrid excitation [11-15],
however, the PMs placed between the claws destroy the
excitation leakage flux in the rotor and, thus, improve the
main flux for all speeds [1, 3, 4].

In this article, we examine how the PMs placed
between the rotor claws affect the performance of the
permanent magnet claw pole machine (PM-CPM) (Fig. 1)
by taking into account the appropriate magnetization
orientation and the PM’s geometrical dimensions. An
alternating arrangement of PMs between the claws of the
rotor (Fig. 2) is required to have a possible sinusoidal
waveform of the EMF. The magnetization of the PMs is
chosen by carrying out a nonlinear 3D electromagnetic
simulation of PM-CPM with consideration of the
tangential and radial directions of magnetization.

Finally, in order to improve its power density,
torque, and ripple torque, the impacts of PMs dimensions
such as length and thickness on PM-CPM output torque

are studied.
Stator windings

Permanent magnets

Rotor coil Stator

Rotor pole
Fig. 1. Exploded view of the study machine

Y
/

v

Fig. 2. PMs placement in the rotor and its arrangements

Electromagnetic model of PM-CPM. The claw
pole rotor has an asymmetric structure relative to the
length of the machine and produces 3D flux distributions.
The model must take into account the components of the
radial, tangential and axial field, the study therefore
consists of a 3D model. PM-CPM analysis can take into
account periodicity conditions to enable 3D simulation of
a single pole pair. This pole pair structure is complex due
to the shape of its two claws and its hybrid excitation.
Thus, for electromagnetic design and analysis, a transient
nonlinear 3D FEM model is used.

The mathematical model of the machine with hybrid
excitation is described in reference d-q. The d-axis flux ¢,
and the g-axis flux ¢, equations can be written as:

Pa =L ig +¢r; 0]
¢q = Lq : iq 5 (2)
where iy, i, are the d-axis and g-axis stator current
components; L, L, are the d-axis and g-axis inductance
respectively.
The rotor flux linkage ¢, is given as:

?r = Ldf I+ Ppyr s (3)
where i, is the rotor excitation coil current; @py, is the flux
due to the PMs; Ly is the d-axis mutual inductance
between the field winding and the armature winding.

The voltage equation of d-axis voltage component
V4 and g-axis voltage component ¥, are expressed as:

- do
Vi=Ryig+—L—w-0,; 4
de
. de,
Vq:Ra-zq+d—tq—a)-(pd, (5)
where R, is the stator winding phase resistance; @ is the
angular velocity.

The torque T, is given as:

Te=%P(¢’d‘id +¢q'iq)’ (6)

where p is the number of pole pairs.
The above equation becomes:

T, :%'P'KLd _Lq)'id g+ Lyp iy i+ Ppy 'iq]' Q)

Therefore, in the case for L, close to L,, the torque
equation becomes:

3 .
Te:E'p'lq'(D}“ (®)

Equation (8) shows that the rotor flux is mainly
responsible to create the electromagnetic torque. In this
study, the parameters of the claw pole model used are
shown in Table 1.

Table 1

The parameters of the machine
Rotor excitation current /., 45A
Rotor coil number of conductor| 400
Stator number conductor 12
Stator core length 32.5 mm
Stator number slots 36
External stator diameter 125.1 mm
Air gap length 0.8 mm
Rotor core diameter 93 mm
Number of poles 12
Rotor core length 52.4 mm

The PM’s dimensions introduced between claws are
shown in Table 2.
Table 2
PMs dimensions
Magnet length / 28.94 mm
Magnet width d 7.68 mm
Magnet thickness th| 4.6 mm

Magnetization effect of PMs on PM-CPM. PMs
magnetization orientation has an effect on PM-CPM
performance at high or low speeds. However, different
magnetization directions of PM and arrangements can
generate different magnetic field distributions in the
system as well as different motor performances [16].
These directly influence the quality of the air gap flux

4
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density distribution and affect the FEM induced, the
producing torque, and the ripple torque [17, 18].
Furthermore, in electric motors with PMs, the
waveform of the back EMF depends on the excitation and
arrangement of the PMs and windings, the structure of the
motor, and the pole/slot combinations. Thus, the
designers want to get a purely sinusoidal or trapezoidal
back-EMF waveform based on motor types and control
[16]. The model proposed in this study can take into
account two different directions of magnetization of the
PMs [19], the application contents tangential
magnetization and radial magnetization (Fig. 3).

. L . £
s § il . . [ ,
v i K s f y .
Y . N .
v . I Py A y
T ki i ‘ . H .
Wk | i 3o - 1 iy i = .
. \ H £ 1 7 . i 7ol L
\ H B i i
'y t i = [ ¢ R | H £ Fd
N 1 L '\ b § i |
| ’ N 7 "
\ | G
1 N | W
v

W

Fig. 3. The orientation of PMs placed between the claws of a
pole pair of the machine: a — tangential; b — radial

Electromagnetic field computation at 3000 rpm is
carried out with the FEM. In order to analyze the effect of
the magnetization orientation on the performance of the
PM-CPM and to visualize only the impact of the
excitation of the PMs, we consider the excitations of the
rotor coils and those of the stator as zero. The PM-CPM
magnets are oriented as shown in Fig. 3.

Figure 4 shows the magnetic flux distribution; we
observe the difference repartitions of flux density between
the tangential and radial magnetization. Furthermore, it
can be seen that in the case of tangential magnetization
the lines of flux pass directly into the adjacent claw and
are channeled more into the magnetic circuit, which gives
less leakage flux (Fig. 4,a). Whereas for the case of radial
magnetization, the lines of flux pass in the vacuum
existing between the claw and the rotor coil (Fig. 4,b),
which does not help the principal flux and creates more
leakage flux, and there will be a reduction in main flux, so
the impact of radial magnetization is not significant.

]

iAslia

il
a b
Fig. 4. Magnetic field distribution:
a — tangential magnetization; b — radial magnetization

EMF considering only the magnetic excitation is
shown in Fig. 5, the flux distributions in the tangential
magnetization give induced three-phase voltage
waveforms close to the sinusoid compared to that given
by the radial magnetization.

One of the particular problems of electric machines
with PMs is the shape of the cogging torque resulting from

the interaction of the PMs and the teeth of the stator without
even the stator winding being excited [20]. Also, a strong
cogging torque can cause acoustic vibrations and noise.

v,V TN SN N A
a/\ AL AN Y
4 R § I
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Fig. 5. Induced voltage for no-load and /7, = 0:
a — tangential magnetization; b — radial magnetization

Figure 6 shows a comparison of the cogging torque
between the two directions of magnetization in the case
where the rotor excitation current is zero. We can see that
the tangential magnetization gives a low cogging torque
compared to that given by the radial magnetization. Then
the tangential direction is strongly solicited.
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Fig. 6. Comparison cogging torque vs. rotational angle :
1 — tangential magnetization; 2 — radial magnetization

-0,3

Hybrid excitation CPM performance. The rotor coil
is preserved in case the regulator needs to change the battery
voltage. For a hybrid excitation with a value 7,,, = 4.5 A of
the excitation rotor current and with PMs excitation, the
calculation of the induced no-load voltage is illustrated in
Fig. 7. The rates correspond to the 2 cases of magnetization
tangential and radial magnetization. We can see that the
RMS value of induced voltage in the case of tangential
magnetization which is 32.3 V is greater than that in the
case of radial magnetization which is 22.8 V. This comes
down to the fact that in the case of the tangential direction
the flux created by the PM is added to the flux created by
the rotor coil and follows the same path. In addition, the
use of inter-claw PMs with tangential magnetization
makes it possible to reduce the leakage flux between
claws.
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Fig. 7. Induced voltage of one phase comparison for /,,, = 4.5 A:
1 — tangential magnetization; 2 — radial magnetization

To better show the positive effect of tangential
magnetization, Fig. 8 illustrates the induced voltage in the
case of the presence of the PM with tangential orientation
and in the case of the absence of the PM. We can see that
the maximum value of the voltage increases almost twice.
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Fig. 8. Induced voltage comparison for /,,, = 4.5 A:
1 — with PMs tangential magnetization; 2 — without PMs

|
7, ms

For load operation, the three-phase stator windings
are fed by three-phase AC currents, the simulations with
PM tangential magnetization and without PM of torque
vs. rotor position at a nominal point such that stator
current RMS value is 176.7 A and excitation current rotor
is 4.5 A are given in Fig. 9. The structure without PMs
gives an average torque of 21.2 N-m, after the
introduction of PMs placed in inter-claws means that the
torque increases because of the magnetic strength, and its
average value is around 24.8 N-m. The result shows that
the rotor design with PMs generates about 17 % more
torque than the rotor design without PMs. We can see also
that there are a lot of ripples, the ratio between the torque
and its ripples is almost 16 % and 20 % for PMs rotor
design and without PMs rotor design respectively.

T,N-m T T T T

35
30

25 IAAGASY,

20

B N S R R
0 2 4 6 8
Fig. 9. Torque for 1,,, = 4.5 A:

1 — with PM tangential magnetization; 2 — without PM

The torque as a function of the different values of the
rotor current is presented in Fig. 10. We note the average
torque value of 13.18 N-m at zero current excitation and we
can be seen that the average torque increases linearly with

the increase in excitation current due to the unsaturated
claw rotor core. This variation becomes non-linear from
7 A of the excitation current due to rotor claws saturation.
The electromagnetic torque depends mainly on the rotor
flux, which verifies (8).

T,N-m
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30 //
20 //
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Fig. 10. Average torque vs. rotor current

10

To highlight the operation under load in steady state,
the load angle is used as the parameter in this analysis of
PM-CPM [21]. We assume that the instantaneous values
of phase current and the load angle are known to
investigate the electromagnetic torques.

The calculated values of the average torque with
respect to load charge are shown in Fig. 11. In this case, we
used a rotor excitation current I, = 7 A, in order to reach
the magnetic saturation state of the machine. We can see
the maximum value of 37.5 N-m of the electromagnetic
torque corresponding to a load angle 8 = 90°.

T, N-m
35 A

30 \“"
25 \“‘

- .

5 o S

20 40 60 80 100 120 140 160 6, degree

Fig. 11. Average torque vs load torque with for Z,,, =7 A

Parametric studies. In this study, the PMs placed
between claws are applied with tangential magnetization
to investigate the torque characteristics such as torque and
ripple torque. The three-phase stator windings are fed by
three-phase AC currents. As the PMs placed on the
rotating part of the PM-CPM are responsible for the flux
field, then a consideration of the dimensions of the PMs is
taken into account. In particular, it takes into account the
geometric length and the thickness of the PM (Fig. 12).

Fig. 12. PM dimensions variation

Varying magnet thickness. In this case, we vary
the dimension of the magnet thickness ¢ from 1.5 mm to
4.6 mm, when magnet length / keeps constant 30 mm.

6
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Considering an optimal charging regime and for non-
linear study state with rotor excitation current /,,, = 7 A,
we notice that the torque increases with the increase of the
PM thickness (Fig. 13).

7, N-m 1 1

35

30

i i i i i i
3 5 2 25 3 356 4 (thymm
Fig. 13. Average torque vs. PM thickness with /=30 mm

The ripple torque 7,;,, can be defined as the rapport
of the difference between the maximum torque and his
minimum and the average value of torque [22], it is
expressed as:

max(Te ) - min(Te )

avg(T, )

©)

ripp =

|
45 th,mm

1,5 2 2:5 3 315 -‘-I1-
Fig. 14. Ripple torque vs. PM thickness

Varying magnet length /. For the same optimal
conditions, we change / from 14 mm to 30 mm when the PM
thickness #h keeps constant 4.6 mm. We can see that when
PM length increases the torque also increases (Fig. 15, 16).

T, N-m /

36

-

34

32

30

2814 16 18 20 22 24 26

28 [, mm

Fig. 15. Average torque vs. PM length with th = 4.6 mm
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Fig. 16. Ripple torque vs. PM length

According to Fig. 13 — 16, we can see that the
average torque increases with the increase in the size of
the PMs. However, the impact on the torque ripples is not
consistent; in fact, the torque ripples are minimal when
the length of the PMs / is between 14 mm and 18 mm.

Also, these ripples are minimal when the thickness # is
between 2.9 mm and 3.6 mm. Then the torque ripples
have a non-linear variation depending on the dimensions
of the PMs.

Conclusions. In this paper, our first intention was to
investigate the magnetization direction of PMs introduced
between rotor claws. Two different PMs orientations were
applied and presented different flux distributions, which
in turn several motor performances.

As a result, the tangential magnetization direction
shows the best performances of the permanent magnet
claw pole machine (PM-CPM) such as a sinusoidal
induced voltage and a best cogging torque. Furthermore,
under optimal loading conditions, the CP-CPM with PMs
tangential magnetization gives a higher average torque
and a lower ripple torque compared to that given by the
structure without magnets.

Finally, to know the impact of the size of the PMs of
the CP-CPM on the torque characteristics, a parametric
analysis of the variations in length and thickness of the
PM showed evidence of an increase in magnetic force and
torque. However, the torque ripples have a non-linear
variation depending on the study parameters.
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M.I. Kouyp

Po3poOka metoaiB 15 aganrtanii napaMeTpiB NPOCTOPOBUX TOPLEBUX YACTHH 00MOTOK
B 2D K0/10-110JIb0BHX MO/1€JIAX ACHHXPOHHO-CHHXPOHHMX €JIeKTPHYHHUX MAIINH

Bemyn. 3a ocmanmiii uac nabynu po3eumky meopis cneyianbHo2o Kiacy KACKAOHUX MUXOXIOHUX Oe3KOHMAKMHUX ACUHXPOHHO-
cunxponnux enekmpuunux mawun (ACEM) ma ompumana npunyunosa noea ii KOHCMpYKyis, 3a 00NOMO2010 AKOI 00epAHCAHO NOEOHAHHSA
NO3UMUBHUX BIACMUBOCHIEN 8I0 36UYAUHUX ACUHXPOHHUX MA CUHXPOHHUX enekmpuynux mawun. Ilpobnema. Biocymuicme xonoux ma
noavosux mooenei ACEM naxnadae obmedicenns w000 nooanbuto2o 00CTiONCEeHHs eNeKMPOMASHIMHUX, MEXAHIYHUX A eHepeemUYHUX
npoyecis, 6 nepexioHux ma KeasziycmaneHomy pesxcumax it podomu. Mema. Pospobra 3D ma adanmoeanoi 2D kono-noawoeux mooenei
ACEM, memooie dekomnozuyii i OUHAMIYHO20 CUHme3y 3 A0anmayielo YMo8 CROJIYYEHHS eeKMPOMASHIMHUX NAPAMEMPIE HA SPAHUYSIX
pospaxosanux nidoonacmeti ACEM. Memooonozia. [Ipocmoposi enemenmu xoucmpyxyii ACEM npedcmagnsiomuvcsi npocmoposumiu
OKpeMUMU PO3PAXYHKO8UMU niooonacmamu. /s KoXxCcHil i3 yux nidoonacmeti cmagumscs y 6i0N0GIOHICb NPOMIKAHHA eNeKMPOMAHim-
HUX npoyecis, AKi YMEOpeHi YiliCHOW PO3PAXYHKOBOIO 00ACHIO. 3a Heg sI3K0I0 eHepeii MAasHIMHO20 Nosd OKpemux nioobnacmetl 3 yinic-
HOI0 PO3PAXYHKOBOIO 30HOI0 BUHAYAIOMbCS Ois Kpatiogux eghekmis 6 mopyesux 30Hax ma napamempu 106o6ux wacmur oomomox ACEM.
Li napamempu 3 8paxysanuam Kpaiiosux egpekmis gioobpadcaiomuvcs sk enemenmu koaa 0as 2D kono-nonvosoi modeni ACEM. Pe3ynb-
mamu. Ompumana Kombinayis memoois dexomnosuyii 3D obnacmi ACEM i ounamiunoeo cunmesy 3 adanmayicio ymog CROAYYeHHS
eNeKMPOMASHIMHUX NAPAMEMPI6 HA 2PaHuysax 1020 po3paxoeanux nioooracmel, saka 003601A€ 3abe3neuumy yucenbiy peanizayito 3D
KONO-NONbOBO2O MOOENOBAHHS eNeKMPOMASHIMHUX NONIB 8 OKDEMUX eNeKMPUYHUX MA MASHIMHUX KOHMYPAX CKAAOHOI Npocmopoeoi
xoncmpykyii ACEM, a maxoowc eusHauumu énius Kpaiiogux egpexmie 6 mopyesux 3onax n06oeux yacmurn ACEM 3a nee’s3xoro enepeii
MA2HIMHO20 NONIA. 3aNPONOHO8AHA MEMOOUKA WOOO0 BUSHAYEHHS aKMUSHUX MdA THOYKMUGHUX Onopie 10608ux uacmun oomomox ACEM 3
spaxysannam Oii Kpatiogux eghexmie. Tounicms ma epeKmusHicnb 3anPONOHOBAHUX MEMOOI6 NIOMEEPOIHCYEMbCA PE3VIbMAMAMU eKcne-
pumenmanvHozo docnioxcenns. Haykoea noeuzna. Pospobnena aoanmosana Oounamiuna 2D Kono-nonwoéa mooenb HecmayioHapHUux
63AEMON08 A3GHUX eNleKmpoMazHimuux ma enekmpomexaniynux npoyecie ACEM, sxa 0o3605¢ 6paxysamu 6 nepexionux pexcumax po-
bomu napamempu 10006UX YACMUH 1020 0OMOMOK uepe3 il cXxeMHy peani3ayiio, HeTHIUHICIb MACHIMHUX M eleKmpOoQI3UUHUX 6Iacmu-
6ocmell AKMUBHUX Mamepianis, NoBepxHesi i Kpailosi eghekmu mopyesux 301 tioco axmugnoi yacmuny. Ilpakmuyuna yinnicms. 3anpono-
HOBAHI MemOoOu MOACYMb Oymu GUKOPUCMAHI 071t PI3HUX munie elekmpuynux mawun. bion. 27, Tadn. 3, puc. 12.

Knouosi cnosa: enekrpoMarHiTHe moJie, KpaiioBi epexkTH, MeTOAN eKOMMNO3ULII Ta AUHAMIYHOIO CHUHTe3Yy, KOJIO-NOJIbOBE

MOJCJIIOBAHHHA, €JICKTPUYHA MalllIMHA.

Beryn. [Toganbiie BIOCKOHANIGHHST KOHCTPYKLIN Ta
po3BUTOK Teopii enexrpuynnx mamuH (EM) 6e3nocepen-
HBO IIOB’SI3aHE 3 TOIIYKOM HOBHX TEXHIYHHX pIllIEHb Ta
TexHouorii. Lle 103BonuTh 3a0€3MeunTr CTBOPEHHS NpH-
CTPOIB 3 ITOKPAIICHUMH TEXHIYHUMH XapaKTepHUCTUKaMHU
Ta BUCOKHMH ITOKa3HHKaMHU EHEproe(eKTUBHOCTI pery-
JTHOBAaHUX EJIEKTPOIIPHUBOJIIB, aBTOHOMHHX CHCTEM EJIEKT-
pOIOCTaYaHHA Ul HU3KH CIIOXKHBAYiB y IPOMHUCIOBOCTI,
€HepreTulli, ClIbChKOMY TOCHOAAPCTBI, MPUCTPOIB CIIelli-
QJILHOTO NTPU3HAYEHHS.

3a ocraHHii yac HaOyJIM PO3BUTKY TEOpisl Crielialb-
HOTO KJIacy KacKaJHHMX TUXOXIJIHMX OE3KOHTaKTHUX acH-
HXPOHHO-CHUHXPOHHHUX elleKTpudHux MamuH (ACEM) Ta
OTpHMaHa MPHUHIMIIOBA HOBA Ta IOJIIMIIeHa i KOHCTPYK-
uist [1]. Janwmii xitac EM mpencrapisie coO0K0 TO€THAHHS
mBox EM, a came acuaxponHOro nBuryHa (AJl) ta obep-
HEHOTOo CHHXpoHHOTO TeHepaTopa (CI') B exmHOMY MarHi-
torpoBoxi [2]. Ilpu mpomy cratopHa 0OMOTKa MepIIol
EM sBnsie coboro TpudasHy 2p; MOMOCHY OOMOTKY, a
cratopHa ooMoTka apyroi EM — onnodazna 2p, monrocHa
oOMmoTKa 30ymxenHs. Tpudasna 2p; 0OMOTKa Ta ogHOdA-
3Ha 2p, 0OMOTKa CyMIllleHi eNeKTPUYHO MiXK c00o0r0, Ta
(OpPMYIOTh €MHY CTPYMOIIPOBIJIHY CHCTEMY Ha CTaToOp-
Hiit (sxipHii) croponi ACEM. PoropHa cymimena oomo-
TKa € KOPOTKO3aMKHEHOIO 3 KUIBKICTIO HE3aJIS)KHUX MIX
c000r0 (pa3HUX KOTYIIOK ny=p+p, [3]. Ans gaHoro ximacy
EM B [4] pospobmeni pi3Hi KoH(pirypamii cymimeHoi
CTaTOpHOI OOMOTKHM 3 PI3HUMH BapiaHTaMH CITiBBiIHO-
IICHHS KiTBKOCTI Map IONOCiB 2p /2p,, MO HAa€ MOXK-
JUBICTH OJIEPKaTH Pi3HI 3HAYEHHS KaCKaIHOI CHHXPOHHOT
mBuakocti ACEM Big 125 no 1000 06/xB.

Octanne nominmenas kKoHCTpyknii ACEM crtaBuTh
neit kmac EM 3a mpocToToI0 y BUTOTOBJICHHI Ta Macora-

OapUTHUMHU TOKa3HUKAMH Y TIOBHY BIAMOBIAHICTH [0
KJIaCUYHMX acCMHXPOHHMX EM 3 KOpPOTKO3aMKHEHUM pO-
TOPOM, 3 KaHaJOM KepyBaHHS 31 CTOPOHH HEPyXOMOi
gactuau sikopst ACEM. Ilpocrora KoHCTpykuii, HasB-
HICTh KEpyBaHHA TUIBKH 31 CTOPOHH SIKOPS, TO€IHAHHS
BrnactuBocteit A/l Ta CI' poOuTh meit Kimac THXOXiTHUX
EM mnepcrieKTHBHUM y OAANBIIOMY po3BUTKY. OfHAK, Ha
TenepimHid vac a1 gaHoro kiacy EM noci BiacyTHii
MaTeMaTHYHUH OIMC Ta BIMOBIIHI AOCHIIKEHHS IOJO0
€JIEKTPOMArHITHUX Ta MEXaHIYHHMX IPOIECIB B IEpPEXil-
HHUX Ta KBa3lyCTaJeHOMY peXuMax Horo poOOTH, HE BH-
3HAYEHI peryJroBajbHI BJIACTHBOCTI Ta XapaKTEPUCTHKU
ACEM. Tomy, oKpiM IpOBeAEHHs JOCIIDKEeHb Ha (i3uy-
HoMy 3pa3ky ACEM, e HeoOXiqHiCTh Y po3po01i MaTemMa-
tnaaoi Mojeni ACEM, sika 103BONUTH BpaxyBaTH KOHC-
TPYKTHUBHI OCOOJMBOCTI Ta CXEMHY peai3amiro 00MOTOK
SIKOPSI 1 pOTOpa, a TaKOXK HEJIHIHHICTh MarHiTHUX Ta elre-
KTpo(i3MYHUX BIIACTUBOCTEH AKTHBHUX MaTepiaiiB, II0-
BEPXHEBI 1 KpaioBi e(peKTH TOPIEBHX 30H 1i aKTHBHOI
YaCTUHH, OJEP>KaTH BUCOKY TOYHICTh Ta €()EeKTUBHICTH
YUCENIbHOT pealtizarlii eJIeKTPOMarHiTHUX MapaMeTpiB Ipu
MOMIPHOMY BHMKOPUCTaHHI OOYHCIIIOBAIBHUX PECYpPCiB,
BUTpAT 4acy 1 CTIMKICTIO OOYMCIIOBAIBHOIO INPOLECY, 3
BIZITBOPEHHSIM €JIEKTPOMArHITHUX Ta MEXaHIYHUX IpOLe-
CiB MAakCUMaJbHO HaONMKEHHX 10 PE3yJbTATIB €KCIIepH-
MEHTAJILHOTO JIOCJIiI>KEHHSI.

Anaji3 nocaimkens i myoaikanii. CydacHi MeToau
nmociimkerHs EM moB’s3aHi i3 3acTOCYBaHHAM CTalliOHA-
PHHX Ta HECTALIOHApPHUX MaTEeMaTHYHHUX MOJEJNeH mepe-
TBOpPEHHS €NEKTPUYHOI, MaTHITHOI Ta MEXaHIYHOI eHepriit
[5]. Ichytoui maTemaTndni Mojeni EM minpo3aiistoThes
Ha KOJIOBI Ta IOJILOBI MOZEI.

© M.I. Kouyp
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Komnogi Mmozeni 6a3yroTbesa Ha Teopii Kijl Ta OCHOBaHi
Ha 3acToCyBaHHI cxeM 3amimeHHs EM. 3amexHicTe Mix
€JIEKTPUYHUMH, MarHiTHUMH 1 KOHCTPYKTUBHHMMH TIapa-
merpamu EM BinOyBaeTbcsi MiXk iHAYKTHBHUMHU Ta aKTH-
BHUMHU Napamerpamu cxeM 3amimieHus EM [6]. Taki mo-
JIeJIi ONHMCYIOTHCSI 200 CHCTEMOIO ainreOpaidyHuX piBHSHb,
abo cucTeMOl0 HeNiHIMHMX IudepeHUiiHUX piBHSIHB
MepIIOro NOPSAAKY. ICHYIOTh METOIMKH MPOEKTYBAHHS Ta
pO3paxyHKy mapameTpiB cxemu 3amimeHHs EM, ski oc-
HOBaHI Ha EMIIPUYHAX PO3PAaXYHKaX Ta pO3paxyHKaxX 3a
KaTaJIO)KHAUMH a00 eKCIIepHMEHTaIbHUMHU JaHuMu [7]. B
[8] aBTOpPOM 3a3HAUEHO, IO ISl OTPUMAHHS 32I0BITHHOL
TOYHOCTI HYHCENBHOTO PO3paxyHKYy IapaMeTpiB, CXeMH
3aMillleHHs] TOTPIOHO YTOYHIOBATH 3a JIOTIOMOTOI0 MOJIBO-
BOr0 MojenioBaHHs. B [9] mpoBemeHO aHali3 METOIIB
MaTeMaTU4HOro, CTPYKTYPHOro Ta (i3MYHOTO MOJEINIO-
BaHHs B MATLAB npuryHa noctiiHOro cTtpymy 3 Hesa-
JISKHUM 30y/DKEHHSIM Ta aCHHXPOHHOTO JIBUT'YHA 3 KOPOT-
KO3aMKHEHHM pOTOpOM. Pe3ynbraTé MopenoBaHHs TOpiB-
HIOBAJIKCH 3 PEAbHUMH JaHUMH SKCIIEPUMEHTY. BcTaHOB-
J€HO, [0 HEHOJIKOM JaHOrO METOAy MOJICTIOBaHHA €
HasBHICTh BUCOKOI TIOXHOKH PO3paxyHKy, sIKa TOB’s3aHA 3
HEMOXJIMBICTIO TIOBHOI'O BpaxyBaHHS BCIX OCOOJIMBOCTEN
koH¢irypauii EM, HemiHiifiHOCTI enekTtpodi3uuHuX Ta
MAarHITHHUX BIIACTUBOCTEH aKTHBHHMX MaTepialiB.

P03BHUTOK KOMIT'FOTEpHOI TEXHIKM Ta CIieliati3oBa-
HUX NpPOrpaMHUX KOMIUIeKCiB, Takux sk ANSYS,
COMSOL Multiphysics, OpenFEM, Impact, SALOME,
Elmer Ta iH., pO3UIMPUB MOKJIMBOCTI IPAKTHYHOTO BHKO-
puctanss 3D Tta 2D noab0BOro MOJIENIOBaHHS, SIKE OCHO-
BaHC Ha pIlIEHHI CUCTEMHU PIBHSHb B YACTHHHUX ITOXiJ-
HUX MeToIoM cKiHueHHHX eneMeHTiB [10]. Ha BigmiHy
Bim 2D mompOBOTO MOZETMIOBAHHS, 3acTocyBaHHA 3D
TOJIbOBOTO MOJICTIOBAHHS €JIEKTPOMArHiTHUX IPOIECiB
MOXe 3a0e31eYnTH HeoOXiHI BUMOTH 10 TOYHOCTI YHCe-
JBHUX PO3PaxyHKIB €JIEKTPOMAarHiTHUX napametpiB. Tak,
Harpukian, B [11] npu TpuBUMIpHOMY aHaji3i MarHiTHO-
'O HOJIS CHeLiaIbHOT0 c(h)EPUYHOTO JBUTYHA 3 TIOCTIHHUM
MAarHiTOM i3 MOABIHHUM craTopoMm, B [12] mBodasHoro
ACHHXPOHHOTO JABUTYHA, B [13] enekTpoMarHiTHUX mHpo-
LIECiB y TOPLEBHUX 30HAaX poTopa TypOoreHeparopa B He-
CHMETPUYHHX PEKUMaxX HOro poboTH, aBTOpaMu 3a3Hava-
€ThCA 30UIBIICHAS TOYHOCTI PO3PAXyHKY y TIOPIiBHSHHI 3
JBOMIPHUM TOJILOBUM MOJCIIOBAHHSM, LIO MiATBEPIIKY-
€ThCS PE3yJIbTaTAMH EKCIIEPHMEHTAIBHOTO JOCIIKSHHS.
OnHak, B 3aJIeKHOCTI BiJi PO3B’SI3yBAaHOrO 3aBJIaHHS,
aBTOPH KOPUCTYIOTHCS NPUIYLIEHHSM IOAO BiICYTHOCTI
JI00OBHX YaCTHH OOMOTOK 1X T€OMEeTpHYHHX Moaeineii EM
3 METOI 3MEHIICHHS po3MipHOCTiI camoi 3amavi. B [14]
PO3MIISTHYTO aHalli3 elleKTpoMarHitHoro mosst B AJl 3
KOPOTKO3aMKHEHUM POTOPOM Yy YacTOTHIH Ta HOKPOKOBIH
4yacoBii mocTaHoBLI 3aaaui st pisHuX 2D Ta 3D mone-
Jed mpoluecy pyWHYBaHHS CTEpXKHS poOTOpa Ta KiHIA
LBOTO IIPOLIECY — IOLIKO/KEHHS CTEPXKHs. ABTOPH Bil-
MIYaroTh CKIAAHICTh y peamizamii 3D mompoBOro Mome-
JIFOBaHHS, TOTIPIIeHHS 301KHOCTI YMCENBHUX pPO3paxyH-
KiB Ha IPaHUIl IBOX CEPEIOBHIN 3 PI3HUMH MarHITHUMHU
Ta eIeKTPO(QI3MYHUMH BJIACTHBOCTSAMH, OCOOJIMBO IS
CKJIQJIHUX HENHIMHUX eIEMEHTIB KOHCTPYKIIii, 3HaYHOTO
30UIbIIEHHS Yacy OOYMCIIEHHS Ta BUMOT JI0 OIlEPaTHBHOI
nam’sTi 'y MOpiBHAHHI 3 2D TMONBOBOrO MOJCTIOBAHHS
TOMy aBTOpaMU MPOIIOHYIOTHCA BUIIAJIKH, KOJIM MOKHa

MPUUHATH BapiaHT IMOJ0 BUKOpWCTaHHSA 2D-Momem 3a-
Micth 3D-momem. B [15] aBropamu mpoBemeHO aHai3
PO3IOJTY eeKTPOMarHiTHOro nojisy y3nosx EM 3 Bpa-
XyBaHHsAM 1oBHOI KoHCTpykuii EM, TOOTO 3 BpaxyBaH-
HAM JI0OOBHX 4YacTuH 1i 0OMOTOK. BcraHOBIiIEHO, IO B
TopueBux 30Hax EM eHepris MartiTHOTo moJst 301IbIry-
€TBCSl Y TOPIBHSHHI 31 3HAYEHHSAM €Heprii MarHiTHOro
NOJISL B CEpe/IMHI aKTUBHOT YaCTHHH, NPOBEJICHA MTOPiBHS-
JbHA OLIHKA TOYHOCTI PO3PaXyHKY, B 3aJEKHOCTI Bif
BHOOpPY cryreHs ¢yHkii popmu Jlarpamka mpu modymo-
Bi CITKM CKiHYCHHX EJIIEMEHTIB, BCTAHOBIICHI 3aKOHOMIp-
HOCTI 30UTBIIICHHS 9acy PO3paxyHKY, Ta BUMOTH IIO OIle-
patuBHOI mam’siti. B [16] aBrOpamu mpoOBEICHO aHai3
YyHCceNbHUX po3paxyHkiB EM 3a noBHoo ii KOHCTpYKLI€O,
3alpOIOHOBAHO MIJXiJ, KWl MoJjsirae y 30UIbIIEHH] CKi-
HYEHHUX €JIEMEHTIB 3 BUKOpHCTaHHs (yHKUiH (dopmu
Jlarpanyka mepuioro HopsiiKy B MeXax rpaHHIb po3paxy-
HKOBHX Iijio0nactedl 3 pi3HUMH (Qi3MYHUMH BIaCTHBOC-
TSMH CEPEJOBHIIA, 110 JTO3BOJIMIO 30UIBIINTH 301KHICTD
YUCENBFHUX PO3PaxyHKIB.

B GinpmiocTi poOiT, SKi MOB’sI3aHi 3 3aCTOCYBaHHIM
YUCENBFHO-TIONBOBOTO  aHaNi3y, BpaxyBaHHSI JI0OOBHX
4acTHH OOMOTOK B TCOMETPHYHIA Momenai He €
000B’A3KOBHM, IIIO JO3BOJISIE 3aCTOCOBYBATH 3 JIOCTaT-
HBOIO TOYHICTIO 2D monpoBe MonenoBaHHsA. Tak, HanpH-
knan, B [17] aBTopamu po3po0iieHa METOAMKa, sIKa J03BO-
JIsie Ha OCHOBI €JTMHOTO MIIXOAY PO3PaxOBYBaTH I'€OMET-
pUYHI TapaMeTpH JI000BHX YacTWH KOHLEHTPHYHOI i
neTiapoBoi 00MoToK EM 3 ypaxyBaHH:IM iX AeTasti3oBaHOl
CTPYKTYPH 1 pO3MIpiB YCiX CKJIQJOBUX CIEMEHTIB, IO JIA€
3HAQYHO TOYHIMI pe3yJbTaTH MOPIBHSIHO 3 KIACHYHUMHU
Metomamu TipoekTyBaHHSI EM. Takox B [18] BHKOHaHO
YUCETHHO-TIONBOBUI PO3PaXyHOK Ta aHaNi3 aKTUBHUX 1
peakTUBHHUX oOmopiB o0MoTok AJl y BChOMY Jiana3oHi
3MiHH HOro KOB3aHHS 3 MOAAJIBIIMM PO3PAXyHKOM MeXa-
piB 1060BUX 4acTHH 00MOTOK EM 3 3acTrocyBaHHsIM Me-
TOJMKH, OCHOBAaHOI HA EMITIPHYHUX PIBHSIHHSX, € JOCTAT-
HBOIO TIPM YMOBI BHKOPUCTaHHS B SIKOCTI ITOYATKOBUX
YMOB cHcTeMH (Da3HHX CTPYMIB 3 BpaxyBaHHSIM I'€OMeT-
PHYHOTO HAaNPSIMKY iX mpoTikaHHs. OfHaK, JUIs BUMAJKIB,
KOJIM HEBIZIOMO PO3MOAIT CTPYMIB B CTPYMOITPOBIIHHX
gactuHaX EM, ocobmmBo mpu mocmimkeHHi ACEM, sx
s 2D, Tak 1 giag 3D moneoBux mMozeneir EM HeoOXigHO
JONy4aTH KOJOBI MOJENI JJs BpaxyBaHHS OCOOJMBOCTI
cxeMHOI peatizallii 3’eaHaHHs il 00OMOTOK.

B [19] noBeneHa HOMiNBHICTE BUKOPUCTAHHS KOJIO-
nonsoBoi Mojeni EM, sxa ocHoBaHa Ha moeaHaddi 2D
MOJIBOBOI Mozeni na3oBoi yacTuHu EM 3 KoiloBoro Mo-
Jierunto oOMoTku cratopa EM 3 BpaxyBaHHSIM CXEMHO{
peanizanii 3’€IHaHHS KOTYHIKOBUX Ipyn (a3 oOMOTOK
craropa EM, 1o mae MOIJIMBICTB JOIATKOBO BpaxyBaTh
napaMeTpu ix JI000BMX YacTHH. B sKOCTi moYaTKOBHX
YMOB BHUKOPHCTOBYIOTECS (pa3HI HANPYTH TpU >KUBJICHHI
BiJl CHHYCOIaJhbHOTO 200 HECHHYCOINAIBHOTO JDKEpena,
mo 3a0e3mevye BU3HAYCHHS CTPYMIB B IPOIECi JUCEIh-
HOTO po3paxyHKy. IIpu 11boMy, MOXHa BpaxyBaTH peailb-
HE CIIOTBOPEHHS CTPYMiB OOMOTKH CTaTOpa, [0 BUHUKAE
HAaBITh MPH CHHYCOIHIN HAIPy31 )KUBICHHSI.

TakuM YMHOM, BpPaXOBYIOUH, T€ IO ITOCTiHE BHKO-
pHCTaHHS CKJIamHUX JAuHaMiYHUX 3D  KOJ0-1mosboBUX
MoJieNiell 3 BpaxyBaHHSAM CXEMHOI peaizaiii 0OMOTOK
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ACEM npu TOCTiIKCHHI €JICKTPOMArHITHUX Ta MEXaHid-
HUX IPOLIECIB B MEPEXiJHUX Ta KBa3lyCTAJICHOMY PEXH-
Max ii poboTH Oyae MpPU3BOMUTH 10 3HAYHUX BUTPAT
O0UYHUCITIOBAJILHUX PECYpCiB, 4acy 1 CTIHKICTIO OOYHCIIIO-
BaJIBHOTO IMPOIECY, TOMY € HEOOXIJHICTh y pO3poOIi
METOJIIB Ta MiAXOJIB, IO JO3BOJIATH 3a0€3MCUUTH YMOBU
SIKICHOTO TIE€pexoly BiZ IPOCTOPOBOrO JO IUIOCKO-
napajenbHOro PO3MOJiNy €JIeKTPOMArHITHOIO MOJs B
axtuBHIA gactuHi ACEM mpu 3MeHIIIeHHI BUTPATH Yacy
Ha HOTO YHCENbHY peaizamito Ta 30epexeHHI BHCOKOI
TOYHOCTI YUCETHHOTO PO3PAXYHKY.

MeToro podoTu € po3pobka 3D Ta amantoBanoi 2D
K0JI0-110J160BUX Mojeneii ACEM, MeTomiB JEKOMITO3MIIIT
1 IMHAMIYHOTO CHHTE3Y 3 aJaNTalliel0 YMOB CIIOJyUYCHHS
€JIEKTPOMArHiTHUX MapaMeTpiB Ha TPAHULIAX PO3pPaxoBa-
Hux nigobnacreit ACEM.

006’exT mocaimxenHsi. Ha ocHOBI kpaHOBOTO JBH-
ryna MTF-111-6 (2,6 kBt npu I1K-100 %) BUroToBieHo
ekcriepuMeHTanbHul 3pa3ok ACEM 3 kackagHOIO CHH-
XpOHHOIO IIBUIKICTIO oOepranHs potopa n=500 00/xB,
U,=127 B. T'onoBHi po3MipH €KCIIEPAMEHTAIBFHOTO 3pa3-
ka BignoBigarotb MTF-111-6. Ocepas sikopst Mae z;=36
na3ie. CywmimeHa oOMoTka sIKOps —  TpudasHo-
onHo(asHa, nBomaposa 3 2p;=4 ta 2p,=8. Ocepas poTopa
Mae z,=30 nasiB, SKi CKOHIIEHTPOBAHI 10 5 Ma3iB y rpyii.
KinbkicTe na3oBux rpym nopiBHioe 6. Mix rpynamu 3Bu-
YallHMX Ta3iB YTBOPIOIOTbCS MacuUBHa 3yOlieBa 30Ha,
KUIBKICTh SIKMX JOPIBHIOE KUTBKOCTI Ma30BUX Tpym. Bin-
MTOBITHO 10 I[LOTO TPYIIX Na3iB MK COOOK0 PO3MIIICHI i
kyToM 60°, a masu B rpynax BiANOBIIHO IiJ KyTOM
7=6,66° (puc. 1,0). O6MoTKa poTOopa Mae 6 Gpa3HUX KOPO-
TKO3aMKHCHHX HE3aJIC)KHUX MK COOOK KOTYIIOK, 1O 3
ceKuii B KOXKHIMH KOTyIINi, SIKi PO3MIILYIOTBCS HAaBKOJIO
MacuBHOTrO 3y01s (puc. 1,0).

3D koao-nosansoBa moaedab ACEM. PozpaxyHkoBa
3D reomerpruna momens ACEM TodHO i1 AeTaipHO Bimo-
Opaxkae 0coOJIMBOCTI Ti KOHCTPYKTHUBHOI Oym0BH (puc. 1), 10
SIKOI BXOJISITh PO3PAXyHKOBI MMi100acTi CKIIAIOBHX il aKTHB-
HOI YaCTHHH: ocepas skops 1; TpudasHo-oquodasHa 2p;=4
Ta 2p,=8 00MOTKa sIKOps 2; CHCTEeMa 1307141111 B Ma30Bii 30HI
ocepas sKopst 3; ocepast poropa 4; He3anexHa KOPOTKO3aM-
KHEHa 0OMOTKa pOoTopa 5; cHcTeMa 130JI11ii B Ma30Bii 30H1
ocepas poropa 6 (puc. 1,0). Cekuii KOTYIIOK OOMOTKH
SIKOPSL CKJIAJAIOTBCS 3 JIOOOBHX Ta IAa30BHX YaCTHH, SKi
3’€JHAHI TEOMETPUYHO Ta YTBOPIOIOTH 12 KOTYIIOK, 1O 2
KOTYIIKA B KOXHIM KOTYIIKOBIM rpymi (ABi KOTYIIKOBi
rpymu Ha (a3y). KoTymkm oOMOTOK SKOpsl Ta pOTOpa Mix
co00I0 MarTh TOBHY T'€OMETpUYHYy cuMmerpio. KoxkHa
KOTyIIKa OOMOTKH SIKOpsi Ma€ BBin 7 Ta BuBiz 8§ (puc. 1,a).
OOMoTKa poropa SBIsIE CO00 6 HE3AICKHHX (ha3HUX
korymok A, B, C, D, E, F (puc. 1,6). Koxna ¢a3zna ko-
Tymika MictuTh 3 cekuii — 1, 2, 3 (puc. 1,6), axi 3 enHani
MiX COO0I0 HAKOPOTKO.

Ilpy MaremMaTM4yHOMY ONMCI EJNEKTPOMArHITHUX
MPOLECIB MPUIMAKOTHCS NPUIYILEHHS. PO i30TPOIHICTH
eNeKTpO(i3UYHUX Ta ENEKTPOMATHITHUX BIACTHBOCTEH
MaTepiaiiB, BIICYTHICTh CTPYMiB 3MIIIEHHS Ta BUTBHHUX
3apsziB [20]. YV mpoMy BHIIAAKy HECTAI[iOHAPHI €IEKTPO-
MarHiTHI nporiecn B ACEM B pexxumi KOpPOTKOTO 3aMu-
kanHst (K3) MoxyTh OyTu OIHUCaHI CIIOJYYEHOK CHCTe-
MO0 HEJIHIHHHUX PIBHAHB Y YACTHHHUX MOXiAHUX [21]:

A%
o — 7%
=0

=

Puc. 1. IloBHa po3paxynkoBa 3D reomerpuuna monens ACEM
(a); pospaxynkosa 3D reomerpuuna mozaens potopa ACEM (6)

ooA;fot+a,(6; Y, +VX[(#oﬂj(B)WVXAj]=Jej? 0
~V-leoe, Vo -v-{o(0,)- w7 -a,)=0,

Je A — BEeKTOPHUI MarHiTHWH THOTeHLial; V — enexkTpud-
HUH CKALIPHUI MOTeHMia; B — IHAYKIlisS MarHiTHOroO mo-
TS, U, €, 0(6) — BIATIOBIIHO BiJHOCHA MarHiTHA Ta J{ICJCKT-
pUYHA TPOHMKHICTb, NMHUTOMA EJIEKTPOIPOBIIHICTD (I
KOKHOI pO3paxyHKOBOi 00JIacTi 3aJa€ThCsl OKPEMO 3TiIHO
MAarHiTHOI, eeKTpo(i3NIHOI Ta AieTeKTPUIHOI BIACTHBOC-
Tei MarepianiB); €— Temreparypa; @ — KyToBa 4actoTa; J,
— IIJTBHICTH CTOPOHHBOTO JDKEpeNa CTPyMy; IHIEKCH J
BIZITOBIATOTE MiTOOIACTSIM TEOMETPUIHOI PO3PAXyHKOBOT
obumacTi. Y BigmoigHocTi a0 [20, 21], cuctema piBasiab (1)
JIOTIOBHIOETHCSI YMOBOIO KaniopyBanHs Kynona div(A4)=0.

