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V.F. Bolyukh, O.I. Kocherga

Efficiency of multi-armature linear pulse electromechanical power and speed converters

Introduction. High-speed linear pulse electromechanical converters (LPEC) provide acceleration of the executive element in a short
active section to high speed with significant displacement, while power-purpose LPECs create powerful power impulses of the executive
element on the object of influence with minor movements. One of the areas of improvement of LPEC is the creation of multi-armature
structures. Methodology. To analyze the electromechanical characteristics and indicators of LPEC, a mathematical model was used,
which takes into account the interconnected electrical, magnetic, mechanical and thermal processes that occur when connected to a
pulse energy source with a capacitive energy storage. The main results of the calculations were performed in the COMSOL Multiphysics
software environment and confirmed by experimental studies in laboratory conditions. Results. The features of the electromechanical
processes of multi-armature LPECs are established and their indicators are determined. With the help of efficiency criteria, which take
into account electrical, power, speed and magnetic indicators in a relative form with different options for their evaluation strategy, it
was established that multi-armature LPECs for power purposes have increased efficiency, and for high-speed LPECs the use of multi-
armature configurations is impractical. The conducted experimental studies confirm the reliability of the calculated results. Originality.
It has been established that almost all multi-armature LPECs for power purposes have higher efficiency compared to a converter with
one armature, and for high-speed LPECs it is advisable to use traditional LPECs with one armature. Practical value. On the basis of
multi-armature LPECs, models of an electromagnetic UAV catapult, a magnetic pulse press for ceramic powder materials, an
electromechanical device for dumping ice and snow deposits from a power line wire, a device for destroying information on a solid-state
digital SSD drive have been developed and tested. References 20, tables 4, figures 8.

Key words: linear pulsed electromechanical converter, multi-armature configuration, continuous electrically conductive
armature, coil armature, ferromagnetic armature, efficiency criterion, experimental studies.

Bemyn. Jlinitini ivnynscui enekmpomexaniuni nepemeopiogaui (JIIETI) weuokicnoco npustnayenns 3a6e3neqyions po3ein GUKOHA8H020
efleMenma Ha KOPOmKitl akmueHitl OiaHyi 00 6UCOKol weuokocmi 3i 3HaUHUM tio2o nepemiwgerusm, a JIIEII cunogoeo npusnauenms
CMBOPIOIOMb NOMYIHCHI CUNOBI IMIYTIbCU BUKOHABUUM eleMEHMOM Ha 06 €Km 6NIUGY NpU He3HAYHUX 1020 nepemiwyenuax. OOnum i3
Hanpamkie yoockonanenus JIEIl € cmeopenns 6acamoskiphux koHcmpykyit. Memoouka. J[is auanizy eneKmpomexaHiuHux
xapaxmepucmux ma noxasnuxie JIIEII euxopucmana mamemamuina Mooey, 8 AKill paxo6ani 63acMON06 A3aHi eNeKmpUutiHi, MAaeHimHi,
Mexaniuni ma mennosi npoyecu, AKi 8UHUKAIOMb NpuU NIOKMIOUEHHI 00 IMNYIbCHO20 OXCcepena eHepeii 3 EMHICHUM HAKONUYyeauem
enepeii. OCHOBHI pe3yibmamu po3paxyukie euxoHawi 6 npocpamuomy cepedosuwi COMSOL Multiphysics i niomeepOdiceri
excnepuMeHmanbHUMUu O0CaiodceHHaMU 6 aabopamophux ymoeax. Pesynsmamu. Bcmanoeneni ocobnusocmi enekmpomexaniuHux
npoyecie 6azamosxipnux JIIEIl ma eusnaueno ix noxasuuxu. 3a 0onomozcoio Kpumepiie egpexmugnocmi, ki y 6I0HOCHOMY 6u2as0i
bazamosixipui JIIEII cunogoeo npusnauenns maioms nioguuery egpexmusericmo, a ona JIIEIT wieuoKicno2o npusHauyenHs GUKOPUCIAHHSA
bazamosxipuux  Kougizypayiti  Hedoyinono. IIpoeedeni  excnepumeHmanbhi  OOCTONCEHHS.  NIOMBEPONCYIOMb  OOCMOBIPHICHb
pospaxyukosux pezyrbmamis. Haykoea noseusna. Bcmanoegnerno, wo npakmuuno 6ci doacamosxipui JIEII cunoeoco npusnauenms
Maromy Oiibul 8UCOKY eheKmUHICmy 8 NOPIBHAHHI 3 nepemeoprosauem 3 0OHUM akopem, a ona JIIEII wisuokicno2o npusHauenus
Odoyinvro 3acmocogyeamu mpaouyitini JIIEII 3 oonum sxopem. Ilpakmuuna yinnicms. Ha 6a3i 6azamosxipnux JIIEII po3podaeno ma
sunpodysano mooeni enekmpomazHimuoi kamanyaomu BIIJIA, maeHimHo-iMnynscHo2o npecy 0 KepamiyHux nopowKogux Mamepiaiis,
ENIeKMPOMEXAHTYHO20 NPUCTIPOIO OISl CKUOAHHS 0XCeNeOHUX | CHI208UX 8IOKIA0eHb 3 Npo8oody JiHii elekmponepedadi, npucmpor 07s
3HUWennHs inghopmayii na meepoominsromy yugpposomy SSD naxonuuysaui. biomn. 20, Tabmn. 4, puc. 8.

Kniouosi cnosa: JiHiHUA iMIIYJbLCHMIl eJieKTpOMeXaHIYHMIl IepeTBOpIOBaY, OaraTosikipHa KoHQirypauis, cyuiibHHMii
€JIEKTPONPOBIIHMIA AIKiP, KOTYIIKOBHIi AKIp, ¢epomMarHiTHuUii sikip, kpuTepiil e KTUBHOCTI, eKCIIEPUMEHTANBHI JOCTiIKEHHSI.

Introduction. One of the promising devices of
modern electromechanics are linear pulse
electromechanical converters (LPEC) for speed and
power purposes. High-speed LPECs provide acceleration
of the executive element in a short active section to high
speed with significant movement of it, and power LPECs
create powerful power impulses of the executive element
on the object of influence with minor movements [1-4].

