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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

A

T————.

TV

-30

o 1 2 3 4 5 6 7 8 fms
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.

T,N-m
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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.

Electrical Engineering & Electromechanics, 2024, no. 4



%

I
40 F\g

AR ¥/ 3N
NN

Ry aARIvINLY:S

v/ T

) I
% 2 5 4 5 & 7 B

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

40
30 //
20 //
e

0 2 4 8 8 10 LA
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.
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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).
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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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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 adaptation 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 parameters of the frontal parts of its windings. Practical value. The
proposed methods can be used for various types of electrical machines. References 27, tables 3, figures 12.

Key words: electromagnetic field, end effects, methods of decomposition and dynamic synthesis, circuit-field modeling, electric
machine.

Bcemyn. 3a ocmanmiii uac nabyiu po3eumky meopis cneyianbHo20 KIACy KACKAOHUX MUXOXIOHUX Oe3KOHMAKMHUX ACUHXPOHHO-
cunxponnux enekmpuunux mawiur (ACEM) ma ompumana npunyunosa Hoea ii KOHCMPYKYis, 3a 00NOMO2010 KO 00epIHCAHO NOEOHAHHSA
NO3UMUBHUX 61ACMUBOCTEll G0 36UYAUHUX ACUHXPOHHUX MA CUHXPOHHUX eneKmpudHux mawun. Ilpobnema. Biocymuicmo konosux ma
nonvosux mooenei ACEM naxnadae obmedcenHs oo nooanbuio20 00CHiONCEeHHs eeKMPOMASHIMHUX, MEXAHIYHUX MA eHepeemuyHUX
npoyecis, 8 nepexionux ma keasiycmanenomy pexcumax ii pooomu. Mema. Pozpobka 3D ma adanmosanoi 2D kono-nonvosux mooenei
ACEM, memooig dexomnosuyii i Ounamiunoeo cunmesy 3 a0anmayieio YMo8 CHOIy4eHHs eleKmPOMACHIMHUX NApamempie Ha SPaAHUYsIX
pospaxosanux nioobracmeii ACEM. Memodonozia. Ilpocmoposi enemenmu xonempykyii ACEM npedcmasnsiomvcsi npocmoposumu
OKpeMUMU  PO3PAXyHKosumu nidobnacmsmu. J{ia Koxcwiti i3 yux nidobnacmeii cmasumvcsi y GiONO0GIOHICMb NPOMIKAHHS
E/IeKMPOMASHIMHUX NPOYeCis, AKI YMEOopeHi YiliCHOI0 pO3PAXyHKO80I0 obnacmio. 3a Heg s3KOK eHepzii MASHIMHO20 NONsl OKpeMux
nidobaacmeil 3 YiniCHOIO PO3PAXYHKOBOIO 30HOIO BUSHAUAIOMbCA Ol KpAUosux egekmis 8 mopyesux 30Hax ma napamempu 10008ux
uacmun oomomox ACEM. Lli napamempu 3 eépaxysannsm kpauosux egexmis 6ioo6pasicaiomovcs sk eiemenmu koia ons 2D kono-
nonvosoi moodeni ACEM. Pesynemamu. Ompumana komobinayis memooie dexomnosuyii 3D ooracmi ACEM i ounamiunozo cunmesy 3
adanmayielo ymo8 CHOIYHeHHS eNeKMPOMASHIMHUX NApAMempié HA SpaHuysax 1020 po3paxosanux nioodracmeti, aKa 003601€
3abe3neuumu uucenvny peanizayilo 3D Kon0-nonwbo8020 MOOeN08AHHA eNeKMPOMACHIMHUX NOMI8 8 OKPeMUXx eneKmpudHux ma
MASHIMHUX KOHMYpax ckaaonoi npocmopoeoi koncmpykyii ACEM, a makooic usnauumu 6niue Kpatiogux eghekmis 6 mopyesux 30Hax
nobosux vacmun ACEM 3a neé’ssxoio emepeii macnimnozo nois. 3anpononoeana Memoouxka wjooo GUSHAYEHHS AKMUGHUX md
iHOyKmugHux onopig nobosux uacmun oomomox ACEM 3 epaxyeannsm Oii kpatiosux egexmis. Tounicme ma eghexmusHicmo
3anponoHOBAHUX MEMO0i8 NIOMEEPOIICYEMbCS Pe3yIbmamamu. excnepumenmansiozo oocnioxcenns. Haykoea noeuzna. Pospoonena
adanmosana ounamiuna 2D Ko10-nonb0éa mooenb HecmayioHapHux 63acMono6 A3aHUX eNeKmpOMASHIMHUX MA el1eKMPOMEXaHiYHUX
npoyecie ACEM, axa 003801a€ 6paxyseamu 8 NepexiOHux pexcumax pobomu napamempu 10008UX YACMUH 11020 00MOMOK uepes it
CXeMHY peanizayito, HeNiHIUHICMb MASHIMHUX Ma eleKmpodi3udHUX 61ACTHUBOCHEl AKMUBHUX Mamepianie, NnogepxHesi i Kpaiiosi
epexmu mopyesux 30m tioco akmuenoi yacmunu. Ilpakmuuna winnicms. 3anpononosani Memoou Modxcymos Oymu UKOpucmani Oist
PpisHux munie enexmpuunux mawun. bioim. 27, Tabn. 3, puc. 12.

Knouosi cnosa: enekrpoMarHiTHe moJie, KpaioBi eexkTH, MeTOAN EeKOMMNO3ULII Ta AUHAMIYHOIO CHHTe3Yy, KOJIO-TOJbOBE
MO/IeJTIOBAHHS, eJIeKTPUYHA MAIIHHA.

Introduction. Further improvement of designs and
development of the theory of electric machines (EM) is
directly related to the search for new technical solutions and
technologies. This will enable the creation of devices with
improved technical characteristics and high energy efficiency
indicators of regulated electric drives, autonomous power
supply systems for a number of consumers in industry,
energy, agriculture, and special purpose devices.

Recently, the theory of a special class of cascade
low-speed contactless induction-synchronous electric
machines (ISEM) has been developed and a
fundamentally new and improved design of it has been
obtained [1]. This class of EM is a combination of two
EMs, namely an induction motor (IM) and an inverted
synchronous generator (SG) in a single magnetic core [2].

Here, the stator winding of the first EM is a three-phase
2p;-pole winding, and the stator winding of the second
EM is a single-phase 2p,-pole excitation winding. The
three-phase 2p; winding and the single-phase 2p, winding
are electrically connected to each other and form a single
conductive system on the stator (armature) side of the
ISEM. The rotor combined winding is short-circuited with
the number of mutually independent phase coils n,=p;+p,
[3]. For this class of EM, various configurations of the
combined stator winding with different variants of the
ratio of the number of pairs of poles 2p;/2p, have been
developed in [4], which makes it possible to obtain
different values of the cascade synchronous speed of
ISEM from 125 to 1000 rpm.
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The latest improvement in the ISEM design puts this
class of EM in terms of ease of manufacture and weight
and size indicators in full compliance with classic induction
EMs with a short-circuited rotor, with a control channel
from the side of the fixed part of the ISEM armature. The
simplicity of the design, the availability of control only
from the side of the armature, the combination of IM and
SG properties make this class of low-speed EM promising
for further development. However, at present, for this class
of EM, there is still no mathematical description and
relevant research on electromagnetic and mechanical
processes in the transient and quasi-steady modes of its
operation, the control properties and characteristics of
ISEM have not been determined. Therefore, in addition to
conducting research on a physical sample of ISEM, there is
a need to develop a mathematical model of ISEM, which
will allow taking into account the design features and
schematic implementation of the armature and rotor
windings, as well as the nonlinearity of the magnetic and
electrophysical properties of active materials, the skin and
edge effects of the end zones of its active part, to obtain
high accuracy and efficiency of the numerical
implementation of electromagnetic parameters with a
moderate use of computing resources, time consumption
and stability of the computation process, with the
reproduction of electromagnetic and mechanical processes
as close as possible to the results of experimental research.

Analysis of research and publications. Modern
methods of EM research are associated with the use of
stationary and transient mathematical models of the
transformation of electric, magnetic and mechanical
energies [5]. Existing mathematical models of EM are
divided into circuit and field models.

Circuit models are based on the theory of circuits and
are based on the EM substitution circuits utilization. The
interdependence between electric, magnetic, and design
parameters of the EM is carried out between the inductive
and active parameters of the EM substitution circuits [6].
Such models are described either by a system of algebraic
equations or by a system of nonlinear differential equations
of the first order. There are methods for designing and
calculating the parameters of EM substitution circuits,
which are based on empirical calculations and calculations
based on catalog or experimental data [7]. In [8], the author
states that in order to obtain a satisfactory accuracy of the
numerical calculation of the parameters, the substitution
circuits must be refined using field simulation. In [9], the
methods of mathematical, structural and physical modeling
in MATLAB of a DC motor with independent excitation
and an induction motor with a short-circuited rotor were
analyzed. The simulation results were compared with real
experimental data. It was established that the disadvantage
of this modeling method is the presence of a high
calculation error, which is associated with the impossibility
of fully taking into account all the features of the EM
configuration, the nonlinearity of the electrophysical and
magnetic properties of active materials.

The development of computer technology and
specialized software complexes, such as ANSYS,
COMSOL Multiphysics, OpenFEM, Impact, SALOME,
Elmer, etc., has expanded the possibilities of practical use
of 3D and 2D field modeling, which is based on the

solution of a system of partial differential equations by
the Finite Element Method [10]. In contrast to 2D field
modeling, the application of 3D field modeling of
electromagnetic processes can ensure the fulfillment of
requirements for the accuracy of numerical calculations of
electromagnetic parameters. For example, in [11] during
the three-dimensional analysis of the magnetic field of a
special spherical motor with permanent magnet with
double stator, in [12] of a two-phase induction motor, in
[13] of electromagnetic processes in the end zones of the
rotor of a turbogenerator in its asymmetric modes of
operation, the authors note an increase in the accuracy of
the calculation in comparison with two-dimensional field
modeling, which is confirmed by the results of an
experimental study. However, depending on the problem
to be solved, the authors use an assumption about the
absence of frontal parts of the windings of their geometric
EM models to reduce in the dimensionality of the
problem itself. In [14], the analysis of the electromagnetic
field in IM with short-circuited rotor is considered in the
frequency and step-by-step time formulation of the
problem for various 2D and 3D models of the rotor core
destruction process and, at the end of this process, the
core damage. The authors note the difficulty in
implementing the 3D field modeling, reduce the
convergence of numerical calculations at the boundary of
two media with different magnetic and electrophysical
properties, especially for complex nonlinear structural
elements, significantly increase the calculation time and
RAM requirements compared to 2D field modeling.
Therefore, authors are proposed cases when the option of
using a 2D model instead of a 3D model is accepted. In
[15], the authors conducted an analysis of the distribution
of the electromagnetic field along the EM, taking into
account the complete design of the EM, that is, taking into
account the frontal parts of its windings. It was
established that in the end zones of the EM, the magnetic
field energy increases in comparison with the value of the
magnetic field energy in the active part, a comparative
assessment of the calculation accuracy was carried out,
depending on the choice of the degree of the Lagrange
shape function when constructing the mesh of finite
elements, the regularities of the increase in the calculation
time were established, as well as RAM requirements. In
[16], the authors performed an analysis of the numerical
calculations of the EM based on its complete
construction, an approach was proposed that would
increase the finite elements using Lagrange shape
functions of the first order within the boundaries of the
calculation subdomains with different physical properties
of the medium, which made it possible to increase the
convergence of numerical calculations.