Ha 3o0BHimHIX rpanuipsix 3D ob6nacti y3aranbHeHOT
reomerpuunoi Moneni ACEM 3anaroThest ofHOpIAHI Tpa-
HU4HI ymoBH [21]:

Aj= O‘VJE(I,G)’ Aj=k-4, (x.z )ljt
Vi=9 ‘Vje(2,6)’ @
n; '(Jj): O‘J':l

Ta YMOBH CIIOJYYECHHS [UI MAarHiTHHX Ta eJeKTPHYHUX
IIOJIiB:

m < (H;—Hy )= 0|Vi,ke(1,6),i¢k’

H = (,uo,u)_lv x A,

©)
”i,k'(Ji_Jk):0|

vike(1,6)i%k’
J=0(0)-E, E=-VV -dd/ér,

ne H — nanpyxeHicTe MarHitHoro mnoist; E — Hanpyke-
HICTB €JIEKTPHUYHOTO MOJIS.
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Koncrpykuist  nBomrapoBoi  TpudaszHo-oaHodpazHol
cymimieroi ooMotku sikopss ACEM MicTuTh 2 KOTYIIKOBI
rpymu (1o 2 KOTYUIKM B KOXHIM KOTYIIKOBIi TpyIi) Ha
¢azy. Ileprma Ta TpeTs, Apyra Ta 4eTBepTa KOTYIIKH MK
co0o10 MiIKIIroueHi mociinoBHo. [lpyra Ta yerBepra Ko-
TYIIKA MIKIIOYEH]I MMapajelbHO 0 TEepIIoi Ta TPEeThol
KOTYIIKH. BUBOJM KOTYIIKOBUX Ipyn ycixX (a3 3’eqHaHi y
IIBi He3aJIeXKHI MK OO0 «3IpKI» — HYIBOBI TOUKH «0-+»
ta «0-» (puc. 2). Bignocno BBoxiB ¢a3 4, B, C, 1o sikux
MIBOIUTHCS 3MiHHA HANpyra, CyMilleHa 0OMOTKa SKOPS
ACEM e 3BnuaitHor0 Tpr(ha3HO 00MOTKOIO 3 KIJIBKICTIO
nap nosociB 2p;=4. BiqHocHO HynbOBHX TO4YOK «0+» Ta
«0—», 10 SKUX MiOBOTUTHCA IOCTiIMHA HAINpPyTa, € OJHO-
(ha3HO10, 3 KIJBKICTIO Map HOMIIOCIB 2p,=8.

T 7
b A =
_@_‘ 24 4y
LAWY
Vi 7
U WW—WW, &
s 4a
T I
U WW—AWW,
—@_‘ 2 4r
LMW .

Puc. 2. EnextpruuHa cxema MOJEIIBHOI peati3ariil )HUBICHHS
KOTYIIKOBHX Ipyn (a3Hux ooMoToK sikopst ACEM

IMpu mociipKeHH] MPOLECiB eIEKTPOMArHiTHOTO Tiepe-
TBOpeHH: eHeprii B ACEM npuiiMaeThCs NPUIYIIEHHS, 10
1i MAKITIOUEHO 10 Mepexi 3 HEOOMEKEHOIO MOTYXKHICTIO Ta
CHMETPUYHOIO cucTeMoro (hasanx Hampyr [21]. Tomy, moya-
TKOBI YMOBH BiZIlIOBI/IaI0Th IIEPILIOMY 3aKOHY KomyTartii [21]:

iA|0_ :iA|0+ =0;

’.B|07 - iB|0+ =0;
icly_ =icl,, =0,

(1) =2 U gy -sin(e-);
up(t)=~2 U g5, sin(w-1 +27/3);
uc(t)=V2 U g -sin(e-1 —27/3).

leomerpuuHa MoOJENb KOTYIIKM OOMOTKH SIKOPSI
ACEM (puc. 1) pearizoBaHa y BUIIISII OMHOTO €(heKTHBHO-
ro TpOBIOHMKA. BpaxyBaHHS KUIBKOCTI BHTKIB KOTYIIOK
oomotku sikopst ACEM BHKOHY€eTBCS 3riHO piBHSHAS [21]:
e~ mecoil > (5)

cr
I n — KUTBKICTh BHUTKIB 0OMOTKH; [ ;, — (Da3HUH CTpyM;
S, — TIONEPEeYHUil Tepepi3 e(pEeKTHBHOTO MNPOBITHHUKA;
€.0i/ — BEKTOpPHA 3MiHHA, 10 MPEICTABIISE JOKAIBHY LIiJIb-
HICTh €(EKTUBHUX IMPOBIIHHUKIB Y KOTYIII, TOBXHHY Ta
TIOTIePEYHUI TIepepi3.

CxeMHa peaiizaliisi 00MOTKHU sAKops (puc. 2) pa3om 3
PIBHSIHHSIMH MaT€MaTH4HOi MOJIEJNi E€JIEKTPOMAarHiTHOTO
nois Moxe OyTH BHKOHAHA, HAIPHKIAZ, 3a JOIOMOTIOI0
COMSOL Multiphysics 3 BUKOpHCTaHHIM MYJIbTH()I3NY-

(4)

J

HOi CTpyKTypu mpu moeaHanHi «Rotating Machinery,
Magnetic» ta «Electrical Circuity inTepdeiiciB. 3B’s130k
Ta MOTOJPKEHHS MapamMeTpiB OOMOTKH SIKOpS, IO € eJie-
MEHTaMH, K IOJIbOBOI MOZENI, TaK 1 eJJeMEHTAMH €JIEKT-
PUYHOTO KOJia, BUKOHYEThCS 3a pornomororo «External |
vs. U» tepminamiB. CxemHa peamizamis A1 OOMOTKH
poropa ACEM He mnorpibHa, Tak sK 3’€QHAHHS CEKIlii
MK CcO00I0 Il KOXKHOI 3 (pa3HUX KOTYIIOK OOMOTKH
pOTOpa peaizoBaHO TEOMETPUYHO.

Metoau AexkoMmo3uuii Ta JUHAMIYHOIO CUHTE3Y
NPH MOJCTIOBAHHI CKJIAJHUX NPOCTOPOBHX €JIEMEHTIB
akTnBHOI YacTuHn ACEM. 3acrocyBanusa 3D nomsoBoro
MOJIETIFOBaHHS HECTALIOHAPHHUX €JIEeKTPOMarHiTHUX IIpoLie-
ciB ACEM mnipu BpaxyBaHHI 0araTOKOMIOHEHTHOI MPOCTO-
POBOI KOHCTPYKIIii, @ TAKOXK HEJIHIHHOCTI eleKkTpodi3ny-
HUX Ta MarHiTHUX BJIACTHBOCTEH aKTHBHHX MarepiaiiB
JTO3BOJISIE 3 BUCOKOK) TOYHICTIO Ta ¢(PEKTUBHICTIO BIATBO-
PHUTH OCOOJMBOCTI NPOTIKAHHS HECTALIOHAPHHX EJIEKTPO-
MarHiTHuX mporieciB. OJHaK Npu BpaxyBaHHI oOepTaHHS
pyxomoi yactrau aktuBHOI yactnH ACEM, T0o6TO camo-
r0 pPOTOpa, BUHHKAIOTH CKJIAIHOCTI MPH YHCEIbHIN peati-
3a1ii 3aga4i po3paxyHKy 3D HecramioHapHOTO elleKTpoMa-
THITHOTO TIOJIS, IO TOB’S32HO 31 30UIBLICHHSM CTYIEHs
BUIBHOCTI €JIEKTPOMEXaHIYHOI CHCTEMH, a caMe 3pOCTaH-
HSIM KIJIBKOCTI He3aJe)KHHX 3MIHHUX B 3arajbHii cHCTeMi
PIBHSIHB, 110 MTOTpeOye 3HAYHOTO 30UIBIICHHST 00UHCITIOBA-
JIBHUX pecypciB. ToMy, JOLINBHOTO MEPEHTH O TIOCKO-
NapajensHOro (POPMYIIOBaHHS E€JIEKTPOMArHiTHOTO MOJIS
ACEM 3 peanizaniero obepTaHHs poTopa. Lle motpebye
PO3pO0KH crieliabHuX MinxoaiB st 3D MojenroBaHHS
€JIEKTPOMATHITHAX TIOJIB, IO O3BOJIUTH 3a0€3IIEUUTH
Y3rOJKEHHsI TOJIBOBOT 1 cxeMHOT Mojieneid ACEM.

MatemaTidHa TpoIeaypa ACKOMIO3HINT CKIaIZHOL
enekrporexHignol cuctemu ACEM mossirae B mpencTas-
JIEHI TIPOCTOPOBOI PO3PaXyHKOBOI OOJIACTI MEeKiTbKOMa
OKpEMHMH TMi100/1acTSIMU — PO3PaxXyHKOBUMH 30HAMH.
KoskHilf 13 X 30H CIIiJ] HOCTABUTH y BIATIOBIAHICTE TIPO-
TIKaHHS €JIEKTPOMArHiTHUX TPOLECIB, SKi YTBOPEHI IJIi-
CHOI0O PO3pPaxyHKOBOIO O0yacTio. MeTa JeKOMITO3UIIii
ckianHoi enekrporexHiyHoi cuctemu ACEM momsrae y
BiJJOKpEMIICHHI JIOOOBUX YacTUX OOMOTKH SIKOPS Ta POTO-
pa Bixg npoctopoBoi mozeni ACEM Ta BinoOpakeHHs iX y
CXEeMHIH Mozeni i3 30epeKeHHAM 3B’SI3KiB eIeKTPOMarHi-
THHX IIPOIIECIB MiXK HUMH, 11O JO3BOJIHUTH OTPHUMATH ITiJ-
CTaBM ISl QJAaNTHBHOTO TEPEXOLy A0 IUIOCKOIApajiellb-
HOT'O KOJIO-TIOJIbOBOTO MO/IEITIOBAHHSI.

[IpocropoBy po3paxynkoBy obmacte ACEM (puc. 1)
MO>KHA MOJUTUTH Ha 6 OKPEMHX PO3paxyHKOBUX ITigo0sia-
creir (puc. 3): @ — ocepas Ta Ma3oBa 4acTHHA OOMOTKH
skopst ACEM (j=1), 6 — BimnoBigHo jiBa (j=2) Ta mpasa
(j=3) m060BiI YacTHH OOMOTKH SIKOPSI; 8 — OCEPAs Ta Ma30-
Ba yacTHHA OOMOTKH potopa (j=4); ¢ — BIAMOBIAHO JiBa
(/=5) Ta mpaBa (j=6) 71000Bi 4acTHH (a3HUX KOTYIIOK
00MOTKH poTOpa.

Toxni B iHTErpaNbHUX CITiBBiIHOMICHHAX, 00°€M 00-
JIACTI €JIEKTPOMArHITHOIO IIEPETBOPEHHS CHEPTii 3MiHHO-
ro ta noctiiHoro ctpymiB st ACEM moxHa mpezacra-
BUTU Yy BUIVIAAI CyMH O0’€MiB BHIIE3a3HAYEHHUX LIECTH
mirobacreit:

H j drdydz = Zf: j ”dxdydz. (©6)
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Puc. 3. lexomno3uuiiini 3D po3paxyHkoBi 3ouu ACEM:
ocepls Ta Ia3oBa YacTHHA OOMOTKH SIKOps (a);
JiBa Ta mpaa JIOOOBi YaCTHH OOMOTKH SKOpSI (0);
oceplis Ta IMa30Ba YacTHHA OOMOTKH poTopa (8);
JIiBa Ta IpaBa JJ0OOBI YaCTHHY (ha3HIX KOTYIIOK OOMOTKH poTOpa (2)

VY upoMy BHNAIKy €JIEKTPUYHI BTPATH Ta MarHiTHa
eHepris B obOsacti aktuBHOi yactmHn ACEM Bu3Haua-
IOTBCS SIK CyMH 1X 3Hau€Hb JUIsl BIATIOBIJHUX Migo0acTen
y BUTJIS:

Py = if’i = 26:.[”0"1',](9)_1

i=1 V;

-2
Ji| dxdvdz,  (7)

6 6
Wy =W, =3 [[[ oo (B, B Jixdydz.— (8)
i=1 i=1 Vi

[Tpn nexommo3uuii TPUBUMIpHOI 00JIACTI AKTHBHOL
yactuHd ACEM B 30HaXx, 110 Ii yTBOPIOIOTH, €IEKTpOMar-
HITHI NPOLIECH ONHUCYIOThCS AN(PEPEHIIHHUMH PiBHSIHHS-
mu (1) 3 ymoBamu (2), (3), ane MOXyTh OyTH PO3TILIHYTI
okpeMo oxHa Bin oxHoi. [Ipy oMy Ha TpaHHIAX iX CIIO-
JTy4eHHS TTOBHHHI 33/1aBaTUCh BiIIOBiTHI YMOBH.

Jlns ma3oBOi 30HM Ocepis SIKOpsl Ta poOTopa 3aja-
I0THCSI YMOBH IIJIOCKOTIAPAJIEIHOTO MOJIST:

Ha rpanuigx croiy4yeHHS HOBEpXOHb JIOOOBOI Ta
MA30BOi YaCTHHUA OOMOTOK SIKOpSI Ta pOTOpa MPHUHMAIOTh-
Csl yMOBH BUAY:

Az,i = Az,i+1|gl >

i,i+1

(10)

Ay =4y =0) " (11)

Takox Ha TPaHHULX CHONYYEHHS HMOBEPXOHb J000-

BOi Ta Ma3oBOi YaCTUHM OOMOTKHM SIKOpSI TPHUHMArOTHCS
YMOBa PIBHOCTI €IEKTPUYHUX ITOTEHIIIaTiB:

{Ul- :UI-JFI}LC%I_+1 =const ;, (12)

a TaKOX YMOBa PIBHOCTI CTPYMIB JUIS CeKLid (ha3HUX
KOPOTKO3aMKHEHHX KOTYIIOK OOMOTKH pPOTOpa:
{[rm = IVm+1}|_Q

'm,m+1

(13)

=const,, .

CrtpyMH B KOTYILIKOBHX Ipynax OOMOTKH SIKOpPsI BH-
3HAYaIOThCA IS 3aaHuX 3HaueHb Hanpyru K3 Ug,:

AU, =3 (v, (14)

ze {AU ; J-} — MaJiHHA HANpYTH; i, j — KUIbKICTH TTOCIIiT0B-

HUX Ta MapajienbHUX TiJIOK 0OMOTKH SKOpSI.

B ymoBax crioyuenHst (14) 3HaueHHsI const; € «BiJb-
HUMU». TOMy MOTEHIliaJl Ha 30BHILIHIX I'PAHULSX CHpS-
JKeHHS Tito0acteil JIoOOBHX Ta Ma30BUX YaCTHH OOMOTKHU
SIKOPS1, & TAKOXK 3HAYCHHSI CTPYMIB Ha MPAHHILIX CIIPSIKCH-
HS TIa30BOi Ta JIOOOBOI YaCTUHM CEKIlii (pa3sHUX KOTYIIOK
O0OMOTKH poTOpa HE MOXKYTh OYTH 3a37alerigp 3aJaHi.
Bonu BU3HAYArOTRCS 3 PillIeHHS 331491 ONTHMI3aIlii.

Tomy npu cuHTE31 po3paxyHKOBHX 30H B 3D oOmacti
KOHTYpY, KpUTEpiii TOYHOCTI CHUHTE3y 1 BIAINOBIJHA oMY
1Ib0Ba (DYHKIIISI BU3HAYAETHCSI CYMOIO KBAJIPaTiB HEB’sI30K
aMILTITY/l CTPYMiB B 00MOTKax sikopsi Ta poropa ACEM:

2

min{M(D,R)=> A% => | > I;~I, | {. (15
J J\i j
VY 3aranpHOMY BUMAAKy HiiboBa ¢yHKIis M(D,R) €
(hyHKIIEF0 BEKTOPIiB HE3aJEeKHO BapioBaHuX D 1 3amex-
HUX R mapamertpis. [lagiHHsS Hanpyrn Ha AUISHKAX KOHTY-
PIB OOMOTKH SIKOpSI PO3IIISAAIOTHCS SIK MPOEKIIIT BEKTOPY
HE3aICXKHO BapiiioBanux mapameTpie D. Ile mo3Boisie
TIepeTBOpUTH 1iTboBYy dyHKIiI0 M(D,R) B dhyHkiito M (D)
1 IPUBECTH YMOBY ONTUMaJIbHOCTI (15) 1o BUIISsIIY:
2

min M (D)= | > 1,(D)-1I, (16)
JNi J
s peanizarii 3aBganns (16) AOIBHO 3acTOCYBa-
TH 100pe anpoOoBaHuWil Ui NOAIOHOTO KJilacy 3a1ad Me-
TOJI TUHAMIYHOTO MporpaMmyBaHHs [22].
I[Ipn 1noOymoBi peKypeHTHOI CHCTEMH piBHSHb
bBennmana BekTop mapameTpiB ONTHUMI3allii 3 KOMIIOHEH-

tamn AU, j CIIJL IPEACTABUTH Y BUIVISAL CyMH BEKTOpiB
MMOYaTKOBOI0 HaOMMKeHHs [22]:

e m03BOTUTH MPENCTaBUTH HITHOBY (PYHKIIIIO SK:
M(N{AU,-J})NzM({AUiJ}Oj{ﬁAUij}l)z "
=M+ AM(Dy,0D,)= My + AM,.

[pencraBuMo y BiMOBIIHICTE YMOBY ONTHMaJIBHOCTI

(16), six cucteMy pekypeHTHHX piBHSHB benmana [22]:

in AM s = ®(Dy )= min...min|(AM,(Dy, oD, )+ ...
min z (o) ?1;? %?K 1( 0> 1)+

i+ AM . (Dy_,, 0Dy, ))]

CniBBinHourenss (16) ta (19) Bu3HavaoTh qUHAMI-
YHY aJalTallil0 yMOB CIOJNYYCHHS EIEeKTPOMArHITHUX
noxis (9) — (14) Mix 1060BOIO YaCTHHOIO PO3PaxyHKOBOT
30HM Ta aKTUBHOIO YaCTHHOO Ma3oBoi 3D po3paxyHKOBOT
30HU sikopsa Ta potopa ACEM. Itepaniiinuii o04mciroBa-
JBHAUN TIPOLIEC Peati3yeThCs MUIIXOM ITUHAMIYHOTO IIPO-
rpaMmyBaHHs [22] ipu 3aJaHii TOYHOCTI 32 MOIYJIEM aMII-
mityn & < 0,1 % i dasamu crtpymis g, < 0,5 %. [t no-
CTIHHOTO CTPYMY 3aJIa€ThCS TOUHICTH TUIBKH 32 abCOJI0-
THHUM 3HAYCHHSM.
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Ha puc. 4, 5 HaBesieHi pe3ysbTaTH MOJLOBOIO MOJe-
JIFOBAHHS JIEKOMIIOHOBAHHX PO3PAaXyHKOBUX 30H aKTHUBHOI
yactuan ACEM y BUIIsial po3nofiny Z-CKiaaoBol BEKTO-
PY MarHiTHOro NMoTeHILiaTy 4, Ta eHeprii MarHiTHOTO MoJIs
E 3 3acTOCyBaHHSAM METONY JAWHAMIYHOI afamTallii 3a Kpu-
TepieM CTPYMOBHX NOXHOOK. Pe3ynpTaTh dHCEIHLHOTO
PO3paxyHKy TOPIBHIOBAJIMCH 3 PE3yJIbTaTaMH, OTPHMaHH-
MH IIpY LUTICHIA pO3paxyHKOBOi 30HH, SIK JUIS HOJIBOBOI
mogneni ACEM (puc. 1,a), Tak i 3 OKpPEMOIO TOIHEOBOIO
MoJerutto akTUBHOI yacTuHu sikops ACEM [21]. B ta6m. 1
HaBENICHI IMOXMOKH pPO3PaxyHKiB METOJOM IAHHAMIYHOI
ajanTarii MmoJs0BUX MOZEJICH IPH CHHTE31 SIICKTPOMArHi-
THOTO KOHTYPY JEKOMIIOHOBaHHMX 30H aKTUBHOI 4aCTHHU
ACEM. Ilpu npomy HeB’si3ka 3a BTpaTaMH aKTUBHOL
notyxHocTi ckiangae 0,042 — 0,109 % s 3MiHHOTO CTPY-
My, 1a 0,015 — 0,0184 % a1t MOCTIHHOTO CTPYMY, B 3aJie-
JKHOCTI BiJ] PO3paxyHKOBOI migoOnacTi KOHCTPYKLIHHMX
exneMenTiB aktuBHOI yactuaun ACEM. Hes’s3ka 3a mamif-
HSIM Hampyrd B JIOOOBHMX Ta IAa30BHX YacTHHaX OOMOTKH
sikops BiamosiaHO 0,74 — 0,98 % (w1 3MiHHOTO CTPyMY) Ta
0,0211 —0,091 % (s MOCTIHHOTO CTPYMY).

3a pe3ysbraTaMy YMCEIbHOTO PO3PAXYHKY BHU3HAUeE-
HI CKJIa[0Bi €Heprii MarHiTHOTO IOJIsI JCKOMIIOHOBAHHUX
30H akTuBHOiI uyactuHH sikops ACEM Ta po3paxoBaHO
HEB’sI3Ky CYMapHOTO 3Ha4€HHs €Heprii MarHiTHOTrO MOJis
31 3HAYEHHSIM €HEprisi MarHiTHOTO TOJISl TP YHCEIbHOMY

E, J/m’ x10* A,,Wb/m x10°

3.93 405
3.72 363
3.51 322
331 281
3.1 239
2.9 198
2.69 156
2.49 115
2.28 73.3
2.08 31.9
1.87 -9.53
1.66 -51
1.46 -92.4
1.25 -134
3 1.05 -175
0.84 -217
0.64 -258
0.43 -300
0.23 -341
0.02 -382

PO3paxyHKy LUTICHIH PO3paxyHKOBIil 30HI aKTHBHOI Yac-
TUHH sikopst (Tabi. 1). Tak sk Opu onTUMI3AIil OKPEeMHX
PO3paxyHKOBUX 30H IpH 3actocyBaHHi (15) eHepris mar-
HITHOTO TOJNS € 3aJeKHUM IIapaMeTpoM, TO 3Ha4Ha
HEeB’si3Ka 3a 3HAYEHHsIM €Heprii MarHiTHOro mojs 3a
3MiHHUM CcTpyMoM OFE,|,c = 14,841 %, Ta 3a mocTiltHUM
cTpyMoM OE,|pc = 4,587 % BUKIIMKaHA HE BPaXOBAHOIO JTI€I0
KpaioBuX e(eKTiB, SKi NMPU3BOIUTH 1O MiIMarHidyBaHHs
JO0O0OBUMH YacTHHAMH OOMOTKH y TOpLEBiH 30HI ocepms
skopsi. 11 BpaxyBaHHS il KpaHoBHX e(eKTiB i 3a1ad
YHCENTPHUX PO3PAXYHKIB 3 po3AuTbHIMH 3D 30HaMu uis
piBHsHHS ontumizarii (15), mapamerp eHeprii MarHiTHOrO
TOJISl HEOOXIZHO BIJIHECTH JI0 TPYIH BapiHOBaHHUX Mapamer-
piB D. Ilpu upomy, noxubka 3a €HEpri€l0 MarHiTHOTrO OIS
Oye 3BelieHa 3a 3MIHHHM CTPYMOM JI0 OF,| 4 = 0,274 % Tta
3a MOCTIHHUM CTPYMOM — J10 OE, | pc = 0,0831 %.

B iHmomy BHManmKy, s 3a1a4 3aMiHH TPOCTOPOBHX
€JIEMEHTIB JIOOOBHX YacTWH OOMOTKHM SIKOpSI €JIeMEHTaMU
SIIeKTpUYHOTO Kona (mpu 3amavax amantaiii 3D mo 2D um-
CEeNTPHMX PO3PaxyHKIB), M0 KpaoBUX e(eKTiB, MIONO M-
MarHiuyBaHHs JIOOOBUMH YaCTHHAMH, MOXKHA BPaxOBYBaTH
gepe3 J0olaBaHHS B3a€MHOI iHAYKTUBHOCTI MK ITA30BIMH Ta
J00OBHMH 30HAMH OOMOTKH SIKODSI, SIKY MOYKHA BU3HAUHMTH
3a JIOMIOMOT'0F0 HACTYITHOTO BUpa3y, 3riiHo [21]:

2
Lil=2w; /1. (20)
5 %x10°A, Wb/m x10™
E, J/m

2.65 75.5
2.51 66.3
2.37 57.1
2.24 47.9
2.1 Eq 387
1.96 205
1.82 20.2
1.68 11.1
1.54 1.84
1.4 -7.36
1.26 -16.6
1.12 -25.8
0.99 -35
0.85 E{-44.2
0.71 1 -53.4
0.57 -62.6
0.43 -71.8
0.20 -81
0.15 -90.2
0.01 -99.4

0

Puc. 4. Z-cxiafoBa BEKTOpPY MarHiTHOro noteHuiany 4, ta eneprii MaraiTHoro noist £ B akTuBHiN yacTuHi sikops ACEM:
a — 11a30Ba 30Ha aKTHBHOI YacTHHH SIKOPS (f = 1); 6 — 1000Ba 30Ha aKTUBHOI YaCTUHU SKOpsI (j = 2,3)

E, J/m’x10* A, Wb/mx10

-345

a

E, J/m’ x10°> A,,Wb/mx10™

6.19 304
5.87 265
5.54 226
5.22 186
4.9 147
4.57 107
4.25 68
3.92 28.6
3.6 -10.8
3.27 -50.1
2.95 -89.5
2.63 -129
2.3 -168
1.98 -208
1.65 -247
1.33 -286
1.01 -326
0.68 -365
0.36 -405
0.03 -444

0
Puc. 5. Z-ckiagoBa BeKTOpY MarHiTHOro HoTeHMLiany A, Ta eHepril MarHiTHOro nouist £ B akTuBHil yactuni potopa ACEM:
a — Ta30Ba 30Ha aKTHBHOI YacTHHU poTopa (j = 4); 6 — 1060Ba 30Ha aKTUBHOI YaCTHHH poTopa (j = 5,6)
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Tabmus 1

IToxubKH po3paxyHKiB METOIOM JIMHAMIYHOT aJ[anTailii HOJIbOBUX MOJIEIICH MPU CHHTE31 €eKTPOMArHITHOTO KOHTYPY
JIEKOMITOHOBaHUX 30H akTUBHOI yactunu ACEM

Po3paxyHkoBi mio6nacti
(30HM)

na3oBa 30Ha aKTUBHOI

JacTHHH siKopA (j=1)

710060Ba 30Ha aKTUBHOT
YJacTHHH sIKopA (j=2,3)

1a30Ba 30HA aKTUBHOT
YacTUHH poropa (j=4)

710060Ba 30Ha aKTUBHOT
4JacTHHH poTopa (7=5,6)

Brpatu aktiBHOI TOTYXHOCTI (BiX

b - . 0,042 % /0,015 % 0,064 % /0,0168 % 0,096 % /0,019 % 0,109 %/0,0184 %
3MIHHOTO / HOCTIHOTO CTPYMiB)
[Maninus Hanpyru (Moxyis / dasa) 0,74 % /0,091 % 0,98 %/0,0211 % - —
[Maxiaas mocTiHHOT HApyTH 0,184 % 0,156 % — —

Enepris MarHiTHOTO moJst

IPY MOJETIOBAHHI aKTHBHOI YaCTHHU SIKOPS (TIPU BiJOKPEMIICHHI aKTUBHOI YaCTHHH POTOPA)

(BiJ 3MiHHOT'O/TIOCTI{HOTO CTPYMIB)

aKTUBHOI YaCTHUHU AKOPA

OF ,Jacmc = 14,841 % / 4,587 %

Enepris MaraiTHOTO MoJIs

npu MozenoBanHi aktiBHOI yactiHH ACEM (mipu BimoKpeMIieHHI akKTHBHOT YaCTHHH POTOPa)

(Bi 3MiIHHOTO/TIOCTITHOTO CTPYMiB)

AKTUBHOI YaCTHHU POTOpa

OF , [acnc =6,33 % /1,71 %

[Tpu 1BOMY eHeprir0 MarHiTHOTrO IOJIs, sIKa BijO-
Opakae mposB KpailoBoro e(ekTy, MOKHA BU3HAYNTH SIK:

ZE,

Ae E; — eHepria MarsitHoro nosns j-i pozpaxyHKOBo'i migo-
omacti; E,.|, — €Hepris MarHiTHOTO TOJS IPH MOJEIIO-
BaHHI AaKTHBHOI YacCTHHU sKops (IIpH BiJOKpEeMIICHHI
aKTUBHOI YaCTHHU POTOPA).

3a TakoI0 )X METOANKOIO MOYKHA BU3HAYHTH B3aEMHY
IHIYKTUBHICTh MiX Ma30BUMH Ta JIOOOBUMH 30HAMH CEK-
it (ha3HUX KOTyImOK 00MOTKM poropa. [Ipu npomy, eHe-
Prito MarHiTHOro mouisi, sika BijoOpakae edexT miamarHi-
YyBaHHsI JJOOOBOT 30HHM B TOPIIEBii 00JacTi oceps poTo-
pa, MO>KHA BU3HAUUTH SIK:

|end.a ”6?| (21)

ZE , (22)
ne E,e|em — €HEpris MarHiTHOrO TOJISE IPU MOJIENIOBaHHI
axtuBHOI yactuan ACEM.

TakuM YMHOM, JIOCTOBIPHICTB 1 TOUHICTbH PE3YJIbTATIB
MOJICTIFOBAHHS 3 BHUKOPHCTAHHSIM METOJIB JIEKOMIIO3HUIIIT
3D o6macti aktuBHOi yactuHu ACEM 1 auHaMigHOrO
CHHTE3Y CJICKTPUYHUX MapaMeTpiB B il KOHTYpI MOXKHA
3a0€3MEeYNTH 32 YMOBH, L0 PO3IMOALT €IEKTPHYHNX MOTEH-
[iaJliB Ha MEXKax CHONYYCHHS 30H HaOIKAEThCS IO PiB-
HOMIpPHOTO, a PO3IOJIIST MarHITHOTO TIOJIS BiATIOBiTA€ TUIOC-
KoMapalieIbHOMY MOJI0. B 1bOMy BHUMAJKy, CymMa aKTHB-
HHUX BTparT 1 eHeprii MarHiTHOro IoJisi 3 BpaXyBaHHSIM Kpa-
1oBHX e(heKTiB B 00J1aCTI CIPSDKEHHS MMA30BUX Ta JTOOOBHX
YaCTHH B PO3PaxXyHKOBHX 30HaX OYAyTh 3 BUCOKOI TOHHi-
CTIO BIJNIOBIJaTH aKTHBHHMM BTpaTaM i BTpaTaM MarHiTHOT
eHeprii i 3D obnacti Beiei aktuBHOT yactuan ACEM.

BusHavyeHHsI aKTHBHUX OMOPiB Ta iHAYKTHBHOC-
Tell TOPIEBHX YACTMH OOMOTOK TPH MOJeTIOBaHHI
CKJIJIHUX NMPOCTOPOBUX €JIEMEHTIB AaKTHBHOI YaCTHHH
ACEM. VY Bunajky, KoJii NIBUAKICT 00EpTaHHS poTOpa
n > 0, akKTUBHUH Omip 1 MOBHA IHAYKTUBHICTH OOMOTKH
potopa OyIyTh 3ajiekaTH Bif KoB3aHHS poropa s ACEM.
Tomy, ans amantuBHOTO Tiepexony Bix 3D mo mmockoma-
paJIebHOTO KOJIO-TIOJBOBOTO MO/JISIIOBAHHS HEOOX1IHO
JIOZIATKOBO BPaXOBYBATH 3MiHY aKTUBHOTO OMOPY 1 IHAYK-
THUBHOCTI JIOOOBMX YacTHH CEKLiil (ha3HUX KOTYIIOK 00-
MOTKH pOTOpa y BHIIAAi 3amexHocteii R™,=f(s) Tta
L =fs). lns1 1poro 11si po3paxyHKOBOI 0671acTi 71060-
BHX 4YacTHH 00MOTOK sikopsi Ta poropa ACEM Bukopuc-

|end.r - res|e I'€S|

TaeMo Bapiatiiine (JOPMYJTIOBaHHS PIBHSIHb €JIEKTPOMArHi-
tHOro 1ojst (1) [23], mio mo3BoIIsiE 3aMaTy PIBHSHHSA 00ep-
TaHHS EJIEKTPOMAarHiTHOTO MOJISi B PO3paxyHKOBIH 00i1acTi
7000BOT YacTMHM KOTYLIOK OOMOTKH pPOTOpa BiITHOCHO
HEPYXOMOTO MarHiTHOTO IIOJISl PO3PaxyHKOBOi 00acTi
7000BOT YACTUHU OOMOTKH SKOPS. Y JTAaHOMY BUMAJIKY HPH
BUpIIIEHH] KpaloBOl 3ajadi JUIsi MEepIIoro piBHSHHS CHC-
TeMu piBHAHD (1) HEOOXiJHO NMOMHOXWTH JIBY Ta IIPaBy
YaCTHHMA Ha TpPOOHY BEKTOPHY (YHKIHIO ¥ 3 TPOCTOPY
npobHux (yHKUiil A Ha IpaHMUAX BHYTPIHLOI Sy Ta
30BHIINIHBOI ) MOBEPXOHB {2 JT0OOBOI YaCTHHH OOMOTKH
poTtopa (pu BHKOHaHHI YMOBH axl = () Ta HE0OXigHO
MPOIHTErpyBaTH 32 00’ €MOM PO3paxyHKOBOI 001acTi £

IJ.[.,/ : [v x (y(;lﬂ;lv x A)]dxdydz +o

o+ [[fo-Uoat s 0vp stz [[fo-d .
v v

Jnst 3HWKEeHHS! NOpSaKy TudepeHIifoBaHHs B TTiJi-
HTErpaJIbHOMY BHPa)XCHHI IepUIOTro 00’ €MHOTO0 iHTerpaa
HEOOXiTHO BMKOPHCTOBYBATH CITIiBBIAHOLICHHS JUIsl OIe-
paropa poTopa

v-qu—u~va:V-(u><v).
IIpuitmemo e, o

-1 -1
v=y, u=uVxA,a u=puy p, ,
Tozi criBBigHOMEHHS (23) OyAe MaTH BUTIISA:

I.[.[”'(VXA)(VXW)dxdydz+.._

+” V.[(nyA)xy/]dxdydz+... (24)
V

+ «//-(jO'a)A+JVV—Je)dxdydz:0.
1]}

Hami mepeTrBOopuMO ApYyrHil 00’€MHHMI iHTETpanm y
MMOBEPXHEBUH iHTETpaln 3acTocoByioun (¢opmyny [ayca —
Octporpancekoro [24]:

JJfv-ta

3 BPaxXyBaHHAM TOTO, IO
u= (,uV X A)>< v,

)dxdydz = ”u nds

Ta
(uxv)-w =—(wv)-1.
Topni piBHsiHHSA (24) MOXKHA NIPEJICTABUTH SIK:
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[[[#-(vx ANV )rdydz = [[ (> v x A)dS ...

(25)
...+my/~(jamA+JVV—Je)dxdydz:o.

14

Taxk sK Ha MOBEPXHAX Sy 1 S|, AKi OMEXKYIOTh pO3pa-
XYHKOBY OOJIaCTh JOOOBMX YacCTHH (pa3HUX KOTYIIOK
00OMOTKH poTOpa £2, 3a/1aHO JIHIIE TPAaHUYHY YMOBY IIep-
I0TO POfy, Ui siKoi nxy = 0, To g piBHAHHS (25) B
OCTAaTOYHOMY BUIJISI MOKHA ITPEACTABUTH SIK:

III/J'(V x AV xy)dxdydz +...

...+mw.(jawA+ow—Je)dxdydz:(). 20
V

Jpyre piBHsiHHA i3 cucTeMu piBHSHB (1) MOMHOXU-
Mo Ha QyHKUIi0 N 3 IPOCTOPY NMPOOHUX CKAISAPHUX (YH-
KUii @ 3 0IHOYACHUM IHTErpyBaHH;M 3a 00 emom V [24]:

—J”N-[V-(jo-a)A+0'VV—Je)]dxdydz =0. (@27
;

JIyis 3MeHIIeHHST TOPSIIKY TUQEpEHIIFOBAHHS CKOPHC-

TAEMOCH CITIBBITHOIIICHHSIM IS OTIEpaTopa TUBEPTreHIIii
V-(fu)=fV-u+uvf.
SIK11o 3poOuTH NPHITYIIEHHS, 10
f=N, u=J,
Jie TIOBHU CTPYM MOJKHA BH3HAYHTH K [26]:
J=0oVV+jowA-J,,

TOMi 3rimHO (27) OTPUMYy€EMO, IO

[[[r-vN)dxdydz - [[[ V(NI )dxdydz =0 (29)

(28)

[TeperBoprMO npyrui 00’€MHUI iHTErpasl B IMOBEp-
XHEBUH, Ta 3p00MMO MTPUIYIIEHHS, 110
u=N-J,
TOAL:

I”(J'VN)dxdydz —”(NJ'n)dxdy =0. (30)

B ocratouyHOMYy BUTJISI CKBiBaJICHTHA BapiamiiiHa
MOCTaHOBKa AJIs PiBHSAHG (1) Oyze MaTu BUTIISL:

[[[ (v x Y7 x 9 Yaxdydz + [[[ (7 -9 )dxdydz = o;

[[](r- vV )dxdydz - [[ (N, Jdxdy = 0, (31

Jluis BupimeHHs Bapiauiiinoro piBHsiaHS (31) myka-
HUN CKaJSpHUI MOTEHI[ial J TpEeACTaBICHO y BHIVIAIL
PO3KIIaJlaHHs 32 KBaJPaTHYHUMH JIarpPaH)XOBUMH Oazuc-
HUMH (QYHKIISMH, a BEKTOpP-TIOTEHIia] — 3a 0a30BUMHU
BeKTOp-(QYHKLIsIMU Jpyroro rnopsiiky. Ha puc. 6 HaBene-
HO PEe3yJIbTaTH YHCEIHLHOTO PO3PaXyHKY Y BUTJISI CHIIO-
BHUX JIiHIH BEKTOPY MarHiTHOTO IOTEHIialy, a TakoX X, Y,
Z-KOMIIOHEHT BEKTOPY MArHiTHOIo moTteHuiany A, 4,, A.
IUIA PO3PaxyHKOBOI 00NacTi JOOOBHX YacTHH OOMOTOK
sikopst Ta poropa ACEM.

3a 3HaiIleHnM pO3IOIIIOM TOTEHIiany A, TOBHOTO
cTpymy J Ta Hampy»KEHOCTI eJIeKTpU4HOro noss £ MoxHa
3HAMTH aKTUBHMH ONIp Ta IHAYKTHBHICTH JIOOOBHUX YaCTHH
ceKuill (a3HuX KOTYIIOK OOMOTKH POTOpa 3 BpaxyBaHHAM
LIBHJKOCTI OOEpTaHHs €JIEKTPOMArHiTHOTO MOJIsI BiTHOC-
HO 1000BUX YacTuH 00MOTKH sikopst ACEM [25]:

A Wb/m x107°

2003
1798
1594
1389
1185
981

776

Ay, Wb/m X107

16651
14993
13335

A, Wb/m x10™

Puc. 6. Cxnanosi 4, (a), 4, (6), A. (6) BEKTOpYy MarHiTHOro
MMOTEHIIATY B 00JIACTi TOOOBMX YaCTHH OOMOTOK SIKOPS
Ta poropa ACEM

ji Rels - E" Jdvdydz

R= ;
I2

L :II%J.I}“J‘(A~J*)dxdydz,

ne I, — cTpyM B i-My KOHTYpi pO3paxyHKOBOi 00acTi;
E', J' — KOMIUIEKCHO-CIPSKEH] BETHYMHH BiAIOBITHO
HAarpy>XeHOCTI eJIEKTPUYHOTO OISl Ta TOBHOTO CTPYMY.

[HAyKTHBHICTS Ta B3a€MHA iHIYKTHBHICTH JOOOBUX

YaCTUH OOMOTKH SKOPSI:

(32)

1
Izivj

LivL= m (4-J)dxdydz . (33)
V

Tiv j=0
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1
My = M(AJ)dxdydz—L,.,--1,~2 . (34
iy

Lin j#0
ne I;, I; — ctpymu B i Ta j pa3ax 0OMOTKH SKOPSL.

Slxmo npu oGepTaHHI TOOOBUX YaCTHH OOMOTOK pO-
TOpa TOBHA IHAYKTUBHICTH JIOOOBHUX YacTHH OOMOTKH
SIKOpsi L; HE 3MIHIOETHCS, TOOTO ii 3HAYCHHS BIANOBIIAE
3HAUYEHHIO MPU CTATUYHOMY PO3MILIEHHI JIOOOBUX YaCTHH
0OMOTKH pOTOpa BiJJHOCHO SIKOPS, TO TIOBHA 1HAYKTUBHICTh
Ta aKTHBHUH OMip JIOOOBUX YacTHH OOMOTKH pPOTOpa Oy-
JyTb 3aJIeXUTh Bl KoB3aHHs poropa ACEM (puc. 7).

1 115
R, p.u. Lpu

095 &

o 1 111
09 ..
.
e 1.05
0.85 g
..
‘..
..
0.8 1
0 02 0.4 0.6 08 s, pu.

Puc. 7. Pe3ynpraTu 4ucenbHOTO PO3PAXYHKY OO 3aT€KHOCTI
aKkTHBHOTO o1opy (1) Ta moBHOI IHAYKTHBHOCTI (2) T000BHUX
YaCTHH CeKIill (pa3HUX KOTYIIOK OOMOTKH POTOpA BiJ KOB3aHHS
excrepuMeHTanbHoro 3paska ACEM

BpaxyBannsi yM0B aMHaMiuHOi ajganTanii nmapa-
MeTpiB NPOCTOPOBUX e€JIeMEHTIB AKTHBHOI 4acCTHHM
ACEM npu nepexonai Bix 3D m0 2D moaboBoro mose-
moBaHHsA. TpuBUMIpHY 00nacTh JIOOOBUX YacTHHU 00-
MOTOK sikopsi Ta poropa ACEM MoXHa MpEeACTaBUTH Y
BUTJISIII AKTUBHHX Ta IHAYKTHBHUX €JIEMEHTIB eJeKTPHY-
Horo kona. Ha puc. 8 moka3aHo mpuHImI OyIOBH KOJO-
MOJIOBOI MOJIE, Jie Ma30Bi YaCTHHU OOMOTKHU SKOPS Ta
poTopa, AKi € eleMeHTaMH TeOMETPUIHOI PO3PaxXyHKOBOI
oOmacTi akTMBHOI 4YacTWHM 10Jb0BOI Moxeni ACEM
(Q1 — mipobmacTs ocepas sxopsi; Q2 — migoOIacTb BEpX-
HBOTO Ta HIDKHBOTO MIAPiB Ma30BOi YaCTHHU OOMOTKHU
skopst; Q3 — migobmacte ocepas portopa; Q4 — migo-
Onacth mNa3oBoi 4YacTWHM OOMOTKHM poTOpa), 3 €IHaHi
BIJITIOBIZTHO 3 JIOOOBMMH YaCTUHAMU OOMOTOK SIKOPS Ta
poTtopa, siKi TpENCTaBJIEHI eleMEHTaMH eJIeKTPUYHOTO
KOJIa: B3a€EMHOIO IHAYKTUBHICTIO MiX JIOOOBOIO Ta Ia3o-
BOIO YACTHHAMH CEKIlii 0OMOTKH sKopst M, 110 Bpaxo-
BY€ KpaloBUi e(peKT MIOAO MMigMarHiueHHsI JT00OBUMH
YaCTHHAMH OOMOTKHU TOPIIEBOI 30HU OCEPS SIKOPS; aKTH-
BHOTO TIOPY JIOOOBO{ YaCTHHU CEKIil R/ TIOBHOI iHIYKTH-
BHOCTI JIOOOBOT YaCTUHU CEKIlil 0OMOTKH L. JIJIso cexii
0o6MOTKH portopa — Bignosiguo M, R, L;. AKTUBHHI
omip R; Ta MOBHA IHAYKTHUBHICTb L, MpEICTaBIEH] y BH-
TJISI/11 3aJI€KHOCTI BiJf KOB3aHHS S.