LPECs  are  characterized by  significant
electromagnetic and mechanical loads, which significantly
exceed similar indicators of traditional linear electric
motors with long-term operation. They are used in many
areas of science, technology and security. Among the
technological applications, it is possible to mention shock-
condenser welding, metal processing, stamping, riveting,
assembly and forming operations, etc. These converters are
used for testing systems for shock loads, high-speed
electrical devices, destruction of information in case of
unauthorized access, valve and switching equipment,
seismic sources, cleaning of bunkers from remaining
materials and power lines from icing, launchers, etc. [5-10].

In the coaxial LPEC, opposite the disk inductor
winding (IW), which is excited by current from a pulsed
electric source with a capacitive energy storage (CES), a disk
armature is located, which moves in the axial direction. The
most widespread are induction, -electromagnetic and
electrodynamics types of LPEC.

In the induction-type LPEC, the armature is made
solid in the form of a thin conductive disk. In the LPEC of
the electrodynamics type, the armature is made in the
form of a multi-turn coil, which is connected in series or
in parallel with the IW. In the LPEC of the
electromagnetic type, the armature is made in the form of
a relatively thick ferromagnetic disk.

In the LPEC of the electromagnetic type,
electromagnetic forces (EMF) of attraction act on the
ferromagnetic armature (FA) from the side IW. In the
LPEC of the electrodynamics type, electrodynamic forces
(EDF) of repulsion arise between the coil armature (CA)
and the stationary IW. In the induction-type LPEC, when
the magnetic field IW interacts with the induced current

© V.F. Bolyukh, O.I. Kocherga
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in the solid electrically conductive armature (EA), a
repulsive EDF occurs.

The specified LPECs are characterized by different
speeds of electromagnetic processes, different directions of
action of electrodynamic and electromagnetic forces relative
to IW, etc. In order to strengthen the power effect and
increase the speed indicators, ferromagnetic cores and shields,
additional secondary windings, mechanical power elements,
cryogenic cooling, etc. are used in LPEC [11-13]. But the
analysis of the specified types of LPEC with a traditional
configuration with one armature showed that their efficiency
remains at a rather low level and their efficiency when
working as an accelerator does not exceed 10-15 % [14].

One of the areas of improvement of LPEC is the
creation of multi-armature structures [15, 16]. In [17], a
LPEC with two EA, which form an increased pulse of
mechanical force on two opposite sides, is described. The
work [18] presents the design scheme of LPEC, which
consists of two stationary IW and movable EA and FA.
The armatures are interconnected through a system of
rods, which in turn are connected to the executive
element. But the lack of a comprehensive study of the
electromechanical characteristics and main indicators of
multi-armature LPECs makes it impossible to determine
effective configurations for various purposes.

The purpose of the work is to determine
configurations of LPEC that provide increased efficiency due
to the use of several armatures interacting with an inductor
that is excited by a pulsed source of energy from CES.

Multi-armature LPECs must provide a unidirectional
force on the executive element at high-speed assignment
or the summation of all forces at the power assignment of
the converter.

Mathematical model of LPEC. Interrelated
electromagnetic, thermal and mechanical processes occur
in LPEC, which occur when connected to a pulse energy
source from CES.

We consider that the coaxial LPEC has a disk IW and
the movement of the disk armatures is carried out along the
z axis. Consider the LPEC, which includes stationary IW
and FA, moving CA and EA. For the instantaneous values
of the tangential component of the vector magnetic
potential 4, in the cylindrical coordinate system, we write
down the system of differential equations:

n 8Al(p+i L %4 H Oy) =—ji(®); (1)
ot Oz\ yy Oz or\ yor or ’
y 8/12(0 +i 1 8A2¢ +i L@(rAZw) _
R Uy Oz or\ por  Or 2
04, )
—Vz(f)z—zy(p:—h(f);
0
043, +£ 1 043, +£ 1 0(rds,) 3
73 ot oz\ yy Oz or\ por Oor 3)
04
—v() =2 <o,
My oz
7/4 aA4¢ +i i aAﬂ +i LM :O (4)
ot Oz\ py Oz or\ pugr Or ’

i{i 8A5¢J+g[ ! 6<rAs¢>j:O, -
oz\ pgy Oz or\ uyr  or
where the index of the element (space) n = 1 — IW,
2 —-CA,3-EA,4-FA, 5 — airspace; i|(f), i»(f) — currents
IW and CA, respectively; ji(f) = il(t)NlS{lkl,
() = i()N>S> 'k, — current density IW and CA,
respectively; %, — specific conductivity of the material of
the n” element; , — magnetic constant; z4 — magnetic
permeability FA; vy (f), v;(f) — speed CA and EA,
respectively; Ny, N, — the number of turns IW and CA,
respectively; Sj, S, — cross-sectional area IW and CA,
respectively; k1, k, — filling factor IW and CA, respectively.

Differential equations (1) — (5) are supplemented
with boundary and initial conditions.

To calculate the axial component of the force acting
on the corresponding LPEC armature, we use Maxwell’s
tension tensor:

1
/= $2mT.ds =—§2m(B, - B.)ds, (6)
S Hog
0A o(rd
where B, =——2, B, _1 (rdy) are components of
0z r or

the magnetic field induction vector B.