In most works related to the application of numerical
field analysis, it is not necessary to take into account the
frontal parts of the windings in the geometric model,
which allows using 2D field modeling with sufficient
accuracy. For example, in [17] the authors developed a
method that allows, on the basis of a single approach, to
calculate the geometric parameters of the frontal parts of
the concentric and loop winding of the EM, taking into
account their detailed structure and the sizes of all
constituent elements, which gives much more accurate
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results compared to classical methods of EM design.
Also, in [18], a numerical field calculation and analysis of
active and reactive resistances of IM windings in the
entire range of changes in its slip was performed, with
further calculation of its mechanical characteristics.
However, taking into account the parameters of the
frontal parts of EM windings using the methodology
based on empirical equations is sufficient, provided that
the system of phase currents is used as the initial
conditions, taking into account the geometric direction of
their flow. However, for cases when the distribution of
currents in the conductive parts of the EM is unknown,
especially when studying ISEM, both for 2D and for 3D
field models of the EM, it is necessary to add circuit
models to take into account the peculiarities of the circuit
implementation of the connection of its windings.

In [19], the feasibility of using the circuit-field model
of the EM, which is based on the combination of the 2D field
model of the slot part of the EM with the circuit model of the
stator winding of the EM, taking into account the schematic
implementation of the connection of the coil groups of the
phases of the stator windings of the EM, which makes it
possible to additionally take into account parameters of their
frontal parts is proved. As initial conditions, phase voltages
are used when powered from a sinusoidal or non-sinusoidal
source, which ensures the determination of currents in the
process of numerical calculation. At the same time, it is
possible to take into account the real-life distortion of the
stator winding currents, which occurs even with a sinusoidal
supply voltage.

Thus, taking into account the fact that the constant
use of complex dynamic 3D circuit-field models, taking
into account the schematic implementation of ISEM
windings in the study of electromagnetic and mechanical
processes in transient and quasi-steady modes of its
operation, will lead to significant costs of computing
resources, time and stability of the computational process,
therefore there is a need to develop methods and
approaches that will ensure the conditions of a qualitative
transition from spatial to plane-parallel distribution of the
electromagnetic field in the active part of ISEM while
reducing the time spent on its numerical implementation
and maintaining high accuracy of numerical calculation.

The goal of the work is the development of 3D and
adapted 2D circuit-field models of ISEM, methods of
decomposition and dynamic synthesis with adaptation of
the conditions of coupling of electromagnetic parameters
at the boundaries of the calculated subdomains of ISEM.

Object of study. Based on the MTF-111-6 crane
motor (2.6 kW at duration of operation 100 %), an
experimental sample of ISEM with cascade synchronous
speed of rotation of the rotor n=500 rpm, U,=127 V was
made. The main dimensions of the experimental sample
correspond to the MTF-111-6. The armature core has
2,=36 slots. The combined armature winding is three-
phase-single-phase, two-layer with 2p,=4 and 2p,=8. The
rotor core has z,=30 slots, which are concentrated in 5
slots in a group. The number of slot groups is 6. Between
the groups of ordinary slots, a massive toothed zone is
formed, the number of which is equal to the number of
slot groups. According to this, the groups of slots are
placed at an angle of 60°, and the slots in the groups are

respectively at an angle j=6.66° (Fig. 1,b). The rotor
winding has 6 phase short-circuited independent coils, 3
sections in each coil, which are placed around a massive
tooth (Fig. 1,b).

3D circuit-field model of ISEM. The calculation
3D geometric model of ISEM accurately and in detail
reflects the features of its design structure (Fig. 1), which
includes the calculation subdomains of the components of
its active part: armature core 1; three-phase-single-phase
2p1=4 and 2p,=8 armature winding 2; insulation system in
the slot zone of the armature core 3; rotor core 4;
independent short-circuited rotor winding 5; insulation
system in the slot zone of the rotor core 6 (Fig. 1,b). The
coil sections of the armature winding consist of frontal
and slot parts, which are connected geometrically and
form 12 coils, 2 coils in each coil group (two coil groups
per phase). The coils of the armature and rotor windings
have complete geometric symmetry between them. Each
coil of the armature winding has input 7 and output 8
(Fig. 1,a). The rotor winding consists of 6 independent
phase coils A, B, C, D, E, F (Fig. 1,b). Each phase coil
contains 3 sections — 1, 2, 3 (Fig. 1,b), which are
connected together in a short circuit.

Fig. 1. Complete 3D geometric model of ISEM (a); calculation
3D geometric model of ISEM rotor (b)

The mathematical description of electromagnetic
processes assumes the isotropic nature of the
electrophysical and electromagnetic properties of
materials, the absence of displacement currents and free
charges [20]. In this case, the transient electromagnetic
processes in ISEM in the short-circuit mode can be
described by a coupled system of nonlinear partial
differential equations [21]:

UjaAj/a”Uj(@j)VVj+VX[(ﬂoﬂj(B)f1WAj}=Jej; 0
V- dlee, Vot -v-o,(0,)- vV, - 5)=0,
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where A4 is the magnetic vector potential; V is the electric
scalar potential; B is the magnetic flux density; u, &, a(6)
ate, respectively, the relative magnetic and dielectric
permeability, specific electrical conductivity (for each
calculation domain it is specified separately according to
the magnetic, electrophysical and dielectric properties of
materials); € is the temperature; « is the angular
frequency; J, is the density of the external current source;
subscripts j correspond to subdomains of the geometric
calculation domain. In accordance with [20, 21], the
system of equations (1) is supplemented by the Coulomb
gauge condition div(A4)=0.

Uniform boundary conditions are set on the outer
boundaries of the 3D domain of the generalized ISEM
geometric model [21]:

A= |v/'e(1,6)’ Ay =k 4y (x.2)l),
Vi=o; |v]~e(2,6)’ @
n; '(Jj) 0‘]’:1

and coupling conditions for magnetic and electric fields:

n; p % (Hi —H ) = O|w,ke(1,6),i¢k’

H = (yoy)_lv x A,

3)
”i,k'(Ji_Jk)=O|

Vi ke(1,6)i#k’
J=0(0)-E, E=-VV -odlot,

where H is the magnetic field strength; E is the electric
field strength.

The design of the two-layer three-phase-single-phase
combined winding of the ISEM armature contains 2 coil
groups (2 coils in each coil group) per phase. The first and
third, second and fourth coils are connected in series. The
second and fourth coils are connected in parallel with the
first and third coils. The outputs of the coil groups of all
phases are connected in two independent «stars» — zero
points «0+» and «0-» (Fig. 2). Regarding the inputs of
phases A, B, C, to which the alternating voltage is
supplied, the combined armature winding of ISEM is a
conventional three-phase winding with the number of
pole pairs 2p;=4. Relative to the zero points «0+» and
«0—», to which the constant voltage is supplied, it is
single-phase, with the number of pairs of poles 2p,=8.

% E)
U WW—WW, o
—>— 2 L
AA—ANW
/A E
e AWN—WW, o
= 2 4o
A %
v PAMWW—AWN——
—@_‘ Zr 4r
AMM—WY >

Fig. 2. Electrical diagram of the model implementation of power
supply of coil groups of phase windings of the ISEM armature

When studying the processes of electromagnetic
energy conversion in ISEM, it is assumed that it is connected
to a network with unlimited power and a symmetrical system
of phase voltages [21]. Therefore, the initial conditions
correspond to the first commutation law [21]:

iA|0— - iA|0+ =0;
iB|0— = iB|0+ =0;

icly_=icly, =0,

g () =2 U fyge -sin(e-1);
ug(t)=+/2" U fuse sin(@-t +27/3);

uc(t)=~2- U fuse -sin(@ -t —27/3).

The geometric model of the ISEM armature winding
coil (Fig. 1) is implemented in the form of one effective
conductor. The number of turns of the ISEM armature
winding coils is taken into account according to the
equation [21]:

“

J, - n-l
S
where 7 is the number of winding turns; I is the phase
current; S, 1s the cross section of the effective conductor;
e.0i1 1 the vector variable representing the local density of
effective conductors in the coil, length and cross section.

The schematic implementation of the armature
winding (Fig. 2) together with the equations of the
mathematical model of the electromagnetic field can be
performed, for example, with the help of COMSOL
Multiphysics using the multiphysics structure when
combining the «Rotating Machinery, Magnetic» and
«Electrical Circuity interfaces. The connection and
agreement of the parameters of the armature winding,
which are elements of both the field model and the
elements of the electric circuit, is performed with the help
of «External 1 vs. U» terminals. A schematic
implementation for the ISEM rotor winding is not
required, since the connection of sections to each other for
each of the phase coils of the rotor winding is
implemented geometrically.

Decomposition and dynamic synthesis methods
for modeling complex spatial elements of the active
part of ISEM. The application of 3D field modeling of
transient electromagnetic processes in ISEM, taking into
account the multi-component spatial structure, as well as
the nonlinearity of the electrophysical and magnetic
properties of active materials, allows to reproduce with
high accuracy and efficiency the peculiarities of the flow
of transient electromagnetic processes. However, when
taking into account the rotation of the moving part of the
active part of the ISEM, that is, the rotor itself, difficulties
arise in the numerical implementation of the problem of
calculating the 3D transient electromagnetic field, which
is associated with an increase in the degree of freedom of
the electromechanical system, namely, an increase in the
number of independent variables in the general system of
equations, which requires significant increase in
computing resources. Therefore, it is expedient to switch
to the plane-parallel formulation of the ISEM
electromagnetic field with the implementation of rotor

< €coil > (5)

cir
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rotation. This requires the development of special
approaches for 3D modeling of electromagnetic fields,
which will allow for the coordination of field and circuit
models of ISEM.

The mathematical procedure of decomposition of a
complex electrotechnical system of ISEM consists in the
representation of the spatial calculation domain by several
separate subdomains — calculation zones. Each of these
zones should be matched with the flow of electromagnetic
processes, which are formed by a complete calculation
domain. The purpose of the decomposition of a complex
ISEM electrotechnical system is to separate the frontal
parts of the armature and rotor windings from the spatial
model of the ISEM and display them in the schematic
model  while preserving the connections of
electromagnetic processes between them, which will
allow us to obtain grounds for an adaptive transition to
plane-parallel circuit-field modeling.