[MoennanHs 100OBOI Ta 1MAa30BOi YaCTUH CeKuii 00-
MOTOK SIKOpsi Ta poropa (TOOTO ENeKTPUYHOro Koya 3
HPOCTOPOBOIO MiJI00JIACTIO TEOMETPUYHOI MOEI) TaKOXK
MOYKHA BHKOHATH, HAMPUKJIA] 3a jonoMororo «External |
vs. U» TepminainiB npu noenHanHi «Rotating Machinery,
Magnetic» Ta «Electrical Circuit» iHTepQeHciB B cTpyK-
Typi 3aco6ie COMSOL Multiphysics.

L Re Mm | & 2 [ M Re Ls
{
Le R Mm Mim R, Lo
. e Q4 4
Li(s) Ru(s) Mm Min Ry(s) Li(s)

Q3]

Q3

Puc. 8. YZ-nmomuHa nepepizy akrtuHoi yactuan ACEM
3 BiJOOpa)keHHSM JTIOOOBUX YAaCTHH CEKILil 0OMOTOK SKOPS
Ta pOTOpAa, SIK EJICMEHTIB €IEKTPHIHOTO KOJIa

[Ticnst Toro, sk Oynu BpaxoBaHi KpaioBi edektu, a
TaKOX 3MiHa aKTHBHOTO ONOPY Ta IHAYKTHBHOCTI J000-
BHX YaCTHH OOMOTKH poTtopa Bix xoe3anas ACEM, nori-
JPHAM € Tepexig BiJ MPOCTOPOBOTO IO IUIOCKO-
mapajeabHoro GOpPMYITFOBaHHS PO3IOALTY eNeKTPOMAarHi-
THOro mojs. Ilpu mpOMY, IPOCTOPOBY 1a30By aKTHUBHY
yactuHy ACEM MoXHa npeicTaBUTH y BUIIISAL 11 TPO€EK-
1ii B XY-TUIOMI¥HI PY 3a1aHiil eKBIBAJICHTHIN riuOuHI L,
po3paxyHkoBoi obunacti [10, 12, 14]:

Ai,j:Lz'Azj’j; Bi,j :i'Bxl',j"’j'Byi’ja
. . = I,
Hlj:l'Hxi,j+]'Hyi’j’Bxi,j_ ox 5 (35)
—  0di, H Bxij & _Pij
Yijg T ey ULy YT,
y Hi j Hij

Take CKOpOYEHHS T€OMETPUYHOI PO3MIPHOCTI I0-
3BOJISIE 32CTOCYBATH IIJIOCKI TPUKYTHI €JIEMEHTH PO3paxy-
HKOBOI CITKM 1 CYTT€BO MiJBHIIMTH €(QEKTUBHICTH YHCe-
JbHOT peattizanii. Y oMy BHITAIKy MOZEJb OIHCY eJeK-
TPOMATHITHOTO TOJS [UIS HECTALIOHAPHHUX PEXHUMIB PO-
6otu Oyze Biamosinatu (1), a ymoBa kaniOpyBaHHS BUKO-
HYETBCS aBTOMATHYHO.

Takum ynHOM, aganToBaHa 2D K0J10-1107150Ba MOJEh
ACHHXPOHHO-CHHXPOHHOTO €JIEKTPOMEXaHIYHOTO HEepeTBO-
proBaua MO>ke OyTH MPEACTABICHA y BUIJIAII, K OKa3aHO
Ha puc. 9, 1€ CYIUIbHIUMH JIIHISIMUA MOKa3aHO EJICKTPUYHE
3’eqHaHHsl BBOAIB 00MoTKH sikopss ACEM no enemeHTiB
JKUBJIGHHS, Ta IIyHKTUPHUMH JIHISIMA — €JEeKTpUYHE
3’€JIHaHHS BUBOJIB OOMOTKH SIKOps, 10 (DOPMYIOTH JBi
HE3aJIeXHI «31pK», SIKI M’ €AHaHHI BiANOBIAHO 10 aHOM-
HOI Ta KaTOAHOI TPyTI BUNpAMILTYA (3’ €JHAHHSA JIOOOBUX Ta
Ma30BUX YACTHUH CEKIlid, a TAKOXX KOTYIIOK B KOTYIIKOBi
Tpymy 0OMOTKH SKOPs Ha pHUC. 9 HE BiTOOPaKEeHO).

s npoeenenns gocmmkenass ACEM B pexxnmax
Hepobouoro xoay (HX) ta miz HaBaHTa)KEHHSIM, PIBHSIHHS
HECTAI[IOHAPHOTO EJIEKTPOMArHITHOTO IOJII HEOOXIiIHO
JIOTIOBHUTH CHCTEMOIO PiBHSHb KYTOBOI IIBHKOCTI POTO-
pa Ta eJIeKTPOMArHiTHOro MOMeHTy [26, 27]:

dw,, :Me—MC_
d J
£ o (36)
1 L
M, = -—% | B,.B,rdS,,,
ag

Enexmpomexnixa i Enexmpomexanixa, 2024, Ne 4

17



ne M, — eleKTpOMarHiTHUiA oO0epToBHi MOMeHT, H-Mm;
M, — MoMeHT HaBaHTayKkeHHs, H'M; J — MOMeHT iHepIii poTo-
pa, kiM% @,, — KyToBa MIBUIKICT POTOPA, paj/c; ¢ — KyT
TIOJIOXKEHHSI POTOPA, Paji; 7 — 30BHIIIHIN paiiyc ocepisi poTo-
pa, M; L. — [IOBXKUHA MAKETy AKOpsA Ta poropa, M; B, B, —
paziaibHa Ta a3uMyTallbHa CKJIaI0Bl MarHiTHOT iHYKii, Ti1;
R, — 30BHIMHIA pajiyc MOBITPSHOTO NPOMDKKY, M; R; —
BHYTPIIIHIN paJilyc MOBITPSIHOTO MPOMIXKKY, M; S,, — IUIONIa
TIOTIEPEYHOTO TIepepPi3y MOBITPSHOTO MPOMDKKY, M.

M~ =" e -
| |
| |l B\
I QO® 1! [
DAY I ‘
[ (I ‘
\ | ‘
| o |
B G A Al -+t
S —
s uhiu ___4
-~ £
s — N
AN
v
/)'/\/ \ L / \\
\
/

/// \\
1/ \
1! \
1! \
/

/i \
|
[

— — |
| !
|
\\\ /[
A\ /
\ ¥ /
\\ /

\\ //

\\ //
N //
AN s
\\ //
\\ //

Puc. 9. Cxemo-reoMeTpruHa iHTEpIpeTaLlis
amanToBaHoi 2D kono-nmoaroBoi moaeni ACEM

TakuMm 4rHOM, pO3po0JICHA afanToOBaHa TUHAMIYHA
2D xono-nonsoBa Moneias ACEM, sika 3 BUCOKOKO TOYHI-
CTI0O Ta e(EeKTHUBHICTIO YMCENIbHOI peaizaiii J03BOJIsIE
JUIS. HECTalliOHApPHUX PEXHUMIB pOOOTH BpaxyBaTH B3ae-
MOIIOB’5I3aHi €JIEKTPOMArHiTHI Ta MEXaHi4YHI MpOLecH 3
BpaxyBaHHSM, SK KOHCTPYKTHBHHX OCOOJHMBOCTEH, Tak i
CXEMHOi peamizamii cucreMd OOMOTOK, HETIHIHHOCTI
MarHITHUX Ta eIeKTPO(i3HYHUX BIACTHBOCTEH aKTHBHUX
MaTepiaiiB, IOBEPXHEBUX 1 KpalOBUX €(EKTiB TOPIEBUX
30H aKTHUBHOI YaCTHHH, a TaKOX 3MIHY aKTHUBHOTO OIIOPY
Ta IHAYKTHBHOCTI JIOOOBMX 4YacTUH OOMOTOK poTopa B
3aJICKHOCTI BiJl HOTO KOB3aHHs B IEPEXITHMX Ta KBa3ire-
PEeXITHHUX peKUMax HOro poOoTH.

ExcnepuMenTajibHe A0CTiI:KeHHs BUIPOOYBaIb-
Horo 3pa3ka ACEM. [[ns niaTBepuKeHHs! aeKBaTHOCTI
JOCITI/DKYBAaHHX E€JIEKTPOMArHITHUX Ta MEXaHIUYHHX Ipo-
LECIB Ta TOYHOCTI YHMCETBHUX PO3PAaXyHKIB 3a 3amporo-
HOBAQHOI aJaNTOBaHOK 2D KOJO-MONBOBOI MOIEIUIIO, B
naboparopaux ymoBax HY «3amopi3pka mosiTexHikay
MpoBeZeHI (Pi3UdHI BUMPOOYBAaHHS EKCIEPUMEHTATBHOTO
3pazka ACEM (puc. 10) B pexxumax K3 ta HX. Cam ekc-
nepuMeHTanbHAN 3pa3ok ACEM 300paxeHo Ha puc. 11.
Crpymu B (pazax 0OMOTKH SIKOpsI, & TAKOXK B 1i mapaenb-
HUX TUIKaX BHMIPIOBAJIKMCH 3a JOIIOMOIOI0 ocumiorpada
tury OWON XDS3202E.

Puc. 11. AxtuBHa yacTuHa AKops (a) Ta potopa (6)
eKcrepuMeHTaIbpHOro 3paska ACEM

B Tabu1. 2 HaBezeHi pe3ynpTaTi Bastigauii nanux 3D Ta
2D KOJI0-TIOJIbOBOTO MOJICTFOBAHHS Ta (hi3MIHOTO BUIIPOOY-
BaHHA 3a (pa3sHUMHU CTpyMaMH IPH OJHOYACHOMY KUBJICHHI
(a3 obmoTku sikopst A, B, C, Ta ctpymom 30ymxennst ACEM
B pexxumi K3. TIpu BuMiproBaHHI cTpyMy 30yIDKSHHSI, BBOIU
(a3 oOMOTKH stkopst OyiH Bif €qHAHHI Bix mMepesxi. [TocTii-
Ha Hampyra Bixm cuctemu 30y/DKeHHS Oylla TpHUKIaIeHA
MOYEProBO 110 KOXKHOI (azu 4, B, C 1pu pO3IMKHEHHX BHUBO-
nax (a3 0OMOTKH, 110 GOPMYIOTh ABI OKpeMi «3ipKu» (TOu-
ku «0—» Ta «0+»), Ta onpasy 3a BciMa (azamMu OOMOTKH
SIKOpSL TP 3’€IHAHHI BUBOJIB OOMOTKH B OKPEMi «3IpKN».
Sk moka3ye aHami3 eKCHepUMEHTAJIbHHX JaHuX (Tadm. 2)
HeB’si3Ka 3a cTpyMoM yis 3D KoJ0-10JIb0BOI0 MOJIEIUTIO HE
nepesuiye 3,45 %, a 3a 2D aganToBaHOIO KOJIO-NIOJIBOBOKO
Mozemtio — 4,34 %, 1o miATBep/IKy€e BUCOKY e(heKTHBHICTD
3aMPOTIOHOBAaHUX METOJIB AWHAMIYHOI afanTauil CKIaaHHX
MPOCTOPOBUX eneMeHTiB akTiBHOI yacTiH ACEM, a Takox
BHCOKY TOYHICTh YHCENHFHOTO pO3paxyHKy camoi 3D komo-
moboBOi Mozeni. Hal0inpi ckiagHoO0 3aqa4eto mpu po3-
pobii 3D mpocTopoBOi reoMeTpHYHOI MOICi (HE TLIBKA
ACEM, a i Oymp-sixoi EM) € peaiizaiisi CUMETPHYHOTO
pO3TallyBaHHSI KOTYIIOK OOMOTKM SIKOpsi (pOTOopa) Mix
c000¥0, a TAKOXK BUIILOTH TX J1000BUX yacTuH. Lle e Oubine
YCKIIATHSAETHCS, KO 0OMOTKA SIKOPSI € IBOLIIAPOBOIO, TOOTO
JiBa YaCTHHA CEKLI PO3MIIIYEThCS Y HIYKHBOMY TPOIIAPKY
Tasa, a IpaBa YaCcTUHA CeKIii — y BepXHboMy. [t minTBep-
JUKEHHS yMOBH CHMETPHYHOTO PO3TYLIYBAaHHS KOTYIIOK
obomotkw sikopst 3D reomerprunoi moaeni ACEM e Bumip
OMIYHOTO Omopy y KoxHilt ¢azi. [Ipu mpoMy omip KOKHOT
(ha3HOT KOTYIIIKOBOI TPYIH TOBHHEH OyTH ONHAKOBHM. Ta-
KM YHHOM, TIPOBEIICHA BATIAAIlS JaHIX OMIYHOTO OIOpY B
KOXKHIH 3 (ha3 3a ynceapbHUM MozemoBaHHsIM 3D Ta amamnro-
BaHOI0 2D KOJO-TIOJILOBOO MOJIEILIIO Ta PE3YJIbTATIB BUMI-
Py OMI4HOTO oropy (a3 0OMOTKH SIKOPSI €KCIIEPUMEHTAIIb-
Horo 3paska ACEM. Hep’s3ka 3a oMiuHEM omopoMm (a3
A,B,C oomotku sikopst ACEM 3a pesynbTaraMu YHCETLHOTO
po3paxyHKy Ta (aKTHYHOMY BUMIpDY HE TEPEeBHILYE
0R,<0,00694 %.
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VY tabn. 3 HaBeneHi pe3ynbTaTH Bamigarii 2D koo-
HOJIbOBOI'O MOJIEJIOBaHHS Ta (hi3UYHOrO BUIPOOYBaHHS
3a HassBHUMH CIIeKTpaMu rapMmoHik (k = 1,2,3,6,7) dazanx
ctpyMmiB sikopst A, B, C, B pexxumi HX npu crpymi 30y-
nxeHHs [ = 0. ExcriepuMeHTalbHi ocLuIorpaMu GpasHux
ctpymiB ACEM HaBezeHi Ha puc. 12.

Sk moxasye anami3z maHux (tabn. 3) HeB’s3Ka 3a
CTPYMOM OCHOBHOI I'apMOHIKHU IIPH YUCEIBHUX PO3PaXyH-
Kax 3a ajanToBaHor 2D KOJO-NOJBOBOIO MOJEIUIIO Ta

pe3ynbTaTaMH  eKCIePUMEHTAIBHOTO JIOCHIDKEHHS J0-
cnigaoro ACEM He nepesumye 8,61 %. Ilpu upomy,
CHEKTPH CTPYMIB MUPPOBUX CUTHATIB CTPYMiB JOCIIIHO-
ro ACEM mnpu BunpoOyBaHHI MOBHICTIO BiANOBIIAIOTH
TapMOHIHHOMY CKJIany (a3HHX CTPYMIB 3a agalTOBAHOIO
2D Kon0-N0JIBbOBOIO MOJIEIUIIO, & TAKOXK MAIOTh HE3HAYHE
3HAYCHHS HEB’S3KM 33 aMIUTITyJHAUMH 3HAYCHHSIMHU CIEK-
TPIB CTPYMIB BUIIUX TapMoHik (2,06 % — 4,33 %).

Ta6mums 2

Bamigarist 3D ta 2D k0110-110J150BOT0 MOJIETIOBAHHS Ta (Di3MIHOTO BUNPOOYBAHHS 3a (h)a3HUMU CTPYMaMH Ta CTPYMOM
360ymxenus ACEM B pexumi K3

Hes’sa3ka 3a ctpymamut 01| 4.5.c T2 0|4 5.0, %0
BapianTu xuBienss ooMmotku sikops ACEM 3a 3D K0J0-T10JIEOBOIO 3a 2D ajanToBaHOIO
MOJIEIIIIO KOJIO-TIOJTbOBOIO MOJEIITIO
[Ipu ogHOUacHOMY kuBJIeHHI (a3 4, B, C 6e3 ctpymy 30y KEHH 3,18 —3,45 3,96 —4,34
)KI/IBJ'ICH.HH BUIIPAMJICHUM CTPYMOM a3 4, B, C oOMOTKH SKOpsI 258262 3.03 324
IIPY PO3IMKHEHHI HYJIbOBHX TOYOK «0—» Ta «0+»
XKusnenus crpymom 30y pkernst ¢a3 4, B, C 0OMOTKH KOs [IPU
R . . S 2,39-2,78 3,11-3,31
3’€IHaHHI BUBOAIB OOMOTKH B OKpeMi «3ipkm» (Touku «0-» Ta «0+»)

Tabmuus 3

Baunigarist naHux 3a criekrpamu GpasHux ctpymis 2D Ko10-10JIbOBOr0 MOJIETIOBAaHHS Ta (Hi3UYHOT0 BUIIPOOYBaHHS JOCIITHOTO
ACEM B pexumi HX 6e3 HasiBHOCTI cTpyMy 30y IKESHHS

Her’s3ka 3a aMILTi Ty THUMU 3HAYCHHSIMH TapMOHIK
(azuoro ctpymy 61, j|4p.cs Olyilarpicr Hailazprca %o
k=1 k=2 k=3 k=6 k=1
Crpywm sikopst (dpasu 4, B, C) 7,96 —8,61(2,06-2,12]|4,11 -4,33| 2,8—-3,09 |3,66 —3,96
CtpyM sIKOps B Nepiriid napanensHii rimmi (pasu 41, Bl, C1) | 7,38 — 7,98 (2,54 —2,62 (4,18 —4,27 (2,18 —2,25|3,22 — 3,81
CtpyM sIKOpsi B ApyTiit mapaienbHiit rimmi (dasu 42, B2, C2) [7,89-8,26| 2,42—-2,5 [3,96-4,05(2,89 —3,13| 3,9-4,21
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Puc. 12. Ocuunorpamu crpymis sikopst ACEM B pexxumi HX nipu BifcyTHOCTI cTpyMy 30ymKeHHs: a) 1 — cTpyM sikopst pasu 4,
2 — ctpym ¢asu 41 (rinka 1), 3 — crpym dasu 42 (rinka 2); 6) 1 — ctpym sikops daszu B, 2 — ctpym da3u Bl (rinka 1), 3 — ctpym dasu
B2 (rinka 2); 6) 1 — ctpym skops paszu C, 2 — ctpyM ¢dasu C1 (rinka 1), 3 — ctpym daszu C2 (rinka 2)

TakuM YUHOM, MiITBEPDKYETHCS BUCOKA C(EKTHB-
HICTh Ta TOYHICTh YHCENBHOI peaii3alii MaTeMaTHYHOI
amantoBanoi 2D kono-monsoBoro Moaerni ACEM B pexu-
Mi HX, a Takoxx 301KHICTh BiATBOpEHHS KpWUBUX (PasHHUX
cTpyMmiB skopsi. Kpim TOorO, 32 OTpHMaHUMH IaHUMH
CTpyMOBHUX HeB’s130K gociigaoro ACEM miaTBepaKyeTh-
Csl BHCOKA TOYHICTh Ta €()EKTHUBHICTH 3allPOMOHOBAHHX
METO/IIB AEKOMITO3HLIT Ta JUHAMIYHOTO CHHTE3Y, a TAKOXK
METOAUKHU IIOA0 BU3HAYCHHSI aKTHUBHUX OHOpiB Ta iHJIyK—
THUBHOCTI TOPIICBMX YaCTHH OOMOTOK B 3aJIXHOCTI Bif
koB3aHHs poropa ACEM, 1o 3abe3neuye yMOBU JMHaMi-
yHol amanrauii 3D-2D koino-nonsoBoi moneini ACEM.

BucHoBkmu.

1. Ha ocHOBi po3po0iieHoi 3D ko0-1monbp0Boi Mojeri
HECTALlIOHAPHHUX EIIEKTPOMArHITHUX IIPOILECIB eKCIepH-
MeHTanmpHOTO 3paska ACEM, 3ampomoHOBaHO MeETOH
JEKOMITO3MIII{, SIKUI TOJsATae y BiJOKpeMIIEHHI Oarato-
KOMITOHEHTHOI TPOCTOPOBOT 11 KOHCTPYKLIi Ha JEKiIbKa
okpeMux mimobisacteil (Po3paxyHKOBHX 30H): ocepls Ta

Ma3oBa YaCTHHA OOMOTKH SIKODS; JiBa Ta IpaBa JI0OOBI
YaCTMHU OOMOTKHM SIKOps; OCepis Ta Ia30Ba YacTHHA
0OMOTKHM pOTOpa; BIAMOBIJHO JIiBa Ta Mpasa JIOOOBI dac-
TUHU (Pa3HUX KOTYIIOK OOMOTKH pOTOpA.

2. 3amponoHOBaHO METOJ] TUHAMIYHOTO CHHTE3Y 3
a/IanTaIi€cl0o YMOB CIOJYy4€HHS eJIeKTPOMAarHiTHHX mapa-
METpIB Ha TPAHUIIIX PO3PaxXyHKOBHX MijobiacTeil 1000-
BOi Ta 1Ma30BOi YaCTHH 0OMOTOK sikopst Ta potopa ACEM,
SIKHI JTO3BOJISIE TIOCTABUTH Y BIMMOBIMHICTh MPOTIKAHHS
€JIEKTPOMArHITHUX TPOIECIiB B JEKOMIIOHOBaHUX IIi/I0-
omactsix ACEM 1o enekTpoMarHiTHUX IporeciB y ii
IUTICHIH po3paxyHKOBil 06JacTi.

3. Ha ocHOBI 3aIIpONIOHOBAaHUX METOJIIB BU3HAUCHA Ya-
CTKa eHeprii MarHiTHOro Mo, sika OOyMOBIICHA II€I0
KpaifoBux egekTiB B TopreBux 3oHax ACEM. [lns 3amau
amanranii 3D 1o 2D gucensHUX PO3paxyHKIB 3aIIpOIIOHO-
BaHO BPaxOBYBATH ii 4epe3 B3a€MHY IHIYKTHBHICThH IMPH
3aMiHI MPOCTOPOBUX €JIEMEHTIB JO00OBUX YaCTHH OOMOT-
KU KOSl eIeMEHTaMH eJISKTPUYHOT0 KOJIa.
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4. 151 OKpeMHX PO3paxyHKOBHX Mig00IacTei 1000BUX
yacTHH 00MOTOK sikopst Ta poropa ACEM, npu 3acrocy-
BaHHI BapiamiifHOro (OPMYITIOBaHHS PiBHSHB €IEKTPOMa-
THITHOTO TIOJII 3 BpaxyBaHHAM pyXy JIOOOBUX YacCTHH
obmoTku potopa ACEM, BH3HaueHa 3aJeXHICTh aKTHUB-
HOTO ONOpY Ta IHAYKTUBHOCTI JIOOOBHX YacTHH SKOPS Ta
portopa Bix koB3aHHs poropa ACEM.

5. Ha ocHOBi po3po0JIeHMX METOIIiB, 3alpOIIOHOBAHO
HOBHHM mnpuHIMI OymoBu 2D Koyo-mojs0BOi Mojeni
ACEM, sxwuii noJisirae y ToMy, 10 1a30Bi YaCTHHU 0OMO-
TKH SIKOPS Ta POTOpa € CIEMEHTaMHU T'€OMETPHYHOI pO3-
paxyHKOBOT 00J1acTi aKTUBHOT YaCTUHM IOJIBOBOT MOJENi
ACEM, a 1000Bi 4acTWHHH OOMOTOK SIKOpS Ta poTopa
NPe/ICTaBJICHI eJIEMEHTAMH EJIEKTPUYHOTO KOJIa.

6. 3a paxyHOK BaNiJaIlii pe3yabTaTiB YHCEIBHOTO PO3-
PaxyHKy 3 JaHUMH CKCICPHUMEHTAJILHOTO JOCIHIHKCHHS
BurpoOyBanpHOTO 3pazka ACEM migTBepmkeHa BHCOKA
e(EKTUBHICTh 3aIPOIMOHOBAHMUX METOJIB JCKOMITO3HIIIT i
JUHAMIYHOTO CHHTE3Y Ta TOYHICTH YHCEIBHOI peaii3aril
3D Ta 2D xono-noasoBux moneni ACEM. B pexumi K3
HEeB’si3Ka 3a CTpyMOM sKops ansi 3D KoJo-TOJIhOBOXO
Mozemno He mepeBunnye 3,45 %. Jns amanroBanoi 2D
KOJIO-TI0NTbOBOI Mozeni — 4,34 %. B pexxumi HX Her’s3ka
3a CTPYMOM SIKOPsI OCHOBHOI FapMOHIKH TIPH YUCEIBHUX
po3paxyHKax 3a amanToBaHOK 2D KOJO-TIOJIHOBOIO MO-
JIeJUTI0 Ta Pe3yJibTaTaMHd EKCHEPUMEHTAIBHOIO JOCITi-
mxenHst ACEM ne nepesuitye 8,61 %.

7. 3amponoHOBaHI METOIM MOXYTh OyTH BHKOPHCTaHi
JUISL PI3HUX THITIB EJIEKTPUYHUX MaIIHH.

Konguikr inTepeciB. ABTOp 3asBIs€ MpO BiACYT-
HICTb KOH(QIIIKTY iHTEpECiB.
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Development of methods for adapting the parameters of
spatial end winding sections in 2D circuit-field models of
induction-synchronous electric machines.

Introduction. Recently, the theory of a special class of cascade
slow-speed non-contact induction-synchronous electrical machines
(ISEM) has been developed. This allowed to obtain a combination
of positive properties from conventional induction and synchronous
electric machines. Problem. The lack of circuit and field models of
ISEM imposes restrictions on further research of electromagnetic,
mechanical and energy processes, in transient and quasi-steady
modes of its operation. Goal. Development of 3D and adapted 2D
circuit-field models of ISEM, decomposition methods, and dynamic
synthesis with adaptation of electromagnetic parameter coupling
conditions at the boundaries of calculated subdomains of ISEM.
Methodology. Spatial elements of ISEM design are represented by
separate spatial calculation subareas. The conditions of compliance
with electromagnetic processes, which are formed by a complete
calculation area and separate spatial calculation subareas of ISEM,
are accepted. The influence of end effects and the parameters of the
frontal parts of ISEM windings are determined by the inequality of
the magnetic field energy of separate calculation subareas. These
parameters, including end effects, are displayed as circuit elements
in the 2D circuit-field model. Results. The obtained combination of
3D area decomposition methods and dynamic synthesis with adap-
tation of electromagnetic parameters coupling conditions at the
boundaries of its calculated ISEM’s subdomains. The proposed
technique for determining the resistance and inductive resistances
of the frontal parts of the ISEM windings, taking into account edge
effects. The accuracy and effectiveness of the proposed methods is
confirmed by the results of an experimental study. Originality. An
adapted dynamic 2D circuit-field model of transient processes of
ISEM has been developed, which allows taking into account pa-
rameters of the frontal parts of its windings. Practical value. The
proposed methods can be used for various types of electrical ma-
chines. References 27, tables 3, figures 12.

Key words: electromagnetic field, end effects, methods of
decomposition and dynamic synthesis, circuit-field modeling,
electric machine.
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B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, K.V. Chunikhin, V.V. Kolomiets, B.B. Kobylianskyi

The method for design of electromagnetic hybrid active-passive shielding by overhead power
lines magnetic field

Aim. Development of the method for designing electromagnetic hybrid active-passive shield, consisting from active and multy-circuit
passive parts, which is characterized by increased effectiveness of reducing the industrial frequency magnetic field created by two-
circuit overhead power lines in residential buildings. Methodology. The designing problem of electromagnetic hybrid active-passive
shield including robust system of active shielding and multy-circuit passive shield of initial magnetic field comes down to a solution
of the multy-criteria two-player zero-sum antagonistic game. The game payoff vector calculated based on the finite element
calculations system COMSOL Muliphysics. The game solution calculated based on the particles multyswarm optimization
algorithms. Results. During the design of the electromagnetic hybrid active-passive shield the coordinates of the spatial arrangement
of 11 circuits passive shield and the coordinates of the spatial location of one compensation winding, as well as the current and
phase in this winding of the active shielding system are calculated. The results of theoretical and experimental studies of hybrid
active and multy-circuit passive shield by magnetic field in residential building from two-circuit power transmission line with a
«Barrely type arrangement of wires presented. Oviginality. For the first time the method for designing hybrid active and multy-
circuit passive shield, consisting from active and multy-circuit passive parts, which is characterized by increased effectiveness of
reducing the magnetic field of industrial frequency created by two-circuit overhead power lines in residential buildings is developed.
Practical value. Based on results of calculated study the shielding efficiency of the initial magnetic field what is confirmed by
experimental studies determined that shielding factors whith only multy-circuit passive shield is more 1.2 units, whith only active
shield is more 4 units and with electromagnetic hybrid active-passive shield is more 6.2 units. It is shown the possibility to reduce the
level of magnetic field induction in residential building from two-circuit power transmission line with a «Barrely type arrangement
of wires by means of electromagnetic hybrid active shielding with single compensating winding and multy-circuit passive shielding
with 11 circuit passive shield to 0.5 uT level safe for the population. References 51, figures 17.

Key words: overhead power line, magnetic field, electromagnetic hybrid active-passive shield, computer simulation,
experimental research.

Mema. Po3pobka memody npoekmyeanis eneKmpomacHimHo2o ciopuoH020 akmueHO-NACUBHO20 eKPAHy, KU CKIA0AEMbCA 3 AKMUBHOT
ma 6a2amokoHmypHoOi NACUBHOI uaACMuM, MA XAPAKMEPUIYEMbCSA NIOBUWEHOIO  eQEeKMUBHICIIO 3HUIICEHHS MACHIMHO20 NOJs
NPOMUCTOB0] HaCmOmu, WO 2eHepYEMbC OBONAHYIO208UMY  NOGIMPAHUMU  JIHISMU  eNeKMpPonepeoayi 6 JHCUmosux OyOUHKAX.
Memooonozia. 3adaua npoekmyeanHs eneKmpOMASHIMHO20 2IOPUOHO20 AKMUBHO-NACUBHO20 €KPAHy, AKA 6KIOYAE PO3POOKY
pobacmHmoi cucmemu aKkmugHo20 eKpany8ants ma 6a2amoKoOHmMypHO20 NACUBHO20 eKPaHy 8UXIOH020 MASHIMHO20 NOJA, 3600UMbCS 00
supiuienHa 6azamoxpumepiansHoi anmazoHicmu4Hoi 2pu 080X 2pasyie 3 HYIbo8oI0 cymolo. Bexmop euspawiie epu pospaxogyemocs 3
BUKOPUCTNAHHAM  KiHYego-elemenmHoi cucmemu obduuciens COMSOL Muliphysics. Piwenns epu po3paxogyemuvcs HA  OCHO8I
anzopummie onmumizayii mynemupoie uyacmunox. Pesynemamu. I[Ipu npoexmyeanmi enexmpomacHimmozo 2iOpuoHo20 aKmueHo-
nacusHo2o expamy Oyau po3paxoeani KOOpOUHAmu NPOCMOPO8O2O posmauiyéanns 11 xowmypie nacuenoeo expany i KOOpouHamu
NnpoOCmMopo8o2o po3mauty8anis O0O0HIEl Komnencayiinoi obmomxu, a makodxc cmpym i ¢gasa 8 yill obmomyi cucmemu aKmugHO20
expanyeanns. Haseoeno pezynvmamu meopemuunux ma eKCnepumMeHmanbHux 00CHiodceHb eleKmpoOMAasHimHo20 2ipuoH020 aKkmueHo-
NACUBHO20 EKPAHY MAZHIMHO20 NOJSL 8 HCUMTIOBOMY OYOUHKY 610 O80NAHYI02080I NiHIL elekmponepeday i3 po3smauty8aHHsIM npoeooie
muny «bouxay. Opuzinansnicme. Bnepuie po3pobieHo memoo npoekmyeaHHs eieKmpoMAazHimHo20 2iOpuoOH020 AKMUBHO-NACUBHO20
eKpamy, AKull CKIa0aemvCs 3 aKmusHoi ma 6a2amoKoHmypHoi NACUSHOT YACMUH, Ma XAPAKMEPU3YEMbCA NIOBUWEHOIO eHeKMUBHICIIO
SHUIICEHHSA PIBHA MACHIMHO20 NOJISL NPOMUCTIOB0] YACMOMU, SIKe 2eHePYEMbCsl OB0NAHYIO208UMU NOGIMPAHUMY TIIHIAMU eneKmponepeoai
6 orcumnosux Oyounxax. Ilpaxmuuna wuinnicme. 3a pesynomamamu po3paAxyHKOBUX O0CTIONCEHb eDeKmUBHOCMI eKpaHy8aHHs
BUXIOHO20 MACHIMHO20 NOJIA, AKI NIOMEEPONCEH] eKCNEPUMEHMANHUMU OOCTIONCEHHAMU, 6CIAHOBIEHO, WO Koepiyienm eKpanyeaHHs
MinbKy OA2AMOKOHMYPHUM NACUBHUM eKPAHOM CMAHo8umy 6inbute 1,2 00uHuysb, a minbku 3 AKMUGHUM eKPAHOM CIMAHOBUMb Ollblie
4 oounuys, i npu BUKOPUCTNAHHI ENeKMPOMACHIMHO20 2IOPUOHO20 AKMUBHO-NACUBHO2O eKpaHy CMaHosums Oinvuie 6,2 00uHuyi.
Toxazana moxcausicmv 3HUNCEHHS PIGHSL IHOYKYIT MACHIMHO20 NOJISL 8 HCUMTIOBOMY OYOUHKY 6i0 080IAHYIO20601 NIHIT ellekmponepedayi
3 PO3MAULY8AHHAM NPOBOOIE MUNY «OOUKA» 30 OONOMO20I0 2IOPUOHO20 AKMUBHO20 eKPAHY 3 OOHIEI0 KOMNEHCYIOUOol0 0OMOMKOI md
bazamokoHmypHo2o nacueno2o expany 3 11 xoumypamu 0o besneunoeo ons nacenenns pisns ¢ 0,5 uT. bion. 51, puc. 17.

Kniouosi cnosa: mopiTpsiHa JiHiA ejexkTponepenadi, MardiTHe moJie, eJeKTPOMATHITHMIl riOpuAHMN AKTHMBHO-NACHBHUM
eKpaH, KOMII'I0TepHe MO/IeJTI0BAHHS, eKCIIePMMEHTAIbHI J0CTiI:KeHHs.

Introduction. Overhead power lines are the main
source of power frequency magnetic field (MF). The
effect of prolonged exposure of people to a power
frequency MF increase in the likelihood of cancer [1-3].
The standards for the power frequency MF being
tightened for long-term safe residence of the population in
residential buildings located near power lines. Decrease in
the initial MF by a factor of 2—4 is required [4—7]. Active
and passive shielding of the initial MF usually used for
reduction of power frequency MF [4-10].

Active shielding requires the use of external power
supplies to supply currents appropriate magnitude and

phase to the reduction system opposite to the original MF
to provide the desired reduction effect, and as such, is
capable of providing a high reduction in the original MF
[11-15]. However, this requires a complex suppression
system; since in addition to the MF sensors, it is necessary
to install expensive equipment, such as power supplies, and
a monitoring system to continuously adjust the supplied
current to achieve the required suppression. All this makes
this solution much more expensive than passive methods.
With passive shielding, MF weakening is achieved,
since the mitigation system acts in response to the initial
MF generated by the source according to Faraday’s law
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and induces currents that generate a new MF that
compensates for the original one [16-20]. To increase the
shielding efficiency of the initial MF, multy-circuit passive
shields are often used [21, 22]. Passive shield have a
significantly lower shielding factor, so passive screens are
often used as a complement to active screens [23-25].

The aim of the work is to develop the method for
designing electromagnetic hybrid active-passive shield,
consisting from active and multy-circuit passive parts, to
improve the effectiveness of reduction of industrial
frequency MF created by two-circuit overhead power
lines in residential buildings.

Problem statement. First, consider the design of the
mathematical model of the initial MF generated by the
power transmission line. We set the currents amplitude A4;
and phases ¢@; of power frequency w of wires currents
power lines. Then we set wires currents in power lines in
a complex form

1;(t)= A;exp jlt + ;). (1)

To assess the impact of the MF of power lines on the
environment, most calculations were performed based on
the Biot-Savart-Laplace law [6] for elementary current

dB,(0:.1)= ”f;};()(dl R)). @

where the vector R, is directed from an elementary
segment d/; with a total current i(f) to the observation
point O;, uy is the vacuum magnetic permeability.

Then the total MF vector is equal to:

puptoiy () 1 (dly x Ry)
B(0.0)= { FEa (3)

This formula is widely used to calculate the MF of
air power transmission lines instead of Maxwell’s system
of equations.

Let us introduce the vector ¢ of the uncertainty
parameters of the problem of designing a combined
shield, the components of which are inaccurate
knowledge of the currents and phases in the wires of the
power transmission line, as well as other parameters of
the electromagnetic hybrid active-passive shield, which,
firstly, are initially known inaccurately and, secondly,
may change during the operation of the system [26-28].

Then the vector B;(Q,,0,f) of the initial MF generated
by all power lines wires Br{Q;0,f) in point O; of the
shielding space calculated based Biot-Savart’s law [6]

B1(0.0.1)= 3 B)(0;..1). @)
Now, consider the design of the mathematical model of
the MF generated by compensating windings of active
shielding. We set the vector X, of initial geometric values of
the dimensions of the compensating windings of active
shielding, as well as the currents amplitude A4,; and phases ¢,;
in the compensating windings [29-33]. We set the currents
in the compensating windings wires in a complex form
1,i(1)= Agiexp j(@r + p,). &)
Then the vector B,(Q,,X,,t) of the MF generated by
all compensating windings wires of active shielding
B,(0:,X,,t) in point Q; of the shielding space can also
calculated based Biot- Savart’s law [6]

B,(01.X,.1)= ) B,(01. X, (6)

Then the vector Bg,(Q,,X,,0,t) of the resulting MF
generated by power lines and only windings of the active
shielding system calculated as sum

Bra(01.X4:0,1)= B1(0,.6.0)+ B,(01. X,.1)  (7)

Now, consider the design of the mathematical model of
the MF generated by multy-circuit passive shield [35-37].
Let us set the vector X, of initial values of the geometric
dimensions, thickness and material of the multy-circuit
passive loop shield. Then, for the given vector
Br,(0:,X,,0,f) of the resulting MF generated by power
lines and only windings of the active shielding system and
for values of the vector X, of geometric dimensions of the
passive loop shield, the magnetic flux @(X,,X,,0,1)
calculated

@(X,,X,,8.0)= [ By(X,, 0.5 . )
S

The current Ip(X,,X,,0,7) in a complex form induced
in the passive loop shield determined from Ohm law in
integral form and Faraday law [6]:

Ip(X0r X, 0,1)= = joD(X 1 X ,0,0)] ..
/(Rl(Xp) + jCDLl(XP)

The active resistance R/(X,) and the self-inductance
coefficient L(X,) of the passive loop shield.

Then for the calculated currents Ip(X,,X},0,f) in the
passive loop screen [36-38] and their geometric
dimensions given by the vector X, on the basis of Biot-
Savart’s law, the vector Bg(0,,X,,0,f) of the resulting MF
calculated as sum the vector B;(Q,0,f) generated by
overhead power transmission lines, the vector B,(0;,X,.)
generated by all compensating windings wires of active
shielding and the vector B,(0;,X,,X,,0,t) generated by all
loops of the passive shield at the point Q,, similarly (7)

BR(Qth)Xpyést):BL(Q[,a,t)+... (10)
"+Ba(Qi’Xa7t)+Bp(Qi7X Xpyaat)'

Solution method. We introduce the vector X of the
desired parameters of the problem of designing a
combined shield, the components of which are the vector
X, values of the geometric dimensions of the
compensation windings, as well as the currents A4,,; and
phases ¢,,; in the compensation windings, as well as the
vector X, of geometric dimensions, thickness and material
of the passive loop shield [39, 40].

Then for the given initial values of the vector X of
the desired parameters and the vector ¢ of the uncertainty
parameters of the combined screen design problem, the
value Bgp(X,0,P;) effective value of induction of the
resulting MF Bg(0:,X,,X,,0,f) at the point Q; of the
shielding space calculated based on the finite element
calculations system COMSOL Multiphysics. Then the
problem of designing a passive screen is reduced to
computing the solution of the vector game

Br(X,0)=(Bg(X,,P)). an

The components of the game payoff vector Br(X,0,P;)
are the effective values of the induction of the resulting MF
at all considered points Q; in the shielding space.

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

(€]
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At the same time, naturally, it is necessary to take
into account constraints [41] on the vector X desired
parameters of a combined shield in the form of vector
inequality and, possibly, vector equality

G(X)< Gy H(X)=0. (12)

Note that the components of the vector game (11)
and vector constraints (12) are the nonlinear functions of
the vector of the required parameters [42—45] and
calculated based on the calculations system COMSOL
Multiphysics.

Solution algorithm. Let us consider an algorithm
for solving on a computer the formulated multyobjective
optimization problem (11) with constraints (12). To find a
unique solution to the problem of multycriteria
optimization from the Pareto set of optimal solutions, in
addition to the vector optimization criterion (11) and
constraints (12), it is also necessary to have information
about the binary preference relations of local solutions
relative to each other [46—48].

To find such a single optimal solution, it is first
necessary to develop an algorithm for constructing the
entire area of Pareto-optimal solutions. Then, based on the
analysis of the entire set of possible optimal solutions to the
original problem of multycriteria optimization, narrow the
range of solutions under consideration and, consequently,
reduce the complexity of the decision maker in choosing
the only option for the optimal solution.

A feature of the considered problem of finding a
local minimum at one point in the space under
consideration is multy-extremality, so that the considered
area of possible solutions contains local minima and
maxima. This is due to the fact that when minimizing the
level of induction of the resulting MF in one current of
the search space, the induction at another point increases
due to undercompensation or overcompensation of the
initial MF. Therefore, to solve the considered
multycriteria problem, it is advisable to use the algorithms
of stochastic multy-agent optimization [48—50].

Consider an algorithm for finding a set of Pareto-
optimal  solutions to multyobjective non-linear
programming problems based on stochastic multy-agent
optimization — PSO algorithms based on the idea of a
collective mind of a swarm of particles, based on

algorithms for finding the globally optimal value yj- (t) —

gbest PSO found by all particles swarm, and the locally
optimal value y;(f) — lbest PSO found by one swarm
particle [48-50].

At present, the use of stochastic multy-agent
optimization methods for solving multycriteria
optimization problems causes certain difficulties, but this
direction continues to be intensively developed using
various heuristic techniques. Consider a stochastic multy-
agent optimization algorithm for solving the original
multycriteria problem of nonlinear programming (11)
with constraints (12) based on a set of swarms j of
particles 7, the number of which is equal to the number of
components of the vector optimization criterion (11).

In the simplest algorithm for calculating the optimal
position x;(¢) and speed v;(¥) of the movement of particle i
swarm j, the movement speeds v;(f)change according to
linear laws. However, recently, to increase the speed of

finding a global solution, special non-linear algorithms of
stochastic multy-agent optimization have become
widespread. One of such algorithms is an algorithm in
which the Heaviside function H is used to switch the
motion of a particle, respectively, from the local y;(#) to

the global y; (t) optimum. Parameters of switching the

cognitive py; and social p,; components of the speed of
particle movement in accordance with the local and global
optimum; random numbers ¢(f) and &,(¢) determine the
parameters of switching the movement of the particle
according to the local and global optimum. If py; < &;,(¢)
and p,; < &(%), then the speed of movement of particle i
swarm j does not change at the step 7 and the particle
moves in the same direction as in the previous
optimization step. In this algorithm, the motion of particle
i swarm j described by the following expressions

Vij (t + l) =W,V ﬁ)+ il (t)H(plj & (t))x .

s X [y,-j(t)—x,-j(t) +czjr2j(t)H(p2j —szj(t))x ... (13)

&
X[y () =)

where ¢, ¢, are positive constants that determine the
weights of the cognitive and social components of the
speed of particle movement; r(f), r»(f) are random
numbers from the range [0, 1], which determine the
stochastic component of the particle’s speed.

With the multycriteria optimization of the vector
criterion (11), with the help of separate swarms, the
optimization problems of scalar criteria, which are
components, are solved. In order to find a global solution
to the original multycriteria problem.