The electrical circuit of the LPEC with the serial
connection of the stationary IW with the movable CA,
which interacts with the movable EA, can be represented
by the substitution diagram (Fig. 1) and described by the
system of equations:

|+
e

Fig. 1. Electrical diagram of LPEC with a series connection of
IW (1) with CA (2), which interacts with EA (3)

dr4 dr4 j
Zﬂﬂ~ Jiﬁdrdz+27z&~ J 20 drdz+L0ﬂ+
S dt S, de dt  (7)
S, S5
+it[Ry+ Ry (1} )+ Ry (15 )|+ 1 = 0;
N drA
2022 [ 222 4rdz + iRy (13) =05 (8)
35
3
d .
Qe _ 1 , )
it C,

where R, Ly — resistance and inductance of power cables,
respectively; Ri(T), Rx(T»), R;(T5) — resistance IW, CA
and EA, respectively; T}, T, T5 — temperature IW, CA
and EA, respectively; i3 — current EA; u. — voltage of
CES; Cy — CES capacity; S; — cross-sectional area EA.
The system of equations describing the electrical and
magnetic connections between the active elements of the
LPEC in parallel connection of IW with movable CA, which
interacts with movable EA, takes the following form:

Enexmpomexuika i Enekmpomexanika, 2024, No 3



drA j
zﬁﬂ.j lp drdz+L0%+R0i+i1Rl(Tl)+uc =0;(10)

1 S
drd ~
222 (9220 gt 10 Y Ryt iy Ry (1) ug =05 (1)
S5 5, dt
drA4
2”&.[ 3¢ drdz +i3R4(T3)=0; (12)
S; dt
53
due _ 1 (13)
&t C,

where i(¢) = i|(f) + i»(f) — current of CES.
The mechanical processes of LPEC are described by
a system of equations:
dv
(3 + me)d—t3 = f3(0) = K3 (1) 5

(14)

(m3 +my +me)dst2:fZ(t)_Kmp[v3(t)+v2(t)]_

K g[v3 () + (O] — K plz3(0) + 25 (1)}

where m,, ms, m, — the mass of CA, EA and the executive
element, respectively; z(f), z3(f) — moving CA and EA,
respectively; f5(¢), f3it) — EDF on CA and EA,
respectively; K,, — coefficient of dynamic friction;
Kp — drag coefficient; Kp — coefficient of elasticity of the
return element (spring).

The system of equations (14), (15) is supplemented
by the corresponding initial conditions.

The temperature 7, in the »" active current-
conducting element of the LPEC is described as:

2 2
(D, o, :MT)(6 Iy 10T, 0 T"]Jr (16)

(15)

th

ot o ror 572

+ jia (O (D),

where ¢ (T), %, A(T), p(T) — specific heat capacity,
material density, thermal conductivity coefficient, specific
resistance of the n™ active element.

On the cooled surfaces of the active elements, the
system of equations (16) is supplemented by boundary
conditions of the third kind, and on the axis of symmetry
of the LPEC by boundary conditions of the second kind.
To implement the mathematical model, a system of partial
differential equations with respect to spatial and temporal
variables is used using the software package Comsol
Multiphysics 5.3.

Analysis of indicators of multi-armature LPEC.
For the analysis of LPEC, we introduce the following
notations. In the presence of a continuous conductive
armature, «E» is added, in the presence of a coil armature,
«C», and in the presence of a ferromagnetic armature,
«F». We will analyze multi-armature converters with two
armatures (LPEC-E2, LPEC-C-E, LPEC-E-F, LPEC-C-F)
and three armatures (LPEC-C-E2, LPEC-C-E-F). With a
parallel connection, CA with IW — C,, with a serial
connection — C,. CA and IW are wound in opposite
directions so that repulsion forces act between them.

Let’s consider the electromechanical characteristics
of LPEC with the following parameters. IW (CA): outer

diameter D,,=100 mm, inner diameter D;,=10 mm,
height H;=10 mm, number of turns N,=46, cross section
of copper bus S;=a,-b;=1.8-4.8=8.64 mm?. EA: material —
copper M2, outer diameter D,;=100 mm, inner diameter
D;,;=10 mm, height H;=3 mm. FA: material — Steel 3,
outer diameter D,4=100 mm, inner diameter D,,,=10 mm,
height H,=12 mm. The distance between IW and CA
h,=2 mm, between CA and EA hy=2 mm. The power
source includes a CES with parameters Cy=2500 pF,
Uy=450 V and a reverse diode that provides a polar
aperiodic pulse of the excitation current [19].

We will use the following designations of elements.
Active elements: 1 — IW, 2 — front EA, 3 — rear EA,
4 — CA, 5 — FA. Passive elements: 6 — executive element,
7 — movable or immovable fixators, 8 — object of influence,
9 — internal power ferromagnetic device (Fig. 2).

Fig. 2. Design schemes of multi-armature LPEC for power
purposes: LPEC-E2 (a), LPEC-C-E (), LPEC-C-E2 (¢),
LPEC-E-F (d), LPEC-C-F (e), LPEC-C-E-F (f)

In multi-armature LPECs of power purpose, slow-
moving armatures transmit axially directed force to the
object of influence through an executive element in the
form of a striker, external fasteners and internal power
devices.

For the LPEC of power purpose, we will conduct an
analysis of the amplitude f,,, and the magnitude of the impulse

F,= J. f2(z,6)dt of axial electrodynamic and electromagnetic

forces that are transmitted to the object of influence.

In LPEC-E2, two EA cover IW from opposite sides
and act on the movable latch, forming oppositely directed
EDF repulsions of the front 2 £, and rear 3 f3 EA (Fig. 2,a).
In this LPEC, the current density in IW j; has the form of a
polar aperiodic pulse, while the current density in the front j,
and in the back j; EA for 1.3 ms have the opposite polarity.
The amplitude of the current density in IW j;,=266.7 A/mn’,
and in the armatures — j,3,=390.2 A/mm’. The EDF pulses
acting on the front F,, and rear F,; EA have the opposite
polarity. The EDF amplitudes acting between the two EA
are f,,3,=8.55 kN, and the magnitude of the EDF pulse is
F,3=3.3 N:s. The total force is transmitted from
armatures 2 and 3 to the impact object 8 with the help of
movable retainers 7.
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In the LPEC-C,-E with the front EA and CA, which
is connected in parallel with IW, the force is transmitted
to the fixed retainer (Fig. 2,b). With such a connection,
the magnitudes of the currents in IW and CA differ due to
induction interaction with EA. EDF acting on EA f, and
CA f4 form corresponding EDF pulses F,, and F.
Amplitudes of EDF acting on EA f,,=7.28 kN, and on
CA f4,=5.72 kN. The corresponding EDF pulse values
are F,,=2.35 N-s and F,,=6.04 Ns.