The ISEM spatial calculation domain (Fig. 1) can be
divided into 6 separate calculation subdomains (Fig. 3):
a — core and slot part of the ISEM armature winding
(7=1), b — respectively, left (j=2) and right (j =3) front
parts of the armature winding; ¢ — core and slot part of the
rotor winding (j=4); d — respectively, left (7=5) and right
(j=6) front parts of the phase coils of the rotor winding.

Fig. 3. Decomposition 3D ISEM calculation zones:
the core and slot part of the armature winding (a);
left and right front parts of the armature winding (b);
core and slot part of the rotor winding (c);
left and right front parts of the phase coils of the rotor winding (d)

Then, in integral relations, the volume of the area of
electromagnetic energy conversion of alternating and
direct currents for ISEM can be represented as the sum of
the volumes of the above-mentioned six subdomains:

j ”dxdydz = Zﬁ:” j dxdydz . (6)

In this case, electrical losses and magnetic energy in
the domain of the active part of the ISEM are defined as
the sum of their values for the corresponding subdomains
in the form:

=
Il
M@

Py=>P

i=1 i

6
Wy => W=
=1 i

mo,] 1\1\ dedydz,  (7)
V.

i

1] poneo (B B Jixayez. (8
)

6

I
—_

&Mm

When decomposing the three-dimensional domain of
the active part of ISEM in the zones that form it,
electromagnetic processes are described by differential
equations (1) with conditions (2), (3), but they can be
considered separately from each other. At the same time,
appropriate conditions must be set at the boundaries of
their connection.

For the slot zone of the armature core and the rotor,
the plane-parallel field conditions are set:

{n xH =0, ©)

i,i+1

At the junction of the surfaces of the frontal and slot

parts of the armature and rotor windings, the following
conditions are accepted:

Az,i = Az,i+l| »

' Si+l

(10)
an

Also, the condition of equality of electric potentials
is assumed at the junction of the surfaces of the frontal
and slot parts of the armature winding:

v,=u

A=A, _0\

1 t+1

= const js

(12)

as well as the condition of equality of currents for the
sections of the phase short-circuited coils of the rotor
winding:

i+ }|Qi,i+1

(13)

The currents in the coil groups of the armature
winding are determined for the given values of the short-

circuit voltage Us.:
AU, =3 {au,,
i

{]rm :]Vm+1}|_(2

'm,m+1

=const,, .

(14)

where {AUi J} is the voltage drop; i, j are the number of

series and parallel branches of the armature winding.

In conjunction conditions (14), const; values are
«freex». Therefore, the potential at the outer boundaries of
the conjugation of the subdomains of the frontal and slot
parts of the armature winding, as well as the values of the
currents at the boundaries of the conjugation of the slot
and frontal parts of the sections of the phase coils of the
rotor winding cannot be specified in advance. They are
determined from the solution of the optimization problem.

Therefore, when synthesizing calculation zones in the
3D domain of the contour, the synthesis accuracy criterion
and the corresponding objective function are determined by
the sum of the squares of residuals of the current amplitudes
in the armature and ISEM rotor windings:

2
min{ M (D,R) =Y AI'5; :Z(Zii —isc] . (15)
j I j

In the general case, the objective function M(D,R) is
a function of vectors of independently varied D and
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dependent R parameters. The voltage drops on the
sections of the armature winding contours are considered
as projections of the vector of independently varied
parameters D. This makes it possible to transform the
objective function M(D,R) into the function M (D) and
bring the optimality condition (15) to the form:

2

min M (D)= | > 1,(D)-1, (16)
J\i j
To implement task (16), it is advisable to apply the
well-proven method of dynamic programming [22] for a
similar class of tasks.
When constructing a recurrent system of Bellman

equations the vector of optimization parameters with
components AU[ ; should be represented as a sum of

initial approximation vectors [22]:
v, 1= a0, | +la0,, (17)
This will allow representing the objective function as:
M({AUU}):M({AUU}O +{5AUi,j}‘1): (18)
ZMO + AA}(DO,éDl)=A7[0 + AA}].
Let us represent the optimality condition (16) as a
system of recurrent Bellman equations [22]:

minAA7[2 = @(DO) = min...min|_(A]\7[1(D0,5Dl)+...
oD, oD, (19)
...+AMk(Dk,l,aDk))]

Relationships (16) and (19) determine the dynamic
adaptation of electromagnetic field coupling conditions
(9) — (14) between the frontal part of the calculation zone
and the active part of the slot of 3D calculation zone of the
ISEM armature and rotor. The iterative computation
process is implemented by means of dynamic programming
[22] with specified accuracy of current amplitude modulus
g < 0.1 % and phases ¢, < 0.5 %. For direct current,
accuracy is specified only in absolute value.

Figures 4, 5 show the results of field modeling of the
decomposed calculation zones of the active part of ISEM
in the form of the distribution of the z-component of the
magnetic vector potential 4, and the magnetic field

E, J/m®x10* A,,Wb/m x107

3.93 405
3.72 363
3.51 322
3.31 281
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
1.05 -175
0.84 -217
0.64 -258
0.43 -300
0.23 -341
0.02 -382

energy E using the method of dynamic adaptation
according to the criterion of current errors. The results of
the numerical calculation were compared with the results
obtained for a complete calculation zone, both for the
ISEM field model (Fig. 1,a) and with separate field model
of the active part of the ISEM armature [21]. Table 1
shows the errors of calculations by the method of
dynamic adaptation of field models during the synthesis
of the electromagnetic circuit of the decomposed zones of
the active part of ISEM. Here, discrepancy for active
losses power is 0.042 — 0.109 % for alternating current,
and 0.015 — 0.0184 % for direct current, depending on the
calculated subdomain of the structural elements of the
active part of the ISEM.

Discrepancy by voltage drop in the frontal and slot
parts of the armature winding is 0.74 — 0.98 % (for
alternating current) and 0.0211 — 0.091 % (for direct
current), respectively.

Based on the results of the numerical calculation, the
components of the magnetic field energy of the
decomposed zones of the active part of the ISEM armature
were determined, and the discrepancy between the total
value of the magnetic field energy and the value of the
magnetic field energy in the numerical calculation of the
integral calculation zone of the active part of the armature
was calculated (Table 1). Since the energy of the magnetic
field is a dependent parameter during the optimization of
individual calculation zones when applying (15), the
significant discrepancy in the value of the magnetic field
energy for alternating current 0E,|4c = 14.841 % and for
direct current 0E,|pc = 4.587 % is caused by not taken into
account the action of edge effects, which leads to
magnetization by the frontal parts of the winding in the end
zone of the armature core. To take into account the effect of
edge effects for numerical calculation problems with
separate 3D zones for the optimization equation (15), the
magnetic field energy parameter must be assigned to the
group of varied parameters D. At the same time, the error
in the magnetic field energy will be reduced by alternating
current to 0E,|4c = 0.274 % and by direct current up to
OE,|pc=0.0831 %.

E T x10* A, Wb/m x10™
, J/m

b

Fig. 4. z-component of the magnetic vector potential 4, and the energy of the magnetic field £ in the active part of the ISEM armature:
a — slot zone of the active part of the armature (j = 1); b — the frontal zone of the active part of the armature (j = 2,3)

14

Electrical Engineering & Electromechanics, 2024, no. 4



a
Fig. 5. z-component of the magnetic potential vector 4, and the magnetic field energy E in the active part of the ISEM rotor:
a — slot zone of the active part of the rotor (j = 4); b — the frontal zone of the active part of the rotor (j = 5,6)

E, J/m’x10* A, Wb/mx10™

E. J/m’x10° A, Wh/mx10™

Table 1

Calculation errors by the method of dynamic adaptation of field models in the synthesis of an electromagnetic circuit
of decomposed zones of the active part of ISEM

Calculation subdomains (zones)

slot zone of the active
part of the armature

frontal zone of the active
part of the armature

slot zone of the
active part of the

frontal zone of the
active part of the rotor

G=1) (=2.3) rotor (j=4) (=5.6)
Losses of active power (from 0,042 % /0,015 % 0,064 %/0,0168% | 0,096 %/0,019% | 0,109 % /0,0184 %
alternating / direct currents)

Voltage drop (module / phase) 0,74 %/ 0,091 % 0,98 %/ 0,0211 % — —

DC voltage drop 0,184 % 0,156 % - -

Energy of the magnetic field of

when modeling the active part of the armature (when separating the active part of the rotor)

(from AC/DC currents)

the active part of the armature

5Ea‘AC/DC = 14,841 % / 4,587 %

Energy of the magnetic field of

when modeling the active part of ISEM (when separating the active part of the rotor)

(from AC/DC currents)

the active part of the rotor

OF , |acpc=6,33 % /1,71 %

In another case, for the tasks of replacing the spatial
elements of the front parts of the armature winding with
elements of an electric circuit (in the tasks of adapting 3D
to 2D numerical calculations), the effect of edge effects,
in relation to magnetization by the front parts, can be
taken into account through the addition of mutual
inductance between the slot and front zones of the
armature winding, which can be determined using the
following expression, according to [21]:

Lj|=2-Wj/1j2. (20)

At the same time, the energy of the magnetic field,
which reflects the manifestation of the edge effect, can be
defined as:

3
E|end.a - Eres|a a ZEJ ’ @D
Jj=1
where E; is the energy of the magnetic field of the j-th
calculation subdomain; E,., is the energy of the magnetic
field when modeling the active part of the armature (when
separating the active part of the rotor).

By the same method, it is possible to determine the
mutual inductance between the slot and frontal zones of
the sections of the phase coils of the rotor winding. At the
same time, the energy of the magnetic field, which
reflects the effect of magnetization of the frontal zone in
the end region of the rotor core, can be defined as:

6
E|end.r = E”“'em _Eres|a - %E] 4 (22)
j=

where E,.l., is the energy of the magnetic field when
simulating the active part of ISEM.

Thus, the reliability and accuracy of modeling
results using methods of decomposition of 3D active part
zone of the ISEM and dynamic synthesis of electrical
parameters in its circuit can be ensured provided that the
distribution of electric potentials on the boundaries of the
connection of zones is close to uniform, and the
distribution of the magnetic field corresponds to a plane-
parallel field. In this case, the sum of active losses and
energy of the magnetic field, taking into account edge
effects in the area of conjugation of slot and frontal parts
in the calculation zones, will correspond with high
accuracy to active losses and magnetic energy losses for
the 3D domain of the entire active part of ISEM.