In the process of searching for a global solution to the
original multycriteria problem (11), individual swarms
exchange information with each other in the course of
searching for optimal solutions to local criteria. Information
about the global optimum obtained by the particles of
another swarm is used to calculate the speed of movement
of the particles of the other swarm, which makes it possible
to calculate all potential Pareto-optimal solutions.

At each step ¢ of the movement of particle i swarm j,
the advantages functions y(¥) of local solutions obtained by

all swarms yj are used. The solution X j (t) obtained
during the optimization of the objective function B(X(?),P))
using the swarm j is better than the solution X Z (t)
obtained during the optimization of the objective function
B(X(¢),P,) using the swarm k, i.e. X j (t)>— X Z (t), if the
condition is fulfilled

max B(P, , X; (t))< max B(P, , XZ (t))

i=l,m i=l,m

(15)

The global solution X Z (t) obtained by the swarm k

used as the global optimal solution X j (¢) of the swarm j,

which is better in relation to the global solution X Z (t) of

the swarm £ on the basis of the preference relationship (15).

The main idea of successively narrowing of Pareto-
optimal solutions area of trade-offs — all that cannot be
chosen according to the available information about the
preference are sequentially removed from the initial set of
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possible solutions based on information about the relative
importance of local solutions. The deletion is carried out
until a globally optimal solution is obtained [51].

Simulation results. Let us consider the results of the
design of electromagnetic hybrid active-passive shielding
by overhead power lines MF generated by a double-circuit
power line in a residential building. During the design of
the electromagnetic hybrid active-passive shield, the
coordinates of the spatial arrangement of 11 circuits passive
screens were calculated. In addition, the coordinates of the
spatial location of one compensation winding, as well as
the current and phase in this winding of the active shielding
system, were calculated.

Note that, unlike the works [21, 22], in this work the
coordinates of the spatial arrangement of the contours of
the multyloop passive screen calculated in the course of
solving the multy-criteria two-player antagonistic
game (10) with restrictions (11) and electromagnetic hybrid
active-passive shield used to screen the initial MF.

The layout of the power transmission line, the
winding of the active screen and 11 circuits passive
screen shown in Fig. 1.

-1 -0.5 O‘ D.S 1', 15 2 x,lm
Fig. 1. The layout of the power transmission line, the winding of
the active screen and 11 circuits of the passive screen

Figure 2 shows the distribution of the calculated
initial MF induction. Initial MF induction changes from
2.2 uT to 1.4 uT. MF induction level in the central part of
the shielding space is 1.75 uT.

T
(/)
Ny

/]

0.3111 /
0.2111 - / / / / / /
/ 1 / /
2002253 210824 2.19396 227967 236539 x,m

01111 / /
Fig. 2. The distribution of the calculated initial MF induction

1.8511 1.93681

Figure 3 shows the distribution of the calculated
resulting MF induction with only multy-circuit passive shield.
The coordinates of the spatial arrangement of 11 multy-circuit
passive screens were calculated during the design of the
hybrid multy-circuits passive and active shielding.

The resulting MF induction with only multy-circuit
passive screen changes from 2 uT to 1.35 pT. The MF level
in the central part of the shielding space is 1.35 pT.

The calculated shielding factor maximum value of
resulting MF whith only multy-circuit passive shield in
the central part of the screening space is more 1.29 units.

f?%%%;j;;:¥5
?\ / ey
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Fig. 3. The distribution of the calculated resulting MF
induction with only multy-circuit passive shield

03111

Figure 4 shows the distribution of the calculated
resulting MF induction with only active shield.

0;
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01111 -

1.8511 1.93681 2.19398 2.27967

Fig. 4. The distribution of the calculated resulting MF
induction with only active shield

S
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The resulting MF induction with only active screen
changes from 0.7 puT to 0.35 puT. The MF level in the
central part of the shielding space is 0.35 pT.

The calculated shielding factor maximum value of
resulting MF with only active shield in the central part of
the screening space is more then 5 units.
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Figure 5 shows the distribution of the calculated
resulting MF induction with electromagnetic hybrid
active-passive shield.
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Fig. 5. The distribution of the calculated resulting MF
induction with electromagnetic hybrid active-passive shield
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The resulting MF induction with electromagnetic hybrid
active-passive shield changes from 0.7 uT to 0.19 uT. The
MF level in the central part of the shielding space is 0.19 pT.

The calculated shielding factor maximum value of
resulting MF with only active shield in the central part of
the screening space is more then 9.21 units.

Thus, the use of electromagnetic hybrid active-
passive shield makes it possible to increase the screening
factor of the active screen by 1.84 times.

Note that the product of shielding factors with only a
multy-circuit passive screen of 1.29 and a shielding factor
with only an active screen of 5 gives a value of 6.45,
while the shielding factor with a electromagnetic hybrid
active-passive shield is 9.21. Thus, the simultaneous use
of active and multy-circuit passive screens leads to an
increase in the screening factor by 1.42 times.

In addition, the use of electromagnetic hybrid active-
passive shield makes it possible to reduce the level of the
initial MF in a much larger area of the screening space
compared to using only the active screen.

Results of experimental studies. Let us now
consider the results of experimental studies of the
electromagnetic hybrid active-passive shield.

Figure 6 shows the compensation winding and
multy-circuit passive shield of the experimental setup.

Figure 7 shows multy-circuit passive shield and the
control system of the experimental setup of multy-circuit
passive and active shielding.

Figure 8 shows the experimental distribution of the
initial and resulting MF induction with only multy-circuit
passive shield.

Figure 9 shows the experimental shielding factor of
resulting MF whith only multy-circuit passive shield.

The experimental shielding factor maximum value
of resulting MF whith only multy-circuit passive shield is
more then 1.2 units.

Fig. 6. The compensation winding and multy-circuit passive
shield of the experimental setup

Fig. 7. The multy—ciréuit passive shield and the control syste of the
experimental setup of multy-circuit passive and active shielding
13
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Fig. 8. The experimental distribution of the initial and resulting
MF induction with only multy-circuit passive shield
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Fig. 9. The experimental shielding factor of resulting MF
whith only multy-circuit passive shield

Figure 10 shows the experimental spatio-temporal
characteristic of the resulting MF with only multy-circuit
passive shield.
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CH1 100mY  CH2 100mV A Mode
Fig. 10. The experimental spatio-temporal characteristic of the
resulting MF with only multy-circuit passive shield

The experimental spatio-temporal characteristic of the
resulting MF with only multy-circuit passive shield is about
1.2 times less than the spatio-temporal characteristic of the
initial MF.

Figure 11 shows the experimental distribution of the
initial and resulting MF induction with only active shield.

Figure 12 shows the experimental shielding factor of
resulting MF whith only active shield.

The experimental shielding factor maximum value of
resulting MF whith only active shield is more then 5 units.
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Fig. 11. The experimental distribution of the initial and resulting

MF induction with only active shield

2.4 0

Fig. 12. The experimental shielding factor of resulting MF whith
only active shield

Figure 13 shows the experimentally measured spatio-
temporal characteristic of the MF generated by only one
compensating winding of the active shielding system.

M

CH1 100mY  CH2 100mY Y Mode
Fig. 13 Experimentally measured spatio-temporal characteristic
of the MF generated by only one compensating winding
of the active shielding system

This characteristic is practically a straight line
parallel to the major axis of the ellipse of the
experimentally measured spatiotemporal characteristic of
the initial MF. Note that with the help of such an active
screening system, the large axis of the spatiotemporal
characteristic of the initial MF compensated, which
determines the high value of the screening factor. In this
case, the experimentally measured spatio-temporal
characteristic of the resulting MF is a small cloud due to
the noise of measurements of the MF components.

Figure 14 shows the experimental distribution of the
initial and resulting MF induction with electromagnetic
hybrid active-passive shield.
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Fig. 14. The experimental distribution of the initial and resulting
MF induction with electromagnetic hybrid active-passive shield
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When using electromagnetic hybrid active-passive
shield the level of the resulting MF is significantly lower
in the entire shielding space than when using only the
active shield.

Figure 15 shows the experimental shielding factor of
resulting MF with electromagnetic hybrid active-passive
shield.

The maximum value of the experimental shielding
factor of the MF when using electromagnetic hybrid
active-passive shield is more than 4.2 units. The main
advantage of the hybrid multy-circuit passive and active
shield is the significantly lower level of the resulting MF
induction over the entire shielding space by a factor of
two or more compared to the active shield.

Consider one more setting of the active screening
system when using a hybrid screen. Figure 16 shows the
experimental distribution of the initial and resulting MF
induction with electromagnetic hybrid active-passive
shield for another setting of the active shielding system.
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Fig. 15. The experimental shielding factor of resulting MF
with electromagnetic hybrid active-passive shield
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Fig. 16. The experimental distribution of the initial and resulting
MF induction with electromagnetic hybrid active-passive shield

for another setting of the active shielding system

Figure 17 shows the experimental shielding factor of
resulting MF with electromagnetic hybrid active-passive
shield for another setting of the active shielding system.

2.4 0
Fig. 17. The experimental shielding factor of resulting MF
with electromagnetic hybrid active-passive shield
for another setting of the active shielding system

For sush another setting of the active shielding system
the maximum value of the experimental shielding factor of
the MF when using electromagnetic hybrid active-passive
shield is more 6.2 units, wich is more 1.47 times more than
with the previously considered setting of the active
shielding system. However, at the same time, at the edges of
the shielding space, a significantly lower shielding
efficiency is realized — more 1.7 times compared to the
previously considered setting of the active shielding system.

Conclusions.

1.For the first time the method for designing
electromagnetic hybrid active-passive shield, consisting from
active and multy-circuit passive parts, which is characterized
by increased -effectiveness of reducing the industrial
frequency magnetic field created by two-circuit overhead
power lines in residential buildings was developed.

2. The problem of design of electromagnetic hybrid
active-passive shield solved based on the multy-criteria
two-player antagonistic game. The game payoff vector
calculated based on the calculations system COMSOL
Muliphysics. The solution of this game calculated based
on algorithms of multy-swarm multy-agent optimization
from sat of Pareto-optimal solutions based on binary
preferences relationship.

3. The main advantage of using a electromagnetic
hybrid active-passive shield, including an active and a
multy-circuit passive part, is the possibility of reducing
the level of the initial magnetic field induction in a
significantly larger part of the shielding space compared
to using only the active shield.

4. During the design of electromagnetic hybrid active-
passive shield, the coordinates of the spatial arrangement
of 11 circuit passive screens and the coordinates of the
spatial location of one compensation winding, as well as
the current and phase in this winding of the active
shielding system were calculated.

5. The results of the performed theoretical studies what
is confirmed byexperimental studies have shown that the
shielding factor for only multy-circuit passive shield
consisting of 11 aluminum contours with a diameter of
8 mm is about 1.2 units, for only active shield made in the
form of a winding consisting of 20 turns is about 4 units
and for electromagnetic hybrid active-passive shield, the
shielding factor is more 6.2 units, what is confirmed by
theoretical and experimental studies.

6. The practical use of the developed electromagnetic
hybrid active-passive shield will allow to reduce the level
of the magnetic field in a residential building from a
double-circuit power transmission line with a «barrel»
type arrangement of wires to a safe level for the
population of 0.5 uT.
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Enhancing grid stability and low voltage ride through capability using type 2 fuzzy controlled
dynamic voltage restorer

Introduction. The integration of Renewable Energy Sources (RESs), particularly Wind Energy Conversion Systems (WECS), is vital for
reducing reliance on fossil fuels and addressing climate change. However, this transition poses challenges, including ensuring grid
stability in the face of intermittent RESs. Compliance with grid codes is crucial, with a focus on Low Voltage Ride Through (LVRT)
capability. Problem. The intermittent nature of RESs, specifically in Permanent Magnet Synchronous Generator (PMSG) based WECS,
presents challenges to grid stability during voltage dips. Goal. To enhance voltage stability and LVRT capability in PMSG-based WECS
by integrating a Dynamic Voltage Restorer (DVR) with an energy storage device. This involves regulating the input DC voltage to the
DVR using a type 2 fuzzy controller, adapting intelligently to changing conditions. Methodology. DVR, powered by an energy storage
device, is strategically integrated with WECS. A type 2 fuzzy controller regulates the DC voltage to DVR. The rectified WECS output
undergoes processing through an isolated flyback converter. A 31-level Cascaded H-Bridge Multilevel Inverter (CHBMLI) with Pl
control ensures high-quality AC output. Results. The validation of developed system is executed using MATLAB/Simulink revealing a
reduced Total Harmonic Distortion (THD) value of 1.8 %, ensuring significance in LVRT capability. Originality. The strategic
integration of DVR with PMSG-based WECS, addresses the LVRT challenges. The use of type 2 fuzzy controller for intelligent voltage
regulation and a sophisticated multilevel inverter contributes to the uniqueness of proposed solution. Practical value. The developed
system provides benefits by ensuring reliable LVRT capability in PMSG-based WECS with reduced THD of 1.8 % indicating improved
grid compatibility. References 26, tables 5, figures 20.

Key words: permanent magnet synchronous generator, wind energy conversion systems, low voltage ride through, type 2 fuzzy
controller, isolated flyback converter, 31-level cascaded H-bridge multilevel inverter, PI controller.

Bcemyn. [nmeepayis sionosnosanux oxcepen enepeii (RESs), ocobnueo cucmem nepemesopenns enepeii eimpy (WECS), mae scummego
8ANCIUBE SHAUEHHA OISl SHUMHCEHHSL 3ANEHCHOCTI 8i0 BUKONHO20 NANUBA Ma Supiwenns npobaemu 3minu kiimamy. OOHak yell nepexio
cmeoploe npobnemu, y momy uucni 3abesneuenns cmabinbHocmi mepedici 6 ymoeax ypusuacmoi pobomu RESs. Jlompumanns
Mepedicesux HOpM MAE GupilianbHe 3HAYeHHs, NPU YbOMY 0COOIUBA YBaA2a NPUOLIAEMbCA MOJICTUBOCHE pOOOMU NPU HUZLKILL HANPY3i
(LVRT). Ilpoonema. Ypusuacmuii xapaxmep RESs, ocobnuso 6 WECS Ha 0cHO6i CUHXPOHHO20 2eHepamopa 3 NOCTIUHUMY MASHImamuy
(PMSG), cmesopioe npobremu 0ns cmabinbnocmi mepedici nio wac nposanie nanpyeu. Mema. ITiosuwumu cmabinbuicmes Hanpyau ma
moorcaueocmi LVRT y WECS na 6a3i PMSG 3a paxynox inmeepayii ounamiunozo gionosnuxa nanpyeu (DVR) i3 npucmpoem 3bepieanns
enepeii. lLle nepedbauae pecymosanmns 6xionoi nocmitinoi nanpyeu nHa DVR 3a donomoeoro neuwimkoeo kommpoaepa muny 2, wo
IHMENEKMYanbHO a0annyemsbcsi 00 YM08, wjo 3miniomocs. Memoodonozia. DVR, sxuil npayioe 6i0 HaKonuuysaua enepeii, Cmpameziuho
inmeeposanuii i3 WECS. Heuimkuii koumponep muny 2 pezynioe Hanpyzy nOCmitiHo2o cmpymy, wo nooacmucsa Ha DVR. Bunpamnenuil
suxionuti cuenan WECS npoxooums 006pobKy uepe3 i301b08anuli 360pOMHOX0008Ull nepemeopiosay. 31-pienesutl KackaoHuii
bazamopisenesusi ingepmop H-Bridge (CHBMLI) i3 Ill-pezyniosannsam 3ab6e3neuye SUCOKOSAKICHUN 6UXIO 3MIHHO20 CMpPYMY.
Pesynomamu. Banioayias pospobnenoi cucmemu uxkoHyemvcsa 3 euxopucmauuam MATLAB/Simulink, Odemoncmpyiouu 3meHwiene
3HaYeHHs 3a2anbHo20 2apmoniunozo cnomeopenns (THD) 1,8 %, wo 3abe3neuye sascaugicms moxcnusocmeti LVRT. Opucinansuicme.
Cmpameeiuna inmezpayiss DVR i3 WECS na 6aszi PMSG supiutye npobnemu LVRT. Buxopucmanns neuimkoeo konmponepa 2-20 muny
0151 THMENeKMYANbHO20 Pe2yO8aHA HANPY2U Md CKIAOH020 OA2AmMopieHedo20 iHBepmopa CHPUSE YHIKANbHOCMI 3aNPONOHOBAHO20
piwenns. Ipakmuuna yinuicme. Pospobnena cucmema 3abesneuye nepesazu, 3abezneuyrouu Haoituny pobomy LVRT y WECS na 6asi
PMSG 3i snuocenum THD na 1,8 %, wo eéxazye na nokpaweny cymichicmo i3 mepesicero. bioin. 26, taba. 5, puc. 20.

Knrouosi cnosa: cHHXpOHHMII reHepaTop 3 MOCTIHHMMM MarHiTaMM, CUCTeMH NepPeTBOPeHHs eHeprii BiTpy, NpoXiaHicTh HU3bKOI

HANPYTH, HEYiTKUHA KOHTpoJep TuMy 2, i30/1b0BaHMIl 3BOPOTHOXOAOBHUII mNepeTBOpIOBaY, 31-piBHeBHil KackaxHMii
dararopiBHeBmii inBepTop H-mocTy, I1I-peryasitop.

Abbreviations
CHBMLI |Cascaded H-Bridge Multilevel Inverter STATCOM Static Synchronous Compensator
DVR Dynamic Voltage Restorer SvC Static Var Compensator
ESD Energy Storage Device THD Total Harmonic Distortion
LVRT Low Voltage Ride Through T2-FLC Type 2 Fuzzy Logic Controller
PMSG Permanent Magnet Synchronous Generator VSI Voltage Source Inverter
PCC Point of Common Coupling VUF Voltage Unbalance Factor
PWM Pulse Width Modulator WECS Wind Energy Conversion Systems
RES Renewable Energy Source WT Wind Turbines

Introduction. The adoption of wind power has
experienced rapid growth, evident from the surge in wind
farm installations. In 2018 alone, 51.3 GW of wind energy
capacity was added, contributing to a significant total
installed capacity of 591 GW by that year. Wind power
stands out as a sustainable and eco-friendly energy source,
offering the advantage of offshore installations to conserve
land resources [1]. Despite these benefits, the expanding
presence of wind power raises concerns about the stability of
the power grid. Consequently, there is a pressing need for
more stringent grid regulations to ensure the incorporation of

wind power systems without compromising the existing
grid’s reliability and stability [2].

As wind power integration expands, grid stability
becomes crucial. PMSG WTs offer superior control.
Unlike doubly fed induction generator [3] turbines,
PMSG turbines have a broader operational range using
advanced converters. The key advantage of PMSG WTs
lies in their wide operational range, leveraging power
converters like machine-side converters and grid-side
converters to their fullest extent [4]. To regulate power
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flow in PMSG-WECS during unbalanced conditions,
back-to-back converters are essential [5]. These
converters help maintain stable voltages, particularly
during asymmetrical faults. Due to the nonlinear nature of
wind farms, automated control strategies are crucial [6].
Numerous techniques have been suggested to
mitigate fluctuations in wind power. In prior studies,
researchers [7] focused on pitch angle control, aiming to
achieve stable output power levels and minimize flicker.
Another approach explored the utilization of indirect field
oriented control for power smoothing [8]. However, these

methods have limitations in terms of control range due to
reduced wind power acquisition. PMSG is highly
susceptible to grid voltage disturbances, leading to issues
such as rotor over-current, excessive DC-link voltage, and
torque oscillations during grid faults. These problems
impact the drive’s lifespan. To enhance LVRT capability
of PMSG-WECS, various solutions have been suggested
that are broadly categorized as software-based and
hardware-based [9]. Table 1 summarizes some of the
hardware and software based solution with their
challenges.

Table 1

Summary of existing solution

control [10] Moderate faults severe grid faults

Solution | Advantages | Challenges | Solutions proposed
Software based solution
Demagnetizing Suitable for Limited effectiveness during [DVR with type 2 fuzzy overcomes limited effectiveness

during severe grid faults

Fuzzy logic controllers are known for their ability to handle

dynamics

. Enhanced stability |Increased computational .2, . ) - .

Flux linkage . . uncertainties and variations without requiring precise
. and better fault load and limited to specific . . .
tracking control [11] . . o mathematical models, potentially leading to a more
detection grid conditions . . .
computationally efficient solution

Partial feedback Improved response Comp lexity mn . |Type 2 fuzzy logic, are known for their ability to handle
L . . implementation and requires o B .
linearization control |time with enhanced recise modeling of svstem uncertainties and variations in a flexible manner thereby
[12] grid integration p gotsy facilitating reduced computational complexity

Hardware based solution

Fault current limiter High fault tolerance

Expensive technology and

Reduces the need for constant fine-tuning and adjustment

Series grid-side

converter [15] and effective for

unbalanced faults

Requires precise control

[13] maintenance challenges which is beneficial for maintenance
Disruptive to grid during In the context of prolonged faults, the type 2 fuzzy
Crowbar and . L. .. . . .
Quick response to  |activation and limited controller could intelligently adjust the control parameters to
chopper scheme . L . . .
[14] faults effectiveness for prolonged mamtgln optimal performance, ensuring sustained
faults effectiveness
Provides grid support Type 2 fuzzy controller intelligently regulates the input DC

voltage to the DVR, adapting to the dynamic and changing
conditions that may occur during grid faults which is crucial
in scenarios where precise control would be difficult

Flexible AC transmission system technology, utilizing
power electronics, addresses power industry challenges.
Devices like STATCOM [16] and SVC [17] come in
series, shunt, and hybrid connections. STATCOM supplies
reactive power to regulate voltage at PCC, while SVC
enhances system stability. However, drawbacks include
high cost, complexity, and grid-specific effectiveness,
making implementation challenging for some utilities. As a
consequence, DVR [18] is implemented in the proposed
work, to compensate for LVRT and maintain a stable
voltage supply to sensitive loads. When voltage sags occur
due to faults or disturbances in the grid, the DVR detects
sag and injects compensating voltage, restoring power
quality to connected equipment.

These protective methods enhance LVRT performance
to some extent. However, without an ESD, WTs are unable
to regulate output power fluctuations effectively.
Alternatively, ESDs have been widely considered [19, 20],
for smooth active power fluctuations but also regulate
reactive power. In such a way, DVRs are connected in series
with the load and coupled with ESD, transformer, and
inverter. These components compensate for active and
reactive power needs during voltage fluctuations [21]. DVRs
stabilize voltages by injecting compensating voltage into the
distribution system via a transformer. In [22] optimized PI
control with a gradient adaptive variable learning rate Least
Mean Square algorithm is developed to ensure adaptability
by adjusting step sizes, making it robust in dynamic system

conditions. Still, optimizing and implementing adaptive
algorithms, require significant computational resources and
could add complexity to system. Levenberg Marquardt back-
propagation algorithm, and Adaptive Neuro-Fuzzy Inference
System model in [23] shows improved accuracy and power
quality responses. However, potential challenges include the
complexity of implementing advanced artificial intelligence
techniques, requiring expertise, and the computational
resources. Addressing these research gaps would provide a
more exact understanding of the challenges and opportunities
in enhancing LVRT capabilities in PMSG-wind energy
systems, leading to more effective and reliable grid
integration solutions. Therefore, the main purpose of this
work is to address the challenges associated with the
integration of RESs, specifically focusing on the intermittent
nature of PMSG based WECS. The primary goal is to
enhance grid stability and LVRT capability by proposing a
solution that strategically integrates a DVR with an ESD.
The innovative use of a type 2 fuzzy controller for intelligent
regulation of the DVR’s input DC voltage, coupled with a
sophisticated 31-Level CHBMLI, aims to ensure high-
quality AC output and reduced THD, ultimately providing a
practical and reliable system for improved grid compatibility
and stability in PMSG based WECS. The key contributions
of the work include:

e Integrates DVR with supercapacitor to enhance
LVRT capability of WECS.
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e Implements type 2 fuzzy controller for precise and
adaptive control of DVR, ensuring stable responses to
voltage fluctuations and grid disturbances.

e Incorporates DVR, isolated flyback converter, and
reduced switch 31-Level CHBMLI controlled by PI controller
for seamless power flow and high-quality AC output.

TRANSFORMER

Description of proposed work. The goal of this
research is to address the challenges associated with
integrating RESs, particularly WECS, into the modern power
grid (Fig. 1). The focus lies on enhancing LVRT capability,
crucial for maintaining grid stability in the presence of
intermittent and variable RESs. This has been achieved
through the strategic integration of key components.

DVR
PMSG-WECS

! Vncuer) TYPE 2 FUZZY
CONTROLLER
Vbc(act)

PWM i
( ENERATOR 5

PWM
RECTIFIER

ISOLATED
FLYBACK
CONVERTER,

-
REDUCED SWITCH LC [ 3@
31-LEVEL CHB MLI FILTER [\ GRID

PWMPULSES

PWM
GENERATOR

PI
CONTROLLER

Pref, Qrer

R

1

Pact, Qact

Flg 1. Proposed PMSG-WECS with DVR

The proposed system is an intricate and efficient
solution for integrating wind energy into power grid,
ensuring grid stability, even during voltage dips and
disturbances. It begins with a WECS equipped with a
PMSG that captures wind energy and transforms it into
electrical power. To tackle situations of LVRT, the
system seamlessly activates DVR linked to a
supercapacitor acting as an ESD. This combination
ensures a continuous supply of stable AC power to the
grid, mitigating voltage fluctuations. Crucially, a type 2
fuzzy controller regulates the input voltage to DVR,
adapting to dynamic grid conditions. To refine the power
output, the system utilizes a transformer to step up the
voltage and PWM rectifier to convert the AC supply into
DC, which is directed to an isolated flyback converter.
This converter adjusts voltage levels and ensures
electrical isolation. The regulated output from flyback
converter is then fed into 31 CHBMLI. This advanced
inverter converts DC into AC power by creating multiple
voltage levels, minimizing harmonics and voltage
variations in output. To ensure precision control, the PI
controller at the grid side continuously monitors real and
reactive power, generating control signals for 31-level
CHBMLI. These signals adjust the inverter’s operation,
maintaining the required voltage and frequency,
facilitating efficient and reliable grid synchronization.
The proposed LVRT solution with DVR surpasses
existing systems by offering a combination of fast
response times, continuous supply stability, adaptability,
reduced voltage fluctuations, improved grid resilience,
and a unified system integration approach.

Modelling of system components. PMSG-WT
modelling. Modelling a PMSG-based WT is essential for
understanding its dynamic behavior and optimizing
performance. Figure 2 depicts the schematic representation
of PMSG wind system.

Aerodynamic modelling. The PMSG based WT
harnesses wind energy to produce mechanical power
through the following mechanism:

By =%pAVVI3/Cp(ﬂ“7ﬁ)' (1

Here, the captured wind power Py in the PMSG-WT
is determined by power coefficient C,, air density p,
swept area 4 and wind velocity without rotor interference
V. As shown in (1), the power coefficient of a WT is
determined by the ratio of pitch angle fto tip speed A:

C,y(2.B)= Cl(T—Czﬂ 04} “ivegh, ()
1
where
1 1 0.035
X A-0088 pgii1
and characteristics of wind are represented as ¢; — c,
respectively.

3
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Lt = | :ENEreysTORAGE
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Fig. 2. DVR based scheme for LVRT improvement of PMSG

PMSG modelling. The dynamic model of PMSG
WT employs dq reference rotating frame, expressed as:

dy,
TSd =—Vsa —Rglsq = DY s5q 5 4)
dy,
d;q = _Vsq - Rs]sq — YW sd - (%)
From (4) and (5):
Vsd = (Lsd +Lng )Isd TVWms (6)
Vg = (qu + Lmq )Isq > (7

where 4, Vg are the stator flux linkages; Ly, Ly, are the
stator leakage inductances; L., L., refer to magnetizing
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inductances; ;,, is the linkage flux of the permanent
magnet in the motor.
On solving the differential expression becomes
dIsd

Ly d =—Vsa —Rilgy _a)eLquq ) (®)

Lq ;(] = _Vsq - Rslsq —@eLylsq + Oy )
P =Vqlsq + Vsqlsq ; (10)

O = Vsqlsd - sdlsq > (11)

Enhancing LVRT by DVR technology. The DVR
is essential for mitigating LVRT issues in renewable
energy systems, especially PMSG-WECS. During grid
faults, it swiftly detects voltage deviations and injects
compensating voltage into the system. Continuous
monitoring at the PCC allows the DVR to calculate and
counteract voltage errors, ensuring rapid correction within
milliseconds. Key elements like ESD, VSI and passive
filters work together to manage voltage sags and
harmonics, enhancing the resilience of power networks
and minimizing disruptions to sensitive loads.

Energy storage devicee ESD within a DVR
incorporates various storage devices, in the proposed work
it is supercapacitor. Its primary function is to provide
essential real power during instances of voltage sags.
DVR’s compensating ability depends on ESD’s quick
charging and draining response times, where the rate of
discharge determines how much internal space is set aside
for energy storage.

Voltage source inverter. The pulse-width modulated
VSl is responsible for converting DC voltage sourced from
the ESD into AC voltage. This converted AC voltage is
then supplied to the series transformer, which acts as a
step-up voltage injection transformer. The series
transformer elevates the voltage to effectively counteract
conditions of voltage sag. Notably, the VSI operates with
minimal voltage output, and for DVR protection, a bypass
switch is commonly integrated.

Passive filters. To address the high-frequency
harmonic in output of VSI, DVRs are equipped with passive
filters. When positioned on inverter side, passive filters
notably reduce stress on injection transformer.
Simultaneously, when placed on the load side, they minimize
harmonic content originating from transformer’s secondary
side. This integration of passive filters contributes to
enhanced system performance and stability by mitigating the
impact of harmonic distortions in DVR’s output.

The DVR integrated in the line between PMSG and
grid, enhances PMSG’s LVRT capability. Capable of
mitigating voltage fluctuations, including swells, sags,
and harmonics, the DVR is particularly effective in
compensating for voltage sag incidents in LVRT
applications of PMSG. Figure 2 illustrates the installation
of DVR at PCC, where it injects series voltage to
compensate for active and reactive power in grid, aiding
recovery from faults.

The injected series voltage by the DVR is expressed as:

Vove =Vi+Zmul Vi (12)
where [} is the load current; V7 is the load voltage; Zzy is
the load impedance; Vryy is the system voltage during
fault. The expression for load current is:

_ P +jor
- Lo (13)

On considering V; as a reference, the equation is
reformulated as:

I

Vo =VES+ 250 —vig? . a4
where
0= tanh_l(e—Lj. (15)
Py

The expression for DVR’s complex power output is:

Spvr =Vpvr Ipyr - (16)

The DVR’s power rating is determined by

magnitude of fault voltage to be compensated, and

relationship provided calculates required active power of

the DVR (Ppyz) for voltage sags and swells, considering a
zero-phase angle jump:

V. .-V
f
Ppyr :[%]’Pload ,

pcce
where V; is the voltage at terminals of voltage source
converter in DVR; Py, is the active power consumed by
load; V.. is the voltage at PCC.

Additionally, the Voltage Unbalance Factor (VUF)
is assessed according to the standards set by the National
Electrical Manufacturers Association is expressed as:

(17)

VUF(%):%.loo%, (18)
1
where the positive sequence voltage V; and negative
sequence voltage V, are considered, with phase angle &
between grid voltage V, and terminal voltage of PMSG V,
needing to be kept below a specified maximum value to
prevent overloading of DVR.

The given equation establishes
allowable phase angle:

the maximum

2 2 2
Vt +Vg —V( )
5 :COS_l c(max i (19)
max 2'Vd Vz

where V.n.x 1S the maximum compensating voltage
provided by DVR.

For enhancing performance of DVR the proposed
work implements type 2 fuzzy controller, which ensures
precise and adaptive regulation of voltage fluctuations
and grid disturbances for seamless operation.

Type 2 fuzzy logic controller. T2-FLC is an
advanced fuzzy logic system that handles uncertainties
more effectively than traditional fuzzy controllers. In the
context of DVR control, where power grid disturbances
and uncertainties are prevalent, T2-FLC offers enhanced
capabilities. The architecture of proposed T2-FLC is
illustrated in Fig. 3.

CRISP

INPUT —-l FUZZIFIER “ RULEBASE | I DEFUZZIFIER |——> CRISP
(ERROR, OUTPUT
CHANGE
IN T1FS
ERROR) INFERENCE TYPE
ENGINE REDUCER
T2FUZZY T2FUZZY
SETS SETS

Fig. 3. Proposed structure of T2-FLC

Here’s how type 2 fuzzy logic can be specifically
applied for DVR control.
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Fuzzification. Crisp input signals are generated by
comparing the reference DC link voltage (expected stable
voltage level) and the actual DC link voltage (measured
voltage level during grid disturbances). These crisp inputs
are fuzzified by T2-FLC into fuzzy variables using
appropriate membership functions. The use of type 2
fuzzy sets allows the controller to handle uncertainties
and variations effectively.

Rule base. The T2-FLC utilizes a set of fuzzy
IF-THEN rules stored in the rule base. These rules capture
the relationships between the fuzzy input variables. For
instance, «IF Deviation is Negative Large AND Change in
Deviation is Positive Small, THEN Control Signal is X».
These rules encode the expert knowledge or system
behavior and guide the inference process.

Inference engine. The inference engine applies FLC
operations (such as AND, OR) on fuzzy input variables
based on the fuzzy rules. This process results in fuzzy
output sets that represent the intermediate control actions
inferred from the inputs. In T2-FLC, additional operations
are performed to handle uncertainties in the inference
process, ensuring robust control decisions.

Table 2 illustrates generic example of fuzzy rules for
a simplified scenario involving the control of DVR based
on 2 input variables: «Error» (deviation between
reference and actual DC link voltage) and «Change in
Error» (rate of change of error).

Table 2
Fuzzy rule
Error | Change in error Control signal

NL NL NL
NL NS NM
NL Z NS
NL PS Z

NL PL PS
NS NL NM
NS NS NS
NS Z A

NS PS PS
NS PL PM

In Table 2 NL, NS, NM are negative large, negative
small and negative medium, while PL, PS, PM are
positive large, positive small and positive medium. Also Z
indicates zero.

Type reducer. The output from the inference stage
is a T2-fuzzy set, which contains more uncertainty than
type-1 fuzzy sets. Type reduction is the process of
converting the T2 fuzzy set into a more manageable T1-
fuzzy set. It reduces the uncertainty associated with the
control decisions, making them more reliable.

Defuzzification. Fuzzy output sets back into crisp
control signals using defuzzification methods. This
algorithm calculates the crisp control signals using the
centroids and spreads of fuzzy output sets, ensuring
precise and effective control actions.

Crisp output. The crisp control signals obtained after
defuzzification represent the necessary actions the DVR
system must take to restore voltage stability. These actions
typically involve injecting compensating voltage into the
distribution system through the transformer, effectively
mitigating voltage sags or swells and ensuring that
sensitive loads connected to the grid remain operational.

Thereby, the T2-FLC ensures precise and adaptive
control actions, enabling DVR to effectively compensate
for voltage fluctuations and maintain stable power supply.

Isolated flyback converter. The isolated flyback
converter is shown in Fig. 4, it is a crucial component in the
proposed system, designed to adjust voltage levels, ensure
electrical isolation, and facilitate stable power transfer.

Pl *
L
hoo |

t
VAE ? Vs

Fig. 4. Configuration of isolated flyback converter

Vin NP

L s

In this intricate process, the converter receives
regulated DC power from the PWM rectifier, which has
previously converted unstable AC supply into a stable
form. Operating in distinct switch-on and switch-off
periods, the flyback converter employs a transformer to
achieve electrical isolation. By precisely controlling the
switch-on and switch-off periods, the flyback converter
regulates output voltage, a crucial aspect for stable power
transfer. The regulated DC output, now free from ripples, is
subsequently rectified and filtered, ensuring a smooth
waveform. Prominently, the flyback converter provides
electrical isolation, safeguarding components from voltage
spikes and disturbances in grid. Its efficient energy transfer,
minimal power losses, and precise control, guided by
signals from the PI controller at the grid side.

Reduced switch 31 level CHBMLI. The rectified
output from WECS is processed through an isolated
flyback converter before reaching the reduced switch 31-
level CHBMLI. This converter ensures the adjustment of
voltage levels and provides electrical isolation. The
primary function of the 31-level CHBMLI is to convert
the DC power from the isolated flyback converter into
high-quality AC power.

The proposed configuration streamlines the design by
reducing the number of DC source into single source,
facilitated by the implementation of isolated flyback
converter. The design of MLI is founded on H-bridge
inverter, featuring a total 8 switches (Fig. 5). This design
comprises a level generation unity and a polarity generation
unit (H-bridge inverter). The switches associated with
polarity generation (77 — 7,) and level generation (S; — S,)
collectively contribute to the generation of 31 voltage levels.
The activation of switches 7} and 7 occur during positive
half cycle, while 75 and 7, are engaged during the negative
half cycle. Notably, the deactivation of all level generation
switches yields the zero voltage level. This configuration
allows for effective control and modulation of the output
voltage levels, ensuring the desired multilevel characteristics
of the inverter.

In positive half cycle, conduction occurs through D,,
Ds and D, with switch S turned ON. Table 3 presents the
switching operations and corresponding output voltage
levels during the operation of proposed system.

Transitioning to mode 2 in the positive half cycle,
conduction shifts to D;, D; and D, with switch S, turned
ON, and yielding an output.
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ISOLATED FLY BACK MULTIPLIERCELL ~ H BRIDGE
CONVERTER INVERTER
Fig. 5. Reduced switch 31-level MLI
Table 3

Switching operations and output voltage levels of reduced
switch 31-level MLI

S] S2 S3 S4 Output Voltage

1 1 1 1 Vot Vot Ve + Ve
0 1 1 1 Vo + Ve + Vs
1 0 1 1 Ve + Vs + Vi
0 0 1 1 Vs + Vs

1 1 0 1 Voi + Voo + Vs
0 1 0 1 Ve + Vs

1 0 0 1 Vo + Ve

0 0 0 1 Va

1 1 1 0 Vo + Voo + Vs
0 1 1 0 Ve + Vs

1 0 1 0 Ve + Vs

0 0 1 0 Ve

1 1 0 0 Vo1 + Ve

0 1 0 0 Vs,

1 0 0 0 Vs

0 0 0 0 0

1 0 0 0 Ve

0 1 0 0 Vs

1 1 0 0 ~Vs1 + V)

0 0 1 0 Vs

1 0 1 0 —( Vo + ng,)

0 1 1 0 —( Ve, + ng,)

1 1 1 0 Vs + Ve + V)
0 0 0 1 —Vs4

1 0 0 1 ~Vs1+ V)

0 1 0 1 —( Ve, + Vg4)

1 1 0 1 “Vs1 + Ve + Vea)
0 0 1 1 Ve + Ve)

1 0 1 1 Va1 + Vs + Vsa)
0 1 1 1 Vo + Ve + Vsa)
1 1 1 1 Vs + Ve + Ves + Vsa)

This sequential switching pattern continues through
the 15 modes, with switches being activated in sequence.
The same switching sequence is then repeated for
negative half cycle. In addition, a PI controller is
implemented for controlling the operation of 31-level
CHBMLI. The PI controller continuously monitors real
and reactive power, generating control signals for the
inverter. This ensures precise control over the output
voltage and current. This guarantees that the wind farm

can seamlessly integrate with the grid without causing
disruptions.

Table 3 enumerates the switching operations and
associated output voltage levels for reduced switch 31-level
MLI. Each row in the table corresponds to a specific switch
configuration, where «1» indicates the switch is turned ON,
and «0» denotes it is OFF. The switches are denoted as
(S1 — S4). The output voltage column shows the cumulative
voltage produced by the active switches according to the
specified configuration. Columns (S; — S;) represent the
ON/OFF status of each switch in the inverter. Columns
(Vs1 — V) specifies the resulting output voltage based on
active switches. The notation (Vs — V) represents the
voltage levels associated with each switch. The cumulative
output voltage is calculated by adding the voltages of active
switches. For example, the row «1 1 1 1» indicates that all
4 switches (S; — S;) are turned ON, contributing their
respective voltage levels to the total output voltage. In
contrast, the row «0 0 0 O» signifies that none of the
switches are active, resulting in zero output voltage. This
table serves as a reference for understanding the
relationship between switch configurations and the
generated output voltage levels in the reduced switch
31-level MLIL

Result and discussion. The validation of proposed
system has been precisely carried out using MATLAB
simulation. Through rigorous analysis and simulation, the
performance and effectiveness of each component within
the system have been assessed. Table 4 presents a detailed
breakdown of the specification parameters crucial to the
design of the proposed system.

Table 4

Specification of design parameters

Parameters | Value

PMSG-wind system
No. of turbines 1
Power, kW 10
Voltage, V 575
Stator resistance, Q) 0.975
Flux linkage, Wb 0.91
PMSG inductance, H 0.01
Pole pairs 3
Air density, kg/m’ 1.218
Pitch angle beta, degree 2
Base wind speed, m/s 12
DC link capacitor, pF 1500
DVR

Switching frequency, kHz 10
Series voltage injection, V | 100
Grid voltage, V 415
Filter inductance, mH 2.7
Filter capacitance, uF 50
Line resistance, Q 0.1
Line inductance, mH 0.5

The following sections delve into the comprehensive
results and discussions, shedding light on the system’s
response to grid disturbances, the role of DVR, and the overall
enhancement of LVRT capability in PMSG based WECS.

Scenario 1. Voltage sag. The response of a PMSG
during a voltage sag condition is illustrated in Fig. 6.
Subfigures («) and (b) respectively showcase the voltage
and current waveforms of PMSG system under the
influence of voltage sag. The occurrence is notable
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between 0.2 s and 0.3 s, attributed to the uneven nature of

the wind affecting the generator. The inphase waveform
under voltage sag condition is depicted in Fig. 6,c. This

visual representation enables a detailed observation of

how PMSG system responds to voltage sag, offering
valuable information about its dynamic characteristics in
the presence of such adverse electrical conditions. The
implementation of DVR plays a crucial role in mitigating
voltage sag scenario.
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Fig. 6. PMSG behavior in voltage sag:
a —voltage; b — current; ¢ — inphase waveforms

In Fig. 7, two key aspects of the system are depicted.
Figure 7,a illustrates the output from the rectifier,
displaying a gradual voltage increase with minor
oscillations, indicating successful conversion of wind
system power. Figure 7,b shows the stabilized DC link
voltage at 800 V, highlighting a successful conversion
and regulation process. This stable DC link voltage is
essential for ensuring overall system performance and
efficiency in subsequent stages.
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Fig. 7. a — output voltage from rectifier; b — voltage across DC link

In Fig. 8 the output characteristics of the 31-level
MLI is shown. Figure 8,a illustrates the output voltage,
showcasing a stabilized and consistent voltage profile.

Concurrently, Fig. 8,6 demonstrates the corresponding
output current profile, which also maintains a stable and
steady behavior. This stability in both voltage and current
outputs highlights the efficacy of the 31-level MLI in
providing a reliable and consistent power supply. The
achieved output stability is crucial for ensuring the proper
functioning of the connected load and contributes to the
overall performance and efficiency of the system.