In LPEC-C,-E2, CA is connected in parallel with
IW, and the front 2 and rear 3 EA act on the movable
latch 7 (Fig. 2,c). Oppositely directed EDF act on each
EA, the amplitudes of which are f.,3,=6.42 kN. EDF act
on CA, the amplitude of which is f4,=4.09 kN. The
corresponding values of EDF pulses acting on EA and CA
are F,53=1.98 Ns and F,,=4.07 N's.

In the LPEC-E-F with a fixed latch 7 and an internal
power device 9, unidirectional action of all forces on the
object of influence 8 is ensured. Amplitudes of the current
density in IW j;,=156 A/mm’, in EA j,,=385 A/mm’
(Fig. 2,d) However, the current in EA changes polarity to
the opposite after 2 ms. The magnitude of the EDF pulse
is F,=5.42 N-s, and the EMF pulse is F5=3.49 N:s.

In LPEC-C,-F, forces are transmitted to the object of
influence 8 (Fig. 2,e) through the internal device 9 and the
fixed retainer 7. The currents of density j; in IW and j, in
CA have the form of a polar pulse with a short front and a
long back front. Amplitudes of current densities IW
Jin=177.7 A/mm’, CA j,,=204.7 A/mm’. The smaller
value of the current amplitude in IW can be explained by
the influence of the magnetic field on it from the side of
the adjacent FA 5. CA is acted upon by repulsive EDF f4,
the amplitude of which is f4,=13.03 kN. The
electromagnetic attraction fs acting on FA is much
smaller and their amplitude is only fs,=1.19 kN. The
value of the EDF pulse is F,,=12.25 N-s, and the value of
the EMF pulse is F,s=1.2 N's. In this converter, the value
of F, is 1.21 times greater than in a LPEC with one CA
and almost 2 times more than in a LPEC with one FA.

In LIEP-C,-E-F IW 1 interacts with FA 5 and with
CA 4, which, in turn, interacts with EA 2 (Fig. 2,f). The
currents in IW and CA have the form of an aperiodic
polar pulse with a short leading edge and a long trailing
edge. At the same time, the amplitudes of the current
densities in IW and CA are different: j;,=168.8 A/mm’,
Jan=279.8 A/mm’. The current amplitude in EA is
Jom=368.7 A/mm® The current in EA after reaching the
maximum value decreases and changes polarity after 1 ms.
Electromagnetic f;s and electrodynamic f,4 forces during
the entire work process maintain their polarities, and EDF
f»» acting on EA practically disappear after 1 ms.
Repulsive EDF with amplitude f£4,=5.58 kN act on CA
from side IW. FA is acted upon by EMF attraction fs,
with amplitude f5,=0.92 kN. The amplitude of the EDF
acting on EA is f,, =7.48 kN. The magnitude of the EDF
impulse acting on CA is F,4=6.59 Ns, the magnitude of the
EMEF impulse acting on FA is F,s=0.89 N-s, the magnitude
of the EDF impulse acting on EA is F,=2,45 Ns.

Figure 3 presents the distributions of current
densities j and magnetic field induction B in active
elements at the moment of the maximum value of the
current in IW for multi-armature LPEC of power purpose.

~ J,A/mm? z B.T
500 /\\\ 16 500

JkA/mm? et

1.5
1.0

0.5 N

0.0

Fig. 3. Distributions of current densities j and magnetic field
induction B in active elements at the moment of the maximum
value of the current in IW for multi-armature LPEC of power

purpose: LPEC-E2 (a), LPEC-C-E (b), LPEC-C-E2 (c),
LPEC-E-F (d), LPEC-C-F (e), LPEC-C-E-F (f)

Figure 4  presents the electromechanical
characteristics of LPEC-C,-E2 and LPEC-C,-F, which
show that in the presence of FA, the amplitudes of the
currents in IW decrease, which leads to a decrease in the
EDF amplitude. But due to the slower attenuation of the
currents, the magnitude of the force impulse not only does
not decrease, but even increases.

In order to evaluate the most effective LPEC of the
considered configurations, we will conduct a comparative
analysis of them. As a basic option, we use the LPEC-E
converter. At the same time, the amplitude of the excitation
current density j;,, should be minimal, which is important
for a pulse source, the amplitude f,, and the magnitude of
the force pulse F, should be maximal, which is important
for LPEC of power purpose, and the maximum induction
of the scattering magnetic field on the defined circuit B, ,,
should be minimal, which is important for service
personnel on nearby electronic equipment.

Let’s introduce the efficiency criterion K*, which
takes into account the specified electrical, power, and
magnetic indicators in a relative form [20]:

4
St [ asFL A e, =1,(17)

Jim ex m n=1

K' =8

where f — LPEC reliability coefficient; a,, — n" weighting
factor of the corresponding LPEC indicator.

We believe that the reliability coefficient for LPEC
without CA is =1, and in the presence of CA it decreases
to £=0.9 due to the presence of a moving contact between
IW and CA and its implementation in the form of a multi-
turn coil.

We will apply five variants of the LPEC efficiency
assessment strategy: 1 (0,4=0.25), Il (¢;=0.4, 034=0.2),
111 (0(2:0.4, 0(1,3,4:0.2), v (0!3:0.4, 0[1,2,4:0.2), A\ (0(4:0.4,
0125=0.2). In the first option, all indicators are evaluated
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equally, and in other options, priority is given to one of the
indicators, which is evaluated twice as high as the others.
Table 1 presents the relative values of K* performance
criteria of multi-armature LPEC for power purposes with
different variants of their evaluation strategy.
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Fig. 4. Electromechanical characteristics LPEC-C,-E2 (a),
LPEC-C,-F (b)

Table 1
Relative values of K* performance criteria of multi-armature
LPEC for power purposes
Option strategy
LPEC I 11 111 v \4
LPEC-E2 1,569 11,393 1,659 | 1,544 | 1,679
LPEC-E-F 1,410 1,364 | 1,371 [ 1,492 | 1,414
LPEC-C-E 0,962 | 0,939 0,892 | 0,969 | 1,048
LPEC-C,-E 1,011 10,907 1,039 1,084 | 1,012
LPEC-C;-E2 4,028 | 3,348 | 3,442 | 3,438 | 5,883
LPEC-C,-E2 2,155]1,832(2,024 | 1,988 | 2,778
LPEC-C,-F 1,544 11,398 | 1,468 | 1,558 | 1,751
LPEC-C,-F 1,192 11,147 11,098 | 1,228 | 1,293
LPEC-C-E-F | 1,340 1,227 1,324 1,513 1,296
LPEC-C,-E-F [ 1,237 1,192 | 1,131 1,274 [ 1,352

As can be seen from the Table 1, almost all multi-
armature LPEC have higher efficiency compared to the
basic single-armature converter. LPEC-C-E2 with two EA
and CA is the most effective, and the converter in which
CA and IW are connected in series shows higher
performance compared to the converter in which CA and
IW are connected in parallel. This high efficiency is

largely due to the reduced level of the scattering magnetic
field B,, ,, and the reduced amplitude of the excitation current
density ji,,. LPEC with CA and EA provides a 1.46-fold
increase in the EDF amplitude and a 2.09-fold increase in the
EDF pulse, which is important for power purposes.