Determination of active resistances and
inductances of end parts of windings when modeling
complex spatial elements of the active part of ISEM. In
the case when the speed of rotation of the rotor n > 0, the
active resistance and total inductance of the rotor winding
will depend on the rotor slip s of ISEM. Therefore, for the
adaptive transition from 3D to plane-parallel circuit-field
modeling, it is necessary to additionally take into account
the change in active resistance and inductance of the
frontal parts of the sections of the phase coils of the rotor
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winding in the form of dependencies R“‘=f(s) and
Le”d,:j(s). To do this, for the calculation domain of the
frontal parts of the armature windings and the ISEM rotor,
we will use the wvariational formulation of the
electromagnetic field equations (1) [23], which allows us
to set the equation of rotation of the electromagnetic field
in the calculation domain of the frontal part of the rotor
winding coils relative to the stationary magnetic field of
the calculation domain of the frontal part of the armature
winding. In this case, when solving the boundary value
problem for the first equation of the system of equations
(1), it is necessary to multiply the left and right parts by
the trial vector function w from the space of trial functions
H' on the boundaries of the inner S, and outer S surfaces
Q of the frontal part of the rotor winding (upon fulfillment
of the condition nx = 0 ) and must be integrated over the
volume of the calculation domain Q:

jijy, : [v x (ygly;lv x A)]dxdydz 4.

ot my/ (jowd +oVV )dxdydz = my/-.ledxdydz. @
14 V

To reduce the order of differentiation in the
integrand expression of the first volume integral, it is
necessary to use the relation for the cur/ operator

v~V><u—u-V><v:V-(u><v).

Let’s accept that

v=y, u=uVxA, and u=puy' ",
then the relation (23) will have the form:

J.J‘J‘,u A(Vx ANV xy)dxdydz +...

...+”jV-[(,uV><A)xq/]dxdydz+... (24)

ot [[[w-(Gowt+ovy - J, )dvdydz =0.
V

Next, we convert the second volume integral into a
surface integral using the Gauss—Ostrogradsky formula [24]:

[[[V-(w)dvdydz = [[u-nds ,

taking into account that
u= (,uV x A)x v,
and
(uxv)-w=—(wxv)-u.
Then equation (24) can be represented as:

mﬂ'(VXA)(VXW)dxdydz—H(nXl//)(WxA)dS+...

...+”jl//~(j0'a)A+aVV—Je)dxdydz:0. @
V

Since only the boundary condition of the first kind,
for which nx = 0, is set on the surfaces S, and S;, which
limit the calculated domain of the frontal parts of the
phase coils of the rotor winding €, then for equation (25)
in its final form it can be represented as:

”jy . (V X A)(V xy/)dxdydz+...

...+j”t//~(j0'a)A+O'VV—Je)dxdydz:0. 20
4

We multiply the second equation from the system of
equations (1) by the function N from the space of trial
scalar functions @ with simultaneous integration over the
volume V' [24]:

—I”N-[V~(j0a)A+(fVV—J€)]dxdydz =0. (@27
Vv

To reduce the order of differentiation, we will use
the relation for the divergence operator

V-(fu)=fV-u+uvf.
If we make the assumption that
f=N, u=J,
where the total current can be defined as [26]:
J=0VV+jowAd-J,,
then according to (27) we get that

m(J'VN)dxdydz —mV (NJ)dxdydz=0. (29)

(28)

Let’s transform the second volume integral into a
surface integral, and make the assumption that
u=N-J,
then:

Hj(J VN )dxdydz —”(NJ n)dxdy=0.  (30)

In its final form, the equivalent variation formulation
for equations (1) will have the form:

I”,u(V x ANV x ¥ )dxdydz +III(J‘Y’)dxdydz =0;

[[[(r- v )axdydz - [[ (W, Jdxdy =0, (€]

To solve the variational equation (31), the sought
scalar potential V is represented in the form of expansion
by quadratic Lagrangian basis functions, and the magnetic
vector potential by second-order basis vector functions.
Figure 6 shows the results of the numerical calculation in
the form of lines of force of the magnetic vector potential,
as well as x-, y-, z-components of the magnetic vector
potential A4,, A,, A. for the calculation domain of the
frontal parts of the armature windings and the ISEM rotor.

Based on the found distribution of potential A, full
current J and electric field strength E, it is possible to find
the active resistance and inductance of the frontal parts of
the sections of the phase coils of the rotor winding, taking
into account the speed of rotation of the electromagnetic
field relative to the frontal parts of the ISEM armature
winding [25]:

IJ RelJ - E* dvdydz

iz |

1

L:L%J'ij(/i..l*)dxdydz,

(32)

where /; is the current in the i-th circuit of the calculation
domain; E", J* are the complex-conjugate quantities of
electric field strength and full current, respectively.
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Fig. 6. Components 4, (a), 4, (b), A. (c) of the magnetic vector
potential in the domain of the front parts of the armature
windings and ISEM rotor

Inductance and mutual inductance of the front parts
of the armature winding:

1
Livij=-—73— [[(a-7)dxdyez . (33)
v\ y o jo0
! 2
v I;-1; J‘I.U( J)dxdydz i i [ , (34
inj=0

where [;, I; are the currents in i and j phases of the
armature winding.

If during the rotation of the front parts of the rotor
windings, the total inductance of the front parts of the
armature winding L; does not change, that is, its value
corresponds to the value when the front parts of the rotor

winding are statically placed relative to the armature, then
the total inductance and active resistance of the front parts
of the rotor winding will depend on the sliding of the
ISEM rotor (Fig. 7).

R 1 1.15
P . L, p.u.
095 e,
. 2
'-(_ 1 11.1
09 .
.
"o 41.05
0.85 Y
e
‘...
.,
0.8 =)
0 0.2 0.4 0.6 08 s,p.u.

Fig. 7. Results of the numerical calculation regarding the
dependence of the active resistance (1) and total inductance (2)
of the front parts of the sections of the phase coils of the rotor
winding on the sliding of the ISEM experimental sample

Taking into account the conditions of dynamic
adaptation of the parameters of the spatial elements of
the active part of the ISEM during the transition from
3D to 2D field modeling. The three-dimensional domain
of the frontal parts of the armature windings and ISEM
rotor can be represented as active and inductive elements
of an electric circuit. Figure 8 shows the principle of the
structure of the circuit-field model, where the slot parts of
the armature and rotor windings, which are elements of
the geometric calculation domain of the active part of the
ISEM field model (€21 — subdomain of the armature core;
Q2 — subdomain of the upper and lower layers of the slot
part of the armature winding; 23 — subdomain of the rotor
core; 24 — subdomain of the slot part of the rotor
winding), connected respectively to the frontal parts of
the armature and rotor windings, which are represented by
elements of electric circuits: mutual inductance between
the frontal and slot parts of the armature winding section
M,,,, which takes into account the edge effect regarding
the magnetization of the end zone of the armature core by
the frontal parts of the winding; the active resistance of
the frontal part of the section Ry; the total inductance of
the front part of the winding section L. For rotor winding
sections — M., Ry, L, respectively. The active resistance

R, and the total inductance L, are presented as a function
of the slip s.

ol

Ls Ry Mim Q2 Main R Ls
Li  Re Mm Min R, L

- v Q4 4
Li(s) Ri(s) Mm Min  Ri(s) Li(s)

Q3

Fig. 8. yz cross-sectional plane of the active part of ISEM
showing the frontal parts of the sections of the armature
windings and rotor as elements of an electric circuit

The combination of the frontal and slot parts of the
section of the armature windings and the rotor (i.e., the
electric circuit with the spatial subdomain of the
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geometric model) can also be performed, for example,
with the help of «External I vs. U» terminals when
combining «Rotating Machinery, Magnetic» and
«Electrical Circuit» interfaces in the structure of
COMSOL Multiphysics tools.

After the edge effects were taken into account, as
well as the change in the active resistance and inductance
of the front parts of the rotor winding due to ISEM
sliding, it is reasonable to switch from the spatial to the
plane-parallel formulation of the electromagnetic field
distribution. At the same time, the spatial slot active part
of ISEM can be represented as its projection in the xy-
plane at a given equivalent depth L, of the calculation area
[10, 12, 14]:

Ai,j :LZAZI,]’ Bi,j :i'Bxi,j+j'Byi,j;
. . = 04i .
Hi,j =l.HXi,j+].Hyi,j’Bxiaj =" Ox ? (35)
— aﬂi,j — Exi,j — Yi,j
vij =g, = iy =
y Hi, j Hi,j

This reduction of the geometric dimension allows us
to use flat triangular elements of the calculation mesh and
significantly increase the efficiency of the numerical
implementation. In this case, the electromagnetic field
description model for transient operating modes will
correspond to (1), and the gauge condition is
automatically fulfilled.

Thus, the adapted 2D circuit-field model of an
induction-synchronous electromechanical converter can
be represented as shown in Fig. 9, where the solid lines
show the electrical connection of the ISEM armature
winding inputs to the power cells, and the dashed lines
show the electrical connection of the armature winding
terminals, which form two independent «stars», which are
connected according to the anode and cathode groups of
the rectifier (the connection of the front and slot parts of
the sections, as well as the coils in the coil groups of the
armature winding is not shown in Fig. 9).

In order to carry out an ISEM study in the modes of
non-operation and under load, the equations of the
transient electromagnetic field must be supplemented with
a system of equations of the angular speed of the rotor
and the electromagnetic torque [26, 27]:

dw,, M,-M,
dt J
dg
E:C(Jm; (36)

e L

= B.B, rdS .,

S(l

g

where M, is the electromagnetic torque, N-m; M, is the
load moment, N-m; J is the moment of inertia of the rotor,
kg'm’; w,, is the rotor angular speed, rad/s; ¢ is the rotor
position angle, rad; r is the outer radius of the rotor core,
m; L, is the length of the armature and rotor package, m;
B,, B, are the radial and azimuthal components of

magnetic flux density, T; R, is the outer radius of the air
gap, m; R; is the inner radius of the air gap, m; S, is the
cross-sectional area of the air gap, m”.
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Fig. 9. Schematic-geometric interpretation of the adapted
2D circuit-field model of ISEM

Thus, an adapted dynamic 2D circuit-field model of
ISEM was developed, which with high accuracy and
efficiency of numerical implementation allows for
transient modes of operation to take into account
interconnected electromagnetic and mechanical processes,
taking into account both design features and schematic
implementation of the winding system, nonlinearity of
magnetic and electrophysical properties of active
materials, skin and edge effects of the end zones of the
active part, as well as changes in the active resistance and
inductance of the front parts of the rotor windings
depending on its sliding in the transient and quasi-
transient modes of its operation.