K V THIRTY ONE LEVEL OUTPUT VOLTAGE WAVEFORM
N T T T T T N
500
Z
3. 14
]
o
-
-500 I
i | | |
o 0.1 0.2 0.3 04 [,S o5
], A THIRTY ONE LEVEL OUTPUT CURRENT WAVEFORM
T T T .
10
g
< -
g0 b
3
o
-10b
U
| | . | | .
0.1 0.2 0.3 0.a [,S o5

Fig. 8. Output voltage (a) and current (b) profile of 31 level MLI

Figure 9 provides a visual representation of the
voltage and current characteristics in 3 phase grid load
under the influence of proposed system. Figure 9,a
displays the load voltage waveform, showcasing the
stabilized nature of voltage. This stabilization is a result
of proposed system’s effective mitigation of voltage sag
issues, ensuring a consistent and reliable voltage supply to
the grid load. Simultaneously, Fig. 9,b illustrates the load
current waveform, indicating a stabilized current value.
The ability to maintain stable voltage and current levels is
crucial for the overall performance and reliability of the
grid load, emphasizing positive impact of proposed
system on mitigating voltage sag and ensuring the steady
operation of grid load.
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Figure 10 illustrates the dynamics of both real and
reactive power waveforms, providing insights into the
power characteristics of proposed system under operating
conditions. The real power waveform represents the
actual power consumed by the system, while the reactive
power waveform indicates system’s ability to maintain
voltage levels. Together, these waveforms offer a

Enexmpomexuika i Enekmpomexanika, 2024, Ne 4

37



comprehensive view of the power behavior of the system,
aiding in the evaluation of its performance and efficiency.
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Fig. 10. Real (a) and reactive (b) power waveform

Scenario 2. Voltage swell. The response of PMSG
system under voltage swell conditions is shown in Fig. 11.
Figure 11,a illustrates the voltage waveform, showcasing
how the system’s voltage output is affected by voltage swell
condition between 0.2 — 0.3 s. In parallel, Fig. 11,5 details
the corresponding current waveform, providing insights
into the system’s electrical behavior in response to the
voltage swell. Additionally, the inphase representation of
current and voltage is also revealed in Fig. 11,c.
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Fig. 11. PMSG system response to voltage swell:
a — voltage; b — current; ¢ — inphase waveform

In Fig. 12, two essential elements of the system are
depicted: output from rectifier and the resulting DC link
voltage. Figure 12,a illustrates the rectifier’s output,
displaying a gradual voltage increase with minor
oscillations. This highlights the rectifier’s role in
converting wind system input power into a usable form.
Figure 12,0 shows the DC link voltage, indicating a
stabilized output at 800 V. This successful conversion and
regulation process ensures a consistent and reliable DC
supply for the subsequent stages of the system,
contributing to overall performance and efficiency.
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Fig. 12. Rectifier output voltage («) and DC link voltage ()

In Fig. 13, the output voltage and current profiles of
31-level MLI under voltage swell conditions are depicted.
Figure 13,a illustrates the stabilized output voltage,
emphasizing system’s ability to mitigate the effects of
voltage swell and maintain a consistent voltage supply.
Simultaneously, Fig. 13,6 presents the corresponding
output current profile, showcasing the system’s capability
to deliver stable current despite the voltage variations. This
analysis underscores the effectiveness of the proposed
system in adapting to both voltage sag and swell conditions
and ensuring reliable power delivery to connected load.
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The voltage and current dynamics within 3 phase
grid load influenced by the proposed system is depicted in
Fig. 14. Figure 14,a depicts the load voltage waveform,
demonstrating the system’s proficiency in stabilizing
voltage by effectively addressing voltage swell issues.
Concurrently, Fig. 14,b portrays the load current
waveform, showcasing a steady and controlled current
level. The system’s capability to maintain stability in both
voltage and current is instrumental for the reliable
performance of grid load, underscoring the positive
impact of the proposed solution in mitigating voltage
swell and ensuring uninterrupted operation of grid load.

The concise view of power dynamics, encompassing
both real and reactive power waveforms is illustrated in
Fig. 15. Figure 15,a represents the real power waveform,
reflecting the actual power consumed. Simultaneously,
Fig. 15,b depicts the reactive power waveform, indicating
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the non-working power component that oscillates between
source and load. This comprehensive representation of
real and reactive power dynamics is crucial for assessing
the system’s performance and efficiency in delivering
power to the connected load.
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The power factor waveform accomplished by the
proposed system is illustrated in Fig. 16. The achieved
unity power factor signifies optimal utilization and
balance between real and reactive power, showcasing the
efficiency and stability of the system under voltage swell
conditions. The consistent power factor dynamics affirm
the system’s capability to maintain a balanced and reliable

operation even in challenging scenarios.
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Fig. 16. Power factor dynamics

Figure 17 presents the THD value, which is recorded
at 1.8 %. This low THD value indicates a minimal level
of harmonic distortion in the system’s output,
highlighting the efficiency and quality of the power signal
generated by the proposed configuration.

A comprehensive comparison of THD analysis among
various techniques is listed in Table 5. The table serves as a
valuable reference for evaluating and contrasting the
harmonic distortion levels achieved by different approaches,

with the lower THD values indicating better performance in
terms of generating a cleaner and more stable power output.
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Fig. 17. THD waveform

From Table 5, the first three rows represent the THD
percentages reported by different authors, specifically Pal R.
[24], Moghassemi A. [25], and Ibrahim N.F. [26], revealing
THD value of 7.85 %, 4.89 % and 2.3 % respectively. While,
the proposed technique included in the comparison, shows a
reduced THD value of 1.8 %, with optimal performance.

Table 5
Comparison of THD analysis
Techniques THD (%)
Pal R. [24] 7.85
Moghassemi A. [25] 4.89
Ibrahim N.F. [26] 23
Proposed 1.8

The comparison of cost function between a fuzzy
controller and a T2-FLC for optimal DVR control is
illustrated in Fig. 18. The analysis reveals that T2-FLC
outperforms traditional fuzzy controller, achieving a
minimized cost. Figure 18 provides valuable insights into
the effectiveness of T2-FLC controller in optimizing
DVR control and reducing associated costs, showcasing
its superiority over conventional fuzzy control strategies.
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Fig. 18. Comparison of cost function

A comparative analysis of convergence speed between
fuzzy controller and T2-FLC controller is represented in
Fig. 19. The comparison highlights the enhanced
convergence speed achieved by type 2 fuzzy controller,
showcasing its greater performance in optimizing
convergence dynamics compared to conventional fuzzy.
Figure 19 provides valuable insights into the efficiency and
effectiveness of type 2 fuzzy controller in ensuring faster
convergence for improved control outcomes.
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Figure 20 illustrates a comprehensive comparison of
DVR controller errors. This analysis examines and
contrasts the errors associated with different control
strategies employed for the DVR system. It observed that
the proposed type 2 fuzzy shed light on accuracy and
efficacy of each control approach in minimizing errors
within the DVR system in contrast to fuzzy approach.
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Fig. 20. DVR controller error comparison

Conclusions. In conclusion, the proposed integration
of PMSG-WECS with an advanced power conditioning
system, including a DVR represents a significant
advancement in enhancing grid stability and LVRT
capability. The type 2 fuzzy controller intelligently
regulates the input DC voltage to DVR, adapting
dynamically to changing conditions and tackling voltage
fluctuations and grid disturbances. The subsequent
processing of rectified WECS output through an isolated
flyback converter and a 31-level CHBMLI with PI control
ensures the delivery of high-quality AC output to grid,
minimizing harmonics and voltage deviations. This holistic
approach significantly improves the WECS’s LVRT
capability with reduced THD value of 1.8 %, providing a
cleaner and more stable power output compared to existing
techniques. The comprehensive comparison of THD
analysis with other techniques and the examination of
controller errors affirm the scientific novelty and
effectiveness of the proposed system. In conclusion, the
research not only addresses the stated research problem but
also contributes novel insights into the integration of RES
into the power grid, emphasizing the significance of
advanced control strategies, such as type 2 fuzzy control, in
improving the system’s consistency. To raise the overall
resilience and efficiency of the system, future work will
concentrate on modified controllers for even more
adaptability, scaling up and optimizing the suggested
PMSG-WECS integration, and investigating new
developments in energy storage technologies.
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Contribution of using a photovoltaic unified power quality conditioner
in power quality improvement

Introduction. With the increasing complexity of power systems and the integration of diverse energy sources, issues such as voltage
sags, swells, and signal distortions have emerged as critical challenges. These power quality problems can result in equipment
malfunction, production downtime, and financial losses for industries, as well as inconvenience and potential damage to electrical
appliances in households. There is an urgent need for enhanced system efficiency. Methods. This objective is effectively achieved
through the utilization of the newly proposed power theory, which is rooted in solar photovoltaic (PV) control, in conjunction with
the Unified Power Quality Conditioner (UPQC). Purpose. The proposed method incorporates a modified synchronous reference
frame scheme, coupled with a phase-locked loop mechanism. This control strategy enables the UPQC to effectively mitigate power
quality issues. Novelty. PV-UPQC is utilized to uphold power integrity in the presence of diverse current and voltage distortions.
This device, known as a multi-objective power conditioning apparatus, serves the purpose of maintaining power quality. PV-UPQC
incorporates both a shunt and series voltage source converter, which are interconnected through a shared DC-link. Additionally, the
PV system is interconnected at the DC-link of the UPQC in order to supply power to the load. Results. In this study, a novel
approach is presented for controlling the UPQC, aiming to address power quality concerns such as unbalanced grid voltage and
harmonic distortions and enabling us to control active and reactive power. References 16, tables 2, figures 15.

Key words: unified power quality conditioner, photovoltaic system, phase lock loop, reactive power, harmonics.

Bcmyn. 3i 3spocmannam cknaonocmi enepeemuyHuX cucmem ma inmespayicio pisHux odicepen enepeii makxi npobiemu, K npo6anu
Hanpyau, cmpubKu Hanpy2u ma CHOMBOPEHHs CUSHALY, CIATU KpUumudHumu npooremamu. Lli npobremu 3 axicmio erekmpoenepeii
Modicymb npussecmu 00 300i6 y pobomi 0OAAOHAHHSA, NPOCMOL8 GUPOOHUYMEA MaA (DIHAHCOGUX 6mpam Oisi NPOMUCLOBOCHE, d
makodc 00 HespyuHocmell ma NOMEHYIUHO20 NOWKOONCEHHsS eNeKmponpunadie y oomawiHix 2ocnooapcmeax. Icnye eocmpa
HeobxioHicmy niosuwenna egpekmuenocmi cucmemu. Memoou. Lla mema eekmusHo 00CA2AEMbCA 34 PAXYHOK S6UKOPUCHIAHHS
Hewo0oasHo 3anponoHO8aHOT Mmeopii enepeemuKy, wjo 6asyemvcsa Ha ynpaeninii conaunumu gomoenexkmpuynumu (PV) cucmemamu,
YV NOEOHAHHI 3 €OuHUM nepemsopiosavem axocmi enekmpoenepeii (UPQC). Mema. IIpononosaruii memoo @xioyac moougikosamny
cXeMy CUMXPOHHOI cucmemu KOOpOUHAM y NOCOHAHHI 3 MeXauismom azoeoeo asmoniocmpoiosanns wacmomu. L{a cmpamezis
xepysanns 0o3zeonsic UPQC epexmueno ycysamu npobremu 3 sxicmio enekmpoenepeii. Hosuzna. PV-UPQC sukopucmogyemucs
0711 NIOMPUMKU YITICHOCMT eJIeKMPONCUBTICHHSL 30 HASIGHOCMI PI3HUX CROMEOpeHs cmpymy ma Hanpyeu. Lleil npucmpitl, gidomuti sk
bacamoyinbosuil npucmpii cmabinizayii nOMyx’cHoCmi, cayscums niompumyi sxocmi enexkmpoenepeii. PV-UPQC exnouae sk
WYHMYIOUUL, Max [ NOCAI008HULL NEPEMBOPIOSay Hanpyau, sIKi 3 €OHani Migc cobor0 uepes 3azanvhe Koio nocmitino2o cmpymy. Kpim
moeo, ghomoenexmpuuny cucmemy niokmoueno 00 aanxku nocmitnozo cmpymy UPQC 0ns nooayi sicugients Ha HaganmadicenHs.
Pesynomamu. Y yvomy oocniodxcenni npedcmasnenuti Hosuti nioxio oo ynpaeninus UPQC, cnpamoeanuil Ha eupiwenHs npooiem
AKOCMI eflekmpoenepaii, maKux K He30aNaHcoeana Hanpy2a Mepelci ma 2apMOHIuHi CHOMEOPeHHs, W0 00360JA€ KOHMPONIO8aAMU
aKmueHy ma peakmuery nomyxcricms. bion. 16, tabmn. 2, puc. 15.

Kmouosi crnosa: equumii ctadijizaTop sAKoCTi ejieKTpoeHeprii, (hoToe/IeKTPUYHA cHcTeMa, (pa30Be AaBTOMIACTPOIOBAHHA YACTOTH,
PeaKTHBHA MOTY:KHICTh, TAPMOHIKH.

Introduction. Power electronic-based loads play a
crucial and influential role in the propagation of harmonic
currents within the electrical grid at the point of common
coupling (PCC), serving as substantial contributors to this
phenomenon [1, 2]. Voltage Source Converters (VSCs) are
extensively utilized in various power quality (PQ)
enhancement applications owing to their exceptional
capacity to absorb or deliver reactive power, thereby
providing enhanced versatility [1, 3]. Enhancing PQ is
paramount for ensuring the dependability and efficiency of
electrical systems, guaranteeing a stable and uninterrupted
supply of electricity to meet the varied requirements of
consumers [1, 2]. In the context of solar PV integration for
PQ improvement, a combined utilization of photovoltaic
(PV) systems and Unified Power Quality Conditioners
(UPQC) has been implemented [3, 4]. This paper presents
comprehensive research into the design and performance
analysis of a three-phase Photovoltaic-Unified Power
Quality Conditioner (PV-UPQC). To enhance dynamic
performance during active current extraction an advanced
Phase-Locked Loop (PLL) based Direct Current Control
(DCC) theory approach is employed [5-7]. The proposed
system offers numerous notable advantages, including
seamless integration of clean energy generation and PQ
enhancement. It achieves simultancous improvements in

both voltage and current quality, while significantly
enhancing load current compensation through the
utilization of DCC control of PV-UPQC [7-9].
Furthermore, the PV-UPQC operates to stabilize the system
amidst a plethora of dynamic scenarios, encompassing
voltage sags/swells, load unbalance, and variations in
irradiation [10, 11]. To thoroughly evaluate the
performance of the proposed system, extensive analysis is
conducted under both dynamic and steady-state conditions,
employing the MATLAB/Simulink, simulating real-world
distribution system scenarios such as voltage sags/swells,
load unbalances, and variations in irradiation.

System configuration of PV-UPQC and control
strategy. The system is shown in Fig. 1 showcases the
configuration block diagram of the considered setup. It
comprises a shunt VSC and a series VSC, which are
interconnected through a shared DC link capacitor. The
shunt VSC is connected to the load side through
interfacing inductors, while the series VSC is linked in
series with the grid via coupling inductors, in order to
facilitate the integration of the PV-UPQC system [4].

To facilitate the injection of the voltage signal
generated by the series VSC, the PV-UPQC system uses a
series transformer. The shunt VSC is connected at the
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PCC on the load side, serving a dual role of compensating
for load current harmonics and delivering PV power to
the load [8, 12].

L Non Linear
v, Grid 1, Load

Unified Power Quality

4y
G Hi
! Conditioner
T \
1 1
1

Via Hysteresss [

current 1
Contyo L

Sc
Reference Current L ],
Generation

Fig. 1. General structure of PV-UPQC in grid

Series active power filter control. The series active
power filter (APF) plays a crucial role in voltage
compensation by determining the required voltage
injection into the grid to achieve a sinusoidal voltage
waveform with the correct magnitude and frequency [10].
The reference voltage 7. is subtracted from the supply
voltage, and the resulting voltage error is calculated and
compared to the system’s internal error voltage. The
hysteresis voltage controller governs the switching pattern
of the inverter, ensuring precise regulation of the output
voltage of the series APF [11]. Figure 2 illustrates the
fundamental schematic of a fixed hysteresis band (HB)
voltage control. Whenever the sensed output signal
deviates from the reference by a predetermined margin, a
comparison is made between the instantaneous value of
the output voltage and the reference voltage V' e
Subsequently, the inverter is activated to minimize the
discrepancy. Consequently, switching occurs each time
the output voltage crosses the HB threshold. The output
voltage signal of the series APF is provided by this
control mechanism:

V.=V. +HB —rising case;

V.= V: — HB — in decreasing case.

oI
2 sin) . » T
sin(H—T)
"%’_' r
2)e—pmes) » |
7’ 3 Load

Fig. 2. Simplified model for fixed HB voltage control

Shunt APF control. Figure 3,a illustrates the
fundamental principle of compensation of an APF
controlled by DCC. The control architecture for the APF
is designed to supply harmonic currents and compensate
for reactive power in non-linear loads, alleviating the
burden of supplying anything beyond the fundamental
active current [9]. The objective of this identification
strategy is to generate high-quality reference currents
using a simplified algorithm. After calculating the 3
sinusoidal signals through the application of the PLL
technique, as illustrated in Fig. 3,5, the output of the PI
controller in the DC voltage regulation stage is utilized as
the peak current (/) [5-7]. This peak current can be

multiplied by the sinusoidal signals to obtain the reference
source currents, expressed in:

i:a (0= Isp sin(at);
i (1) = I, sin(wt —120); )
() = I, sin(wt —240).

=

-,

L
+

Xj—b PI-Controller

1
( )

Q!‘@K

® 0

sin(d)
Cos(f)

Va= VaCos(8)+VeSin(8) J._

=

Va(0)

afabe| -2,

V. |—» abe /aB ZT”)
e )

— V(0 +

b
Fig. 3. Model of DCC (a) and PLL mechanism ()

In accordance with the diagram presented in Fig. 3,
the source current at the PCC is represented as:

i) =ip()—=if (), 2
where i), if), i{f) denote, in sequence, the
instantaneous magnitudes of the source current, load
current and filter current.

In the presence of a nonlinear load, the load current
can be disintegrated into a fundamental component and
harmonic components, which can be expressed through a
Fourier series expansion in the following manner:

(0= Ty sin(net +4,);
ir Zn:1 sin(nowt + ¢, )

ip () =1y sin(or + @) + Z:’zz I, sin(nat +g¢,),

where [, and ¢, denote the magnitude and phase angle of
the n™ harmonic current, while /; and ¢ represent the
magnitude and phase angle of the fundamental current.
Moreover, the instantaneous load power P, (f) can be
determined by the following:
PL() =V, (1) i (1) - 4)
By utilizing (3) and (4), the load power can be
rewritten as follows:
P (t)=V,,1; sin¥wt)cos(¢) +
+ V.11 sin(at) cos(ewt) sin(dy ) + 5)

+V, sin(wt)Zfzz I, sin(not +4,).

Furthermore, the load power can be represented as:
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PL(t) = Py () + B() + By (1) (6)
where Py,(f), P(f), Py(t) correspond, respectively, to the
fundamental power (real power), reactive power and
harmonic power consumed by the nonlinear load.

In an ideal compensation scenario, only the
fundamental power needs to be provided by the source.
The reactive and harmonic components are supplied by
the active filter. By examining (5) and (6), it can be
inferred that the absorbed fundamental power by the
nonlinear load can be expressed as:

Pji (6) =V, Iy sin? (@n) cos(dy) =V, ()i (1) . (7)

Based on (7) after compensation the current supplied
by the source is:

‘ fun()
Y070

Taking into account certain losses in the inverter, the
total peak current 7/, shown in Fig. 3 can be defined as:
Isp =Ly +1g, )

where Iy, I, Iy denote, respectively, the total peak
current, the maximum source current and the inverter loss
component.

In the DCC algorithm, the estimation of the peak
current relies on the DC current at the output of the DC
bus controller, and it can be expressed as:

1, sp 1, de- (10)

The three-phase reference currents of the filter can
now be expressed as:

=1, cos(¢)sin(art) = I, sin(wt). (8)

i5q (1) = I3, sin(er);
igh (1) = I, sin(er —120); (11)
ige (1) = Iy, sin(ar —240).

PV system control. There are several maximum
power point tracking (MPPT) control methods and
techniques available in the literature. However, the most
commonly used is Perturb and Observe (P&O) control [13]
used in this work. This algorithm maximizes power output
in solar energy systems through system perturbations and
monitoring the effects on output power. It compares current
and previous power values to determine the optimal
perturbation direction for maximum power. It is a widely
used and renowned algorithm in MPPT [13-16] (Fig. 4).

4P, W The system is moving
away from the Maximum

Power Point {(MPF)

PPM

Ver, V

P

Fig. 4. Characteristic Ppy =f (Vpy) of a solar panel

Figure 5 shows the flowchart of P&O algorithm.

Read (V(k), I(k))

l Calculate power P(k)= V(k)-I(k) l

no

yes ‘

[ Vyefk) = V/(/( +C H Vye k)= Ve ,(/f 1) C] [ Vrer (k) = Vyey (1)~ CH Vreg (k) = Viof(l— 1)+C]

]

Fig. 5. P&O algorithm

Simulation results. The simulation parameters are
detailed in Table 1.

Table 1
Parameters of simulation

Parameter Value
Source voltage 380V
Line frequency 50 Hz
Line impedance R,=001Q,L,=0.1H
DC voltage 700 V
DC capacitor 2.35 mF
Load impedance 1 | R=90Q, L=1mH
Load impedance 2 | R=55Q, L =50 mH

After deciding which perturbations to apply to the
grids such as: voltage sag, swell and variation load to test
the response of our active filter, simulations were
performed using MATLAB/Simulink. The disruptions
follow the timeline shown below:

From 0 s to 0.2 s — UPQC.

From 0.2 s to 1.3 s — PV-UPQC is commissioned
with 700 W/m’.

From 0.4 s to 0.6 s — sag voltage (with 70 % of
normal voltage).

From 0.6 s to 1 s — normal operation.

From 1 s to 1.2 s — swell voltage (with 120 % of
normal voltage).

From 1.2 s to 2.3 s — normal operation.

From 1.3 s to 2 s — PV-UPQC commissioned with
1000 W/m’.

1.65 s — another load is applied.

From 2 s to 2.3 s — UPQC.

All details are summarized in Table 2. These
simulations were performed to analyze the behavior of the
active filter under different operating conditions and
disturbances.

Table2
Variations of voltage and load

Time,s [0-0.2/0.2-0.4|0.4-0.6({0.6—1|1-1.2|1.2-2.3|1.65-2.3
Voltage, pu| 1 1 0.7 1 1.2 1 1
Load Load 1 Load 2

Simulation results before using the PV-UPQC.
Active and reactive powers transit from the green source
to the load. This study encompasses 2 comprehensive
tests to evaluate the performance of our system. In the
first test, we conducted a simulation of the system
involving a source and a non-linear load. Our
observations revealed that the source dynamically
provides active and reactive power in response to load
variations, including voltage sag and swell. We
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meticulously explain the correlation between active and
reactive power variations and changes in voltage and
current, aligning them with the specific requirements of
the load (Fig. 6). The Total Harmonic Distortion (THD)
values are notably elevated in this case due to the
presence of a non-linear load (Fig. 7).

P, W; O, VAR Grid power

Active power source

8000

Reactive power source

7000
6000
5000
4000 - l_\
3000

2000

1000

.

0
fs

-1000
0

0\ 1 1.5 2

Fig. 6. Active and reactive power source

1, A

0.5 1 15 2 LS

THD= 28.31% THD= 28.31% THD= 25.81%
100 00

=}
=]

50 50

|||||.. 0 |I|II|| 0 ||I||
0 20 40 0 20 40 0 20 40

Harmeonic order
Fig. 7. Source current and its spectral analysis

Mag (% of Fundamental) o
[=] g

Simulation results after using the PV-UPQC. The
study is divided into 2 modes: the first mode is the
exclusive use of an UPQC in the intervals [0-0.2] s and
[2.1-2.3] s. The second mode involves using an UPQC in
conjunction with a PV (PV-UPQC) generator between
0.2 sand 2.1 s, with a non-linear load variation at 1.65 s.

Figure 8 represents the variation of the irradiance on
the PV system.

Irradiation
1200 :
1000 .
E 800f
g
§ 600f
g
g
£ 400 1
200 8
0 ‘ | .
0 0.5 1 15 2 18
Times (s)
Fig. 8. Variation of irradiation
When the irradiance is zero, the source only

provides active power equal to the power consumed by
the load. The reactive power consumed by the load is
handled by the UPQC (Fig. 9). This mode of operation is
reflected in the voltage and current of the grid being in
phase (Fig. 10).

The increase in irradiance is accompanied by a
decrease in source current with reversed phases,
signifying the grid’s initiation of absorbing active power
from the PV-UPQC (see Fig. 9, 10). Between 0.4 s and
0.6 s a deliberate voltage sag is applied, causing the
voltage to drop to 0.7 times the nominal voltage. Source
current flow intensifies to meet the load demand, as
evidenced by Fig. 9, 10, highlighting the substantial
contribution of the PV-UPQC in compensating for active
power instead of relying solely on the source.

P, W

Active power

12000 —
2
10000 - 3

Active power source
Active power PV-UPQC
Active power load

8000 [
6000 [ 2 ( ’V
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Fig. 9. Active power variation
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The integration of PV-UPQC ensures optimized
source current flow, effectively meeting load demand
while minimizing losses and enhancing overall system
efficiency. In contrast, during the time interval from 1 to
1.2 s, a voltage swell is introduced, resulting in the
voltage rising to 1.2 times the nominal voltage,
consequently, source current decreases.

Figures 9 — 11 illustrate the significant contribution
of PV-UPQC in compensating for active power instead of
relying solely on the source. At the instant 1.3 s, an
increase in irradiation to 1000 W/m? leads to a subsequent
rise in current value and, consequently, an increase in the
active power of the PV-UPQC. However, the introduction
of a new load at 1.65 s exceeds the capacity of the PV-
UPQC to fully meet the load’s power requirements,
resulting in a portion of the source’s power being utilized.

Figure 12 represents the evolution of the current
injected by the PV-UPQC, which follows its reference
accurately identified directly by the DCC method. We can
see that in the absence of irradiance, the PV Fast Active
Power (FAP) injects only harmonic currents. However, in
the presence of irradiance, the PV-FAP injects both the
PV current and the harmonic currents.
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UPQC compensates reactive power through one of its
main components, the shunt active power filter (SAPF). To
compensate for reactive power, the SAPF injects a current
into the system that is 180° out of phase with the reactive
component of the load’s current. This injected current
interacts with the reactive power, effectively canceling it
out and reducing the system’s overall reactive power
demand, as shown in Fig. 13. Thus reducing the system’s
reactive power demand and improving PQ.
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2 Reactive power PV-UPQC
800 3 Reactive power load 4
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Fig. 13. Reactive power variation

UPQC-PV effectively reduces the THD of the
current (Fig. 14).

Figure 15 demonstrates that DC bus voltage follows
its reference after each interruption, which shows the
effectiveness of the proposed controller.
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Fig. 14. Source current and its spectral analysis after using PV-UPQC
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Fig. 15. DC bus V. and its reference
Conclusions. Photovoltaic-Unified Power Quality

Conditioner (PV-UPQC) assumes a pivotal role in
enhancing power quality. This paper underscores its valuable
features, including its ability to improve instantaneous
waveforms (both currents and voltages), mitigate voltage
sags and swells, save active power, and compensate reactive
power. These attributes are crucial for optimizing the
utilization of electrical energy and reducing energy wastage.

Our proposed method involves employing the direct
current control method for the parallel active power filter.
This method enables real-time injection of harmonic
currents equal in magnitude and opposite in phase to those
absorbed by the nonlinear load. Additionally, for series
active power filters, we utilize hysteresis control, which
acts as a controllable voltage source and counters
troublesome voltage variations such as sags and swells.
This comprehensive control approach addresses multiple
issues simultaneously, including the mitigation of voltage
disturbances, improvement of current waveforms,
compensation for reactive power, and utilization of solar
energy when available (irradiation-based).

Finally, the positive results outlined in this paper
affirm the effectiveness of the PV-UPQC device in
enhancing the reliability and flexibility of energy systems.
These benefits extend across a wide range of industrial
and residential applications, thereby providing tangible
advantages to users.
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Photovoltaic system faults detection using fractional multiresolution signal decomposition

Introduction. In this paper, we present an innovative methodology based on fractional wavelets for detecting defects in photovoltaic
systems. Photovoltaic solar systems play a key role in the transition to a low-carbon economy, but they are susceptible to various
defects such as microcracks, wiring faults, and hotspots. Early detection of these anomalies is crucial to prevent energy losses and
extend the lifespan of installations. Novelty of the proposed work resides in its pioneering nature, leveraging a family of fractional
wavelets, with a specific emphasis on fractional Haar wavelets. This approach enhances sensitivity in anomaly detection, introducing
a fresh and promising perspective to enhance the reliability of photovoltaic installations. Purpose of this study is to develop a defect
detection methodology in photovoltaic systems using fractional wavelets. We aim to improve detection sensitivity with a specific
focus on low-amplitude defects such as microcracks. Method. Our innovative methodology is structured around two phases. Firstly,
we undertake a crucial step of filtering photovoltaic signals using fractional Haar wavelets. This preliminary phase is of paramount
importance, aiming to rid signals of unwanted noise and prepare the ground for more precise defect detection. The second phase of
our approach focuses on the effective detection of anomalies. We leverage the multiresolution properties of fractional wavelets,
particularly emphasizing fractional Haar wavelets. This step achieves increased sensitivity, especially in the detection of low-
amplitude defects. Results. By evaluating the performance of our method and comparing it with techniques based on classical
wavelets, our results highlight significant superiority in the accurate detection of microcracks, wiring faults, and hotspots. These
substantial advances position our approach as a promising solution to enhance the reliability and efficiency of photovoltaic
installations. Practical value. These advancements open new perspectives for preventive maintenance of photovoltaic installations,
contributing to strengthening the sustainability and energy efficiency of solar systems. This methodology offers a promising solution
to optimize the performance of photovoltaic installations and ensure their long-term reliability. References 21, tables 3, figures 10.
Keywords: fault detection, photovoltaic systems, microcracks, wiring defects, hot spots, preventive maintenance,
multiresolution analysis, fractional wavelets.

Bemyn. V' cmammi mu npedcmagisiemo iHHoBayitiny Memooonoeilo, 3acHo8any Ha Opobosux eelienemax O GUAGTEHHs 0epeKmie y
gomoenexmpuunux cucmemax. DomoeneKmpuuHi cOHAYHI cucmemu 6i0iepaiomb KIO408Y poab Y Nhepexodi 00 HU3bKosyzieyesoi
EKOHOMIKU, alle 60HU CXUTbHI 00 DI3HUX OeqheKkmis, maxux sK MIKpOMPIWUHU, HeCNpPasHOCmi NpoooKu ma 2apsui mouku. Panne
BUABGNECHHSL YUX AHOMATIL MAE GUPIUUATIbHE 3HAYUEHHS! OISl 3aN0DIAHHsL 6MPAMam eHepeli ma nPOO0BICEHHS MEPMIHY CILYHCOU YCMAHOBOK.
Hogusna 3anpononosanoi pobomu nonseac y it HOGAMOPCoKOMY Xapakmepi, 6 AKitl GUKOPUCHIOBYEMbCS CIMELiCBo OpobO6UX GellGnemis 3
ocobausum ynopom Ha opob6osi eetignemu Xaapa. Lleii nioxio niosuwgye yymaugicms 6UAGIEHH AHOMANIN, GIOKPUBAIOUU HO8Y CYMMEBY
nepcnexmusy 05 RiO8UWeHHs. HAOIIHOCMI homoeneKmpusHux ycmanoeox. Memorw 0ociiodrcents € po3pooKa Memooonoaii Us6IeHHs
Oepexmis y ghomoenekmpuunux cucmemax 3 GUKOPUCIMAHHAM Opobosux eetienemis. Mu npaznemo noxpawumu 4ymuusicme UAGNEHHS,
npudinsiouu ocoonusy ysazy Oegpexmam manoi amnaimyou, makum Ak mikpompiwunu. Memoo. Hawa innosayiiina memooonocis
cknadacmocs i3 06ox emanig. Ilo-nepue, Mmu poodumo SUpiUATLHULL KPOK w000 @hinempayii (omoenrekmpuyHux CueHauie 3
suKopucmanHam opobosux eelignemie Xaapa. Lleii nonepedniii eman mae nepuiopsione 3HAYeHHsl, OCKLIbKU 1020 Mema - no3oasumu
CUCHANU BI0 HeDadCaHo2o wymy ma niocomysamu IpYHm OJis OLbld MOYHO20 GUAGTEHHS Oegpekmis. J[pyeuil eman HAuio2o nioxooy
CNPAMOBAHO HA epeKmueHe SUABNEHHS aHOMAnil. Mu BUKOPUCMOBYEMO G1ACIUBOCINT MHOMCUHU PO30LTbHOT 30amHOCmi Opo6o6Ux
getignemis, NpuoiIAIOYY 0coonU8y yeazy opobosum setieiemam Xaapa. Ha yvomy emani docsieacmoca nioguena uymaugicmn, 0coOIu60 y
pasi euasnenHs Oeghexmie manoi amniaimyou. Pesynomamu. Oyiniorouu epexmusHicms HAWO020 Memody ma NOPIGHIoYU 11020 3
Memooamy, 3ACHOBAHUMU HA KIACUYHUX 6ellenemax, Hawii pe3yiemamu NiOKpecniooms 3HAYHy nepesazy y MOYHOMY BUAGIEHHI
MIKpOmMpiwun, HecnpagHocmell NposoOKU ma eapauux mouok. L[i cymmesi Oocsiehenus pooOnsme Hawi nioxio 0aeamoooiysiouum
plwennam ona nioguwents Haodiinocmi ma egexmusnocmi gomoenexmpuunux ycmanogox. Ilpaxmuuna winnicms. L]i Oocsenenns
6IOKpUBAIOMb HOGI NepcneKmusu Osi NPOPINAKMUUHO20 00CIY206Y8aAHHA (OMOENEKMPUYHUX YCIMAHOBOK, CHPUSIONY NIOBUUEHHIO
CMILIKOCME MA eHeP2oeheKMUEHOCmE CoHsaunux cucmem. L{s memoodonoeis npononye 6acamoobiysioue piwientss O ONMuM3ayii
NPOOYKMUSHOCMI (POMOeNeKMPUUHUX YCMAHOB0K ma 3abe3neyentst iXnboi 00620cmporosoi nadiunocmi. biom. 21, Tabdm. 3, puc. 10.
Kniouosi cnosa: BHUsSIBIIeHHs1 HecHIPABHOCTeil, ()OTOeJIeKTPHYHI CHCTeMH, MIKPOTPIilllMHHU, Ae(eKTH NPOBOIKH, rapsiii TOYKH,
npogisakTuka, MHOKMHHMIA aHAJI3, APOOOBI BeiiBiIeTH.

Introduction. Photovoltaic (PV) solar energy plays
a crucial role in the transition to a low-carbon economy.
However, the efficiency and reliability of PV systems are
susceptible to various defects, such as microcracks, hot
spots, and wiring faults. Early detection of these
anomalies is essential to prevent energy losses and extend
the useful life of PV installations.

In response to this complex challenge, the scientific
community has developed a range of sophisticated
methodologies. Among these highly relevant and frequently
utilized approaches in this field, the method based on
Independent Component Analysis stands out [1, 2]. The
latter distinguishes itself by its ability to provide
remarkable spatial resolution in detecting microcracks.
Significantly, defect detection based on Support Vector
Machines offers another valuable perspective for
identifying various anomalies in PV installations [3, 4]. In

parallel, artificial intelligence plays a crucial role in the
field of defect diagnosis, where the utilization of
Convolutional Neural Networks has yielded promising
results for defect detection in PV systems [5, 6]. The
approach based on Deep Neural Networks has also
garnered increasing interest for its potential in defect
detection in PV modules [7]. Furthermore, methods based
on wavelet transforms have proven effective in detecting
defects by analyzing the frequency variations of PV
signals, offering a robust and sensitive approach to
anomaly detection [8, 9]. Finally, recent studies [10-13]
have successfully combined neural networks with
Discrete Wavelet Transform (DWT) for defect diagnosis
in PV systems. This innovative approach has
demonstrated great effectiveness in defect detection and
precise localization.
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However, despite the undeniable advantages of these
methods, limitations persist, especially in terms of
sensitivity to the subtlest signal variations. It is precisely
at this stage that fractional wavelets come into play,
offering an alternative approach capable of overcoming
these challenges.

The purpose of the paper is to present an
innovative approach based on fractional wavelets aimed
at enhancing fault detection in PV systems. Fractional
wavelets provide a multiresolution representation and can
be adapted to capture features at different scales in signals
with remarkable precision. This capability stems from the
flexibility, selectivity, and high accuracy of the filters
comprising fractional wavelets. En incorporating these
properties into fault diagnosis, our aim is to enhance the
level of sensitivity and precision in detecting anomalies,
be they microcracks in solar cells, wiring defects, or hot
spots. Moreover, this approach allows for a more accurate
localization of faults, thereby facilitating their
intervention and repair. This promising methodology
paves the way for a new generation of diagnostic
techniques for PV installations, offering significant
advantages in terms of reliability and operational
efficiency.

Fractional wavelets. Fractional wavelets represent a
powerful extension of the well-established tool of
wavelets, providing increased flexibility in the
multiresolution decomposition of signals. Unlike classical
wavelets, fractional wavelets enable the capture of
features at different scales with unparalleled precision.
This capability stems from the fractional nature of the
wavelet filters, which can be tailored to extract crucial
information from PV signals, be it microcracks in solar
cells, wiring defects, or hot spots.

Over the past few decades, the emergence of
fractional wavelets in both continuous and discrete forms
has marked a significant conceptual advance. This
development has merged the power of classical wavelet
transform with the properties of fractional Fourier
transform [14]. This synergy has led to a new
formulation, simplifying the construction significantly
while ensuring increased accuracy. Particularly in the
continuous domain, the integration of fractional derivative
concepts within mathematical functions has greatly
facilitated operations. Examples include generating
wavelets from the Gaussian function and its fractional
derivatives, as well as using the spline function with
fractional degrees [15]. Quincunx wavelets have also been
generalized to non-integer orders with a construction
based on fractional Quincunx filters, which are generated
through the diamond McClellan transform [16].

However, the definition of the discrete fractional
wavelet transform has been a gap in scientific literature.
To address this deficiency, a robust definition has been
developed by discretizing the continuous version.
Furthermore, the creation of discrete fractional wavelet
bases has materialized through the generalization of the
composing filters, leveraging fractional delay [17].
Indeed, from an architectural standpoint, the DWT
manifests as a set of iterative filters, conferring upon it a
multiresolution characteristic. This paves the way for the
utilization of fractional-order filters in the realization of

fractional wavelets, thus providing an innovative and
accurate approach [18, 19].

The construction typically begins with the selection
of a low-pass digital filter, enjoying the property of
orthogonality; it is then generalized using fractional
operators, ensuring the preservation of required
orthogonality, compactness, and regularity properties. The
high-pass filter can be derived from the low-pass filter
through a simple modulation, thereby allowing, through
the cascade algorithm [20], the deduction of the
associated scaling function and wavelet function.

Our study focuses on the application of fractional
Haar wavelets [18]. These types of wavelets stand out for
their intriguing characteristics and properties. Thanks to
the flexibility of the associated filters and their
exceptional selectivity, they demonstrate an extraordinary
ability to optimize a multitude of data processing tasks.

Fractional Haar wavelet. Its principle is based on
the generalization of the low-pass filter associated with
the ordinary Haar basis through fractional delay [17],
where the integer delay Z", neZ, is replaced by a
fractional delay Z”, DeR:

Hi(Z)=4+B-Z7", (1)

where D is the filter order, 4 and B are its coefficients.

The orthogonality and regularity of the scaling and
wavelet functions are ensured by the proper choice of
coefficients 4 and B [18].

To ensure the feasibility of implementing fractional
delays, an approximation method based on Lagrange
interpolation has been chosen [17]. This approach was
favored due to its simplicity in calculating filter
coefficients and its ability to generate frequency
responses with a flat magnitude at low frequencies.

The fractional high-pass filter will be constructed
through a simple modulation of the fractional low-pass
filter and deducing, through the cascade algorithm, the
associated scaling and wavelet functions [18].

The frequency responses of the designed fractional
filters are adjusted by varying the parameter D, as shown
in Fig. 1. It appears that the generalization of ordinary
filters via the fractional delay Z” leads to more flexible
filters with better accuracy, where key filter parameters
are continuously adjusted.

Methodology for fault detection in PV systems via
fractional wavelets. In our study, we explored the practical
application of the fractional wavelets that we specifically
developed. To do so, we selected a widely adopted PV
system, comprising solar panels, a DC-DC converter, and a
battery for storage (Fig. 2), where we utilized
measurements from a system described in [21]. Fault
detection was carried out twice, at two different levels of
the system, under various meteorological conditions.

Initially, we focused on faults that may occur at the
level of the solar panels, such as microcracks and hot
spots. We analyzed a signal captured at the output of the
solar panel (V),), presented in Fig. 3. This initial phase
was conducted under stable meteorological conditions,
characterized by constant solar irradiance. Subsequently,
we performed detection after the chopper, aiming to
identify connection or wiring faults, using a signal
captured after the chopper (V)), as illustrated in Fig. 3.
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Fig. 1. Frequency responses of the fractional filters:
a — low-pass filter; b — high-pass filter
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Fig. 2. PV system with a DC-DC buck converter, battery load
and processing unit [21]
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Fig. 3. Signals captured at the output of the solar panel (V) and
after the chopper (V;) under stable meteorological conditions [21]

In a second phase, we proceeded with the detection
of faults in the same previous system but under unstable
meteorological conditions, characterized by the presence
of clouds affecting solar radiation. The signals of the
system under these conditions are presented in Fig. 4.

% 200 400 600 800 1000
Fig. 4. Signals captured at the output of the solar panel (V},) and after

the chopper (V;) under unstable meteorological conditions [21]

Defects and noise were added to the signals to
reflect various fault scenarios encountered in PV systems
(Fig. 5). These anomalies were incorporated precisely and
controlled to replicate realistic conditions. Simulated
faults included microcracks modeled by pulses, wiring
faults represented by voltage drops, and simulated hot
spots represented by voltage spikes.
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Fig. 5. Solar panel and chopper signals (V),,, Vo) with simulated
faults: a — stable meteorological conditions;
b — unstable meteorological conditions

Our approach comprises several steps, as shown in
Fig. 6.

Signal denoising using the designed fractional
wavelets (pre-processing signal phase). Before proceeding
with the fault detection, we denoised the signals using
fractional wavelets. This phase is crucial as it aims to
accurately detect and isolate various components of noise,
thereby preparing the ground for subsequent anomaly
detection. These filtered and isolated data were then utilized
in our detection approach, contributing to a more precise
identification and a better understanding of faults in the
studied systems.
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Fig. 6. Proposed method steps

Fault detection through denoised signals
thresholding. After an appropriate decomposition of the
denoised signals using the fractional wavelets we
developed, thresholding was employed as a crucial step in
our methodology. The choice of threshold is a delicate
process, as it must be precisely calibrated to ensure
reliable fault detection. This step is essential for isolating
relevant signal details and thereby highlighting anomalies.

The thresholded signal details are carefully
examined. Components with amplitudes exceeding the
threshold are identified as potential fault points. These
points are then located in the original signal, enabling us
to accurately determine their temporal location.

In order to enhance detection precision and eliminate
any points identified as faults erroneously, a second
thresholding process was conducted on all initially
identified suspect points.

Once the second thresholding is completed and the
suspect fault points are detected, we compare their
locations with the actual locations of anomalies
previously introduced into the signals. This allowed us to
quantify the performance of our method. We defined the
following terms to evaluate these performances:

e True Positive (TP): The number of actual faults
correctly detected.

e True Negative (TN): The number of points correctly
identified as non-faulty.

e False Positive (FP): The number of points identified
as faulty when they are not.

e False Negative (FN): The number of actual faults
not detected.

TP
Sensitivity =—— 2
4 TP+ FN @

TN
Specificity = — 3
pecificity TN + FP ®)
Precision = _r . 4)

TP + FP

This quantitative evaluation of performance has
allowed us to validate the effectiveness of our fractional

wavelet-based approach in the accurate and reliable
detection of faults in PV systems.

Results and discussion. After applying our fractional
wavelet-based methodology to simulated signals from
various levels of the PV system and under different
meteorological conditions, we conducted a detailed
analysis to assess the effectiveness of our approach.

Firstly, concerning the detection of faults at the solar
panel level, we analyzed the signals under different
meteorological conditions. The use of fractional wavelets
allowed for a precise decomposition of the signals,
providing a fine separation between their various
components, which was crucial for improved fault
detection, notably for microcracks and hot spots as
illustrated in Fig. 7. The detailed thresholded components
revealed salient points corresponding to abnormal voltage
variations. These points serve as potential indicators of
faults in the PV system.
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Fig. 7. Fault detection using the proposed method at the solar
panels level: a — stable meteorological conditions;
b — unstable meteorological conditions

Microcracks are subtle yet critical anomalies in
solar cells. Through our methodology, we were able to
accurately detect these micro-cracks, even when they
were of low amplitude and under unstable meteorological
conditions (Fig. 8). This demonstrates the heightened
sensitivity of our approach.

Hot spots. Our methodology proved particularly
effective in detecting hot spots, which can cause serious
damage if not detected in time. By analyzing the signals
using our fractional wavelets, we accurately and reliably
identified the voltage peaks caused by hot spots (Fig. 9).
This ability to spot these critical anomalies demonstrates
the effectiveness of our approach in detecting the most
serious defects in all meteorological conditions.
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Wiring defects. During the detection of wiring faults
after the chopper, our method demonstrated remarkable
effectiveness. By decomposing the captured signals using
our fractional wavelets, we were able to precisely isolate
abnormal voltage variations associated with wiring faults.
This ability to detect wiring faults, even in scenarios where
voltage fluctuations are subtle, underscores the robustness
and accuracy of our approach in identifying critical system
anomalies, as clearly illustrated in Fig. 10.
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Fig. 10. Fault detection using the proposed method

at the chopper level (detection of wiring faults)
In order to quantify the performance of our
methodology, we calculated various metrics, including
True Positives (TP), True Negatives (TN), False Positives
(FP), and False Negatives (FN), as well as sensitivity,

precision, and specificity. These calculations were
conducted for each signal and under different
meteorological conditions to capture the variability of our
approach’s  performance in  realistic ~ scenarios.
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Subsequently we compared the results obtained with those
of classical wavelets commonly used in fault detection in
PV systems. Specifically, we examined Haar, Daubechies,

Coiflets, Symlets, Meyer wavelets, and bi-orthogonal
wavelets. The performance evaluation results are presented
in Tables 1 — 3.