Consider the LPEC of high-speed purpose, for which
the amplitude of the speed V., should be maximal. For this
converter, we introduce the efficiency criterion K*:

3
* o * a3
K' =B =+l +——| Da,=1. (18)
Jlm exm n=1

We will apply four variants of the LPEC efficiency
evaluation strategy: I (a;3=0,(3)), II (2;=0.5, a,5=0.25),
II (0,=0.5, a;3=0.25), IV (05=0.5, 0,,=0.25). In the first
option, all indicators are evaluated equally, and in other
options, priority is given to one of the indicators, which is
evaluated twice as high as the others. Since IW is
stationary, we will consider only those LPEC variants of
high-speed assignment that ensure the unidirectionality of
all forces on the anchor at a stationary FA.

Table 2 presents the values of K* efficiency criteria
of high-speed multi-armature LPEC with different
variants of their evaluation strategy in a relative form.

Table 2
Relative values of K* performance criteria of multi-armature
LPEC for high-speed purposes

Option strategy
LPEC 1 1I J 1 v
LPEC-E-F 0,972 10,996 | 0,846 | 1,082
LPEC-C,-F 1,096 | 1,020 | 1,074 | 1,198
LPEC-C,-F 1,311 1,294 | 1,144 | 1,494
LPEC-C,-E 0,855 0,781 0,899 | 0,886
LPEC-C,-E 0,912 0,941 | 0,845 0,952
LPEC-C,-E-F 0,763 0,776 {0,837 | 0,680
LPEC-C-E-F 1,075]1,41910,999 | 1,119

The efficiency of multi-armature LPEC for high-
speed performance in comparison with the basic version is
significantly lower than for multi-armature LPEC for
power purposes. This is primarily due to the fact that the
speed of the moving combined armature does not increase
significantly, and in some variants the LPEC even
decreases due to the increased weight of such an armature.

Thus, it can be concluded that only for power LPEC,
it is advisable to use multi-armature structures, and for
high-speed LPEC, it is advisable to use traditional single-
armature LPEC, which have a simpler design.

Experimental studies of LPEC. LPEC studies were
conducted in laboratory conditions to verify the main
theoretical propositions and calculation results. Experimental
studies were performed for LPEC with parameters of active
elements similar to the calculated ones. The experimental
results were obtained with an aperiodic excitation pulse [IW
from CES with parameters U, =250 V, C;=2500 pF.

The peculiarity of this technique was the
simultaneous measurement of all indicators with the
subsequent display of data on the screen of a digital
oscilloscope and subsequent transfer of information to a
personal computer for processing.

The CES voltage u/f) was measured using a
PVP2150 digital meter, and the current #;(f) in IW was
measured using a 75ShSM shunt (Fig. 5).
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Fig. 5. Oscillogram of voltage u.(f) and current () LPEC-C-E

When studying the LPEC power purpose, the striker
acts as an executive element, which carries out force
impulses on the shock plate (Fig. 6,a,b). The T6000 piezo
sensor was used to record the indicated pulses. The
oscillogram of the force of the executive element £(#) on the
shock plate and the current in IW #;(¢) is shown in Fig. 6,c.
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Fig. 6. Photo of the experimental setup (), top view (b),
oscillogram (c) of force f,(f) and current i;(f) LPEC-C,-E:

1 — impact plate; 2 — EA; 3 — IW; 4 — piezo sensor; 5 — fight;

6 — support plate; 7 — adjusting supports

When studying the LPEC for high-speed purposes,
the executive element (a guide rod with a disk) makes a
vertical movement (Fig. 7,a). Registration of the
movement process is carried out using a variable resistor
SP3-23, which is powered by a direct current source. The
oscillogram of the movement of the executive element Az
and the current in IW iis presented in Fig. 7,b.

Measurement of the axial induction component of
the LPEC B, scattering magnetic field was performed
using an induction sensor.

Tables 3, 4 present the experimental and calculated
parameters of the LPEC for power and speed purpose: the
amplitude of the current IW [}, the maximum axial
component of the induction of the magnetic scattering
field B,,, the force f,,, the speed v.,,.

5060  CH2= 5.60V  Time 2.000ms  ©5.100ms |
b
Fig. 7. Photo of the experimental setup (), oscillogram (b) of
displacement Az(¢) and current i1(f) LPEC-C,-F: 1 — executive
element; 2 — CA; 3 — current outlets IW; 4 — support plate;
5 — movement sensor; 6 — guide plate; 7 — guide pin of the
executive element; 8 — IW; 9 — loading spring

Table 3
Experimental (Exp.) and calculated (Calc.) parameters of LPEC

for power purpose
InkA | f kN | B, mT
LPEC Exp. | Calc. | Exp. | Calc. | Exp. | Calc.
LPEC-E 1.12]1.178]2.2012.360| 20 | 24
LPEC-F 0.5710.610/0.38[0.408| 17 | 20
LPEC-C, 1.37]1.430|3.55|3.815| 28 | 32
LPEC-C; 0.96/1.001|1.74|1.830] 30 | 34