Experimental study of the ISEM test sample. In
order to confirm the adequacy of the studied
electromagnetic and mechanical processes and the
accuracy of numerical calculations based on the
proposed adapted 2D circuit-field model, physical tests
of the ISEM experimental sample (Fig. 10) in the short-
circuit and non-operation modes were carried out in the
laboratory  conditions of  National  University
«Zaporizhzhia Polytechnic». The experimental ISEM
sample itself is shown in Fig. 11. Currents in the phases
of the armature winding, as well as in its parallel
branches, were measured using an oscilloscope type
OWON XDS3202E.
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Fig. 10. Experimental stand of the ISEM test sample

I =S

Fig. 11. Active part of the armature (a) and rotor (b)
of the ISEM experimental sample

Table 2 shows the results of data validation of 3D
and 2D circuit-field modeling and physical testing
according to phase currents with simultaneous supply of
the phases of the armature winding 4, B, C, and ISEM
excitation current in the short-circuit mode. When
measuring the excitation current, the phase inputs of the
armature winding were disconnected from the network.
DC voltage from the excitation system was applied
alternately to each phase 4, B, C with the terminals of the
winding phases open, forming two separate «starsy
(points «0—» and «0+»), and immediately behind all
phases of the armature winding at connecting the winding
terminals into separate «stars». As the analysis of
experimental data (Table 2) shows, the current
discrepancy for the 3D circuit-field model does not
exceed 3.45 %, and for the 2D adapted circuit-field model
— 4.34 %, which confirms the high efficiency of the
proposed methods of dynamic adaptation of complex

spatial elements of the active part of ISEM, as well as the
high accuracy of the numerical calculation of the 3D
circuit-field model itself. The most difficult task in the
development of a 3D spatial geometric model (not only
ISEM, but also any EM) is the implementation of a
symmetrical arrangement of the coils of the armature
winding (rotor) among themselves, as well as the
movement of their frontal parts. This is further
complicated when the armature winding is two-layered,
that is, the left part of the section is placed in the lower
layer of the slot, and the right part of the section is placed
in the upper one. To confirm the condition of symmetrical
placement of the armature winding coils of the ISEM 3D
geometric model, there is a measurement of the ohmic
resistance in each phase. At the same time, the resistance
of each phase coil group must be the same. Thus, the
validation of ohmic resistance data in each of the phases
was carried out using 3D numerical modeling and an
adapted 2D circuit-field model as well as the results of
measuring the ohmic resistance of the phases of the
armature winding of the ISEM experimental sample.
According to the results of numerical calculation and
actual measurement, the discrepancy by ohmic resistance
of phases 4, B, C of the ISEM armature winding does not
exceed 6R,<0.00694 %.

Table 3 shows the results of the validation of 2D
circle-field modeling and physical testing based on the
available spectra of harmonics (k = 1,2,3,6,7) of the phase
currents of the armature 4, B, C, in the non-operation mode
at the excitation current /r = 0. Experimental oscillograms
of ISEM phase currents are shown in Fig. 12.

As the data analysis (Table 3) shows, the
discrepancy of the fundamental harmonic current in
numerical calculations based on the adapted 2D circuit-
field model and the results of the experimental study of
the experimental ISEM does not exceed 8.61 %. At the
same time, the current spectra of the digital current
signals of the experimental ISEM during the test fully
correspond to the harmonic composition of the phase
currents according to the adapted 2D circuit-field model,
and also have a negligible value of discrepancy in the
amplitude values of the current spectra of higher
harmonics (2.06 % —4.33 %).

Table 2

Validation of 3D and 2D circuit-field modeling and physical testing by phase currents and ISEM excitation current
in the short-circuit mode

Discrepancy by current 6/,,,] 4.5 and 0l 4.5.c, %o
ISEM armature winding power suuply options by 3D circuit-field model .by ?D adapted
circuit-field model
With simultaneous power supply of phases 4, B, C without excitation current 3,18-3,45 3,96 —4,34
Power supply with rectified current of phases 4, B, C of the armature winding 258262 3.03_3.24
when opening zero points «0—» and «0+» ’ ’ ’ §
Power supply with excitation current of phases 4, B, C of the armature winding at 239278 311-33]
connecting the winding terminals into separate «starsy» («0—» and «0+» points) ’ ’ > i
Table 3

Validation of data based on the spectra of phase currents of 2D circuit-field modeling and physical testing of the experimental ISEM
in the non-operation mode without the presence of excitation current

Discrepancy by amplitude values of phase current harmonics
Olyilap.cs Olgilarprcr, Oluilazsrca %o
k=1 k=2 k=3 k=6 k=1
Armature current (phases 4, B, C) 7,96 —8,61(2,06—-2,12 (4,11 —4,33| 2,8 -3,09 |3,66 —3,96
Armature current in the first parallel branch (phases 41, B1, C1) 7,38-17,98(2,54-2,62|4,18—-427(2,18—-2,25|3,22 3,81
Armature current in the second parallel branch (phases 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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Fig. 12. Oscillograms of ISEM armature currents in the non-operation mode in the absence of excitation current:
a) 1 — armature current of phase 4, 2 — phase A1 current (branch 1), 3 — phase 42 current (branch 2);
b) 1 — armature current of phase B, 2 — phase B1 current (branch 1), 3 — phase B1 current (branch 2);
¢) 1 — armature current of phase C, 2 — phase C1 current (branch 1), 3 — phase C2 current (branch 2)

Thus, the high efficiency and accuracy of the
numerical implementation of the mathematical adapted 2D
circuit-field model of ISEM in the non-operation mode are
confirmed, as well as the convergence of the reproduction
of the armature phase current curves. In addition, according
to the obtained data of current discrepancies of the
experimental ISEM, the high accuracy and efficiency of the
proposed methods of decomposition and dynamic synthesis
are confirmed, as well as the methodology for determining
the active resistances and inductance of the end parts of the
windings depending on the ISEM rotor slip, which
provides the conditions for dynamic adaptation of 3D-2D
circuit-field model of ISEM

Conclusions.
1. Based on the developed 3D circuit-field model of
transient electromagnetic processes of the ISEM

experimental sample, a decomposition method is proposed,
which consists in separating its multi-component spatial
structure into several separate subdomains (calculation
zones): the core and the slot part of the armature winding;
the left and right front parts of the armature winding; core
and slot part of the rotor winding; respectively, the left and
right front parts of the phase coils of the rotor winding.

2. A method of dynamic synthesis is proposed with
adaptation of the conditions for combining electromagnetic
parameters at the boundaries of the calculation subdomains
of the frontal and slot parts of the armature and rotor
windings of ISEM, which allows to match the flow of
electromagnetic processes in the decomposed subdomains
of ISEM to the electromagnetic processes in its integral
calculation domain.

3. On the basis of the proposed methods, the share of
the magnetic field energy determined by the action of
edge effects in the end zones of the ISEM is determined.
For problems of adaptation of 3D to 2D numerical
calculations, it is proposed to take it into account through
mutual inductance when replacing the spatial elements of
the frontal parts of the armature winding with elements of
the electric circuit.

4. For separate calculation subdomains of the frontal
parts of the armature and ISEM rotor windings, when
applying  the variational formulation of the
electromagnetic field equations taking into account the
movement of the frontal parts of the ISEM rotor winding,
the dependence of the active resistance and inductance of

the frontal parts of the armature and rotor on the ISEM
rotor slip has been determined.

5. Based on the developed methods, a new principle of
the structure of the 2D circuit-field ISEM model is
proposed, which consists in the fact that the slot parts of the
armature and rotor windings are elements of the geometric
calculation domain of the active part of the ISEM field
model, and the frontal parts of the armature and rotor
windings are represented by elements of electric circuit.

6. Due to the validation of the results of the numerical
calculation with the data of the experimental study of the
ISEM test sample, the high efficiency of the proposed
methods of decomposition and dynamic synthesis and the
accuracy of the numerical implementation of 3D and 2D
circuit-field models of the ISEM have been confirmed. In
the short-circuit mode, the discrepancy by armature
current for the 3D circuit-field model does not exceed
3.45 %. For the adapted 2D circuit-field model — 4.34 %.
In the non-operation mode, the discrepancy by the
armature current of the main harmonic in numerical
calculations based on the adapted 2D circuit-field model
and the results of the ISEM experimental study does not
exceed 8.61 %.

7. The proposed methods can be used for different
types of electric machines.

Conflict of interest. The author declares no conflict
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REFERENCES
1. Lushchyk V.D., Ivanenko V.S. Multipole cascade synchronous
machines. Electromechanical and Energy Saving Systems, 2011, no.
2, pp. 121-123. (Ukr).
2. Luschik V.D., Ivanenko V.S., Borzik V.L. Synchronous cascade
engine with combined winding. Electrical Engineering &
Electromechanics, 2011, no. 1, pp. 31-32. (Ukr).
3. Lushchyk V.D., Semenov V.V. A new type of low-speed
asynchronous-synchronous motor. Coal of Ukraine, 2008, no. 9, pp.
39-41. (Ukr).
4. Lushchyk V. D. Prospective Directions for Improving Electric
Machines. Kyiv, Myronivska drukarnia Publ., 2015 264 p. (Ukr).
5. Kopylov Y.P. Mathematical Modeling of Electrical Machines.
Moscow, Vysshaia Shkola Publ., 2001. 327 p. (Rus).
6. Lozynskyi A.O., Moroz V.., Paranchuk Ya.S. Solving
Electromechanics ~ Problems in MathCAD and MATLAB
Environments. Lviv, Mahnoliia Publ., 2007. 215 p. (Ukr).
7. Rohozyn H.H. Determination of Electromagnetic Parameters of
AC Machines. New Experimental Methods. Kyiv, Tekhnika Publ.,
1992. 168 p. (Ukr).

20

Electrical Engineering & Electromechanics, 2024, no. 4



8. Amiri E. Circuit modeling of double-armature rotary-linear
induction motor. /[ECON 2014 - 40th Annual Conference of the
IEEE Industrial Electronics Society, 2014, pp. 431-436. doi:
https://doi.org/10.1109/IECON.2014.7048536.

9. Semenova M.N., Yakushev [.A., Vasilyeva A.V., Sabychikova
A.A., Monastyrev A K., Kazazaeva D.V. Computer Modeling of
DC and AC Motor Systems by Different Methods and
Determination of Errors them. 2022 4th International Conference
on Control Systems, Mathematical Modeling, Automation and
Energy  Efficiency (SUMMA), 2022, pp. 711-715. doi:
https://doi.org/10.1109/SUMMAS57301.2022.9973896.

10. Andrzej D. Finite element modeling of magnetic field in
electrical machines: Scalar or vector potential formulation part I:
Comparative description of methods. 2016 13th Selected Issues of
Electrical Engineering and Electronics (WZEE), 2016, pp. 1-6. doi:
https://doi.org/10.1109/WZEE.2016.7800208.

11. Zhang B., Wu F., Zhang Z., Wei Z., Xi J. 3D Magnetic Field
Finite Element Analysis of Dual-Stator PM Spherical Motor. 2079
Chinese Control And Decision Conference (CCDC), 2019, pp.
5616-5620. doi: https://doi.org/10.1109/CCDC.2019.8832404.

12. Ferkova Z. Comparison of two-phase induction motor modeling
in ANSYS Maxwell 2D and 3D program. 2014 ELEKTRO, 2014,
pp. 279-284. doi: https://doi.org/10.1109/ELEKTRO.2014.6848902.
13. Vaskovskyi Y.M., Tsivinskiy S.S. Three dimensional
mathematical model of electromagnetic processes in the end zone of
the turbogenerator rotor. Technical Electrodynamics, 2016, no. 1,
pp- 34-39. (Ukr). doi: https://doi.org/10.15407/techned2016.01.034.