Table 1
Results of fault detection at the chopper level using different wavelet families
Number of PR e T
Wavelet type detected faults TP N FP FN | Sensitivity, % Specificity, % Precision, %
Fractional wavelet
(developed model) 482 482 | 687 0 0 100 100 100
Haar 424 410 | 673 14 72 85.06 97.96 96.7
db6 444 438 | 681 6 44 90.87 99.13 98.65
coif5 440 431 | 678 9 51 89.42 89.69 97.95
sym5 429 417 | 675 12 65 86.51 98.25 97.20
dmey 446 444 | 685 2 38 92.11 99.71 99.55
bior3.3 439 429 | 677 10 53 89.00 98.54 97.72
rbio4.4 430 407 | 664 23 75 84.44 96.65 94.65
Table 2
Results of fault detection at the solar panel level using different wavelet families (stable meteorological condition)
Number of PR e S
Wavelet type detected faults TP N FP FN | Sensitivity, % Specificity, % Precision, %
Fractional wavelet
(developed model) 53 53 1116 0 0 100 100 100
Haar 48 27 1095 | 21 26 50.94 98.12 56.25
db6 51 34 1099 | 17 19 64.15 98.48 66.67
coif5 50 37 1103 | 13 16 69.81 98.83 74.00
sym5 52 35 1099 | 17 18 66.04 98.48 67.31
dmey 51 48 1113 3 5 90.57 99.73 94.12
bior3.3 52 40 1104 | 12 13 75.47 98.93 76.92
rbio4.4 51 36 1101 15 17 67.93 98.66 70.59
Table 3
Results of fault detection at the solar panel level using different wavelet families (unstable meteorological condition)
Number of P N S
Wavelet type detected faults TP TN FP | FN | Sensitivity, % Specificity, % Precision, %
Fractional wavelet
(developed model) 53 52 1115 1 1 98.11 99.91 98.11
Haar 29 0 1087 | 29 53 00 97.40 00
Db6 49 37 1104 | 12 16 69.81 98.92 75.51
coif5 45 32 1103 | 13 21 60.38 98.84 71.11
sym5 48 29 1097 | 19 24 54.71 98.30 60.42
dmey 49 45 1112 4 8 84.91 99.64 91.84
bior3.3 42 18 1092 | 24 35 33.96 97.85 42.86
rbio4.4 47 35 1104 | 12 18 66.04 98.93 74.47

The results revealed an exceptional sensitivity of our
approach, reaching 100 % for both the chopper signal
(Table 1) and the solar panel signal under stable
meteorological conditions (Table 2), demonstrating a
robust capability to accurately detect real faults.
Furthermore, the high specificity and precision indicate
correct identification of non-faulty points. In contrast,
under unstable meteorological conditions, our method’s
performance remained satisfactory, as evidenced by a low
number of false positives (Table 3), highlighting its
capability to mitigate false detections.

These results demonstrate the power and precision
of our methodology based on fractional wavelets for fault
detection in PV systems. The advantages of this approach
are particularly evident in detecting low-amplitude faults
and subtle anomalies, reinforcing its relevance in the
context of solar installation inspection.

In comparison with classical wavelets, our
methodology has demonstrated a superior ability to
isolate relevant signal details. This is attributed to the
significant flexibility and selectivity of the filters

comprising the fractional wavelet, leading to a more
precise detection of anomalies. This quantitative
evaluation confirms the effectiveness of our fractional
wavelet-based approach in accurately and reliably
detecting faults in PV systems. These promising results
pave the way for practical applications in the field of solar
installation maintenance and optimization.

Conclusions. Our study has highlighted the
remarkable effectiveness of fractional wavelets in the
accurate detection of faults in photovoltaic systems.
Through this innovative approach, we achieved significant
selectivity and precision, enabling reliable detection of
anomalies such as microcracks, wiring faults, and hot spots.

The implementation of our methodology yielded
extremely promising results. We also conducted a
comprehensive comparison with other commonly used
wavelet types. This comparative study demonstrated that
our fractional wavelet-based approach significantly
outperforms methods based on classical wavelets.

These advancements open new perspectives for
preventive  maintenance of eco-friendly energy
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installations,  contributing  significantly to  the
sustainability and overall efficiency of solar energy. A
major innovation lies in the ability of our approach to
synergistically combine with other cutting-edge methods,
notably convolutional neural networks. This synergy
expands possibilities for even more precise fault
detection, solidifying our fractional model as a benchmark
in the analysis of photovoltaic systems.
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In)xeHepHa entekmpodgbizuka. TexHika cunbHUX eJIeKmpPUYHUX ma Ma2HimHux rnoiJiie
UDC 621.316 https://doi.org/10.20998/2074-272X.2024.4.07

S. Bedoui, A. Bayadi

Statistical approach for insulation coordination of high voltage substation exposed to
lightning strikes

Introduction. Insulation coordination requires accurate prediction of overvoltages at various points within a substation. Computer
simulations of electromagnetic transients in real structures of substations become more precise due to the improvements of used models.
Goal. This paper discusses in a first step the use of the modified ZnO arrester dynamic model alongside other substation equipment
models, considering electrical phenomena like the corona model for reproducing the stresses that lightning can cause in an air-insulated
substation and (method) then conducting a statistical approach based on the Monte Carlo method. The implemented MATLAB/ATP
procedure estimates not only the substation Mean Time between Failures (MTBF), but also is used to select surge arresters or substation
basic insulation levels (BILs). In this procedure ATP transients program is used to calculate lightning overvoltages and multicore
environment for the calculations. Results. The obtained MTBF curves offer guidance for selecting appropriate insulation levels based on
specific system requirements and conditions. The obtained results comply well with existing international insulation standards. This
valuable approach significantly contributes to the field of lightning protection. References 31, tables 3, figures 10.

Key words: insulation coordination, substation, arrester, lightning overvoltages, basic insulation level, mean time between
failures, Monte Carlo method.

Bcemyn. Koopounayis i3onsayii eumazae mouHO20 NPOSHO3V6AHHS NepeHanpye y pisHux moukax niocmanyii. Komn tomepue
MOOENIOBAHHS eIeKMPOMASHIMHUX NEPEXIOHUX NPOYeCcié y PealbHUX KOHCMPYKYISX RIOCMAaHyitl cmae Oinbul MOYHUM 34 PAXYHOK
yoockoHanenms mooenei, wo euxopucmogyiomosca. Mema. Y yiii cmammi na nepuwiomy emani 002060pIOEMbCA BUKOPUCIAHHA
MoOugikosanoi  unamiunoi mooeni obmedcysaua nepenanpyeu ZnO nopso 3 iHWUMU MOOEISIMU  O0ONAOHANHS NiOCMaHyii,
PO3271A0AI0MbCsl eleKMPUdHi A6Uwa, Maki AK Mo0eib KOPOHHO20 po3pady, Os GIOMEOPEHHA HAnpye, AKI OIUCKABKA MOJICe SUKTUKATNU
Ha niocmanyii' 3 NOGIMPAHOI0 i3013Yicto, Ma (Memoo) nOOATbLULOZ0 BUKOPUCTIAHHSA CIMAMUCTHUYHO20 NIOX00Y, W0 6a3yemvcsa Ha Memooi
Mounme-Kapno. Bnposaodocena npoyeoypa MATLAB/ATP oyinoe ne nuuwie cepeowiil wac HaAnpaylo8awHs HA GioM08y RiOCmanyii
(MTBF), ane i uxopucmosyemucs 051 6ubopy obmedicysauie nepenanpyau abo ocHOGHUX pigHia i3oaayii niocmanyii. ¥ yiti npoyedypi
SUKOpUCIOBYEMbCA hpoepama nepexionux npoyecie ATP 0nsa pospaxynky epo30eux nepenanpye ma 6azamosidephe cepedoguuye O
pospaxyuxie. Pesynemamu. Ompumani MTBF kpusi oaioms pexomenoayii wooo eubopy ionoGioHux pieHie 1301ayii Ha OCHOGI GUMO2
ma ymoe Kouxkpemuoi cucmemu. Ompumani pesynomamu 0obpe 6i0no6ioarmv MidCHaApoOHUM cmandapmam izonayii. Lled yinnui
nioxio pobums 3HauHull 6Hecok y cghepy dnuckasxozaxucmy. bioin. 31, Tabn. 3, puc. 10.

Knrouosi cnosa: woopaumHauisi i3ossmii, migcraHuis, o0Me:KyBau NepeHANmpyru, rpo3oBi NepeHanpyru, 0a3oBuii piBeHb
i30a1s1il, cepeaHiii yac HanpauoOBaHHA Ha BiiMoBY, MeToa MoHTe-Kap.io.

Introduction. The electrical system parts involved
in lightning calculations must be represented taking into
account the associated frequency margins [1]. In addition,
the procedures must be developed keeping in mind the
random nature of lightning phenomena [2]. It is well
known that the substation is properly shielded [3, 4]; then,
the actual work will only be concerned by lightning
hitting the lines that are connected to it [5]. To ensure
effective insulation coordination, it is crucial to accurately
predict surges at different locations within the substation
[6]. This requires consideration the presence of ZnO surge
arresters at key points within the substation, which should
provide some protective benefits [7, 8]. The analysis of
atmospheric overvoltage in electrical substations or
transmission lines has always posed a problem in
determining the lightning current amplitude which falls
on the protected object [9, 10].

This work details the analysis of the insulation
coordination of a complete three-phase operational air-
insulation substation considering the incoming surges
through one of the transmission lines. The overvoltages at
the critical points in the substation are measured and
compared to the equipments insulation strength. For this
purpose 3 scenarios were identified.

In the first one, the substation Mean Time between
Failures (MTBF) has been determined knowing the
equipment Basic Insulation Level (BIL) and the arrester.
In the second one, the adequate BIL has been determined
requiring both the MTBF and the arrester. Finally, the
suitable arrester has been selected once both BIL and

MTBF are required. In this case, it is necessary to
simulate the system for each arrester.

Briefly speaking, this paper discusses the selection
of insulation levels, specifically the BIL and the MTBF,
which are crucial factors in the reliability of electrical
systems, particularly in gas-insulated and air-insulated
stations. Gas-insulated stations typically require higher
MTBFs, ranging from 300 to 1000 years, while air-
insulated stations may still maintain acceptable reliability
with MTBFs around 100 years [1].

In such a study, a precise calculation is highly
recommended. For that reason, the Monte Carlo statistical
analysis technique was chosen [11]. Although it is
extremely long due to the extensive number of simulations
and the complexity of the system model, it provides exact
results [12]. In this paper, this method has been
implemented in MATLAB and integrated with the ATP-
EMTP program for conducting system simulations. To
speed up the overall solution process, MATLAB’s parallel
calculation feature was employed by using several cores to
reduce the computing time in proportion to the number of
cores [13, 14]. The dynamic model [15], of which the
parameters were optimised using genetic algorithm
technique, was used to account for the characteristics of
ZnO arresters under lightning overvoltages.

This suggests that the paper provides guidelines for
determining appropriate insulation levels based on the
type of station and desired level of reliability.

© S. Bedoui, A. Bayadi
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Studied system modelling. The studied system (Fig. 1)
is a 400 kV, 50 Hz air-insulated substation in Oued
El-Athmania (Algeria) [16]. The substation has 4 input
lines, 2 busbars and 2 power autotransformers with
500 MVA. For protection purposes, ZnO surge arresters are
installed at a distance of 3 m from the autotransformers. The
connected transmission lines are three-phase lines with
2 conductors per phase and an optical fiber ground wire.

Source 4

Source 1

Potential Transformer
(] Current Transformer

Breaker
Coupling Circuit

1

Autotransformer 1

Fig. 1. Single line diagram of the studied substation

Busbar 1

Busbar 2

' Arrester

Autotransformer 2

The following points summarize the modelling part:

e HV transmission line (Fig. 2,a) is represented by
several spans (6 to 7 (390 m each), values within
parenthesis are mid-span heights) with a long line
termination to avoid reflection [14]. These blocks are
represented  using  frequency-dependent  distributed-
parameter models. Note that the concatenation of phases
and shield wire is also taken into consideration in the
modeling of the transmission line.

e towers are represented by the multistory model
(Fig. 2,b) proposed in [17-19]. It is composed of 3 sections;
each one contains a lossless line with a parallel R-L circuit.
The parameters of this model are calculated as:

¢ — line insulator flashover model

17,60 m
(11,00 m)

=5

d — tower footing resistance model

. = 2Zi 1nﬁh

o i=1,2; 1
h1+h2 ! ()
Ry =-2Z,In4/y ; 2)
2H
Li:aRl 5 i:133s (3)
Vi

where Z, is the tower surge impedance;, y is the
attenuation coefficient; ¥, is the surge propagation
velocity; « is the damping coefficient; R is the damping
resistance; L is the damping inductance; H is the tower
height; #; is the tower section height.

e Air-gap model (Fig. 2,c) is based on the leader
propagation representation [20, 21]. The leader velocity
v(?) is calculated as:

2
W)= qar ky U—+k2CU2v— ., @
¢  (D-L) [D(D-L)]
where & = 2:107 m’/V*s; &k, = 3:10° m*/V>As;
C =5-10"" F/m; D is the insulator length (5 m); L is the
leader length; U is the actual voltage in the gap.

If leader velocity v is obtained at time ¢, leader
length L at (¢ + Af) is calculated as:

L(t+ Af) = L(¢) + v-At. 5)

The process of calculating the leader length
continues until it reaches or exceeds the gap length
(L = D) to sustain the discharge.

e The grounding impedance model of each tower
(Fig. 2,d) is approximated by a nonlinear controlled
resistance R; [22, 23] given by:

R =Ry Ji+1/I, (6)

where R, is the grounding resistance (20 Q); / is the
stroke current; [, is the limiting current to initiate soil
ionization, calculated as:

L

Ig = E0102 > (7)
27R})

where p is the soil resistivity (Q-m); E, is the soil

ionization gradient (400 kV/m).

Conductor

CI%R. CIéRI Cs%%
vet vez ves
T T T

e — corona model

26,60 m

Ry
Iy WA
P ca

—

f— surge arrester model

a — transmission line geometry

b — tower model

Fig. 2. Modelling of the system elements

56

Enexmpomexnixa i Enexmpomexanixa, 2024, Ne 4



e Corona effect (Fig. 2,e) is included into the line
model using the circuit proposed in [24] in which:

0.67), (2h
v, = 23.8;{1 i jln(Tj; (8)

1
Ci=ke 181n(2h/r)’
where k., must be adjusted to obtain a propagation model
as close as possible to that recommended by standards;
r, h are respectively the radius and height of the
conductor; V., is the corona inception voltage; C; is the
corona capacitance.

e A sophisticated model of arrester (Fig. 2.f)
based on genetic algorithm optimisation techniques is
used [15, 25, 26].

Monte Carlo procedure. The article [14] provides
a concise overview of essential steps in the
MATLAB/ATP procedure designed for -calculating
lightning overvoltages in an outdoor substation. This
procedure was first implemented in ATP using the
models already presented.

Lightning stroke parameters (current magnitude, rise
time and tail time) follow a statistical variation assumed
to conform to a log-normal distribution, as described in
[27-29]. The probability density function then takes the
following form:

2
S S _l[wJ . (10
2 o

&)

mx
where o;,, is the standard deviation of Inx; x, is the
median value of x.

A correlation coefficient between the generated
parameters such as the current magnitude and the rise
time is considered [30] (more details in [14]).

The electro-geometric model, which is a set of
probabilistic decisions (Fig. 3), is used to determine the
lightning impact point on the transmission line [1, 12]
(more details in [14]).

Lightning strikes

Fig. 3. Area of lightning strikes distribution

MTBF calculation is determined using the faults
number (n;) recorded at the substation equipment
(overvoltages number that exceeds the equipments BIL
value) and the number of years being simulated (¥):

MTBF =Y,/ ny. (11)

Once the system model has been implemented in
ATP, the main steps of the lightning performance

analysis procedure for the statistical
summarized in Fig. 4.

Simulation results. In the present work, a statistical
approach is proposed to evaluate the lightning
performance of the substation. The incoming surges are
analyzed to study the substation insulation strength based

on the MTBF, BIL and arrester.

study are

(T
Random variable
Preparation generation
of system
model Electro- Current
geometric sources
Model parameters,
Al > MATLAB

(ATP data files with Iightning)
stroke model

¥
—>(Multicore Installation)d—(Parallel of MATLAB)<—
[]

L

Fig. 4. Lightning performance analysis diagram for the
statistical study

Simulation results ) \ J

With the help of the parallel computing technique,
the processing time was significantly reduced from
several hours, which was necessary when using a single
core, to just a few minutes, with a specific duration
depending on the number of cores in use. A set of 60000
random number combinations was generated to evaluate
the test system’s lightning performance. These
combinations equate to an analysis spanning 30769 years,
taking into consideration a ground lightning strike density
(N,) of one strike per square kilometer per year.

The work involved analysing incoming surges to a
substation through line 1. The surges were filtered using
an electro-geometric model, specifically selecting 4690
cases out of a total of 60000 generated cases. This
suggests a rigorous process of selection and analysis to
focus on relevant surge scenarios, likely aiming to
understand the impact of these surges on the substation’s
operation and/or to optimize its design for lightning
protection.

Initially, the overvoltages at critical points in the
substation are measured and compared to the equipments
insulation strength (BIL). Simulations are repeated for the
total number of generated cases, the considered scenarios
are presented in Table 1.

Table 1
Studied scenarios
MTBF BIL Arresters
Scenario A |to be determined + +
Scenario B + to be determined +
Scenario C + + to be determined

In the 1st scenario, a standard value of BIL is chosen
together with an arrester and the corresponding MTBF
will determine.

For the 2nd scenario the desired MTBF is fixed with
an arrester, then the corresponding BIL will determine.

The 3rd scenario is proposed to determine a suitable
arrester for a desired MTBF and required BIL.

In Table 2, the used ZnO arresters data from ABB
are presented corresponding to the 400 kV network
system [31].
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Main data of ZnO arresters

Table 2

Rated Maxin_lum Temporal Maximum residual voltage, KV .

Arresters voltage, kV Voigg;?iV (c):;;z?tl;?ig(e\i 30/60 ps 8/20 us

U, U, 1s 10 s 1 kA 2 kA 3kA | 5kA | 10kA | 20kA | 40kA
Arrester 1 330 267 382 363 644 667 684 714 751 823 901
Arrester 2 336 272 389 369 656 679 696 727 765 838 918
Arrester 3 360 291 417 396 702 728 746 779 819 897 983
Arrester 4 372 301 431 409 726 752 771 804 847 927 1021
Arrester 5 378 306 438 415 737 764 783 817 860 942 1037
Arrester 6 390 315 452 429 761 788 808 843 888 972 1070
Arrester 7 420 336 487 462 819 849 870 908 956 1051 1152

Scenario A. As mentioned in Table 1, the 1st scenario
aims to determine the substation MTBF knowing the
equipments BIL and the arrester. As an example, Fig. 5
presents the simulation results for the case where the arrester
Ne2 is used for two normalized BIL values (1050 and
1175 kV). As observed, for the operating zone recommended
by international standards which require a safety margin
between 80 and 85 % of BIL, the obtained MTBF for the
BIL = 1050 kV ranges between 8 and 53 years. However, for
1175 kV, the MTBF is higher than 263 years. This means
that enhancing insulation could be a viable solution.

500

Scenario B. This scenario concerns the case where
the desired MTBF is required with a chosen arrester in
order to evaluate the adequate BIL value.

In such a situation, the point giving the necessary BIL
is the intersection point between the horizontal straight line
representing the desired MTBF value and the curve giving
the variation of the MTBF as a function of the voltage
value. As shown in Fig. 7, where the arrester N5 and the
MTBF of 150 years are chosen, the obtained point has a
value of 985 kV, which corresponds to 84 % of the BIL
1175 kV, so this BIL was selected for this case. When the
operating point is not situated within the safety zone, in this

Arrester 2| .
. 5 = case the highest value of the standard BIL was selected.
400 z /§ As shown in Fig. 8, the obtained operating point which
H ﬂ;ﬁ guarantees the use of arrester Ne3 with an MTBF of 100 years
— 207 s years is equal to 928 kV which corresponds to the point situated
% ***** z 2 between 2 safety margin of the BIL 1050 kV and 1175 kV
S 200+ g = respectively, the largest one is selected in this case for safety
E i ﬁ reasons. On the other hand, the BIL 1050 kV can be chosen,
100 . “ ® when the system was protected using the arrester Nel.
777777 years
o 8 yeal 1 500 : I:Arresters
. |
e i U, kv :
-100 = T T T T T T 2
800 900 1000 1100 1200 1300 1400 1500 300 4 'n:I
Fig. 5. Selection of the MTBF corresponding to BIL n o
of 1050 kV and 1175 kV (case of arrester 2) g 200 ;—n'l
E | MTBF = 150 years
2nd example is chosen for the case where arrester Ne7 = | b |
is installed. The BIL value now is taken equal to 1300 kV e :
and the obtained results are shown in Fig. 6. By examining ol 1= |
Fig. 6, it is clear that the MTBF ranges between 35 and 3 I
264 years, taking into account the safety margins required 100 , 4 , L. . , U, kv
by intemational Standards 800 ) 900 1.000 1100 1200 1300. 1400 1500
500 Fig. 7. Selection of the BIL corresponding to a
arrester 7 MTBF = 150 years (case of arrester No5)
400 500 i } I Arrester 3
; \ |
400 4 i‘ i |
g 0] mayears S 7 g 2|
& s i = =
Z 200 o o 2 £ ol afl
& > = " = / al !
E o = = 2004 | |
= £ B @ g ‘ !
) g : | |
 ayears % 100 [9{2;8;1 00)\ - | | MTBF = 100 years
o A W |
01 o J‘// S://% S |
- 3. & |
100 : U, kv h55//‘5 §1///§ } :
800 900 1000 1100 1200 1300 1400 1500 100 é\ //E DI////J | | U, kV
Fig. 6. Selection of the MTBF corresponding to the BIL 800 900 1000 1100 1200 1300 1400 1500
of 1300 kV (case of arrester 7) Fig. 8. Selection of the BIL corresponding to a
MTBEF = 100 years (case of arrester Ne3)
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Scenario C. In this scenario, the aim is to determine
the appropriate arrester, when both BIL and MTBF are
required. In this case, it is necessary to simulate the
system for each arrester. Consequently, a family of curves
was obtained giving the variation of the MTBF as a
function of the voltage value corresponding to the used
arresters. The obtained curves will allow the selection of
the appropriate arrester to be used according to the
desired BIL and MTBF. In this scenario, only two cases
are chosen as shown in Table 3.

Table 3
Studied cases for Scenario C
Studied case MTBF, years BIL, kV
Case 1 100 1050
Case 2 125 1300

The obtained results for the 1st case where the BIL
is 1050 kV and the MTBF is 100 years are shown in
Fig. 9. As can be seen, arrester Nel has to be selected
since it meets the international standards.

500

: —=— Arrester 1
I —o— Arrester 2
56 Arrester 3
400 2l
| —%— Arrester 4
I Arrester 5
300 4 | —=&— Arrester 6
—_ —— Arrester 7
E | j rrester
o | {
Z 200 4 fooeennd
w {
o |
s [0
100 4— 7}7L;7,,,,,J"15£=J@Yjal5,,,,
; ; >|
: f =y
i . gl
04 @ T b=
i [ -
o i n |
& R = U kV
=3 =] =
H | =1 I
-100 +—= - T T . T T
800 900 1000 1100 1200 1300 1400 1500

Fig. 9. Selection of the arrester corresponding to a
BIL = 1050 kV and MTBF = 100 years

Another example, where the BIL and the MTBF are
respectively 1300 kV and 125 years, is presented in
Fig. 10. In this case, the arrester Ne7 has to be selected.
The selection of this arrester is closely related to the
desired MTBF and BIL.

500

—=— Arrester 1
[—®— Arrester 2

|
| |
400 4 } Arrester 3
| —k— Arrester 4
| Arrester 5
300 4 3‘ [—*— Arrester 6
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Fig. 10. Selection of the arrester corresponding to a
BIL = 1300 kV and MTBF = 125 years

Conclusions. This paper discusses the key aspects
of insulation coordination studies. Firstly it focuses on the
use of modified ZnO arrester dynamic model alongside
other substation equipment models, considering electrical

By incorporating a 20 % safety margin, a series of
MTBEF curves were generated as a function of voltages,
depending on the selected arrester. These curves offer
guidance for selecting appropriate insulation levels based
on specific system requirements and conditions.

The results obtained can be summarized as follows:

e In the 1st scenario, the substation MTBF was
determined (ranging from 8 to 53 years) by selecting
BIL = 1050 kV and arrester Ne2. With BIL = 1175 kV for
the same case, the MTBF obtained exceeds 263 years.

o In the 2nd scenario, using arrester No3 with an MTBF
of 100 years is illustrated. The operating point, ensuring the
intersection between the required values, is 928 kV, leading
to select a BIL of 1175 kV for safety reasons.

e In the 3rd scenario, the adequate arrester was
arrester Nel for a BIL of 1050 kV and an MTBF of 100
years. However, when a BIL of 1300 kV and an MTBF of
125 years were selected, arrester Ne7 was found the most
appropriate choice.

These results demonstrate good alignment with
international insulation standards. It is also important to
mention that the implemented MATLAB/ATP procedure
uses a statistical approach based on the Monte Carlo
method in which ATP is used to estimate lightning
overvoltages and the calculations are carried out with a
multicore installation.

Moreover, the adopted methodology, focusing on air-
insulated substations, can be extended to other substation
technologies, such as GIS substations, by adjusting the
specified models. This valuable approach significantly
contributes to the field of lightning protection.
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Plasma acceleration in the atmosphere by pulsed inductive thruster

Introduction. One of the directions of development of plasma technologies consists in the formation of gas-metal plasma formations and
throwing them to a certain distance. Known thrusters of plasma formation either have an electrode system that is prone to erosion, or a
discharge system in a solid dielectric substance in which ablation occurs, or a complex gas-dynamic system with fuel supply. They do not
provide acceleration of plasma formation in the atmosphere for a significant distance. Purpose. A theoretical and experimental study of
electromechanical and thermophysical processes in a plasma thruster, which ensures the formation of a plasma formation due to thermal
ionization by an induced current in a thin conductor layer during a high-voltage discharge on an inductor and the accelerating of a plasma
Jformation in the atmosphere for a significant distance. Methodology. The proposed concept of a plasma thruster, in which the inductor
inductively interacts with a combined armature, which includes an aluminum armature in the form of a thin (0.5-1 um) foil, a copper
armature made of a thicker foil (35-50 um).On the basis of a mathematical model that takes into account the uneven distribution of currents
in the inductor and conductive armatures, the features of the process of acceleration the combined armature in the atmosphere were
established and experimental studies were carried out. Results. The electromechanical and thermal characteristics of the plasma thruster
were calculated. It was established that the choice of the thickness of the dielectric layer of the armature, to which the aluminum and copper
armatures are attached, is determined by the energy balance between the heating temperature of the aluminum armature and the
electromechanical indicators of the thrower. Scientific novelty. It was experimentally established that the greatest density and homogeneity
is observed in the middle of the plasma formation, which has the shape of a torus, moving away from the dielectric sheet on which the
aluminum armature was located. As the voltage of the capacitive energy storage increases, the induced current density in the armature
increases and the plasma formation becomes more uniform. Practical value. In comparison with the experimental results, the calculated
current in the inductor coincides both in shape and in magnitude with an accuracy of 7 %. The biggest difference between the calculated and
experimental currents of the inductor occurs when the aluminum armature is thermally destroyed. The transition of an aluminum armature
into a plasma formation depends significantly on the voltage of the capacitive energy storage. References 26, figures 16.

Key words: plasma formation pulsed inductive thruster, acceleration in the atmosphere, electromechanical and thermal
processes, experimental research.

Bemyn. Ooun 3 HanpamKie po3eumKy naa3smosux mMexHoN02Il Noia2ae y QopMysanHs 2a30-Memanesux niasmosux ymeopeHs ma Memanni ix
Ha nesHy eiocmanb. Bioomi MemansHuKu nIasmMo8020 YymeopeHHs abo Maiomy eleKmpooHy cUcmemy, sKa cXunbha 0o eposii, abo pospaouy
cucmemy 6 meepoiil dieNeKmpuuHill pevosuni, 6 AKill 6i00yeacmvca abnayis, abo CKIAOHY 2a300UHAMIHY cucmeMy 3 nooayeio naausd. Bownu
He 3abe3neuyloms MemanHs NIA3MOB020 YMEOPEHHA 6 NOGIMpAHOMY cepedosuwji Ha 3nauny eiocmanvb. Mema. Teopemuune ma
exchepumeHmanbHe 00CIONHCEH s eNeKMPOMEXAHIYHUX A MENN0GI3ULHUX NPOYECi8 8 MEMANLHUKY NAA3MU, KUl 3abe3neyye popmysanHs
Na3MOB8020 YMBOPEHHsL 34 PaXYHOK MepMIuHOi ioHi3ayii iHOYKOBAHUM CIPYMOM 8 MOHKOMY NPOGIOHUKOBO20 WAPY NPU BUCOKOBOTILIHOMY
PO3pA0i Ha THOYKMOP ma MemanHs NIA3M08020 YMEOPeHHs ) HOGIMPAHOMY cepedoguwyi Ha 3nauny siocmatsb. Memoouka. 3anpononosana
KOHYenyisi. MeMmanbHUKa Nid3mMo8020 YMEOPEHHs, V AKO20 [HOYKMOP [HOVKYIIHO 63A€MOO0IEC 3 KOMOIHOBAHUM SKOpeM, WO 6KII0YaAE
antominiesutl sikip y euensioi moukoi (0,5-1 mxm) gponveu, mionuil sip, saxuti sukonanuil 3 oiteuw moscmoi gonveu (35-50 mxm). Ha 6asi
mamemamuyHoi MoOel, KA 6PAX08YE HEPIGHOMIPHUL PO3NOOLL CMPyMI6 6 IHOVKMOPL [ eNeKmpOnpOSIOHUX SKOPSX, 6CMAHOGICHI
ocobnusocmi npoyecy memanis KOMOIHOBAHO20 AKOPs 6 NOGIMPAHOMY Cepedoguwyi Mma NpoedeHi eKCnepUMEeHManbii OO0CTIONCEHHS.
Pezynomamu. Pospaxosani enekmpomexaniuni i mennosi Xapakmepucmuxu niazmo6020 MmemansHuka. Bemanoeneno, wo, eubip mosujunu
OleleKmpuuHo20 wapy AKOps, 00 AK020 NPUKPINIEH] amoMiHiceull i MIOHUL AKOpA, OOYMOGNEHULl eHepeemuyHUM OanaHcoM Midc
memMnepamypolo Hazpiey anoMiHic8020 AKOPs i eneKkmpomexanitnumu nokasHuxamu memanvhuxa. Haykoea noeusna. Excnepumenmansho
6CMANOGNIEHO, WO HAUOILTLWA 2YCIMUHA | OOHOPIOHICHb CNOCMEPICAEMbCSL 8 CepeOUHi NIAZMOB020 YIMEOPEHHS, sKe MAc hopmy mopa, wo
6I00ansIEMbCsl 60 OleNeKMPUYHO20 UCMA, HA SKOMY PO3MAWO08Y8A6Cs antominicsuil skip. 3 niosuwjennam Hanpyau EMHICHO20
Hakonuuysaya eHepeii 30UIbulyemuCst 2yCmuta iIHOYKO8AHO20 CIPYMY 8 SIKOPI i Nla3Moee YmeopeHHs cmae Oinbut 00Hopionum. Ilpakmuuna
YiHHICMb. Y NOPiGHANHI 3 eKCNePUMEHMATIbHUMY Pe3YIbMAmMaMi PO3PAX08aHUti CIPYM 8 IHOYKMOpI Chienaoace s 3a popmolo, max i 3a
3HaueHHAM 3 mounicmio 00 7 %. Haiibinvwa 6ioMiHHICMb Midic pO3PAXYHKOBUM I eKCnepUMEHmMAanbHUM CIMpymMamu iHOYKmopa 6UHUKAE npu
TEPMIYHOMY DVUIHY8AHHI aNOMIHIEG020 AKOpA. lepexio antominiegoeo AKOpsa 6 NiasmMoee YMEOPEeHHS CYMMESO 3ANeHCUMb 8i0 Hanpyau
emHicHo20 Hakonuyysaya enepeii. biom. 26, puc. 16.

Knrouoei cnosa: ninazmoBe yTBOPeHHs, iMITyJIbCHUH iIHAYKTHBHHIT MeTaJILHUK, IPUCKOPEHHs B aTMocdepi, e1ekTpoMexaHiuHi
Ta TeIJIOBi mMpouecHu, eKCepUMEHTAIbHI 10C/TiIzKeHHS.

Introduction. Plasma technologies are used in
various industrial technologies, in scientific research, in
defense systems, etc. One of the directions of development
of such technologies consists in the formation of plasma
formations and accelerating them to a certain distance.
Work on the creation of plasma throwers is being carried
out in many scientific centers of the world [1-4].

At the University of Missouri, USA, the accelerating
of a plasma formation in the air environment is being
studied [5]. But the duration of the existence of a plasma
formation is short (several ms), and it moves in the
atmosphere for an insignificant distance of 0.5-0.6 m.

In [6], the application and development of plasma
thrusters are considered. Electrode designs, discharge

patterns, fuel supply and ignition methods are analyzed.
The authors consider various methods of modeling the
discharge circuit, as well as the processes of ablation,
ionization, and acceleration of plasma formation.

Pulsed plasma thrusters, in which high-frequency
accelerating of plasma formation occurs, are considered for
use in small satellites, because they provide a long
operating time, high specific thrust impulse and significant
power [7]. Such plasma thrusters are relatively easily
adapted to the specific requirements of the satellite mission.

A promising direction in the development of thrusters
for space vehicles is the development of plasma thrusters
without electrodes, which are prone to plasma erosion [8, 9].
Such thrusters are more durable, have a reduced mass of
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fuel compared to chemical ones, which create the same
thrust. Electrodeless plasma thrusters include devices that
provide a rotating magnetic or electric field, pulsed
inductive devices that use the Lorentz force acting on
induction currents in the plasma. According to the
indicators of specific impulse and traction efficiency, the
most promising designs are those that use the Lorentz
force, which directly ensures the acceleration and throwing
of plasma through magnetic nozzles.

Plasma technologies are actively developing and
play an important role in many developing fields, such as
medicine, agriculture, processing of materials and
surfaces, catalysis, aerospace engineering, etc. [10].

Plasma thruster analysis. Let’s consider the state
of work on the creation of plasma thrusters that work in
pulse mode and plasma thrusters that work for a long time
in cyclic high-frequency mode.

In [11], the method of formation of plasma
formations under the conditions of a high-voltage
discharge in the atmosphere using a needle electrode is
investigated. It was established that the presence of
hemispherical aluminum foil can increase the electric
field at the tip of the needle electrode. During a discharge
under the action of a gas flow, an arc tip is formed in the
electric field on the electrode. It forms a plasma jet that
extends into the outer space of the gas nozzle. The pulsed
discharge, which is formed by the interelectrode arc,
forms a plasma jet of high density.

In [12], a plasma thruster with electrodes is
considered, one of which is made in the form of a copper
rod, and the other in the form of a plate. Under the action
of an electric discharge between the electrodes in a solid
dielectric substance, ablation occurs, that is, the substance
evaporates from the surface. The plasma thruster works
under low gas pressure in the accelerator channel. This
thruster of plasma formation has a low efficiency and
specific power, which is due to the use of only the energy
stored by the electric field. The effectiveness of this
thruster is limited by the long process of recovery of the
working substance and the unevenness of its evaporation.

A well-known plasma thruster, which contains
electrodes connected through an ohmic and inductive load
to capacitive energy storage (CES), an end ceramic
insulator that separates the electrodes and dielectric
checkers installed between the electrodes, made of the
material in which the ablation takes place [13]. When a
high-voltage pulse is applied to the electrodes, as a result of
a surface breakdown, a plasma formation is formed, which
short-circuits the electrodes. The working substance that
evaporates from the surface of the dielectric checkers is
ionized and moved under the influence of electromagnetic
forces and gas-dynamic pressure. This thruster has
increased efficiency due to the use of both electromagnetic
forces and gas-dynamic pressure. However, it has a low
specific power due to the use of electrical energy to create
electromagnetic and gas-dynamic forces.

A well-known plasma thruster, which consists of a
guide tube covered by a magnet made in the form of
sections, and a system of thermal ionization of matter to the
plasma state [14]. One end of the pipe is in the atmosphere,
and on the other end there is a gas flow formation system
using a gas turbine engine. The system of thermal

ionization of matter consists of discharge electrodes located
inside the guide tube and an induction plasma heater. The
electromagnetic coil of the heater, which covers the guide
tube, ensures the formation of plasma inside the guide tube.
Due to the gas turbine engine, a heated gas flow is formed,
which is directed into the guide pipe. Gas heated above
1000 °C is sent to the thermal ionization system, where it is
heated by arc discharges to a high temperature (5000-
10000 °C). The gas enters the region of the induction
heater, where plasma formation occurs. Under the action of
pulsed magnetic fields alternately created by sections of the
magnet along the guide tube, a plasma formation is thrown.

n [15], the pulsed inductive thruster of plasma
formation is considered, in which a high specific power is
achieved due to the combined use of the chemical energy
of fuel combustion and the energy of the electromagnetic
field. This electrodeless thruster works by passing a large
pulsed current through an inductor, creating an
electromagnetic field that induces a current in the plasma
and accelerates it to a high speed. The authors have
proposed and tested different configurations of the
thruster, which provide plasma throwing and use a
magnetic field to hold it during acceleration. But this
thruster has too complicated a design.

In [16], the pulsed inductive plasma thruster
designed for a spacecraft is investigated. Spatial
distributions of various physical fields are considered,
which describe the evolution of the structure of the
plasma current layer, the relationship between the traction
force and the excitation current, the efficiency of the
magnetic connection between the plasma and the
excitation circuit, and the energy conversion process. The
positive contribution of the secondary current layer to the
maximum thrust of the thruster is shown. Oppression the
initial gas to the inductor surface and improving its radial
homogeneity can help strengthen the coupling between
the plasma and the inductor. But the grounded metal plate
on which the CES is attached can impair the process of
plasma acceleration if the CES is in the zone of magnetic
connection with the inductor.

Work [17] analyzes the circuits of the pulsed
inductive plasma thruster with conical inductor coils, which
can have cone angles from 0° (straight theta-pinch coil) to
90° (flat coil). The plasma is considered as a deformed
projectile that moves radially and axially under the action
of the electrodynamic force from the side of the inductor. A
local maximum of the efficiency and specific impulse is
found for angles less than 90°, but the absolute maximum
for both of these values is observed at an angle of 90°.

In [18], a high-voltage pulsed power source for the
formation of plasma in the atmosphere is considered. This
photovoltaic-driven source provides voltage pulse widths
from 1 ps to 10 ps and amplitudes in excess of 10 kV
with frequencies from 0.5 kHz to 5 kHz.

In [19], the physical process of a planar induction-
pulse plasma thruster was studied. When the environment
was filled with argon as a fuel, the shape of the current in
the inductor, the CES voltage, the intensity of the plasma
radiation were measured, and photographs of the plasma
structure were taken. Processes at different values of CES
voltage and gas pressure were studied. Based on the
results of the experiments, the physical mechanisms of the
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initial phase of ionization and the subsequent phase of
plasma formation acceleration were analyzed.

Based on the analysis, it can be concluded that
known thrusters for the plasma formation of either have
an electrode system that is prone to erosion, or a
discharge system in a solid dielectric substance in which
ablation occurs, or a complex gas-dynamic system with
the supply of appropriate fuel. In addition, known
thrusters, forming the plasma, do not ensure its
accelerating in the atmosphere for a significant distance.

The purpose of the article is a theoretical and
experimental  study of  electromechanical and
thermophysical processes in a plasma thruster, which
ensures the formation of a gas-metal plasma due to
thermal ionization by an induced current in a thin
conductor layer during a high-voltage discharge on an
inductor and the accelerating of a plasma formation in the
atmosphere for a considerable distance.

The concept of a pulsed inductive plasma thruster.
As it was shown in [20], when using CES with a relatively
low voltage (U, = 20 kV, capacity Cy = 360 pF), an
aluminum armature with a thickness of 18 pm is only
partially transformed into a plasma formation. A large part
of this armature is moved vertically upwards to a
considerable height (more than 5 m) and after testing the
armature is a crumpled and compressed aluminum foil with
a bunch of small particles. It is these elements of the
armature, which have not passed into the plasma state,
under the action of electrodynamic forces from the side of
the inductor, are moved to a considerable distance. It was
established that at the same CES voltage, only a part of the
aluminum armature went into the plasma state, while the
copper armature did not go at all. This can be explained by
the fact that the melting point of aluminum (660 °C) is
significantly lower than that of copper (1083 °C).

On the basis of these experimental studies, a pulsed
inductive plasma thruster is proposed, in which a
combined armature is located opposite the disc-shaped
inductor, which includes an aluminum armature adjacent
to the inductor and made in the form of a thin (0.5-1 um)
foil, a copper armature that is directed in the direction of
throwing and made of a thicker foil (35-50 pum). These
armatures are attached to the dielectric layer located
between them (Fig. 1). This layer can be made of aerogel,
which has a low density (1 kg/m’), is resistant to high
temperature (1000 °C), has a low thermal conductivity
(4 = 0.013~0.019 W/(m-K)), a low Young’s modulus,
does not compress and is resistant to deformation [21].

1. 2

2¢c 2b 2a 3 2
1 A—PA:.
\ ] |
i / |
I |
|
!
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Fig. 1. Design scheme of a pulsed inductive plasma thruster:
1 — inductor; 2 — combined armature; 2a — aluminum armature;
2b — dielectric layer; 2¢ — copper armature; 3 — insulating support

When the inductor is excited by the high-voltage
CES C,, induced currents flow in the conductive
armatures. In a thinner aluminum armature, due to a
higher density of the induced current and a lower melting
temperature, thermal ionization and the transition to
plasma formation occur. The thickness of the aluminum
armature is significantly less than the depth of the skin
layer. In a thicker copper armature, thermal ionization
does not occur due to the reduced magnetic field of the
inductor, lower induced current density and higher
melting temperature. Under the action of electrodynamic
forces, the plasma formation from the aluminum armature
is pressed against the dielectric layer, and the copper
armature connected to this layer is moved to a
considerable distance from the inductor under the action
of electrodynamic forces. The copper armature, taking on
the aerodynamic resistance of the atmosphere, moves the
dielectric layer attached to it with plasma formation,
protecting the latter from intense cooling. The dielectric
layer of the armature keeps the plasma formation in the
form of a ring from being «ruptured» by radially directed
electrodynamic forces.

Combined armatures formed from two electrically
conductive armatures located in parallel, one of which can
be stationary, are used in electromechanical pulse
accelerators [22, 23]. These armatures do not go into a
plasma formation due to high temperature, but move to a
considerable distance.

A mathematical model that  describes
electromechanical and thermophysical processes during the
accelerating of a plasma formation is presented in [20]. The
thruster has a coaxial design and the combined armature
moves along the z-axis at a speed of V. Since plasma
formation is characterized by the uncertainty of
dynamically changing parameters, in order to establish the
general characteristics of the process, we consider that
electrically conductive armatures do not change their shape
and aggregate state during operation. This approach is
widely used when -calculating the electromechanical
processes of a plasma thruster [24]. To implement a
mathematical model that describes time-varying processes
with spatially distributed parameters, a system of partial
differential equations with respect to spatial and temporal
variables was used [22]. The mathematical model describes
the stress of the electrical support of the inductor and the
combined armature as a function of temperature.

The mathematical model of the process of
accelerating a combined armature in the atmosphere takes
into account the uneven distribution of currents in the
inductor and conductive armatures. It is implemented in
the COMSOL Multiphysics software package using the
finite element method when accounting for all
relationships between physical processes. At the same
time, data is exchanged between processes, calculation
areas are allocated for each physical problem, provided
that the grid division is consistent for all problems.