LPEC-E-F 1.01]1.035/2.60|2.780| 14 | 16
LPEC-C,-F 1.42]1.485|3.86|4.140( 21 | 25
LPEC-C-F 1.11]1.157|1.93|2.065| 18 | 22
LPEC-C,-F 2.00|2.085|8.50(9.125] 19 | 21
LPEC-C-E 1.10/1.16014.20 [4.510] 16 | 18
LPEC-C,-E-F [1.38]1.453]5.28|5.660| 22 | 24
LPEC-C-E-F 10.9610.997|3.18 3454 | 13 | 15

Table 4
Experimental (Exp.) and calculated (Calc.) parameters of LPEC
for high-speed purpose

Ilma kA Vems m/s Bz m> mT

LPEC Exp. | Calc. | Exp. | Calc. | Exp. | Calc.
LPEC-E 1.01/1.050| 3.0 | 3.5 | 22 | 25
LPEC-F 042]0439]1 15119 | 17 | 20

LPEC-C, 1.16(1.210] 3.1 | 3.5 | 30 | 35
LPEC-C 0.8010.835| 1.5 | 1.9 | 32 | 39
LPEC-E-F 0.8610.899| 1.6 | 1.8 | 14 | 16
LPEC-C,-F 1.15]1.200{ 35| 39 | 13 | 15
LPEC-C-F 0.7310.760| 2.1 | 25 | 9 11
LPEC-C,-E 1.621.695] 3.7 40 | 20 | 23
LPEC-C-E 0.89]10.9251 2.0 ] 25 | 19 | 21
LPEC-C,-E-F |1.12|1.165]|3.5| 4.1 | 48 | 53
LPEC-C-E-F [0.76]0.785] 2,5 | 3,0 | 15 | 18
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Figure 8 presents the calculated and experimental
currents #; in IW LPEC-C,-E for power and speed
purposes, which show that at the leading edge of the
pulses, there is an almost complete coincidence of the
calculated and experimental values, and at the trailing
edge the difference between them increases.
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Fig. 8. Calculated (1) and experimental (2) currents i;
LPEC-C,-E power (a) and speed (b) purpose

In LPEC for power purposes, the relative errors
between the calculated and experimental amplitudes of the
current IW 1, are 2.7-7 %, between the amplitudes of the
force f,,, — 6.9-8.6 %, between the amplitudes of the axial
component of the scattering magnetic field B,,, —9.1-22.1 %.

In the high-speed LPEC, the relative errors between the
calculated and experimental amplitudes of the current IW
1, are 3.2-44 %, between the maximum speeds of the
executive element v,,, — 6.7-19.5 %, between the amplitudes
of the axial component of the scattering magnetic field
B.,—10.4-22.2 %.

The obtained errors are acceptable for engineering
studies in laboratory conditions and generally show the
validity of the calculated results.

Based on the research conducted, a number of
experimental models of electromechanical devices were
developed and tested in laboratory conditions.

On the basis of LPEC-C-E2, a model of an
electromagnetic UAV catapult was developed, which is
characterized by reduced weight and size parameters and
provides an increased departure speed. On the experimental
model, it was established that when IW and CA are
connected in parallel, the amplitudes of the excitation
currents [;,, are 43 % higher, and the maximum speed is
60 % higher than when they are connected in series.

On the basis of LPEC-E-F, a model of a magnetic
pulse press for ceramic powder materials was developed.
The experimental model of the press provided a force
pulse on the ceramic powder with amplitude of 85 MPa at

each work cycle. It was determined that impulse pressing
of ceramic powders allows obtaining compacts, the
density of which is 12 % higher than the density of
samples obtained by static pressing.

On the basis of LPEC-E-F, a model of an
electromechanical device for removing ice and snow
deposits from a power line wire has been developed. The
device generates horizontally directed forces of variable
sign, which contributes to the effective removal of ice and
snow deposits from the wire.

On the basis of LPEC-E2, a model of the device was
developed for the destruction of information on a solid-
state digital SSD drive in case of unauthorized access or
on demand.

Conclusions.

1. On the basis of a mathematical model implemented
in the COMSOL Multiphysics software environment and
taking into account interconnected electromagnetic,
mechanical, and thermal processes, the features of
electromechanical processes in multi-armature LPEC
were established and their indicators were determined.

2. Practically all multi-armature LPEC for power
purposes have higher efficiency compared to a single-
armature converter. Thus, compared to LPEC with one
electroconductive armature, LPEC with coiled and solid
electroconductive armatures provides an increase in the
amplitude of electrodynamic forces by 1.46 times and the
magnitude of the impulse of electrodynamic forces by
2.09 times.

3. For high-speed LPEC, it is advisable to use
traditional LPEC with one armature.

4. Experimental studies of LPEC with simultaneous
measurement of electrical, mechanical and magnetic
parameters were carried out. It was established that in
laboratory LPEC for power and speed purposes, the
calculated and experimental indicators of the current
amplitudes of the inductor winding coincide with an
accuracy of up to 7 %, for the amplitude of the force — up
to 9 %, for the maximum speed of the executive element —
up to 20 %, for the maximum value of the axial
component of the magnetic field dispersion up to 22 %.

5. On the basis of multi-armature LPEC, models of an
electromagnetic UAV catapult, a magnetic pulse press for
ceramic powder materials, an electromechanical device
for dumping ice and snow deposits from a power line
wire, a device for destroying information on a solid-state
digital SSD drive have been developed and tested.
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BHyTpilHsa €eMHiCHA KOMIIEeHCALIiSl PeAKTHBHOI MOTYKHOCTI IIHEKOBOI'0 eJIeKTPOMEXaHIiYHOr0
nepeTBOPOBaya