14. Fireteanu V., Constantin A.-1., Zorig A. Finite Element 2D and
3D Models of a Rotor Bar Breakage in a Squirrel-Cage Induction
Motor. 2019 IEEE Workshop on Electrical Machines Design,
Control and Diagnosis (WEMDCD), 2019, pp. 157-162. doi:
https://doi.org/10.1109/ WEMDCD.2019.8887801.

15. Yarymbash D., Kotsur M., Subbotin S., Oliinyk A. A new
simulation approach of the electromagnetic fields in electrical
machines. 2017 International Conference on Information and
Digital  Technologies  (IDT), 2017, pp. 429-434. doi:
https://doi.org/10.1109/DT.2017.8024332.

16. Kotsur M., Yarymbash D., Yarymbash S., Kotsur I. A new
approach of the induction motor parameters determination in short-
circuit mode by 3D electromagnetic field simulation. 2017 [EEE
International Young Scientists Forum on Applied Physics and
Engineering (YSF), 2017, pp- 207-210. doi:
https://doi.org/10.1109/YSF.2017.8126620.

17. Milykh V.1, Tymin M.G. A comparative analysis of the
parameters of a rotating magnetic field inductor when using
concentric and loop windings. Electrical Engineering &
Electromechanics, 2021,  no. 4,  pp. 12-18. doi:
https://doi.org/10.20998/2074-272X.2021.4.02.

18. Milykh V.I. Numerical-field analysis of active and reactive
winding parameters and mechanical characteristics of a squirrel-

How to cite this article:

cage induction motor. Electrical Engineering & Electromechanics,
2023, no. 4, pp. 3-13. doi: https:/doi.org/10.20998/2074-
272X.2023.4.01.

19. Vaskovskyi J.M., Haydenko J.A. Research of electromagnetic
processes in permanent magnet synchronous motors based on a
«electric circuit - magnetic field» mathematical model. Technical
Electrodynamics, 2018, no. 2, pp- 47-54. doi:
https://doi.org/10.15407/techned2018.02.047.

20. Yarymbash D., Yarymbash S., Kotsur M., Divchuk T.
Enhancing the effectiveness of calculation of parameters for short
circuit of three-phase transformers using field simulation methods.
Eastern-European Journal of Enterprise Technologies, 2018, vol. 4,
no. 5(94), pp. 22-28. doi: https://doi.org/10.15587/1729-
4061.2018.140236.

21. Kotsur M., Yarymbash D., Kotsur 1., Yarymbash S. Improving
efficiency in determining the inductance for the active part of an
electric machine’s armature by methods of field modeling. Eastern-
European Journal of Enterprise Technologies, 2019, vol. 6, no.
5(102), pp. 39-47. doi:  https://doi.org/10.15587/1729-
4061.2019.185136.

22. Bellman R., Dreyfus S. Applied Dynamic Programming.
Princeton University Press, New Jersey, 1962. 363 p.

23. Raviart P.A. Pseudo-viscosity methods and nonlinear
hyperbolic equations. Proceedings of the Royal Society of London.
A. Mathematical and Physical Sciences, 1971, vol. 323, no. 1553,
pp. 277-283. doi: https://doi.org/10.1098/rspa.1971.0104.

24. Landau L.D., Lifshyts E.M. Theoretical physics. Vol. 2. Field
Theory. Moscow, Nauka Publ., 1988. 59 p. (Rus).

25. Silvester P.P., Ferrari R. L. Finite Elements for Electrical
Engineers. Cambridge University Press, 1990. 425 p.

26. Sadowski N., Lefevre Y., Lajoie-Mazenc M., Cros J. Finite
element torque calculation in electrical machines while considering
the movement. /[EEE Transactions on Magnetics, 1992, vol. 28, no.
2, pp. 1410-1413. doi: https://doi.org/10.1109/20.123957.

27. Skalka M., Ondrusek C., Schreier L., Michailidis P. Torque
components identification of induction machine by FEM.
International Aegean Conference on Electrical Machines and
Power Electronics and Electromotion, Joint Conference, 2011, pp.
185-189. doi: https://doi.org/10.1109/ACEMP.2011.6490592.

Received 27.01.2024
Accepted 09.03.2024
Published 20.06.2024

M.I Kotsur', PhD, Assistant Professor,

!"National University «Zaporizhzhia Polytechnic,
64, Zhykovskii Str., Zaporizhzhia, 69063, Ukraine,
e-mail: kotsur m@ukr.net (Corresponding Author)

Kotsur M.I. Development of methods for adapting the parameters of spatial end winding sections in 2D circuit-field models of

induction-synchronous electric machines. FElectrical Engineering & Electromechanics, 2024, no. 4, pp. 9-21. doi:
https://doi.org/10.20998/2074-272X.2024.4.02
Electrical Engineering & Electromechanics, 2024, no. 4 21



Electrotechnical Complexes and Systems
UDC 621.3.013

https://doi.org/10.20998/2074-272X.2024.4.03

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.
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05111 -
2f1
04111 - /

0311 /

)]/,

1.8511 1.93681 202253 210824 2.19396 2.27967 236539 xm

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

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

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

. Enhanced stability |Increased computational
Flux linkage . .
tracking control [11] and bgtter fault logd and lllr.mted to specific
detection grid conditions

Fuzzy logic controllers are known for their ability to handle
uncertainties and variations without requiring precise
mathematical models, potentially leading to a more
computationally efficient solution

Complexity in

dynamics

Partial feedback Improved response |. . .
L . . implementation and requires
linearization control |time with enhanced recise modeling of svstem
[12] grid integration p gotsy

Type 2 fuzzy logic, are known for their ability to handle
uncertainties and variations in a flexible manner thereby
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
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( ENERATOR 5

PWM
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31-LEVEL CHB MLI FILTER [\ GRID
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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.
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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.
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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
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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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Fig. 15. Real (a) and reactive (b) power waveform

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

Conditioner
T \
1 1
1

Photo Valtse

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).

I-Sa>*<\/1

-,

L
:
() e

Qi 1
( )

"

® 0

sin(d)
Cos(f)

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

=

Va(0)

afabe| -2,

o % abe /aB
e =

I V‘,(0+2T”)

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:

i (=" I,sin(not+g,);

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:

3
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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
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Fig. 7. Source current and its spectral analysis
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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
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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.
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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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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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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:
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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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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.

Electrical Engineering & Electromechanics, 2024, no. 4

51



25 ‘ ; ; ; : : : :

24_5}{’,\/,;,,,:,,,,:,,,:,,, Signal with Defects | |
| | | | O Defects Detected

/1 S T ey I — e ———
| | | | | |
| | | | | |

A ] e A e A s s S
| | | | | |

3 ) [y T [T PR
| | | |

7] RN PR L S R

32 . . . . ; ; ; )
| | |
Vv,V | | | Signal with Defects
30 -~ ——~1---F-——---| O Defects Detected
: : : | | | |
28 I

26

24

22

20

18

1 1
280 290 300 310 320 330 340 350 360 f£,s

Fig. 8. Zoom 1: detection of micro-cracks: a — stable meteorological
conditions; b — unstable 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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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
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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
exp _l[lnx—lnme , (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

)
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)<—
[]

) ¢

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 preefzZ. . | F—Arrester 5|
: |
e i U, kv :
-100 4—= T T T T T T z
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 1000 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‘ i |
5 1 ayears S 7 g 2|
] &
Z 200 - o 2 g N b afl
E E % n é H @ ‘ 3 |
E - 2 3 o 200+ | |
g 2 ] \ |
100 = / g H [ |
 ayears % 100 [9{2;8;1 00)\ - | | MTBF = 100 years
o A W |
01 reeeeed J‘// 3://% S |
o) 8 B8 | |
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
‘E [ =1 —— Arrester 7
© i |
g / il
= 200 =
g h @|
= 547 S S | _MTBF = 125 years|
100 4 : § \
S L ‘
7=} o) ‘
0 S i8 ‘
® iR |
o HTe]
© o ‘
P \ U, kv
-100 T T T T T T
800 900 1000 1100 1200 1300 1400 1500

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
phenomena like the corona model then conducting a
statistical study based on the Monte Carlo method.

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
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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.
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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¢).
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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.

Tek g [ Ready M Pos: 38005 WEASURE

Max
656Y

CHI
Rise Time:
?

cHi
Pas Width

/\\ € snonus

1 CHi
\. Freq

1229k

CHi

Period

g1ds
CH1 2008y M250us CH1 7 136

Ul < -N" D

a b
Fig. 15. Recorded form of current in inductor no. 1 (a) and
photo plasma formation (b) at voltage Uy=40 kV
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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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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 from 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.

IIpoonema. Oonicro i3 cocmpux npodrem, wo nompedye eUpPiulenHss nPpU 6UKOHAHHI PEMOHMHUX POOIm nid HANPY2010 HA JIHIAX
enekmponepedaui (JIEII), ¢ 3axucm 300po8’sa npayienuxie 6i0 eneKmpomazHimHoz2o noJia 6ucokoi inmencusnocmi. Mema.
Memoro pobomu € po3pobdrienHs MenmoooN02IUHUX OCHO8 3aXUCMY NPAYIBHUKIE 8i0 mazcnimnuozo noas (MII) JIEII 330-750 kB npu
6UKOHAHHI peMOHMHUX pOOIm 6e3 3uamms nanpyeu i nio nasanmagicenuam. Memoouka. Po3pobreno memoouxy pospaxyHky
2PAHUYHO donycmumozo koegiyienmy unasanmasicenns JIEII, axuil oomedxcye inoykyito MII ¢ pobouiii 3oui JIEII 0o epanuuno
00NYCMUMO20 PIBHS CAHIMAPHUX HOPM NpU 3A0AHUX Mepmini pobim Ha nomenyiani i MiHIMATbHIL MOBWUHI 3AXUCHO20 CNOIO
Mide npogodamu ma minom npayienuxa. Haykoea noeusna. Cmeopeni memooonoeiuni 3acaou 3axucmy npayieHuxie 6io0 MII,
Wo TPYHMYIOMbCA HA CYMICHOMY GUKOPUCMAHHI PO3POONEHUX MemoOy PedCUMHOI MiMimizayii HasaHmasicenHs i memooy
30inbwenHs pobouoi ducmanyii, ma po3pooaeHol MemoOuKU PO3PAXYHKY ePAHUUHO OONYCIMUMO20 KOepiyicHmy HA8aAHMANCEHHS
JIEII. Ilpaxmuuna 3navyumicms 3anpononosani epahiuni 3a1e#cHOCMi 2pAHUYHO OONYCMUMO20 KOeDiyieHmy HABAHMAHNCEHHS
JIEII ¢ pyukyii 6i0 HeoOXiOHO20 uacy pobomu ma moujuHu 66€0eH020 000AMKOB020 3AXUCHO20 CIOK MIdC NPO8oOaMU Mmda
MinoM npayienuxa, wo npu NPUUHAMOMY SPAHUYHO OORYCIMUMOMY HOPpMamueHoMmy pisHi inOykyii MII doszeonse onepamusno
B8U3HAYAMU SPAHUYHO OOnYyCMuMi Koepiyienmu Hasanmadxgcentsa 0na pisnux munie JIEII 330-750 xkB. bi6n. 45, tabn. 1, puc. 10.
Knrouoei cnosa: BHCOKOBOIBTHA JIiHifA eJieKTponepenayi, po6oTu 0e3 3HATTSA HANPYTH, 3MEHIIECHHS MATHITHOTO MOJIs.