The calculation area of the model is a cylinder with
a radius whose value is more than 5 times greater than the
radius of the furthest element of the thrower in the radial
direction from the z axis. The height of the calculated
cylinder is more than 10 times greater than the highest
height of the thruster elements. This makes it possible to
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achieve the required accuracy with an acceptable
calculation time, considering the calculation limit to be
conditionally infinite.

Electromechanical and thermal processes in
pulsed inductive plasma thruster with combined armature.
Consider a plasma thruster with the following parameters:
CES: voltage Uy=35 kV, capacity Cy=18.5 pF; inductor:
shape — Archimedes disk spiral, material — steel, number
of turns N;=5, outer diameter D, ;=280 mm, inner
diameter D;,;=70 mm, width of turn A»=10 mm, high
turn 4,;=5 mm, distance between turns 10 mm; combined
armature: outer diameter D,,=280 mm, inner diameter
D;,;,=0 mm, thickness of aluminum armature /,,=0.7 pm;
distance from the inductor zg=1 mm; excitation circuit:
L(): 1.5 },I,H, R(): 105 mQ.

The current density in the turns of the steel inductor
is distributed significantly unevenly. In Fig. 2 shows the
distribution of the current density in the turns of the
inductor j; at maximum current and the absence of an
armature.

- mm Ji. kAimm? 20
pr N W W ’
-10 . L L i
0 150 200 250 r, mm 300 W0

Fig. 2. Distribution of the current density in the turns of the
inductor j; at the maximum current

The highest current density is observed on the inner
coil, namely on the side facing the center, and the lowest
current density is observed on the outer side of the inner
coil. When calculating processes over time, we will use the
current density averaged over the cross section of the turn.

Let us consider the mentioned processes in the plasma
thruster with small (/3=1 mm) and large (/=15 mm)
thickness of the dielectric layer and with the thickness of
the copper armature /,~0.05 mm. The currents in the
inductor have an oscillating and decaying character over
time (Fig. 3). With a small thickness of the #,, dielectric
layer, the amplitude of the first half-period is 17 % larger,
and the oscillation period is reduced compared to the
variant with a large /y, thickness. This is due to the
inductive effect of the copper armature, which strengthens

the magnetic connection with the inductor.
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Fig. 3. Time dependences of the current density in the inductor

The amplitude of the density of the induced current
in the copper armature j,. increases by 53 % with a

smaller thickness (4,,=1 mm) of the dielectric layer of the
armature compared to the version with a greater thickness
(hy=15 mm) (Fig. 4).
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Fig. 4. Time dependences of current density in aluminum j,,
and copper j,. armatures

But the amplitude of the current density in the
aluminum armature j,, decreases by almost 5 times,
which does not lead to its thermal ionization. Such a
change in the currents in the armatures is caused primarily
by the influence of a thicker copper armature due to the
induction connection with the inductor. When the copper
armature moves away from the inductor, its
demagnetizing effect on the aluminum armature weakens,
which leads to a significant increase of induced current in
the aluminum armature.

In Fig. 5 shows temperature extremes of aluminum
6, =TyT>, and copper 6,=T,—T>. armatures, where T, is the
temperature of the air medium, 75, 7. are the temperature of
the aluminum and copper armature, respectively.
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Fig. 5. Time dependences of temperature rise in aluminum 6,,
and copper 0,. armatures

At a significant distance (4,,=15 mm) of a thicker
copper armature (4,=50 um) from a thinner aluminum
armature (4;=0.7 um), the aluminum armature is heated
to a temperature whose maximum excess ¢,,=4420 °C is
many times higher than the temperature aluminum
smelting. With a small distance between the armatures
(h=1 mm), the maximum heating of the aluminum
armature reaches only 6,,=229 °C and does not lead to its
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thermal damage. Note that both at large and at small
distances between the /,, armatures, the heating of the
copper armature does not exceed its melting point.

But when the copper armature is moved away from
the aluminum one, the electromechanical indicators of the
thrower significantly deteriorate. As calculations show, the
resulting electrodynamic force f, acting on the combined
armature consists of more than 97 % of the force acting on
the thicker copper armature. When the thickness of the
dielectric layer /y, increases from 1 mm to 15 mm, the
maximum magnitude of the electrodynamic force decreases
by 2.48 times, which leads to a decrease in the maximum
speed of the armature ¥, by 1.75 times (Fig. 6).

Thus, the choice of the thickness of the dielectric
layer Ay, of the armature is due to a compromise between
the high heating temperature of the aluminum armature and
low electromechanical indicators of the thruster at a
significant value of /,,=15 mm and high electromechanical
indicators and low heating temperature of the aluminum
armature at a small value of /,,=1 mm.
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Fig. 6. Time dependences of electromechanical parameters of
the thruster

Let’s consider the effect of the thickness of the
dielectric layer /,, on the indicators of a thruster whose
copper armature has a small (0.01 mm), medium (0.05 mm)
and significant (0.5 mm) thickness /,.. In Fig. 7 shows the
dependence of the maximum current density jm, the
maximum electrodynamic force f,, and speed V,,, the
maximum temperature rise #,, of the armatures on the
thickness of the dielectric layer /,, between them.

When the thickness of the dielectric layer %, of the
armature increases, the maximum current density in the
aluminum armature j,, increases, and in the copper
armature j,. it decreases (Fig. 7,a).

If in a copper armature, the smaller its thickness, the
greater the maximum current density, then in an
aluminum armature there is no such unequivocal
relationship.  Since the main electromechanical
characteristics of the thruster are determined by the
copper armature, when the thickness of the dielectric
layer A,, increases, that is, when the copper armature is
moved away from the inductor, the maximum value of the
electrodynamic force f;, and the maximum speed V.,
decrease (Fig. 7,b). When the thickness of the /,. copper
armature increases, the total weight of the armature

increases significantly, almost proportionally. At the same
time, the maximum force f,, increases, and the maximum
speed V., decreases.

When the thickness of the dielectric layer #,,
increases, the maximum temperature rise 0,. of the copper
armature decreases due to a decrease in the induced
current (Fig. 7,¢).
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Fig. 7. Dependence of the maximum current density (a),
the maximum electrodynamic force and speed (),
and the maximum temperature rise of the armatures (c)
on the thickness of the dielectric layer 4,

And an increase in the thickness of the copper armature
hy. reduces the density of the induced current, and
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accordingly, the maximum value of the temperature rise 6.
But with the maximum excess temperature of the aluminum
armature 6,,, there is no such unequivocal dependence.

When the copper armature with a thickness of
h,=0.05 mm or 0.5 mm is moved away, the temperature
rise of the aluminum armature increases, and more at
hr=0.5 mm. And when the copper armature has a small
thickness /,,~0.01 mm, when the thickness of the dielectric
layer Ay, increases from 1 mm to 6 mm, the maximum
excess temperature of the aluminum armature 6,, decreases
with a further relatively insignificant increase.

The conducted studies took into account the
invariance of the mechanical state of the aluminum
armature. But, as shown by calculations using a
mathematical model that takes into account the thermal
destruction of an aluminum armature at a temperature
above 660 °C, the results practically do not differ from the
results described above. This is explained by the fact that
the thicker (71.5 times) copper armature than the aluminum
one mainly determines the electromechanical processes of
the thrower. The confirmation of this statement is the
results of the calculations of the thruster, which includes
only one aluminum armature, which causes a certain
distortion of the current shape of the inductor until the
moment of thermal damage of the armature.

Experimental studies. To test the proposed concept
of plasma acceleration by pulsed inductive thruster in the
atmosphere on the basis of the high-voltage
electrophysical stand of the Research and Design Institute
«Molniya» of National Technical University «Kharkiv
Polytechnic Institute» using the methodology [25],
experimental studies of a plasma formation thruster with
one or a copper or aluminum armature in the form of a
flat foil were conducted (Fig. 8).

)

Fig. 8. Photo of the experimental setup (a), pulse source (b),
electric field sensor (¢): 1 — battery of pulse capacitors;
2 — high-voltage arrester; 3 — system of prefabricated tires;
4 — thruster of plasma formation; 5 — electric field sensor;
6 — high-speed camera

Experimental studies were carried out with two disc
inductors, which are made in the form of an Archimedes
disk spiral made of steel (Fig. 9). They have an outer
diameter D,,;=280 mm, an inner diameter D;,;=70 mm
and a height #,;=5 mm. Inductor No. 1 has 7 turns with a
width of 9.4 mm with a distance between turns of 5 mm.
Inductor no. 2 has 5 turns with a width of 10 mm with a
distance between turns of 10 mm. The inductor was
placed horizontally on the dielectric base, and the
conductive anchor through the dielectric sheet was
installed on top of it.

The INEP K-1 sensor was used to measure the
electric field strength, which is connected to a digital
oscilloscope through a fiber optic cable (Fig. 8,c). It is
located at a distance of 1 m from the center of the
inductor. The measurement was carried out in the position
of the maximum sensitivity of the sensor. A high-speed
camera was located at a distance of 2.8 m from the center
of the inductor to record the process of throwing the
plasma formation (Fig. 8,a).

Fig. 9. Photo of inductor no. 1 (@) and inductor no. 2 (b)

In order to experimentally confirm the calculated
results about the circular shape of the induced current in the
conductive armature, the following experiment was
conducted. A 900x900x1 mm” glass-textolite sheet, on the
outside of which a copper foil with a thickness of 35 pm
was fixed, was placed above the horizontally located
inductor no. 1. When a CES discharge with a voltage of
Upy=20 kV was applied to the inductor in the fiberglass
foil, which functions as a copper armature, a circular
circuit of thermal heating was formed without significant
mechanical damage. At the same time, the radial
temperature distribution was in good agreement with the
calculated results (Fig. 10). It should be noted that under
similar conditions, thermal ionization took place in the
aluminum armature with a transition to the plasma state
and significant mechanical damage [20]. Based on this
experiment, an aluminum armature was made in the form
of a ring from foil 18 um thick (Fig. 10,c¢).

%

Current densty norm (AIm?)

a b

Fig. 10. Photo of the glass-textolite copper foil after the
discharge of the inductor (a), calculated induced current (b)
and photo of the aluminum armature (c)

In Fig. 11, with the CES voltage Uy=40 kV and the
presence of an aluminum armature, the forms of the
current in the inductor no. 2 and the electric field strength
measured by the INEP K-1 sensor at the oscillograph
sweep of 25 ms/div are shown on a digital oscilloscope.

The forms of the inductor current and the electric
field have an oscillatory-damping character with a
frequency of /= 12.15 kHz. The amplitude of the first
half-cycle of the current is /,,=49.2 kA, and the amplitude
of the electric field intensity £,=430 V/m.
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Fig. 11. Registered forms of current in inductor no. 2 (a)
and electric field strength (b) in the presence of an aluminum
armature and voltage Uy=40 kV

In the course of 5 ps, in the form of the current of the
inductor in the presence of an aluminum armature, there is
a distortion from the similar form of the current in the
absence of the armature. This is more pronounced when the
sweep of the oscilloscope is reduced by 5 times (Fig. 12).
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Fig. 12. Oscillograms of inductor current (left) and electric field
strength (right) in the absence (a) and presence (b)
of an aluminum armature

This distortion is explained by the inductive effect of
the conductive armature and shows that for 5 ps there is
an inductive interaction between the inductor and the
armature. After this time, the induced current of the
armature ceases to interact with the inductor both due to
its movement and due to the fact that the aluminum
armature is destroyed due to thermal ionization. The lack
of interaction of the induced current in the armature with
the inductor leads to the return of the inductor current
curve to the state observed in the absence of the armature.

There is no specified distortion on the electric field
intensity curve. This is explained by the fact that the
sensor measures the combined electric field from the
inductor and the armature, and the induced current in the
armature is directed opposite to the inductor current,
compensating for this distortion.

In Fig. 13 shows the calculated shape of the current
density of the inductor j; and the aluminum armature j,,,
which is destroyed at a temperature higher than 660 °C. It
is the induction current in the armature that causes
distortion in the inductor current curve. In comparison
with the experimental dependence, the calculated current
in the inductor coincides both in shape and in magnitude
with an accuracy of 7 %.

The greatest difference between the expansion and
experimental struts of the inductor arises in the process of
thermal destruction of the aluminum armature.

At the stage of transition of the aluminum armature
into the plasma mill, its support rapidly grows, which leads
to a change in the shape of the pulse from oscillating and
decaying character (Fig. 4) to “cut” with a short trailing
edge (Fig. 13). When calculating the process of the
transition to the plasma state, the resistance of the
aluminum armature is described by a polynomial, which
increases from a certain value up to the melting
temperature (~550 °C) to infinity when this temperature is
exceeded (~700 °C).
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Fig. 13. Calculated form of current density of inductor j,
and aluminum armature j,,

As experimental studies show, the process of
destruction of an aluminum armature occurs more slowly
than it is laid down in the mathematical model.

The transition of the aluminum armature into a
plasma formation depends significantly on the CES
voltage Uj. This is illustrated by Fig. 14, where photos
taken without a light filter are shown of the plasma
formation into which the aluminum armature has turned,
at a voltage of U;=20 kV, 30 kV and 40 kV.

\, ! ’

Fig. 14. Photos of plasma formation obtained at voltage Uj:
20 kV (a), 30 kV (), 40 kV (c), taken without a light filter

The measured inductor current amplitudes of the
first half-cycle 7, are 30.6 kA, 47 kA and 64.5 kA,
respectively. The higher the density of the induced current
in the armature, the more homogeneous the plasma
formation. In this case, the duration of the induced current
flow in the plasma formation increases. And due to the
electrodynamic interaction of this current with the
magnetic field of the inductor, the plasma formation is
accelerating over a greater distance.
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When using inductor no. 1, the amplitude of the first
half-cycle of the inductor current, and therefore the
density of this current, decreases. Thus, at a voltage of
Uoy=40 kV, the current amplitude is /;,,=53 kA (Fig. 15).
At the same time, the greater part of the aluminum
armature, in comparison with the similar voltage in the
inductor no. 2, flies into the air environment in the form
of a pile of small high-temperature particles.
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Fig. 15. Recorded form of current in inductor no. 1 (a) and
photo plasma formation (b) at voltage Uy=40 kV

— ]

In order to investigate the processes in the plasma
formation in more detail, experiments were conducted
with photographing them accelerating a light filter from
welding glasses with 12 DIN dimming. In Fig. 16 shows a
photo of a plasma formation with the use of a light filter
and an oscillogram of the inductor current and electric
field strength during an CES discharge with a voltage of
Uy=40 kV on inductor no. 1.
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Fig. 16. Photo of plasma formation using a light filter (@),
inductor current oscillogram (b) and electric field strength (¢)

The amplitude of the first half-cycle of the inductor
current is /;,=51.6 kA, and the corresponding amplitude
of the electric field strength is E,=450 V/m. A photo
using a light filter shows that the greatest density and
uniformity is observed in the middle of the plasma
formation. Moreover, it has the shape of a torus, which is
separated from the dielectric sheet on which the
aluminum armature was located.

Thus, the formation of gas-metal plasma formations
and accelerating them to a certain distance contributes to
the development of plasma technologies for promising
areas of industry and scientific research. Among the
directions of practical applications of throwing plasma
formations formed during an induction discharge, one can
note the possibility of their use in coating technologies,
which are an alternative to vacuum electron beam
methods for obtaining aluminum-copper compounds, as
described, for example, in [26].

Conclusions.

1. The proposed concept of the plasma acceleration by
pulsed inductive thruster in the atmosphere, in which a

combined armature is located opposite the inductor,
which includes an aluminum armature made in the form
of a thin foil, adjacent to the inductor, and a copper
armature made of thicker foil, which is directed in the
direction of accelerating. These armatures are attached to
the dielectric layer of aerogel placed between them.

2. When using a mathematical model in the COMSOL
Multiphysics software package, which takes into account
interrelated electromechanical and thermal processes and
uneven distribution of currents in the inductor and
conductive armatures, it was established that under the
action of electrodynamic forces from the inductor side, the
copper armature moves a considerable distance, moving the
attached to it is a dielectric layer with a plasma formation,
into which the aluminum armature has turned.

3. It was established that the choice of the thickness of
the dielectric layer of the armature is due to a compromise
between the heating temperature of the aluminum armature
and the electromechanical indicators of the thruster.

4.1t was experimentally established that the greatest
density and homogeneity is observed in the middle of the
plasma formation, which has the shape of a torus, moving
away from the dielectric sheet on which the aluminum
armature was located.

5. As the voltage of the capacitive energy storage
increases, the induced current density in the armature
increases and the plasma formation becomes more uniform.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
VK 621.3.013
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B.IO. Po3os, C.10. Peyupkuii, K.JI. Kynaiyc

3axucT npaniBHUKIB Bil MATHITHOI0 MOJIsl MOBITPSIHMX JIiHiH ejexkTponepenayi 330-750 kB
NPY BUKOHAHHI po0iT 0e3 3HATTA HANPYI'H MiJ HABAHTAKEHHAM

Ipoénema. Oonicero i3 cocmpux npobdrem, wo nompedye supiuieHHs: NPU UKOHAHHI PEMOHMHUX POOIm nid HANPY2ol HA JIHIAX ele-
xkmponepeoaui (JIEII), € 3axucm 300p0o8’s npayisHuKie 6i0 eleKmpoMacHImHO20 nois éucokoi inmencusnocmi. Mema. Memoio po-
bomu € po3pobeHHs MEeMOOONIOIYHUX OCHO8 3aXUCTY NPayieHuKié 6i0 macHimuozo noas (MII) JIEII 330-750 kB npu euxonawmi
pemonmuux pobim be3 3uamms Hanpyeu i nio nasanmagicenusim. Memoouka. Po3pobreno memoouxy po3paxyHky epaHuino OOnyc-
mumozo koe@iyicumy nasaumadxcennss JIEII, sxuii oomedcye indykyiro MII ¢ pobouiti 30ni JIEII 00 epanuuno donycmumozo pisHs
CAHIMapHUx HOPM NPU 3a0AHUX MEPMIHI poOIm Ha ROMeHYIani i MIHIMATbHIT MOBWUHT 3AXUCHO20 CLOI0 MIJIC NPO8OOAMU MA MILOM
npayienuxa. Haykoea nosusna. Cmeopeni memooonociuni sacadu saxucmy npayiehukis 6i0 MII, wo tpynmylomecss Ha cyMiCHOMY
BUKOPUCMAHHI PO3POOIEHUX MEMOOY PEACUMHOL MIHIMI3AYIl HABAHMAJICEHHS | MemoOy 30ibuie s pobouol ducmanyii, ma po3poo-
JIeHOI MEeMOOUKU PO3PAXYHKY SPAHUYHO OORYCIMUMO20 Koepiyicumy naganmadicennss JIEIL Ilpakmuuna 3snauumicmo 3anpononosa-
HI 2paghiumi 3aneAHCHOCME SPAHUYHO OONYCMUMO020 Koediyicumy naeanmaoicenns JIEIT ¢ @ynxyii 6i0 Heobxionozo uacy pobomu ma
MOBUWUHU 88€0€H020 000AMKOB020 3AXUCHO20 CNIOT0 MIXHC NPOBOOAMU MA MINOM NPAYIBHUKA, WO NPU NPULHAINOMY SPAHUYHO OONYC-
mumomy HopmamueHomy pigni inoyxkyii MII do3eonse onepamueno u3HAYAMU SPAHUYHO OONYCMUMI KOeQIyicHmu Ha8aHMAaNCEHH s

ons pisnux munie JIEIT 330-750 kB. Bi6n. 45, Tabu. 1, puc. 10.

Kniouosi cnoséa: BUCOKOBOJILTHA JiHiA eJleKTponepeaayi, po6oTu 6e3 3HATTS HANIPYTH, 3MeHIeHHS] MATHITHOIO MOJISl.

Beryn. BukoHaHHS peMOHTHHX pOOIT Ha BUCOKOBO-
JIFTHUX TOBITPSIHUX JiHIsAX enektponepenadi (JIEIT) Ge3
3HATTA HANpPYTH € TOIIUPEHUM METOJOM IiJBHIIECHHS IX
penradenbHOCTi [1-4]. OnHi€ero i3 TocTpUX MpobieM, 110
noTpedye BUPINIEHHS MPU BUKOHAHHI TaKHX poOiT, € 3a-
XHCT 370pOB’sl NPALIBHUKIB BiJl €IEKTPOMArHiTHOTO HOJIS
(EMII) JIEIT npomM#ucIIOBOT YacTOTH 3 MiABUILEHOIO iHTE-
HeuBHICTIO [5-8]. Take EMII Moxe xapakrepu3yBaTHCS
HE3aJIS)KHUMH CKJIQJIOBUMH — eneKTpuuHuM noseM (EIT) i
MarHiTHIUM mosieM (MIT) [9, 10], ko)kHe 3 SKUX HETaTHBHO
BIUIMBAE Ha 310poB’s moaei [11, 12]. Tomy B mpoBigHIX
KpaiHax CBITY 3apa3 OypHO PO3BHBAIOTHCS METOAU 3aMiHU
MpaIiBHUKIB POOOTEXHIYHMMH TPHUCTPOSIMH TPH BHKO-
HaHHI poOiT Ha motenmiani JIEIT [13-15].

B VYkpaini po6oTH Ha noTeHUiajgi NpOBOJIIB BHCO-
koBoJbTHUX JIEII BUKOHYIOTbCS IpalliBHUKAMH BXE
6inb11 40 poKiB, a IX TEXHOJIOTIS MOCTIHHO BIOCKOHAIIO-
erbes [1-4]. Ha cproronni BupimeHa mpoOiema 3axucTy
3I0pOB’s poOodYoro mepcoHany Bix HeraTtuBHOI aii EII
JIEII, mo TpyHTYETbCS Ha BHKOPUCTaHHI CIEHialbHUX
3aXUCHUX KOCTIOMIB 13 €JEKTPOIPOBIIHOIO MaTepiary
[4]. Anme B ICTOTHO TipIIOMY CTaHi 3HAXOJUTHCS BHUPi-
IICHHS MPOOJIEMH 3aXWCTy TpariBHUKIB Big il MIL. Lis
mpobiieMa OCTAaeThCSl HEIOCTATHHO MPOPOOICHOIO 5K B
TECOPETUYHOMY, TaK 1 MPaKTUYHOMY IIaHi. ToMy meBHUM
KpOKOM B ii BUpIIICHHI cTajia po3poOKa aBTOpaMHu Mare-
MarnuHoi Mozeii MIT B 30HI BUKOHaHHS po0iT 0e3 3HATTS
Harpyry IijJ HaBaHTaKeHHsSM [16], Ta METOIUKH HOro
pO3paxyHKy, L0 TIPYHTYIOTBCS Ha pe3yJbTaTax paHill
BHKOHAHHX JOCIHimkeHb MII pisHUX TeXHIYHMX 00’€KTiB
[17-31]. Ocranni nocmimxeHHs aBTopiB [16] minTBep-
JUKYIOTh aKTYalIbHICTh BHpIMIEHHS B YKpaiHi mpoOiieMu
3axuUCTy npamiBHAKIB Bix aii MII npu BuKOHaHHI poOiT Ha
JIEII ©e3 3usaTTsa Hanpyru. Tak, B [16] moka3zaHo, mo 1
tunoBux JIEIT 330-750 kB, B HOMiHaTbHOMY PeXuMi iX
poboTu, MOXIUBO icTOTHE, B 1,5-1,9 pa3iB, nepeBUIIeHHS]
BEPXHBOTO TPaHWYHOTO piBHA iHAYKHii MII Hax mpuitHs-
TUMH B YKpaiHi Ta €Bpocoro3i HopmaTuBamu [ 12, 32-34].
Tomy akTyanbHOIO € 3a7a4a CTBOPEHHS HayKOBUX 3acajl

3axucTy pobodoro mepconany Bix mii MII musixom ioro
3MCHIICHHS 10 O€3MeYHOro piBHSA B 30HI BUKOHAHHSI
po6it Ha mpoBonax JIEII 6e3 3HATTS HAUpyTH i IiJ HaBa-
HTa>XCHHSM.

MeTtoro podoTH € PO3POOJCHHS METOIOJIOTIYHUX
3acajl 3aXMCTy MpaliBHUKIB Big marHitHoro moss JIEII
330-750 kB mpu BUKOHaHHI PEMOHTHHX POOIT 03 3HATTS
HAaIpyTH 1 il HaBaHTAKEHHSIM.

HopmyBanHs rpanuyHoro piBusa aii MII yacro-
To10 50 I'l. B Vkpaini rpannunwmii pisens nii (I'PH) in-
nykii MIT Ha po6ounit mepconan JIEII permamenToBano
B [33] i 3BemeHo B 1. 1 Tabum. 1. Tak, ans Tina mpariBHIKa
I'P/] cknamae He Oiapm 7,5 MTi npu po0oTi 10 1 rogusu
i He Oibmt 1,8 MTir mpu po6oTi 8 roauH. B iHTepBaii Mix
onuiero 1 BichkMa romuHamu, ['PJI MII Bpp B [33, 34]
BU3HAYAETHCSI B (PYHKIIT Yacy 3a METOJHUKOI0, PO3pobJie-
HOIO Ha OCHOBI CAHITAPHO-TITI€HIYHUX Ta OIOJOTIYHUX
JIOCTIKeHb, BUKOHAaHUX B iHcTUTyTax HAMH Vkpainu
[35-37]. Ansa xinmiBok npamiBauka ['PJI MII e 3HauHO
OumemmM i cxmagae 15 mTo (. 1 tadm. 1).

B €ppormi, BimmoBimHO m0 HpeKTHB €BPOCOIO3Y
[12], TP/ 3a MII mns mpamiBHHUKIB € OUTBII KOPCTKAM
Tax, BepxHiit piBens ['PJ] ans tina, ckinamae 6 MTin (pu
KOPOTKOYaCHOMY BIUIMBI), a HIKHIA — 1 MTxa (pu Tpu-
Banomy BrumBi). Ha choromui ueit Hopmatus [12] 3a-
TBep/pKeHnH 1 B Ykpaini [32] i fioro nependayaeTbcsi BBe-
CTH Yy JiI0 TICJsl MIPUITUHEHHS a00 CKacyBaHHS BOEHHOTO
crany B YkpaiHi. ToMy wLeil eBpomeHChbKHH HOpPMaTHB
OyzemMo BBaKaTH IMEPCHEKTHBHHIM.

BpaxoBytoun Buknazene, B sikocti ['PJ] 3a MII wacro-
toto 50 'y mpu mojanpIoMy aHanisi OyeMO BUKOPHCTO-
ByBaTH YMHHI B YKpaiHi «J/lepaBHi caHiTapHi HpaBmia i
HOPMH TIpM BUKOHAaHHI poOIT B HE BUMKHEHHX EIIEKTPO-
yCTaHOBKax Hampyroro 10 750 kB BrmowgHo» (1. 1 Tadm. 1),
a I MOPIBHSAHHS — IEPCIeKTHBHI i1 YKpaiHu IUpek-
TUBH €Bpocoro3y [32], mo 3arBepkeni Hakazom MO3
Big 13.01.2023 Ne 81.
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Tabmus 1

T'PJ] innykuii Bpp cunycoinansaoro MIT wactoTtoro 50 't Ha npaiiBHHKa

Ne Yac poborty npaniBHuka (#,) Ha norennuaini JIEII (roxun)
nn " . st [ 2 [ 3 ] a4 [ s | 6 | 7 ] =
OpMAaTHUBHHUI JOKYMEHT - - - - —-
I'P[ innykuii MI1 Bpp npu BIUTHBI Ha TiJ0/KiHIIBKH, M T
1 Yynuuii HopMaTHBHUN JoKyMeHT: Haka3s
| caiTapl fp PMH 1D 150 | 150 | 150 | 150 | 150 | 150 | 150 | 150
HaHHI poOIT B HE BUMKHEHHX €JICKTPOYCTaHO-
BKax Hanpyroio 10 750 kB BkirouHO»
2 IlepcnekTHBHI IpaHUYHO AONYCTHMI PiBHI
aii MII nHa ocnoBi upektuB 89/391/EEC 1
Hakazy MO3 Bix 13.01.2023 Ne 81 «Minima-
JIbHI BUMOTH JI0 OXOPOHHU 3/10poB's Ta Oe3neku | 6,00/ | 4,65%/ | 3,60%/ | 2,78*/ | 2,15%/ | 1,67*/ | 1,29%/ | 1,00/
MpaIiBHUKIB, SKi MiATar0ThCs BIUTHBY enekt- | 18,00 | 18,00 | 18,00 | 18,00 | 18,00 | 18,00 | 18,00 | 18,00
POMArHITHHX IOJIBY», IO TOMOBHEHI BimMiue-
HUMH ~ 3HAYCHHSMH Bpp, 38 [iI0U0I0 B VYkpai-
Hi METOJMKOIO

PoGoua nucraHuisa Mi:k mpoBogamu i TijioM mpa-
niBHMKA Ta podoua ingykuis MIL. IIpu BukoHauHi pooiT
Ha norenmiani JIET] npaiiBHUK 3HaXOIUThCS B XHUTKOMY
CTaHl, Ha BHUCOTI B JCCATKH MeTpiB [4], 1 B AKOCTI omopu
BHUMYIIIEHUH BuKoprcToByBatH nposoau JIEIT (puc. 1), mo
MIPU3BO/IUTE 10 OE3MOCEPEHOr0 KOHTAKTy 4epe3 3aXuc-
HHUH KOCTIOM Pi3HHMX YacTWH HOro Tina 3 npoBojgamu. [Ipu
bOMY, 0€3 MPUUHATTS CIHCIiaTbHUX 3aXOiB, MPAKTUIHO

¥

BECh 4ac 3HaXOJPKEeHHs npauiBHuka Ha noteHuiam JIEIT i
ITi/T HABAaHTAXKECHHSIM, TUCTAHIIIS MK HOTO TLIOM i MTOBEPX-
HEFO TIPOBOJIIB € MiHIMAIEHOIO 1 BU3HAYAETHCS TUTBKU TOB-
IIMHOIO 3aXUCHOTO KOCTIOMY (= 2 mM). Lleli dakr 3mymrye
TIPY TIOANIBIIIOMY aHaJi31 BPaXOBYBaTH 3HAYCHHS POOOYO1
iraykmii MI1, oo BiamoBigae MiHIMaNBHIN BigcTaHi (2 MM)
MDK TUTOM mipaniBHEKA i poBogoM JIEII mpu ekcro3wmiii
Ha BECh YaC BUKOHAHHS IPAIiBHUKOM POOIT Ha MOTEHIiaIi.

Puc. 1. Tunose nonoxxeHHs Tijia npauiBHUKA IPU BUKOHaHHI poOiT Ha noTeHuiani JIEIT, fe B IKOCTi ONOPH BiH BUKOPHUCTOBYE
TIPOBO/IH, 110 3HAXO/ITHCSI il HABAHTAKECHHSIM

Iaaykis MIT, mio gie Ha mpariBHUKA [P BUKOHAHHI
poGit Ha moteHMian npooxis JIEIT i i HaBaHTaKEHHSIM,
JociipKeHa aBTopaMu B [16], a iX OCHOBHI pe3ynbTaTH
mpezAcTaBieHi Ha puc. 2, 3. Tak, Ha puc. 2, HaBeAeHI pe-
3yJIBTaTH BepU(IKOBAHOTO PO3PAXYHKY MaKCHMAIEHOTO
3naueHHs iHaykuii MIT pisnux JIEIT npu BukoHaHHi poOit
3a TexHouorier, npuitaaTo B HEK «Ykpenepro». Bouu
MATBEPPKYIOTh HEOOXIJHICTh ICTOTHOTO 3MEHIICHHS iH-
HUX HOpM Ykpainu [33] (1. 1 tadun. 1), inxykuiro MIT JIEIT
330 kB npu HOMiHaJILHOMY CTpyMi 1l HaBaHTa)XKE€HHS HE00-
xigHo 3MenuryBaty 3 11,5 no 7,5 mTa npu poborti Ha note-
Hiiani 1o 1 roguau (puc. 2). BigmosigHo HOpM €BPOCOIO3Y
[12, 32] npu poGoti 10 1 roaMHM MOTPIOHO 3MEHIIECHHS
Bpp ue tinmekm mig JIEIT 330 kB, a takox i mis JIEIT
750 kB, N=4. 3menmenns imyknii MIT mis seix JIEIT
HEOOXITHO TaKOX TIPH f, OUIBII TBOX TOAWH.

o crocyerbest I'PJ] MIT uist KiHIIBOK TpailiBHUKA,
o BiamoBigHo 10 Tabm. 1 cxkimagae 15-18 MTa, To 0c00-
JIUBUX MpobsieM 3 ioro 3ade3meueHHsM it Beix JIEIL,
1[0 PO3IJIAAAI0THCS, HE BUHHKAE.

B, mT
L2 e BepxHe 3HaueHHA
= BepxHe 3HaueHHS _ I'PJ] 3a HOpMaMu
10+ 1+ I'P/l 3a Hopmamu  _ €Bpocor3y
B\ e o B o o o
SN~ 2 i
= j—J;A—_—I—I—-—F—T—I——F:T ==
61 A T I N N N R SN /AN N B
TN i R A S
41N\ B N S Py Py A A
LD N N N P N I I
O_T_I_I_T_I_I__I_I_I B
0 0.03 0.06 0.09 012 /., m0.15

Puc. 2. 3anexHiCTh MAKCHMAIBHHX 3Ha4YeHb Aito4ol iHxykuil MIT
JIETI 330-750 B 1i B pobouiii 30Hi IPY HOMiHAIBHOMY CTPYMi
B (pyHKIIi BiZICTaHi /. Bi TOBEPXHi MPOBOAY 10 TiJla pOOITHHUKA
(1 -JIEIT 330, N=2; 2 —JIEI1 750, N=4; 3 —JIEIl 750, N =5)

Bubip meroaiB 3menmenHs inaykunii MII mpu
BUKOHAHHI po6iT Ha motenmiami mposoai JIEIT mix
HaBpaHTaxkeHHsAM. [lns 3menmensns MII JIEIT npu Buko-
HaHHI poOit Ha moreHuiani JIEI] moxnuBe 3acTocyBaHHs
Takux Bimomux metomiB [38, 39], Sk expaHyBaHHS i 3a-
XHUCT BIJICTAaHHIO.
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ExpaHyBaHHS IIHMPOKO 3aCTOCOBYETHCS IPH POOOTax
Ha noreduian JIEIT mis 3menmendsa EIT 3a nomoMororo
€KpaHyIO4MX KOCTIOMIB, sIKi BUKOHAHI i3 €JIEKTPOINpPOBij-
HOro Matepiany [2-4]. Ix BuKopucTanHs € 060B’I3KOBUM.
Aute, sk nokazaHo B [40-43], Taki KOCTIOMH HE €KPaHYIOTh
MII npomucnoBoi yactoTu. Llell BUCHOBOK Takox eKcIie-
PUMEHTAIBHO MiATBEpIKEHUH aBTOpaMH Ha Jabopartop-
Hill ycraHOBHI (puc. 4), IO CKIagaeThes i3 JpKepena pe-
ryapoBaHoro MII 50 I'rp 3 inaykmiero 0-0,6 MTa i marHi-
TOMETPY i3 BUHOCHHM JaTYUKOM, 3aKpIiIUIEHIM B po0OoUiit
30Hi. BuMmiproBarns inmyxkii MI1 npoBoanuce mpu Bif-
CYTHOCTI Ta HasIBHOCTI 3aXHUCHOI'0 KOCTIOMY €KpaHyHOUO-
ro xommiekty EK-1 [4] 3 ToBmmHOIO Matepiany 2 MM,
SIKUM HaKpUBaBCs JaT4MK. Pe3ynbrarn eKCIepUMEHTY
MIATBEPAWIN BIICYTHICTh OyIb SKOro e(eKTy eKpaHy-

BanHs MII 3axucHuM KocTioMoM. OgHAK e pe3ynbTaT
OyB LIJIKOM O4iKyBaHUM, TaK SIK BIAMOBIAHO 10 [44], Tijb-
Ku s peanizanii HeHaunoro (B 1,2-1,5 pasu) ekpany-
BanHsa MII gactotoro 50 I'u, HEOOXiTHO BHKOPUCTAHHS
MacHBHHMX METAJEBUX EJIEKTPONPOBITHUX (MarHiTOCTaTH-
YHHX) €KpaHiB, 0 Ha noreHuiani nposoxis JIEIT € npak-
TUYHO HEMOJIMBUM. TOMY 3aCTOCYBaHHSI METOJIB €Kpa-
HyBaHHs s 3MeHmenHs MIT va motenmiam JIEIT B mo-
JaJbLIOMY HE PO3TIISIIAETHC.

3axuCT BIACTAaHHIO IIMPOKO BHKOPHUCTOBYETHCS LIS
3MCHIICHHS TOTEHIIHHOTO EJIeKTPOMArHiTHOTO MO
[10, 45], sixe cnamae npu BigmaneHHi Bix mkepena. [lore-
HiiiiHuM € 1 MIT JIETI, sike moGnu3y ii mpoBOiB iHTEHCH-
BHO 3MEHILY€ETHCS NIPH BiIAJICHHI BiJ POBONY 3 rpajie-
HToM 01t 0,4 MTa/mm (puc. 3).

AY-m B, uT
06 09
03 06 2 fz
4
o 0.3
\
0.3 0 -
A 1
/ X, m X,m
0.6 03 > 0.3 >
-0.6 -0.2 0.2 0.6 06 03 0 03 06 -06 03 0 0.3 0.6
330 kV; 1733 A; N=2; d=27,6 mm 750 kV: 2000A; N=4; d=30,6 mm; 750 kV; 2000 A; N=5; d=27,6 mm

a o

8

Puc. 3. Xapakrep posnoniry inxykuii MII B po6ounx 3onax JIEIT 330-750 kB no6im3y po3ienieHnx IpoBoIiB ix ¢a3

Puc. 4. ExcriepuMeHTaJIbHI AOCIIDKEHHS eDEKTY eKpaHyBaHHSI
MIT mpOMHCIIOBOT YaCTOTH 3aXHCHUM KOCTIOMOM KOMIUICKTY
iHIuBigyanpHOr0 ekpanytodoro EK-1

Tomy 30uIblIEHHST MiHIMAJIBHOI po0OYOi AMCTAHIT
MDXK TLTOM mpaifiBHHKa 1 moBepxHero nposoiB JIEIT e ede-
KTHBHUM METOJIOM 3MeHIeHHs BBy MII Ha mpaiiBHU-
Ka. [IpakTH9IHO 11e MOKe OYTH JOCSTHYTO IUIIXOM BBEIICH-
HSl MDK NPOBOJIAMHM 1 TIJIOM MpaliBHUKA J0JaTKOBOIO Ma-
Tepiary HeoOXigHOI ToBIMHM (2-15 MM), 0 He nedopmy-
€TBCS IIiJ] Baroro npamiBHHUKa. B sikocTi Takoro marepiaiy
MOX€ BHCTYIIATH, HATIPUKIIAJ, ClICHiAIbHUM 3aXUCHUN KOC-
TIOM 3 TiIBUIIeHOO ToBIIMHOIO (10-15 MM), abo creria-
meHI Hakuaku Ha mpooad JIEIT BimHoBimHOI TOBIIMHH.
Tak, mpu 30UTbIIeHHI poOOYOI AMUCTAHIIII BiJ Tijia Ipamis-
nuka 10 nposoi JIEIT 330 kB 3 2 mm 1o 15 mm, i Bigmo-

BijiHOTO 30UIBIIEHHS /,, iHayKIis MIT (puc. 2) 3MeHIIyeTh-
cs1 pakTU4HO BABiYi — 3 11,5 MTn 1o HopMaTuUBHOTO piBHS
6 MTn. TakuM YMHOM, 3aXUCT BiJICTAHHIO, 1[0 3aCHOBAaHUI
Ha 30UTbImIeHHI pobouoi mucranmii g0 mposoxiB JIEIL, €
e(eKTHBHIM METOAOM 3aXHUcTy mepcoHary Binm MII mpu
BHUKOHAHHI POOIT Ha MOTEHIIAM. AJie JIs HOTO MPaKTHIHOT
pearizamii HeOOXimHEe BIPOBAKCHHS HOBHX TEXHOJOTIY-
HHUX OIeparii i CreliaJbHIX 3aXUCHUX 3aC00IB.
3menmenns MIIT JIEII noisixoM 3MEHIIEHHS po0o-
yoro ctpymy /. JIEII [16] Ha3BeMO METOIOM pPEXHMHOI
MminiMizanii HaBaHTaxeHHst JIEIL. Bin moxe Oytn peai-
30BaHMiA Ha 9ac peMonty JIEII 3 BiImoBiMHIM 3MEHIIICH-
HSIM SK po0OYOro CTpyMmy, TaK i HpOINOPLIHHOI oMy iH-
nykmii MIT. Leit MmeTon € mepeBaXHUM, TakK SK JJIS HOTO
peaizauii HeoOXi HI TUIBKK Y3TOKEHI i3 CIOXKHBauyaMH
OpraHizaliifHi 3axoad, MO TependadaroTh IUIAaHOBE Bil-
KJIFOUEHHSI OKPEMHX CIIOXKHMBayiB Ha 4yac peMoHTy. Edek-
TUBHICTh BHKOPHCTAaHHS METONy PEKHMHOI MiHiMi3aril
HaBanTtaxxeHHs JIEIT mnst 3meHmenns ix MII moxe Oytn
BHpakeHa uepe3 koedimieHT HaBaHTaKeHHsS (k) JIEIL,
SKUH BU3HAYAETHCS SIK CIIBBIIHOMIEHHS MK poGounM (/)
i HoMinaeHUM (7,) crpymamu JIEIT:
k.=1./1,, 0k, <1. (1)
Tomy Merom pe:KUMHOI MiHiIMi3alii HaBaHTAXKCHHS
JIETL, mo peamizyeTbcsl MIISIXOM 3MEHIICHHS Ha TEPMiH
pemonTy Koedimienty HaBantaxenHs (1) JIEII, moxe
OyTH pEeKOMEHIOBaHUI SIK OCHOBHHU METOH 3aXUCTY PO-
6ouoro nepconany Big MII JIEII npu BUKOHaHHI peMOH-
THUX poOIT Ha iX moTeHmiam. B pa3i, Ko BUKOpUCTaHHS
OCHOBHOT'O METO/Y 3aXHCTY HE JIOCATAE MOCTABIEHOI Me-
TH, Pa30M 3 HUM PEKOMEHIYETHCS BUKOPHCTAHHS J1OIAT-
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KOBOTO METONy 30UIbIICHHS po00d0oi AUCTAHIIi 0 Tpo-
BoxiB JIEI] Ha OCHOBiI BHKOPHCTAaHHS CHEHiadbHUX 3aXH-
CHHX 3aC00IB — 3aXMCHOTO KOCTIOMY 3 301UJIbIIEHOI0 TOB-
IIMHOIO Horo marepiany (5-15 mMM), ab0 3aXMCHUX HaKH-
JIOK TOBIIMHOIO 3-13 MM /15l rapaHTOBaHOTO 301NIbIIECHHS
BiJICTaHI MK TLIOM mpaniBHUKa 1 mpoBogamu JIEIL.

BusnaueHHst yMOB Isi 3a0e3nedeHHsl 3aXHCTY
podouoro mepconany Bix MII JIEII. s 3axucry 310-
poB’st nepcoHany Bix aii MII HeoOXinHO rapaHToBaHO 00-
MexHTH piBeHb iHAyKIii MIT By Ha Tini (KiHLiBKax) npa-
I[IBHUKA IO TPAHUYHOTO PIBHS Bpp, AWM € QYHKIIEIO Yacy
t.. Toxi yMOBH 3aXHCTY IpalliBHHKa MOYXHA BU3HAYUTH SIK:

Br(1,)< Bpp(t,), (2
Ie t. — yac poboTH mpaniBHuka Ha nmoteHian JIEIL.

Sk mokazaHo aBTropamMu B [16], MakcuMaibHI 3Ha-
yenHs inaykuii MIT Bg B poGouiii 301 JIEIT koHLIEHTpY-
FOTBCS TI0 OCSAX € CHMETpil N miaBicy posIerieHux mpo-
BoxiB 11 a3 (puc. 3). Iumykuis MII y Toumi crocrepe-
xeHHsl P (puc. 5) 3ayiexuTh BiJ BincTaHi / Bii MOBEpXHI
TiJIa MpaiiBHUKA (Ha SIKiM JIOKaJli30BaHa TOYKa CIIOCTEpe-
)keHHs P), 1o oci Haionmxuoro nposoay JIEII, konu och
X CIIBIAJIAE i3 HATIPSIMOM € .