Bcemyn. Ocobaugy kamezopilo ceped acunxpoHHUX MAWUH 3 MACUBHUM POTNOPOM 3AUMAC KNAC NONIPYHKYIOHATLHUX eNeKMPOMeXaHiy-
HUX nepemeopiosayie enepeii, sKi inmezposani 3 aankamu mexvoaociunux npoyecis. Ilpoonema. OOMmin peakmusHolo enepicio Midc
0dicepenom i eneKmpoOMexaniuHum nepemeopiosadem 6 nepioou pobomu 3 HU3LKUM HABAHMANCEHHAM NPUBOOUMb 00 CYMIMEBO20 3HU-
JICeH st 1020 ehekmusHOCmi i Koeiyichma nomysicHocmi. 3 UKOPUCMAHHAM HENHIIHUX HABAHMAICEHb | YPAXYBAHHIM MONCIUBO20
DE30HAHCY NOKPAWUmMu Koegiyichm nomyx3#cHoCcmi 6CmanosneHHam bamapeli Konoencamopie cmano ckaaouiuwe. Mema. ITiosuwenns
CeHEepP2eMUYHUX NOKA3HUKIB WHEK0B020 eIeKMPOMEXAHIYHO20 NePemeoplosaia WisAxXom 6HympiuHboi EMHICHOI KOMNeHcayii peakmusHoi
nomyocrocmi. Memooonozia. Ilopienanenuii ananiz cxem 3’ €OHaHHA | NPOCMOPOBO2O PO3MAULYBANHA 0OMOMOK CMAMOpPA Npu 3acmo-
cyeanmi eHympiuinboi emHicnoi komnencayii. Mooenioganns ma exchepumeHmanbhi 00CaIONCeHHS eNeKMPOMASHIMHUX | eleKmpomexd-
HIYHUX XAPAKMEPUCTNUK WHEKOBO20 eleKmpoMexaniuno2o nepemsopilosaya. Pezynomamu. Bcmanoeneno po3nodin enekmpomacHimuux
GeUYUH | OOIPYHMOBAHO SUOIP KYIMA NPOCMOPOB020 3MIWEHHSL OCHOBHOL | 000amK060i 0OMOMOK (haz cmamopa MoOuIiKo8anoo ne-
pemeopiosaya, AKi 3a0e3neuyiomy 30bulenHs eNeKmpPOMASHIMHO20 MOMeHnTy ma Koegiyicuma nomyscrnocmi. Hasedeno pesynvmamu
EKCNEPUMEHMANbHUX O0CTIONHCEHb WHEKOBO2O eNeKMPOMEXaHiyno2o nepemsopiosaya. Opuzinanvuicme. Bnepwe ons nonigpynxyiona-
JIHUX eIeKMPOMEXAHIYHUX NePemBOPIO6ayie MeXHON02IUHO20 NPUSHAYEHHS 3aNPONOHOBANHO MEMOO BHYMPIUIHbOI EMHICHOI KOMNeHcayii
peaxmugnoi nomyosicnocmi. Ilpakmuune 3navenna. Buxopucmanns 3anpononoeano2o memooy npocmoposozo 3milyenHs OCHOGHOI i
000amKo80i 06MOMOK cMamopa ma 6HYmpIiuHb0I EMHICHOT KOMReHcayii 3abe3neuums niogUUEeHHs eHePemMUYHUX NOKA3HUKIE WHEKO-
6020 enekmpomexaniuno2o nepemsoprosaya. bioin. 23, Tabmn. 3, puc. 15.

Knrouoei crosa: piBHaHHA MakcBeJu1a, HOTi()yHKIIOHAIbHUN eJIEKTPOMeXaHiYHUi NepeTBOPIOBaY, 00MOTKA CTATOPa, METO/

CKiHYEeHHHX eJIEeMEHTiB, EMHICTh KOH/IEHCATOPA.

Beryn. [IomiHyI09y 9acTHHY €IEKTPOIBHUIYHIB, IO 3a-
CTOCOBaHI y TIPOMHCIIOBOCTI, CKJIaJalOTh TpU(a3Hi aCHHX-
ponHi aBUryHH (AJ]) 3 KOPOTKO3aMKHEHUM poTopoM. OHAK
B HalOUTBII PO3MOBCIODKEHNX HA MPAKTUIll AJl IOTYXHICTIO
10 11 kBt koegimient xopuchoi il (KKJI) ta xoedirient
TIOTY>KHOCTI COS@ BeTIbMH HHU3BKI 1 cknanarots 0,7-0,9. O0miH
PEaKTHBHOIO €HEPri€l0 MiXK JDKEPENIOM 1 CIIOXKHBA4YeM IpH-
3BOJIUTH JIO MOSIBH Y CUCTEMI OKPIM aKTUBHOTO CTPyMYy 01~
TKOBOTO, HENpPOIyKTHBHOI'O PEAKTHBHOTO CTPYMYy, I€peBaH-
TaXXEHHIO YCiX €JIEMEHTIB EJEKTPHYHOI CHCTEMH, BKIIFOUYAIO-
YK JDKEpeNio, CIOXKMBaya Ta JIHIIO eJekTporiepenadi. Kpim
TOTO, B TIEpio POOOTH 3 HU3BKHM HABAHTAXKEHHSM HEO00-
XiTHO BPaxOBYBaTH (haKTOp CYTTEBOTO 3HIDKEHHS e(EeKTHB-
HOCTI 1 Koedili€HTa MOTY>KHOCTI ABUTYHIB. TakuM YHWHOM,
MPUBOAM 3MIHHOI YacToTu st Al notpeOyroTh MexaHi3MiB
LIOHaHMeHIIIe BHYTPIIIHBOI Oydepu3aliii eHeprii s peak-
THBHOI MOTYXXHOCTI Ha MEPEeXeBiil 4acToTi M KOpeKwil
KoedillieHTa OTY)KHOCTI Ta OpraHizaiii epeKTUBHOIO Kepy-
Banus [1, 2]. Tpaguiiiiauii maxin 10 Kopekuii KoedirieHra
MOTY)KHOCTI B IPOMHKCIIOBOMY 3aCTOCYBaHHI Mepeadadae
BCTaHOBJICHHS OaTapell KOHIEHCATOpiB 3 MIKPOKOHTpOJIEpa-
MH I TIepEMHKaHHs CHHXPOHHUX KOHeHcatopiB [3]. Bu-
KOPHCTaHHSI KOMITEHCallil MapaJielbHOro KOHJeHcaTopa Iij
Yyac yBIMKHEHHS Ta po30iry € e(eKTHBHHM Y 3MEHIICHHI
TIEPEXiTHOTO CTPYMY y BENTMKHAX aCHHXPOHHUX IBUTYHaX [4].
AJte 3 IIUPOKIM BUKOPUCTAHHAM HEIHIMHIX HaBaHTaXKCHb,
TaKMX SIK TPHUBOAM 31 3MIHHOIO IIBHAKICTIO, MOKPAIIUTH
KOeII[iEHT NOTYKHOCTI craio ckiaHime. [Ipodiema peso-
HaHCY BUHHKAa€E 4yepe3 iHIyKTHBHICTh CUCTEMHU YKUBJICHHS Ta
KOMIIEHCAllii{HI KOHJEHCATOpH, LI0 30UIbLIye TapMOHIYHI
croTBOpeHHs. B [5] 3ampomnoHoBaHO HOBY METOJIUKY JEMII-
(yBaHHS rapMOHIHHHX PE30HAHCIB y CHCTEMI EJIEeKTPOIIOCTa-
yauHs. OCHOBHa OCOOJIMBICTH L€l METOJWKH IIOJIATaE B
TOMy, IO CXEMa aKTHBHOI CTaTWYHOI KOMIIEHCAmil MOe
OJJTHOYACHO TIPAIFOBATH SIK IHKEKTOP TapMOHIK, KOPEKTOpP
Koe(ilieHTa TMOTY)KHOCTI Ta eJiMIHAaTOp pe3oHaHCy. Aue
3aIPOTNIOHOBAHA MOJIETIb PO3POOIIEHA TUTBKH [T OTHO(A3HOT