Introduction. Carrying out repair work on high-
voltage overhead power transmission lines (PTLs)
without de-energizing is a common method of increasing
their profitability [1-4]. One of the acute problems that
needs to be solved when performing such works is the
protection of workers’ health from the electromagnetic
field (EMF) of power frequency PTLs with increased
intensity [5-8]. Such EMF can be characterized by
independent components — electric field (EF) and
magnetic field (MF) [9, 10], each of which negatively
affects human health [11, 12]. Therefore, in the leading
countries of the world, methods of replacing workers with
robotic devices when performing work on the potential of
PTLs are currently developing rapidly [13-15].

In Ukraine, workers have been working on the
potential of high-voltage PTLs for more than 40 years,
and their technology is constantly being improved [1-4].
To date, the problem of protecting the health of working
personnel from the negative effects of PTLs’ EF, based on
the use of special protective suits made of electrically
conductive material, has been solved [4]. But the solution
of the problem of protecting workers from the action of
the MF is in a significantly worse state. This problem
remains insufficiently developed both theoretically and

practically. Therefore, a certain step in its solution was
the development by the authors of a mathematical model
of the MF in the area of work without removing the
voltage under the load [16], and the methodology for its
calculation, which are based on the results of previously
performed studies of the MF of various technical objects
[17-31]. The latest research by the authors [16] confirms
the relevance of solving the problem of protecting
workers from the effects of the MF in Ukraine when
performing work on PTLs without de-energizing. For
example, in [16] it is shown that for typical 330-750 kV
PTLs, in the nominal mode of their operation, it is
possible to significantly exceed the upper limit level of
MF flux density by 1.5-1.9 times over the norms adopted
in Ukraine and the European Union [12, 32-34].
Therefore, the task of creating scientific principles for the
protection of working personnel from the action of the
MF by reducing it to a safe level in the PTL wires
execution zone is urgent.

The goal of the work is to develop methodological
principles for the protection of workers from the magnetic
field of the 330-750 kV PTLs when carrying out repair
work without removing the voltage and under load.
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Normalization of the limit level of the MF action
with frequency of 50 Hz. In Ukraine, the limit level of
action (LLA) of the MF flux density on PTL workers is
regulated in [33] and summarized in item 1 of Table 1.
For example, for the body of a worker, the LLA is no
more than 7.5 mT when working for up to 1 hour and no
more than 1.8 mT when working for 8 hours. In the
interval between one and eight hours, the MF LLA Bpp in
[33, 34] is determined as a function of time according to
the methodology developed on the basis of sanitary-
hygienic and biological research carried out in the
institutes of the National Academy of Medical Sciences of
Ukraine [35-37]. For the limbs of the worker, the MF
LLA is much larger and amounts to 15 mT (item 1,
Table 1).

In Europe, in accordance with the Directives of the
European Union [12], the MF LLA for workers is stricter.

Thus, the upper level of LLA for the body is 6 mT (with
short-term exposure), and the lower one is 1 mT (with
long-term exposure). To date, this standard [12] has been
approved in Ukraine [32] and it is expected to be put into
effect after the termination or abolition of martial law in
Ukraine. Therefore, we will consider this European
Standard to be promising.

Taking into account the above, in the further
analysis we will use the «State sanitary rules and
regulations for the performance of work in non-switched-
off electrical installations with voltage of up to 750 kV
inclusive» (item 1, Table 1) in force in Ukraine as the
standard for the 50 Hz MF LLA in the further analysis,
and for comparison — the Directives of the European
Union [32], which are promising for Ukraine, approved
by the order of the Ministry of Health No. 81 dated
13.01.2023.

Table 1
LLA of the flux density Bpp of the sinusoidal MF with frequency of 50 Hz per worker
No. Work time of the worker (z,) at the PTL potential (hours)
<1 2 3 4 5 6 7 >8
Normative document
LLA of the flux density Bpp when affecting the body/limbs, mT
1 Current regulatory document: Order of the
Ministry of Health of Ukraine dated
09.07.1997 No. 198 «State sanitary rules and | 7,5/ 6,1/ 5,0/ 4,0/ 3,1/ 2,5/ 2,0/ 1,8/
regulations for the performance of work in 15,0 15,0 15,0 15,0 15,0 15,0 15,0 15,0
non-switched-off electrical installations with
voltage up to and including 750 kV»
2 Prospective maximum permissible levels of
MF action based on Directives 89/391/EEC
and Order of the Ministry of Health dated
13.01.2023 No. 81 «Minimum requirements 6,00/ | 4,65%/ | 3,60%/ | 2,78%/ | 2,15%/ | 1,67*/ | 1,29%/ | 1,00/
for health and safety of workers exposed to 18,00 | 18,00 | 18,00 | 18,00 | 18,00 | 18,00 | 18,00 | 18,00
electromagnetic fields», supplemented by
marked with * Bpp values, according to the
method used in Ukraine

The working distance between the wires and the
worker’s body and the working MF flux density. When
performing work on the PTL potential, the worker is in a
precarious position, at a height of tens of meters [4], and
as a support he is forced to use PTL wires (Fig. 1), which
leads to direct contact through the protective suit of
various parts of his body with the wires. Here, without
taking special measures, almost all the time the worker is
on the PTL potential and under load, the distance between

his body and the surface of the wires is minimal and is
determined only by the thickness of the protective suit
(= 2 mm). This fact forces during the further analysis to
take into account the value of the working flux density of
MEF, which corresponds to the minimum distance (2 mm)
between the worker’s body and the PTL wire during
exposure for the entire time the worker performs work at
the potential.

Fig. 1. The typical position of the worker’s body when performing work on the PTL potential, where he uses as a support
wires under load

Electrical Engineering & Electromechanics, 2024, no. 4

71



The flux density of the MF acting on the worker
when performing work at the potential of PTLs and under
load was studied by the authors in [16], and their main
results are presented in Fig. 2, 3. For example, in Fig. 2,
the results of the verified calculation of the maximum
value of the flux density of the MF of various PTLs
during the performance of works according to the
technology adopted by NEC «UkrEnergo» are given.
They confirm the need to significantly reduce the iflux
density of their MF [16]. Thus, in accordance with the
current sanitary standards of Ukraine [33] (item 1 of
Table 1), the flux density of the 330 kV PL at the nominal
current of its load must be reduced from 11.5 to 7.5 mT
when working at a potential of up to 1 hour (Fig. 2).
According to the norms of the European Union [12, 32],
when working up to 1 hour, a reduction of Bpp is required
not only for 330 kV PTLs, but also for PTLs 750 kV,
N=4. Reduction of flux density of MF for all PTLs is also
necessary when ¢, is more than two hours.

B, mT

12 The upper value of ™ The upper value
T 17T LLA forthenorm "~ of LA for the
10\t 1 1~ of Ukraine " norm of EU
AT T AT Lo
8 H—--24— s el s s 4 ey s el
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Fig. 2. Dependence of the maximum values of the effective MF
flux density of the 330-750 kV PTL in its working zone
at the nominal current as a function of the distance /,
from the wire surface to the worker’s body
(1-PTL 330, N=2;2—-PTL 750, N=4; 3 - PTL 750, N=15)

As for the LLA of the MF for the limbs of the
worker, which according to Table 1 is 15-18 mT, then
there are no special problems with its provision for all
PTLs under consideration.

The choice of methods for reducing the flux
density of MF when performing work on the potential
of PTLs under load. In order to reduce the PTLs’ MF
when performing work on the potential of PTLs, it is
possible to use such well-known methods [38, 39] as
shielding and distance protection.

Shielding is widely used when working on the
potential PTLs to reduce EF using shielding suits made of
electrically conductive material [2-4]. Their use is
mandatory. But, as shown in [40-43], such suits do not
shield MF of power frequency. This conclusion was also
experimentally confirmed by the authors on a laboratory
setup (Fig. 4), which consists of an adjustable MF 50 Hz
source with flux density of 0-0.6 mT and a magnetometer
with a remote sensor fixed in the working area.
Measurements of MF flux density were carried out in the
absence and presence of a protective suit of the EK-1
shielding kit [4] with material thickness of 2 mm, which
covered the sensor. The results of the experiment
confirmed the absence of any effect of MF shielding by a
protective suit. However, this result was quite expected,
since according to [44], only for the implementation of
small (1.2-1.5 times) shielding of MF with frequency of
50 Hz, it is necessary to use massive metal conductive
(magnetostatic) screens that are at the potential of the
wires of PTLs is practically impossible. Therefore, the use
of shielding methods to reduce the MF on the potential of
the PTL is not considered below.

Distance shielding is widely used to reduce the
potential electromagnetic field [10, 45], which decreases
with distance from the source. The PTL MF is also
potential, which intensively decreases near its wires when
moving away from the wire with gradient of about
0.4 mT/mm (Fig. 3).
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Fig. 3. The nature of the distribution of MF flux density in the working zones of the 330-750 kV PTLs near the split wires
of their phases
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Fig. 4. Experimental studies of the effect of shielding of MF of
powerfrequency with a protective suit of a set of individual
shielding EK-1

Therefore, increasing the minimum working
distance between the worker’s body and the surface of the
PTL wires is an effective method of reducing the impact
of MF on the worker. In practice, this can be achieved by
introducing additional material of the required thickness
(2-15 mm) between the wires and the worker’s body,
which does not deform under the worker’s weight. Such a
material can be, for example, a special protective suit with
increased thickness (10-15 mm), or special capes for PTL
wires of the appropriate thickness. For example, with an
increase in the working distance from the worker’s body
to the wires of the 330 kV PTL from 2 mm to 15 mm, and
a corresponding increase in /,, the flux density of MF
(Fig. 2) is reduced by almost half — from 11.5 mT to the
normative level of 6 mT. Thus, distance protection, based
on increasing the working distance to PTL wires, is an
effective method of protecting personnel from MF when
performing work at potential. But for its practical
implementation, it is necessary to introduce new
technological operations and special protective means.

The reduction of PTL MF by reducing the operating
current /. of the PTL [16] is called the method of mode
load minimization of the PTL. It can be implemented
during the repair of PTLs with a corresponding reduction
of both the operating current and the flux density of the
MF proportional to it. This method is preferable, since its
implementation requires only organizational measures
agreed with consumers, which provide for planned
disconnection of individual consumers during repairs. The
effectiveness of using the method of mode load
minimization of PTLs to reduce their MF can be
expressed through the load factor (k,) of the PTL, which is
defined as the ratio between the operating (/,) and
nominal (/,) currents of the PTL:

k,=1./1,,0<k, <I. (1)

Therefore, the method of mode load minimization of
the PTL, which is implemented by reducing the load
factor (1) of the PTL for the period of repair, can be
recommended as the main method of protecting the
working personnel from the PTL MF when performing
repair work at their potential. In the event when the use of
the main method of protection does not achieve the set
goal, together with it, it is recommended to use an
additional method of increasing the working distance to
the PTL wires based on the use of special protective
means — a protective suit with increased thickness of its
material (5-15 mm), or protective capes with thickness of
3-13 mm for a guaranteed increase in the distance
between the worker’s body and the PTL wires.