IIpogoo  y,
Jc a

».
»

A
A4

Iy P
l,
/

Puc. 5. lo Bu3HaueHHs Biacradi / Bix oci mposoxy JIEIT
JI0 TOUKH CIIOCTEpEKEHHS P

=Y

<€

Iaaykuiss MIT Takox 3aleXHuTh Bil TAKUX MapaMmeT-
piB JIEIL, sik kinmbkicTh N po3uieruieHux HpoBOIiB (a3,
ix paaiyc r,, Ta BicTaHb D MiX PO3IIEITICHUMH HPOBO-
namu (asu. [Ipu npoMy BiAMOBIIHO 10 pHUC. 5:

l=nr,+l.=r,+0.+6,, 3)
ne [, — BijcTaHb Bi MOBEPXHIi MPOBOIY 1O Tijia MPaIliBHHU-
Ka; J, — TOBIMHA TKaHUHU CTaHAAPTHOI'O 3aXHUCHOTO KOC-
TIOMY KOMIUIEKTY ekpanytodoro EK-1 (2 mm); J, — TOB-
IIMHA JOAATKOBOTO 3aXHMCHOTO CJOK0 IPH BHKOPHCTAHHI
CHeLiaIbHAX 3aXUCHHUX 3aC00iB.

BuznaunMo ymoBHM peaizauii criBBigHOIIEHHS (2)
NpY BUKOPHCTaHHI METOAY PEXHMMHOI MiHIMi3alii HaBaH-
TaXKEHHS, Ta METOy 30UTBIICHHS POOOYOT TUCTAHIIT IS
3-x pizanx TumiB JIEII (puc. 3), mapamerpu skux Biarmo-
Bimatoth peansauM (JIEITL 330 B, 7, = 1733 A, N=2,
r, = 14 mm, D = 400 mmMm; JIETI2 750 B, I, = 2000 A,
N=4; r,,= 15,4 mm, D = 600 mm; JIEIT3 750 B, 7, =2000 A,
N=5, r, =14 mm, D = 500 mMm).

Jlnst 1poro 3HaleMo rpaHWYHO JOMYCTUMI Koedili-
€HTH HaBaHTakeHH: (k,.p) JIEIL, siki MO3BOJISAIOTH OOMEKH-
T iHaykuito MII B ix poOouiii 30HI 0 TPaHUYHO JIOITYC-
TUMOTO PIBHSI CaHITapHUX HOPM Bpp. 3HAuUCHHS k,, 3HAU-
JIEMO IUISIXOM BHKOPHCTAHHS 3alpoIIOBaHOI aBTOpPaMH B
[16] maTemaTmuanoi moxmemi MII B pobGouiit 30mi JIEIT 3
ypaxyBaHHSM YMOBH (2) Ta BUMOT CaHITapHHX HOPM 3 Ipa-
HHUYHO JOIYCTUMOTO piBHSA Iii iHAyKWii Bpp. B pesynbrari
OTPUMAEMO HACTYIHI PO3PAXYHKOBI CITIBBIIHOIICHHS, IO
JIO3BOJISTIOTh BU3HAYUTH TPAHUYHO AOIYCTUMI KOS(ilieHTH
HaBaHTaKEHHA Kk,p Ut pizHEX (puc. 3) JIEIT:

-1

; (4)

k <Bpp| Hy (+R)
rDIN=D =7 T 2 11+ 2R)

3 -1
BPD & (1 + R)

I, 27| (+R)*-R*
B Lo (1

N 2(I+ R—Rcos(27/5)) .
(1+R—Rcos(27/5)f +(Rsin(27/5))

)

krp(n=4) <

(6)

. 2(I+ R —Rcos(47/5))
(1+R—Rcos(47/5)f +(Rsin(47z/5))
D
R=—" .
2sin(z/N)
Ha ocHosi cmiBBigHomiens (1-7), Ta m. 1 tabn. 1, Ha

puc. 6 nodynoBaHi rpadivHi 3aJ€KHOCTI k,p U BUTIATKY
0,=0.

>

()

11\ k-p, T.U.
Y : I
09 \\\/ 750 kV, N=5
08 |
07 N\ 750 kV, N=4
06 \ \& ’ | ]
OEENY N 330kV,N=2
05 \\ ~J
0.4 ~~< NN
03 \\ }-‘
0.2 \\
. S ———
0.1
1, h
0 >

1 2 3 4 5 6 7 8
Puc. 6. 'panndno momycTuMuii KoedillieHT HaBaHTaXKCHHS k,p
pizuux JIEII nipu J, = 0 B 3aI€:KHOCTI Bijl TEpMiHy BUKOHAHHSI Z,
pooit Ha notenuiani JIEIT 330-750 kB 3a unHHUMYU HOpMaTHBAMU
Ykpainu

I3 puc. 6 ciigye, 1110 HAalTIpIIA CUTYAllis CKIIaa€Th-
cs ans JIEI 330 xB. Ii rpanuuno momyctumuii koediri-
€HT HaBaHTaXeHHS k,p BXKe IpH ¢, = 1 TOJ MOBHHEH CKJIa-
natu menme 0,67, pu ¢, =4 rox — 0,36, a ipu ¢, = 8 rog —
0,16. Ane mpakTHYHE JOCATHEHHS HU3BKHX KOC(IIiEHTIB
HaBaHTaxeHHs (k, < 0,5) Moxe OyTH poOJIeMaTHYHUM, i
0co0JIMBO, TIPH BEIHKOMY 00CS31 pEMOHTHHMX pOOIT Ha
JIEII, BUKOHAHHS SIKMX MTOTPEeOy€e 3HAYHOTO Yacy.

Just JIEIT 750 kB i3 BenHKOIO KiTBKICTIO PO3IICTLIe-
HUX 1poBoniB (N=4; 5) i ipu ¢, = 1 ronm, k,p JIEII (puc. 6)
ckianae 6ins oguHMLi, npu ¢, = 4 roxg — 0,65-0,7, a mpu §
rox — 6imsa 0,29-0,32. J{nst nux JIEII BuKOprCcTaHHS METO-
Iy PeKMMHOT MiHIMi3allii HaBaHTaXKEHHS MOXe OyTH JI0-
cTaTHIM 1pH k,p > 0,512, <5 roaun.

ChinlbHE BUKOPHCTaHHSI METONy PEXKHUMHOI MiHIMi3a-
I1i1 HABAHTA)KEHHS 1 METOAY 30LIBIIICHHS POOOUOi AUCTAH-
1ii Mocxe OytH norinmsHuM it JIEIT 330 B nipu ¢, > 1 rog,
1 UTIOCTPYETHCSI KPUBUMH Ha pHC. 7, OOYAOBaHUMH Bifl-
MOBiTHO 70 criBBigHOMEHH (1-7) im. 1 Tabm. 1.

Tak, mpu BBeZIeHHI TOJIATKOBOI JUCTaHLIl J, = 5 MM
koedirierT k,p mis miei JIEIT moxe Oytn 30imbmieHnit y
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BChOMY Jiamna3oHi ¢, 10 30 %, npu d, = 10 mm — 10 60 %,
a mpu J, = 15 MM — npaktuuHo BABiui. e migTBepmKye
BUCOKY €(eKTHBHICTH METOJY 30UIbIICHHS po00YO0i Juc-
taHwii. CyMiCHe BUKOPUCTaHHS 3alIPOIIOHOBAHUX METO/IIB
TaKOX MO>Ke OyTH JOUIJIBHUM IIPH BEJIHKIH TPYJOMICTKO-
cTi pobit Ha morenmiami JIEII, abo mpu HEMOXIHMBOCTI
ICTOTHOTO 3MEHIIECHHS KOeillieHTY k,p METOIOM PEKUM-
HOI MiHIMI3alil HABaHTaKEHHS.

Akp, Tu.

ol NN L
NEEEETEET

N
07 \ 0,=10 n}m
0.6 \\ N \\ 0, =5 mm —
05 \\\\%\ 0, =0 mm
L SO ><\‘\
03 \2‘\\‘\\\
02 \\\_\
0.1
. 1 h

1 2 3 4 5 6 7 8

Puc. 7. 'panu4HO HOMyCTUMUA KOS(iLiEHT HABaHTAXEHHS K,p
JIEII 330 kB (N=2) B pa3i BBegeHHs 104aTKOBOT po6odoi
IUCTaHMIi J, 32 YTHHUMHU HOPMAaTUBaMHU Y KpaiHu

CyKYIHICTh 3alPOIIOHOBAHMX BHILE METOJIB 3MEH-
HICHHS JiF040ro Ha mpariBHuka MII, Ta po3pobieHoi me-
TOJVKH PO3PaxyHKy I'PaHHYHO JIOIyCTUMOro KoedilieH-
Ty HaBaHTaeHHs k,p JIEII, a Takox BUKOHaHHS cOpMYy-
JILOBAHOI YMOBH (2), CKJIaIa€ METOOJIOTII0 3aXUCTy Tpa-
LiBHUKIB Big marditHoro o JIEIT.

Temnep 3pobumo OIiHKY €(eKTHBHOCTI BUKOPUCTaH-
HS PO3TISHYTOI METOMOJIOTIi 3aXHCTy MPAI[iBHHUKIB IS
smeHrmeHHs iHxyknii MIT JIEIT go Oi1b1 >KOPCTKIX HOPM
€Bpocorozy [12]. Ane B [12] nepexbadeHO HOpPMYBaHHS
TiIbKH BepxHbOro (6 MTi) 1 HwkHbOrO (1 MTn) I'PJ] in-
nykiii MIT i BiicyTHe HOPMYBaHHS MPH PI3HUX TEPMiHAX
poboTu mpariBHuKiB (Mix 1 1 8§ roquHamm), sk 1e 3po0-
neHo y [33, 34]. JIns BUKOHAHHS BKa3aHOI OI[IHKH JOIOB-
HUMO HopmatuB [12] 3HayenHsamu I'PJl innykuii MIT B
¢yHKIIT vacy poOOTH TIepcOHAy f, 3a METOIUKOIO
HAMH Vkpainy, mo Bukopuctana B [33, 34].

Taxk, sIK ciifye 3 aHallizy YUHHUX HOPMaTUBIB YKpa-
ai [33, 34], mo po3pobureni incturyramu HAMH VYxpai-
HU, 3aJIEXHICTb Bpp = f (f,) B HUX BUPaKA€ThCS EKCIIOHE-
HIIaEHOIO (PYHKITiET0:

Bpp =be™'r, ®)
siKa, BIAMOBITHO J0 JaHuX M. 1 Tabn. 1, mpeacraBicHa y
BUTIISI KpuBOi 1 Ha puc. 8.

Bukopucraemo (8) 1 BH3HAUSHHS MOXIIMBOI 3a-
nexxHocTi Bpp = f(¢,) i peanizarii HopMaTtuBiB €Bpo-
coro3y. Taka 3anexHicts npu a = 0,2560, b = 7,7503
MIPEeICTaBlIeHa y BUTILAAL KpUBOI 2 Ha pHC. 8, a po3paxo-
BaHi Ha i1 OCHOBI 3Ha4YeHHS Bpp, M0 BiAMIiYeH] 3ipoUKaMH,
3BeJieHi 70 1. 2 Tabin. 1. O4eBHAHO, IO TPH IMILIEMEHTa-
uii B Ykpaini HopmatuBiB €Bpocorosy [12, 33], 3anex-
HiCTb Bpp = f () morpedye yTOYHHEHHS Ha OCHOBI
ocranHix gociikesb HAMH VYkpainu.

Bpp, mT

1
PN
~.

N W B~ 1 OO N 0

2
\\
\\

1

t, h
0 L

1 2 3 4 5 6 7 8
Puc. 8. 3anexnicts rpannuHoro pisus iHaykuii MII Bpp
IUTS Tijla IpalliBHHUKA Bif Yacy ¢, BiAmoBigHo 10 ynHHHX 1 [33]
Ta nepcreKTuBHUX 2 [12, 32] canitapHUX HOPM

[ToGynoBani BigmoOBiAHO 10 AaHUX M. 2 Tabm. 1 3a-
nexHocTi k.p = f (¢,) npu d, = 0 ayst HOpMaTUBIB €BpoCO-
103y TIpescTaBieHi Ha puc. 9. Ix ananis mokasye, mo ais
Haiiripmoro Bumnazaky (JIEIT 330 kB) Bxe npu ¢. = 1 rop,
koeiriieHt k,.p JIEII moBuHeH ckiamaté He Outhin 0,53,
npu ¢, = 4 rox — 0,25, a ipu ¢ = 8 rox — 0,09. Tomy BuKo-
HaHHS HOpPMaTHBIB €Bpocoro3y (1. 2 Tabs. 1) 6e3 Buko-
PUCTaHHS JTOJATKOBUX METOJIB 30UIBIICHHS POOOYOI JH-
CTaHIii MOXe OyTH POOIeMATHIHIM.

Akp, T

1
N\
e
07 N
06 \\\

0_5\ \%(‘
\ N
\Y

50 kV, N=5

750 kV, N=4

330kV,N=2

B

04 ~—

NN
S~

0.3
0.2 . e
T —
0.1 —
., h
0 — >

1 2 3 4 5 6 7 8
Puc. 9. I'paHUYHO IOMYCTUMHIA 32 IEPCIICKTUBHUMU HOPMATH-
Bamu €Bpocoro3y (1. 2 Tabi. 1) koedilieHT HaBaHTaXEHHS k,p

pizuux JIEII B 3a5exHOCTI BiZl TepMiHY BUKOHAHHS f, POOIT
Ha noreHmiani JIEIT 330-750 kB npu d, = 0

PesynbraT 3a0e3nedeHHss HOPMATHBIB €BpPOCOIO3Y
[12, 32] npu BUKOpHCTaHHI I0IATKOBOTO METOJIY 3aXUCTY
BiZICTAQHHIO TpeJcTaBieHi Ha puc. 10.

Tyt rpaHu4HO oMycTHMI KOe(illieHTH HaBaHTa)KEHHS
k,p BU3Ha4eHi BianosinHo 10 (1-8) Ta m. 2 Tabm. 1 npu J, Bix
0 1o 15 mm. Ix amais nokasye, mo s Haifripmoro Bumaj-
Ky (JIEIT 330 xB) moxumBe IOCATHEHHS HOPMaTHBHOTO
3Ha4YeHHs Bpp Bke nipu k,p = 0,5 ms t. <4 rox, 10, = 15 mm.
OTprMaHi pe3ylIbTaTH MiATBEPIKYIOTH MOXIMBICTH BHKO-
HaHHS 1 HopM €Bpocoro3y (1. 2 Tabm. 1) mpu BUKOpUCTaHHI
Ppo3po0IIeHNX MeTOIB 3axucTy podiTauKIB Bix MIT JIEIL

[pencrasneni Ha puc. 6, 7, 9, 10 rpadiuni 3anexHocTi
JIO3BOJISIFOTH OTEPaTHBHO, B pOOOYMX YMOBax, peali3oByBa-
TH PO3pO0JIEHY METOJIOJIOTIIO0 3aXHUCTy TpauBHUKIB Bin MIT
JIEIT 330-750 kB npu 3anpoBaKeHi sIK YMHHUX CaHITApHHUX
HOpMaTHBIB YKpaiHu, Tak J[upexkTus €Bpocorosy.
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Puc. 10. I'pannyno nomycTuMui 3a NepCIEKTUBHUMU HOPMATHU-
BaMH €Bpocorosy (1. 2 Tabi. 1) koedilieHT HaBaHTaXCHHS k,p
st JIETT 330 kB B 3ase)xHOCTI Bi TepMiHy BUKOHAHHS ¢, poOiT
Ha TIOTEHIiaJli B pa3i BBEICHHS 10IaTKOBOI po0040i TUCTaHIIT J,

Bucnoskmn.

1. IlokazaHo, 110 MPAaKTUYHO BIIPOJOBK BCHOTO Yacy BU-
KOHaHHSI MPAIiBHUKOM POOIT Ha MOTEHIiaNi TPOBOJIB JIHIH
enektpornepenadi 3a texuonorietro HEK «Ykpenepro», 30e-
piraerbcsi MiHiManbHa (<2 MM) JAWCTaHIS MK TLIOM
NpaliBHUKA 1 MOBEPXHEIO MPOBOJIB, K4 BH3HAYAETHCS
TOBIIUHOK 3axucHoro koctiomy EK-1. Ils oOcraBuna
MOBHHHA BPaxOBYBATHCS NPH BU3HAYCHHI JiF0401 Ha TIpa-
[IBHUKA IHAYKIIi MarHiTHOTO IOJS IiJ Yac BUKOHAHHSI
poOiT Ha moTeHIiai JiHil eTeKTponepenadyi.

2. 3anpornoHOBaHi TaKi METOAM 3MEHIIEHHS MarHiTHO-
TO TIoJIst B po0odill 30Hi JIiHIH eneKTporepenadi, SK METO
pexuMHOi MiHIMIZamii ii KoedimieHTy HaBaHTa)KEHHS Ha
TEpMIH PEMOHTY, Ta METOA 30UIbIIEHHS! POOOUOi IUCTaH-
i NIISIXOM BBEJIEHHSI MK ITPOBOZAMHU 1 TLJIOM HpalliBHU-
Ka JI0JJaTKOBOI'O Marepiany MeBHOi TOBIIMHHU (2-15 Mm),
BUKOPHCTAaHHS SKHX JO3BOJISIE 3MEHIIUTH 1HIYKIIIO Mar-
HITHOTO TIOJISI TIPM BUKOHAHHI POOIT Ha IOTEHIaNl JiHIH
eJIeKTporiepeaayi 10 Oe3MeYHOr0 PiBHS.

3. Po3po0iieHo MeToKy po3paxyHKy TPaHUYHO JIOITyC-
THEMOT0 Koe(illieHTy HaBaHTa)KeHHs JIHIH eJeKTporepeaadi,
330-750 kB, BukopuCTaHHS SIKOT 103BOJISIE OOMEKHUTH 1HITY-
KIIiF0 MarHiTHOTO TIOJNIA B iX poOOYMX 30HAX IO TPAHUIHO
JOIYCTUMOTO PIBHS CAHITApHUX HOPM TIPH 33TaHOMY TepMi-
Hi poOiT Ha TOTeHIiaNi i 3amaHii TOBIIWHI JOJATKOBOTO
3aXHCHOTO CJIOI0 MIXK IIPOBOAMH Ta TLIOM IPAIliBHHUKA.

4. CTBOpEHI METOJI0JIOTI4HI 3acay 3aXUCTY TpalliBHU-
KiB BiJl MAarHITHOTO TOJISI MMPY BUKOHAHHI PEMOHTHHUX PO-
OiT Oe3 3HATTS HANPYTHl IiJ] HaBaHTKEHHSM Ha JIHISAX
enextporiepenaui 330-750 kB, mo rpyHTYIOTECS Ha CyMi-
CHOMY BHMKOPHCTaHHI DPO3POOJICHHX METONy pPEXHUMHOI
MiHiMi3aIii KoeQillieHTy HaBaHTa)KEHHS 1 METOIy 301Tb-
meHHs po0odoi AWCTaHIi, Ta pPO3pOOJICHOT METOIUKH
PpO3paxyHKy TPAaHUYIHO JOITyCTUMOTO KOE(IIieHTy HaBaH-
Ta)XKeHHS TIPU YMOBI OOMEXKEHHsI piBHS MarHiTHOTO TOJIS
0 HOPMATHBHOTO. IX peai3amisi JO3BOJISLE 3MEHIINUTH iH-
JYKIII}0 MarHiTHOTO TOJIsl B po0OOUiii 30Hi JIiHIH eNeKTporie-
penadi JI0 TPpaHUYHO JOIMYCTUMOIO 3HAYEHHS BiMOBIIHO
JI0 SIK YMHHHX, TaK 1 HEPCIIEKTUBHHUX CaHITAPHUX HOPM.

5. OtpumaHi pe3yJbTaTH MOXYTb CKJIACTH HayKOBY
OCHOBY ISl pO3pOOKHM HOPMATHBHHX JIOKYMEHTiB MiHe-
Hepro, 10 PEerjaMeHTyIoTh MpaBuiia 0e3nevHoi podoTh

MepCOHAJY 32 MarHiTHUM TIOJIEM TPH BUKOHAHHI PEMOHT-
HUX pOoOIT Ha JiHisX enekTpornepenadi 330-750 kB 0e3
3HATTS HAMPYTH 1 Mijl HABAHTAKCHHSIM.

Konduiikr intepeciB. ABTOpH 3asBISIOTH PO Bill-
CYTHICTh KOH(QIIIKTY 1HTEpECIB.
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Protection of workers against the magnetic field of 330-750 kV
overhead power lines when performing work without
removing the voltage under load.

Problem. One of the acute problems that needs to be solved when
performing repair work under voltage on power transmission lines
(PTLs) is the protection of workers' health from high-intensity
electromagnetic fields. Goal. The purpose of the work is to develop
the methodological foundations for the protection of workers from
the magnetic field (MF) of the 330-750 kV PTL during repairing
work without removing the voltage and under loading.
Methodology. A methodology for calculating the maximum
allowable PTL loading factor has been developed. It limits the flux
density of the MF in the working area of the power transmission
line to the maximum permissible level of sanitary standards for the
given period of work at the potential and the minimum thickness of
the protective layer between the wires and the worker's body.
Originality. Methodological principles for protecting workers firom
magnetic fields have been created. They are based on the joint use
of the developed method of mode load minimization and the method
of increasing the working distance, and the developed method of
calculating the maximum allowable loading factor of PTLs.
Practical value. The graphic dependence of the maximum allowable
loading factor of the PTL is proposed as a function of the required
working time and the thickness of the introduced additional
protective layer between the wires and the body of the worker. It
allows one quickly determines the maximum allowable loading
factors to conform the accepted limit-allowable normative level of
flux density of MF for various types of PTLs 330-750 kV.
References 45, tables 1, figures 10.

Key words: high-voltage power line, work on wires without
removing the voltage, reducing the magnetic field.
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KOeinei

KJVIEIIIKOB BOJIOJJUMHUP BOPUCOBHUY

(1o 85-piyust 3 THSI HAPOPKEHHS )

Bonogmmup Bopucosmu KiemikoB — Bimomuii Bue-
HUI B rajy3i eJeKTPOMEXaHiKU, JOKTOP TEeXHIYHUX HayK,
npodecop, 3aciHyKeHHUi iy HAyKH 1 TeXHIKH YKpaiHu,
naypeatr JlepxaBHoi mpemii YKkpaiHu B Taiy3i Hayku i
texniku. Hapoauscest 29 numast 1939 p. y M. Xapkosi.

B XapkiBCcbKOMYy MNOJITEXHIYHOMY
iHcTuTYTI Bomomumup bopucosuy mnpa-
moe 3 1961 p. — onmpasy micins 3aKiH4eH-
HS ENeKTPOMAIIMHOOYIIBHOTO (haKyIb-
TETy, ¢ MPOMIIOB HAYKOBHH WDIIX Bix
acrmipaHTa J0 OKTOpa TeXHIYHHX HayK,
mpodecopa. Y 1976 p. OyB obpanuii 3a-
BimyBaueM Kadenpu enekrpudikaiii
MIPOMHUCIIOBHX INAIPHEMCTB (3apa3 «AB-
TOMATH30BaHI €IEKTPOMEXaHIuHi CHCTe-
MI»), SIKy o4osttoBaB 10 2021 p. — maiixe
45 pokiB. Y poku 3aBimyBaHHSI Kaden-
poto, B.b. KienikoBum npoBeieHO OHO-
BJICHHS ICHYIOUMX JabopaTopiil i Bin-
KPUTTS HOBHUX, SKi OynM OCHAIlEHi
KOMIT IOT€paMH, MIKPOIPOLIECOPHIUMH EJIEKTPOIPHBOJIA-
MH Ta IHIIUM Cy4YacHUM OOJIQJHAHHAM, OTPUMAaHHM B
X0/ BUKOHAHHS 2-X €BpOIMEHCHKUX MPOEKTIB, 3-X TOCI-
nmoroBopiB st ¢ipmu «CiMeHec — YKpaiHa», a TaKoXK 3a-
BJISIKH JIOTIOMO31 CIIOHCOPIB; BIZIKPUTO MIAATOTOBKY (haxiB-
LiB 3a OCBITHBOIO Iporpamoro «Eiexrponpuson, mexart-
poHika Ta poboToTexHika». CriBpoOITHHKH Kadeapu 3a-
XUCTHIIM 4 IOKTOPCHKI Ta 55 KaHAMJIATChKUX JNUCEPTaLlii.
ITix xepiBaunTBoM B.Bb. Kitenikoa Bukonano Huzky HJIP
3a ypsIOBOKO TeMmaTukoro, 3a mianamu HAH i MOH
VKpaiHu Ta 3aMOBJIEHHAMH MiANPHEMCTB. IX pesyibTati
BIPOBA/UKEHI Ha 3aBonax «JlHinpocreucTanby, «Kpuso-
pikcTanby, 3aBogax XapKoBa: aBiamiifHOMY, BepCTaTo0y-
niBHOMy, «Typ6orasi», «EmnekrpoMammnHay, TpuiIagooy-
niaomy im. T.I'. IlleBueHka, iHCTUTYTI pagioacTpOHOMIT
ta iH. Y 2015 p. Ha xadeapi CTBOPEHHUI MEPIIU CICKT-
pomob6inb Ha 6a3i aBromoOis «JlaHOCY 13 CylepKoH/IeH-
CaTOpPHOIO OaTapecro i BITYM3HIHUMH KOMIUIEKTYIOUUMH.

Haykosi inei npodecopa B.b. KiemikoBa moMiTHO
CIIPHSUIM PO3BHUTKY TEOpii €IEKTPOMEXaHIUHHX CHUCTEM 3
HeTiHifHUM (PUKUIHHIM HaBaHTaXeHHAM. MOro I0K-
Topcbkoro aucepraiero (1989 p.) Oyno BiakpuTo HOBHH
po3ain Teopii enekrpornpuBosa, (GpyHIaAMEHTaNbHI HOJO-
JKEHHSI SIKOTO BUKIJIaaeH1 B MoHorpadii «/{nHaMika enexrt-
POMEXaHIYHUX CHCTEM 3 HENIIHIHHIM TePTIM».

Cdepy mnpodeciiinnx intepecie B.b. Kiemnikosa
BAXKO OKPECIUTH: INPH JOCIHIDKEHHSAX 32 TPaHTOM
DAAD y Himeuuuni y 1999 p. BiH BUSIBHB SIBUILE [TOCH-
JICHHSI KOJINBaHb HEJTIHIMHICTIO TEPTS, EPIIMM B YKpaiHi
iHILI0OBaB BUKOPUCTAaHHS HEHPOHHUX MEPEXK Y KepyBaHHI
€JIEKTPOIIPUBOJIAMH; 3alpPOIIOHYBAB 1 3allaTeHTYBaB KBa-
31IHEHPOPEryJSITOpP; BU3HAYUB, IO CEPel] IPUIHH YUCEITh-
HUX TIOPHBIB BOJOIPOBITHHX MEPEXK € XBHJIBOBI MPOLIECH
B €JIEKTPOMEXaHOTiJpaBIIiYHil CHCTEMI; BIEpIle BUSBUB 1
OOIpYHTYBaB BEIIMKI MOXJIMBOCTI 30€peKCHHSI CHEPTeTH-
YHHUX pECypciB KpaiHu 3aco0aMu eIeKTPOIIPHUBO/IA.

V cxamgamii st Hayku 9ac 90-x pokis, b. B. Kirenikos
iHiniroBaB i 3 1993 p. opranizyBaB MpOBEACHHS ITOCTIHHOT
LIOPIYHOT MDXKHAPOIHOT HayKOBOT KOH(EepeHLil 3 aBTOMAaTH-

30BaHOTO €JIEKTPONPHBONY. B il poOoTi Opanu ydacTs daxi-
Bii 3 30 KpaiH cBiTYy. Y4acHHMKaMU KOH(EPEeHLii 3aXUILEeHO
63 nokTopchki 1 oHaa 170 KaHAUAATCHKUX AUCEPTALIii.
BusnannsaM Bucokoro aBropurery Bonogumupa bopu-
coBH4a cTasio oOpaHHs ioro B 1997 p. npe3uneHToM YKpai-
» HCbKOI acowiarlii iHXeHepiB-eIeKTPUKIB
. (YAIE), sixa mae 15 perioHaabHuX Bimmi-
neHb. Takox BiH OyB I'OJIOBHUM pPEaKToO-
pom xypHairy «Enexrpoingopm», roio-
BOI0O  HAyKOBO-METOJWYHOI  ITLAKOMICIT
MinocBitn Ykpainu 3 Hanpsmky «Emext-
pOMEXaHiKay», YICHOM psily EKCIEePTHUX
KOMICI BUIIIUX J€PKaBHUX YCTAHOB.

3 1986 mo 1995 p., Oymyun mpope-
kropom HTY XIII 3 MiKHApOIHOTO
cniBpoOiTHuuTBa, B.b. KienikoB Heon-
HOPa30BO BUCTYIIAB 3 HAYKOBUMH JIOIIO-
Bimsamu B Himewuuni, ITanii, YropmwuHi,
Iunii, Pocii, Tlonpmi, Cupii, B’eTHami.
3a HayKOBI JOCATHEHHS HaropoKEeHUH
MiIKoIBCHKUM YHIBEPCUTETOM Menaiuno Signum Aurum
Universitatus. € mificHUM WwieHOM AKanemii iHXeHePHHX
HayKk YkpaiHum Ta [py3mHCBKOi TexHI4HOI akamemii,
acomarii IEEE.

[Ipodecop B.b. KiemikoB miaroryBaB i 4yuTaB B
HTY XIII 7 nexuiiinux kypciB. Huni untae kype «Teopist
EJIEKTPOIIPUBO/Y», CIIEIIKYPCH AJIsl MaricTpiB Ta acripaH-
TiB. Moro nexmii BiJIPI3HSIOTHCS CHCTEMHICTIO MUCJICHHS,
YITKICTIO BHKJIAIy, 3MICTOBHICTIO, TIOSICHEHHSIM (hi3UUHOT
CYTHOCTI SIBHILI, ITPOIIECIB 1 CHIBBiIHOIIEHD, @ Y CTaBJICHHI
IO CTYJCHTIB — JOOPO3UWINBOIO BUMOTIIHBICTIO.

Yuponosx maibxe 20-ti pokiB B.b. Kireniko od9o-
JIOBaB, Ta 3apa3 BXOOUTHh JO CKIAQay CIeImiali3oBaHol
BYCHOI Pajy i3 3aXHCTy JOKTOPCHKHX 1 KaHIMJATCHKUX
muceptaniit J164.050.04 3a cneniansHOCTSIME: «EnexTpo-
TEXHIYHI KOMIUIEKCH Ta CHCTeMu» Ta «HamiBIpoBiqHUKO-
Bi IIEPETBOPIOBAYI CIEKTPOCHEPTii».

3a  BujaTHI  HAayKOBO-TIEJATOTiYHI  JIOCSTHEHHS
B.b. KienikoB HaropomkeHuii opaeHoM «/lpyx6m Hapo-
IB», 5 Me#aIsIMH, 3HAKOM «3a 3HaYHHI BHECOK y PO3BUTOK
BUIIOI OCBITH», O3HAKOI MEPEMOXKIsS KOHKypcy «Bwuia
mKoja XapKiBIIMHM — Kpallli iMeHa» y HoMiHanisx «Hayko-
BUI NpaliBHUK» 1 «3aBixyBad Kadeapn», yIOCTOEHUH JT0Bi-
9HOI JIepKaBHOI CTUIICHIII BHUIATHUM JisT9aM HayKHL.
Pesynpratin HOoro HayKOBO-TIENArOTiYHOI MISUTBHOCTI BilO-
OpakeHi y 3 MoHOTpadisx, 2 HaBYAJFHUX MOCIOHMKAX i3
rpudom Minocsitr, moHax 330 myOmikarisx, 25 BHHAX0max
i marenTax. [lin HOro HayKOBMM KepIBHHIITBOM 3aXHILIEHO
3 MOKTOPCHKHUX Ta 23 KaHAUAATCHKUX JUCCPTAIIiii.

Bonogumupy bBopucoBuuy mnpuTaMaHHI BMiHHS
0aynTH MEepCreKTUBY, 3HAXOJUTH HOBI HAyKOBI 3aBIaHHS,
CcMiTMBO 30Mparn KOMaHAy i OpaTucsi 3a po3B’s3aHHS
CKIaHUX TPOOJIeM, TIPOSBIATH LIIECIPSIMOBAHICTD,
HAITOJIETIINBICTD B IOCATHEHHI pe3yJIbTaTy.

Bararorucsiunuit konexktus HTY «XIID» nuimaersest
Koueroto i mupo Bitae B.b. Knemikosa 3 1oBineeM, Oaxkae
IIacTs, 3I0POB’S i HOBUX TBOPYUX YCITiXiB HA JOBT1 POKH.

Penaxmiitna xomerisi xypHanmy «EmekrporexHika i
eJIEKTPOMEXaHiIKa» MPUENHYETHCS JI0 IIUX MO0AXKaHb.
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MIJINX BOJIOJUMHUP IBAHOBUY

(o 75-piuus 3 THS HAPOKEHH)

22 yepBHs 2024 p. BUMOBHIOETHCS 75 POKIB BiJl THS
HapOJDKEHHSI Ta 52 pOKH TPYyIOBOI IiSUIBHOCTI JOKTOPY
TEeXHIYHUX HayK, mpodecopy, 3aBigyBauy Kadenpu
«Enexktpuuni MammHW» HarioHanBHOTO  TEXHIYHOTO
yHIBEpCUTETY «XapKiBCHbKUH MOJITEXHIYHUH IHCTHTYT»,
BIIOMOMY BYCHOMY B Taly3l ENEKTPOTEXHIKH i
eJIEKTPOMEXaHIKH, HATOPOJKCHOMY BiJOMYHMU
320X0YyBaNLHIMH Bim3HakamMu MiHicTepcTBa OCBITH 1
Haykd YKpalHU — HarpyAHUMH 3HaKamu «BimMiHHUK
ocBiTH YKpaiHW» Ta «3a HAYKOBI Ta OCBITHI IOCSTHEHHS,
Minux Bonoanmupy IBaHoBUuUYy.

MBIPOBIJTHUKOBUMH T1E€PETBOPIOBAYAMH, JIHIHHUI IBU-
T'YH JUIsl CEICMOPO3BIIKM KOPHCHUX KOTAJIMH, CTBOPEHHS
BIpTyaJIbHOI €JIEKTPOMAIINHHOT TabopaTopii.

3 BepecHs 2004 p. B.I. Minux oOupaetbest Ha moca-
ny 3aBinmyBaua kadenpu «Enextpuuni mammany HTY
«XIIl». Tyt BiH mpomoBxye Tpaauiii kadeapu, 04oIroe
HAayKOBY LIKOJIy KaeIpu eNIEKTPUYHUX MalluH, aKTHBHO
pPO3BUBAaE HAYKOBO-METOIAMYHY POOOTY, 3B’SI3KH 3 TIPO-
(GUTBHAMY MM IIPUEMCTBAMHU.

B. I. Mimmux mOpoBOIUTh aKTUBHY HAyKOBO-
rpoMajchky pobory. BiH € uineHOM pemakiiiiHo-

Bononumup IBaHoBuY Haponuscs B
c. Bemuke JlymunHe MIleHCBKOro paioHy
OpioBcbKoi 00acTi y poJuHi BUUTENiB. Y
1966 poui 3aKiHYMB CEpeAHIO INKOJIY B
M. MIIEHCBK 1 MOCTYNHMB Ha HaBYaHHS [0
XapKiBCHKOTO IOJITEXHIYHOTO I1HCTUTYTY
3a cremianbHicTIO «EJIeKTpudHI MarmuHu
Ta amapaTm». [lig yac HaBUaHHS 3arapry-
BaBCA 4Yepe3 LIOPiYHYy IPaLio Y CTYJECHTCh-
Kux OyJIiBHHYMX 3aroHaxX Ha TepeHax Xap-
KiBcbkol, UntuHCcbkoi i TroMeHCBKOI 00-
nacredd, y Kpumy ta YropmuHi. 3akiHUuB-
M iHCTUTYT Y 1972 p., po31ovyaB HaAyKOBO-
TeXHIUHY JIisuIbHICTH B OCOOIMBOMY JIOCIHIIHO-KOHCT-
pykropcbekomy 6ropo ®TIHT AH YPCP, ne 6pas yuacts
y po3poOIIi Ta JOCHTIHKEHHSIX HAIIPOBITHUKOBHUX CIICKT-
PUYHMX MAIlMH Ha MOocajli imkeHepa.

VY 1975 poui B. 1. Minux nmoBepHyBCsSt 10 XapKiBCh-
KOTO TIONITEXHIYHOTO 1HCTUTYTY, BCTYIHUBIIA A0 OYHOI
acmipaHTypu Ha Kadenpy 3aralibHOl eJeKTPOTEXHIKH.
[Micns 11 3akinveHHs BiH y 1978 poli 3aXUcTUB aucepra-
1iro i 3700yB HAyKOBHH CTyNeHb KaHAWAATA TEXHIYHUX
HayK, a 3roJioM y 1985 p. — i HayKkoBe 3BaHHS JIOLEHTA.

3 1978 poky no4YMHa€eThCS HOBHI €Tar TPyAOBOI [i-
smpHOCTI B. 1. Minux, moB’s3aHuii 3 BHKJIAJalbKOIO Ta
HayKOBOIO poOOTOI0 Ha Kadepi 3araibHOi eIeKTPOTEXHi-
ku XIII (3 1978 p. — acucrenr, 3 1982 p. — crapmmii Bu-
knmanad, 3 1984 p. — mouenr, 3 1997 p. — mpodecop, i ox-
HOYacHO 3 1993 p. — 3acTynHUK 3aBigyBava Kadeapn).

CBOI0 HAayKOBY HisIbHICTE Bomommmup IBaHOBHY
NPUCBAYY€E JOCITIDKEHHIO Ta YIOCKOHAJICHHIO €IEKTPHY-
HHX MAalllFH, Cepell IKUX IO HOro iHTepeciB BXOAATH MPO-
KaTHI Ta TACOBI MAIMHHU MOCTIHOTO CTPyMYy, JIHIHHHN
eNEeKTPOJBUI'YH Ul CTapTOBOTO IPUCKOPEHHS JITaKiB, a
TaKOX MAIlMHU 13 3aCTOCYBaHHSIM HaIpoBigHOCTI. Bin
ny0JiiKye 6araTto HayKOBHX IIpallb y TAKUX aBTOPHTETHUX
HAayKOBHX JKypHajlax Ta crTa€ BU3HaHMM (axiBLem B Ia-
PHHI pO3paxyHKy Ta aHalli3y eJIEKTPOMAarHiTHUX IOJIB i
TMIPOLIECIB Y €IEKTPUYHUX MalIHHAaX.

Pesyneratn mocnimkens B. 1. Minux y3aranbHIOE B
mucepTanii «YUrcenpbHe MOJEIIOBaHHS ENEKTPOAWHAMIYU-
HUX TIPOIIECIB y MAaIIMHAX IOCTIHHOTO CTPYMY 3 BHCOKH-
MU ITUTOMHMH HaBaHTXXEHHAMI», AKy 3axuiiae B 1996 p.
1 CTa€ TOKTOPOM TEXHIYHUX HayK, a y 2002 poiii oTpumye
BYCHE 3BaHHs mpodecopa. BiH npoJoBxKye aKTHBHY Hay-
KOBY poOOTY SIK KEPIBHUK JEP>KOFOJKETHHUX Ta TOCIAOTO-
Bipuux H/IP, a 10 #ioro HayKoBHX HaNpsIMKIB JOJAIOTHCS
HOTYXHI TypOOTeHepaTopH, €JIeKTpHYHI MallMHU 3 Ha-

BugaBanyoi pamgu HTY «XIII», peaxonerii
KypHany «EjexkTporexHika Ta eleKTpoMe-
xaHika» Ta «Bicank HTY «XIIl», cepis
«IpobneMu ynOCKOHAJIEHHS ENEKTPUYHHX
MallIKH 1 anapariB», TOJOBHHM PeIaKTOPOM
KkypHanmy «Bicamk HTY «XIIl», cepis
«EnexTpudHI MaiHA Ta €IeKTPOMEXaHid-
HE MEPETBOPEHHS E€HEprii», WICHOM OpPIKo-
MITETIB MixxHapoaHOTO CHMITO31yMy
SIEMA «IIpo6neMu yI0CKOHAJIEHHS €leKT-
PUYHHMX MAaIIuH i anapaTiB» 1 Beeykpainch-
KOI HayKOBO-TEXHIUYHOI KOH(EepeHIIii CTyIe-
HTIB «EnekTpoTexHika, eleKTpOoHiKa 1 Mik-
pormpolecopHa TeXHiKa», KepiBHUKOM ceMiHapy «EnekTt-
POMarHiTHi Ta TEIJIOBI IPOIECH BHCOKOBHKOPHCTaHUX
enekTpuuHuX Mammne» Haykxosoi panu HAHY 3 xomme-
KCHOI npo6ieMu «HaykoBi OCHOBH €JEKTPOEHEPTETHKI,
YIIEHOM CIIEiaTi30BaHOi BUYCHOI pajH 3 3aXHCTy JOKTOp-
CBKHX Ta KaHIUAATCHKUX JHCEPTALii.

Ipodecop B.I. Minux omy6nikyBaB 0imu3pko 300
HAYKOBHX TIpallb, BiH € aBTOPOM 8 BHHAXO/(iB, € aBTOPOM
abo cmiBaBTopoM 30 HaBYAIBHO-METOAMYHHX PO3POOOK,
y T. 4. 21 mipy4HuKa Ta HaB4aJIbpHOTO mocioHnka . Oco-
6nBO Bimomui Horo miapydHuk «EnexTporexHika, enek-
TPOHIKa Ta MIKPOIIPOLIECOPHA TEXHIKa», IKUH nepexus 4
BUJIAHHS, PO3IAIIOBCA MO YKpaiHi YOTHPUTHCAYHHM Ha-
KJIaJIOM 1 BUKOPHUCTOBYETHCSI B Ha4aJbHOMY IIpOLECi 3a-
KJIaaiB BUIIOI OCBiTH. MoHOTpadist «YucIeHHO-TI0IeBhIE
pacyeThl U aHAJIN3 JIEKTPOMATHUTHBIX M CHJIOBBIX I1apa-
METpOB | TIPOIECCcOB B TypOoreHeparopax» 2017 poky €
y3araJbHEHHSAM 0araTopivHOI mparli 3 po3paxyHKiB elek-
TPOMArHITHUX IIOMIB 13 BHKOpHCTaHHsIM Lua-script. Y
2021 poui BUXOAUTH y CBIT Iie OAWH (DyHIaMeHTAIbHHIA
HaBYAIBHUN MOCIOHMK «P0O3paxyHKH MarHiTHHX IOJIB B
€JIEKTPOTEXHIYHHUX ITPUCTPOSIX.

Briponork cBoei meparorignoi aisutbHOCTI B.I. Minmux
BUKJIA/Ia€ HU3KY HAaBYAJIBHHUX IUCIMIUIIH, TPUALISLE cep-
Ho3Hy yBary poOOTi 31 CTyIeHTaMmu, sIKi 0aratopasoBo
CTaBaIM TPHU3EpPaMHU Ta MEPEeMOXKIIMUH BceeykpalHChKHX
CTYICHTCHKUX OJNIIMITiaJ i KOHKYPCiB HayKoBHX poOiT. [Tix
HOro KepiBHUIITBOM 3aXUINEHO NIBI KaHIUAATCHKi, OTHA
IOKTOPChKa AMCEpTaIlil Ta OJHa J¥cepTalis Ha 3000yTTs
cTyneHs 1okropa ¢Ginocodii.

Jpy3i, kojeru Ta YUCICHHI y4HI OBLIspa 3U4aTh
Bomognmupy IBaHOBHuYy 10OpOro 3M0pOB‘S Ta JOBTUX
POKIB IUTITHOT iSTBHOCTI.

Penaxuis xxypHany «EnexkTporexHika i eleKTpoMe-
XaHiKay IUPO NPUETHYIOTHCS JI0 [IUX TEIUIUX 00aKaHb.

80

Enexmpomexnixa i Enexmpomexanixa, 2024, Ne 4



=1

MarepiannnpnimaroTbca’3a’ajjpecolo:

KameapayEnexTpnni anaparn; JHTV Xl BynIKipnniesa 2, \m.
EneKTpoHHi BapianTn MaTepianis|nole-mail:la!m.grechko@gmail.com

Nlogigkn’3atenethonamn:+38 067,359/46 96 Ipeyxo’Onekcangp’ MuxannoBny