Definition of conditions for ensuring protection
working personnel from PTLs> MF. In order to protect
the health of personnel from the effect of MF, it is
necessary to guarantee the level of the MF flux density By
on the body (extremities) of the worker to the limit level
of Bpp, which is a function of time ¢.. Then the conditions
of worker’s protection can be defined as:

Br(I,) < Bpp(t,), 2)
where ¢, is working time of the worker at the PTL
potential.

As shown by the authors in [16], the maximum iflux
density values of MF By in the working area of the PTL
are concentrated along the axes of symmetry ¢ of N
suspension of the split wires of its phases (Fig. 3). The
MF flux density at the observation point P (Fig. 5)
depends on the distance / from the surface of the worker’s
body (on which the observation point P is located) to the
axis of the nearest power line wire, when the x axis
coincides with the direction e .

Wire Vi

Py

N D
| ,

<

Fig. 5. On the determination of the distance / from the axis of
the PTL wire to the observation point P

The MFfluxdensity also depends on such parameters
of the transmission line as the number N of split phase
wires, their radius r,,, and the distance D between the split
phase wires. Here, according to Fig. 5:

l=r,+l.=r,+5.+6,, 3)

where /. is the distance from the wire surface to the
worker’s body; J, is the fabric thickness of the standard
protective suit of the EK-1 shielding kit (2 mm); J,, is the
thickness of the additional protective layer when using
special protective means.

Let us determine the conditions for the
implementation of relation (2) when using the method of
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mode load minimization and the method of increasing the
working distance for 3 different types of PTL (Fig. 3), the
parameters of which correspond to real (PTL 330 kV,
I, =1733 A, N=2,r, = 14 mm, D = 400 mm;
PTL2 750 kV, I, = 2000 A, N = 4; r, = 154 mm,
D = 600 mm; PTL3 750 kV, I, = 2000 A, N = 5,
ry = 14 mm, D = 500 mm).

To do this, we find the maximum permissible load
factors (k,p) of PTLs, which allow limiting the flux
density of MF in their working zone to the maximum
permissible level of sanitary standards Bpp. The value of
k.p can be found by using the mathematical model of MF
in the working area of the PTL proposed by the authors in
[16], taking into account condition (2) and the
requirements of sanitary standards from the maximum
permissible level of flux density action Bpp. As a result,
we will get the following calculation ratios that allow us
to determine the maximum permissible load factors £,p
for different (Fig. 3) PTLs:

k <Brp| Ho (+R)
rDIN=2 = o 11+ 2R)

n

-1

; “

-1

Bpp| ty| (I+R)
k _n < — ; 5
PN, {2”{(1+R)4—R4 ©)

Bpp | #o (1
ko= <= |:107Z' I
n

2(I+R—Rcos(27/5))

" ((+R-R cos(Z;r/S))2 +(R sin(27r/5))2 ©
. 2(Z+R—Rcos(47r/5)) 1_
((+R-R cos(47r/5))2 +(Rsin 47[/5))2 ,
D ™)

k= 2sin(z/N)

Based on rationships (1) — (7) and item 1 of Table 1,
in Fig. 6 graphic dependenceis of k,p for the case are
plotted J, = 0.
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Fig. 6. The maximum allowable load factor &,p of different
transmission PTLs at J, = 0 depending on the term ¢, of works
on the potential of PTLs 330-750 kV according to the current

standards of Ukraine

From Fig. 6 it follows that the worst situation occurs
for the 330 kV PTL. Its maximum permissible load
factor k,p already at ¢z, = 1 h should be less than 0.67, at
t.=4 h—0.36, and at t. = 8 h — 0.16. But the practical
achievement of low load factors (k. < 0.5) can be
problematic, and especially, with a large amount of repair
work on PTLs, the execution of which requires a
significant amount of time.

For 750 kV PTLs with a large number of split wires
(N=4;5)and at ¢, = 1 h, k,p of the PTL (Fig. 6) is close
to 1, at ., = 4 h — 0.65-0.7, and at 8 hours — about
0.29-0.32. For these PTLs, the use of the mode load
minimization method may be sufficient when k., > 0.5
and ¢. < 5 hours.

The joint use of the mode load minimization method
and the method of increasing the working distance may be
appropriate for 330 kV PTLs with ¢ > 1 h, and
is illustrated by the curves in Fig. 7, constructed in
accordance with relationships (1)-(7) and item 1 of
Table 1.

Thus, when an additional distance J, = 5 mm is
introduced, the coefficient k&, for this PTL can be
increased in the entire range of 7 by up to 30%, at
d, = 10 mm — up to 60%, and at J, = 15 mm — almost
twice. This confirms the high efficiency of the method of
increasing the working distance. The joint use of the
proposed methods may also be appropriate in case of high
labor intensity of works on the PTL potential, or in the
case of the impossibility of significantly reducing the
coefficient k,p by the mode load minimization method.
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Fig. 7. The maximum allowable load factor £, of the 330 kV
PTL (N = 2) in case of introducing an additional working
distances J,, according to current standards of Ukraine

The set of methods proposed above for reducing the
MF acting on the worker, and the developed methodology
for calculating the maximum allowable load factor &, of
the PTLs, as well as the fulfillment of the formulated
condition (2), constitutes the methodology for protecting
workers from the magnetic field of the PTLs.

Now let’s evaluate the effectiveness of using the
considered methodology of worker’s protection to reduce
the flux of the PTL MF to the stricter Standards of the
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European Union [12]. But in [12] normalization of only
the upper (6 mT) and lower (1 mT) LLA of the MF flux
density is provided, and there is no normalization for
different working hours of employees (between 1 and
8 hours), as it is done in [33, 34]. In order to perform the
specified assessment, we will supplement the standard
[12] with the values of the LLA of the MF flux density as
a function of the staff’s working time #, according to the
methodology of the National Academy of Medical
Sciences of Ukraine used in [33, 34].

Thus, as follows from the analysis of the current
regulations in Ukraine [33, 34] developed by the Institutes
of the National Academy of Medical Sciences of Ukraine,
the dependence Bpp = f (¢,) on them is expressed by an
exponential function:

Bpp =be r (®)

which, according to the data of item 1 of Table 1,
presented in the form of curve 1 in Fg. 8.

Let’s use (8) to determine the possible dependence
Bpp = f(¢,) for the implementation of European Union
Standards. Such a dependence at a = 0.2560, b = 7.7503
is presented in the form of curve 2 in Fig. 8, and the Bpp
values calculated on its basis, marked with asterisks, are
summarized in item 2 of Table 1. It is obvious that when
implementing European Union Standards [12, 33] in
Ukraine, the dependence Bpp = f (¢,) needs clarification
based on the latest research of the National Academy of
Medical Sciences of Ukraine.
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Fig. 8. Dependence of the limit level of MF flux density Bpp
for the body of the worker on time ¢, in accordance with
current 1 [33] and promising 2 [12, 32] sanitary standards

Built in accordance with the data of item 2 of
Table 1 dependencies k,p = f (¢,) at J, = 0 for European
Union standards are presented in Fig. 9. Their analysis
shows that for the worst case (330 kV PTL), already at
t, = 1 h, the coefficient %, of the PTL should be no more
than 0.53, at . = 4 h — 0.25, and at . = 8 h — 0.09.
Therefore, the implementation of European Union
Standards (item 2 of Table 1) without using additional
methods of increasing the working distance can be
problematic.
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Fig. 9. The maximum allowable load factor &,p according to
prospective Standards of the European Union (item 2 of Table
1) of various PTLs depending on the term of performance ¢, of
works on the potential of 330-750 kV PTLs at 6, =0

The results of ensuring the standards of the
European Union [12, 32] when using an additional
distance protection method are presented in Fig. 10.

Here, the maximum allowable load coefficients k,p
are determined in accordance with (1)-)8) and item 2 of
Table 1 at J, from 0 to 15 mm. Their analysis shows that
for the worst case (330 kV PTL) it is possible to reach the
regulatory value of Bpp already at k., = 0.5 for #, < 4 h,
and J, = 15 mm. The obtained results confirm the
possibility of compliance with the European Union norms
(item 2 of Table 1) when using the developed methods of
protecting workers from the PYLs MF.

Presented in Fig. 6, 7, 9, 10 graphical dependencies
allow to quickly, in working conditions, implement the
developed methodology of protection of workers from
MF of 330-750 kV PTLs with the implementation of both
the current sanitary standards of Ukraine and the
Directives of the European Union.
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Fig. 10. The maximum permissible load factor £, according to
the perspective Standards of the European Union (item 2 of
Table 1) for 330 kV PTLs, depending on the term of completion
of works ¢, on the potential in case of introducing an additional
working distance d,
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Conclusions.

1. It is shown that practically during the entire time the
worker is working on the potential of the wires of the
power transmission lines using the technology of NEC
«UkrEnergo», a minimum distance (= 2 mm) is
maintained between the worker’s body and the surface of
the wires, which is determined by the thickness of the
EK-1 protective suit. This circumstance should be taken
into account when determining the flux density of the
magnetic field acting on the worker during work on the
potential of power transmission lines.

2. The methods of reducing the magnetic field in the
working area of power transmission lines are proposed,
such as the method of mode minimization of its load
factor for the duration of the repair, and the method of
increasing the working distance by introducing
additional material of certain thickness (2-15 mm)
between the wires and the worker’s body, the use of
which allows to reduce the flux density of the magnetic
field when performing work on the potential of power
transmission lines to a safe level.

3. A methodology for -calculating the maximum
permissible load factor of power transmission lines 330-
750 kV has been developed, the use of which allows
limiting the flux density of the magnetic field in their
working zones to the maximum permissible level of
sanitary standards for a given period of work on the
potential and a given thickness of the additional protective
layer between the wires and the worker’s body.

4. Methodological principles for the protection of
workers from the magnetic field during repair work
without removing the voltage under load on 330-750 kV
power transmission lines have been created, based on
the combined use of the developed method of mode
minimization of the load factor and the method of
increasing the working distance, and a method has been
developed of calculating the maximum allowable of the
load factor under the condition of limiting the level of
the magnetic field to the normative one. Their
implementation makes it possible to reduce the flux
density of the magnetic field in the working area of
power transmission lines to the maximum permissible
value in accordance with both current and future
sanitary standards.

5. The obtained results can form a scientific basis for
the development of normative documents of the Ministry
of Energy, which regulate the rules of safe work of
personnel in the magnetic field during repair work on
330-750 kV power transmission lines without voltage
removal and under load.
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