CHCTEMH 1 TIOBUHHA OyTH po3IIMpeHa I Tpr(a3HOi CHCTe-
MH 3 PI3HIAMH JiHIHHAMY Ta HENIHIHHAMA HAaBaHTKCHHIM.

[omupeHnM € BHKOPHCTaHHS aBTOMATHYHOI 3MIiHH
3’¢lHaHHST OOMOTKM cTaropa B JBHI'YHAax 31 3MiHHHM
HaBaHTaXCHHsM. B [6] 3amponoHoBaHa KOHIEMIlis Oara-
TONOTOKOBOTO ~ JIBUTYHAa 3  DPI3HUMH  MOMJIMBUMH
3’€THAHHAMU OOMOTOK, SIKi JO3BOJISIOTH DEryJIIOBaTH
MOTIK HaMarHiuyBaHHs Ha IIeCTH pi3HUX piBHsX. [Ipn
IbOMY €(pEeKTUBHICTH 1 KOE(II[IEHT MOTYXHOCTI JIBUTYHIB
MOXYTb OyTH 3HAYHO ITOKpAIeHi NPU HU3bKOMY HaBaH-
TaXCeHHI. Y TMOPIBHSHHI 3 MOTEHI[IAIOM €KOHOMIi 3a BiJ-
MOBIMHUX HaBaHTAXEHb, JOAATKOBA BAPTICTb TaKOTO
JIBUTYHAa HE € BHCOKOIO, ajJi¢ BapTICTh OONAJHAHHS IS
aBTOMATHYHOI 3MiHHM MiAKIIOYCHHS (KOHTPOJIBHWH TpPH-
CTpiil i KOHTAKTOPH) MOXKE OYTH 3HAYHOIO.

B [7] po3risiHyTi OaraTokackaaHi aCHHXPOHHI JIBU-
T'YHH, SIKI MEXaHIYHO 3’€HaHi y GopMi Kackaay 3 oJIHa-
KOBOIO MOTYXHICTIO. KpiM TOTO, /17151 TOPIBHSIHHS pe3yJib-
TaTiB PO3IIISIAETHCS ONUH acCHHXPOHHWH aBUTYH (SIM),
MOTYXHICTh SKOTO € CYMOIO MOTYXXHOCTEH YCIX MYyJBTH-
KacKaJHUX acHMHXpoHHMX aBuryHiB (MCIM). [locmimxke-
HO BIUIMB Halpyru OallaHCy Ta He30aJaHCOBAHOI YaCTOTH
Ha HaBHIIMH 1 CTAOUTBHUI KPYyTHUH MOMEHT, KoeillieHT
MOTY>KHOCTI, aKTUBHY Ta PEaKTUBHY BXiIHY MOTY>KHICTB,
BTpaTH. Pe3ynbTaTu JeMOHCTPYIOTh HAWBUIIMHA KPYTHUH
MomeHT MCIM mnopiBasiHO 3 SIM. Kpim Toro, BTpaTH
Migi 3MeHmryloTecs, konmu MCIM  BHKOPHCTOBYETHCA
3amicth SIM. B pesynbrari mporenypa nepeTBOpeHHs
eHeprii 3Ha4YHO BJJOCKOHAJICHA.

IocranoBka 3agaui. OcoOMMBY KaTeropito acuHX-
POHHHX MAaIlIMH CKJIIAIOTh EIEKTPOJIBUTYHH 3 MACUBHUM
(CyninbHUM) POTOPOM 3 PepOMATHITHOI CTaMi, SKi 3aBIs-
K{ JKOPCTKIH KOHCTPYKIII Ta HUTICHOCTI MOXYTh IpaIlfo-
BaTH 3 HAWBUIIMMH HEOOXITHUMH IIBHIKOCTSIMH 00ep-
taHH:. Llle omHiEF0 KOPHCHOIO BIACTHBICTIO INX MAIIHH €
iX 3MaTHICTH TMpPAILIOBATH B arpeCHBHHUX CEPEAOBHINAX 1
CepelIOBUIIAX 3 BUCOKOIO BoyoTicTiO. Hemomikom Takoi
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KOHCTPYKII{ € BiTHOCHO HU3bKHUH KOEMIIIEHT MOTYKHOCTI
TOPIBHSAHO 3 MAaIllMHAMHU 3 KOPOTKO3aMKHEHOIO KIIITKOIO
abo nocriiinumu mMartitamu [8]. Pasom 3 TuM, Ha cboro-
JHi (OpPMY€EThCS TEPCIEKTHUBHUI Kiac mouiyHKIIOHa-
JIBHUX €JEKTPOMEXaHIYHUX MepPETBOPIOBAaYIB €Heprii, B
SKMX TependaueHa KOHCTPYKTHBHA 1 (DyHKIIOHaJIbHA
iHTerpamis 3 JIAaHKaMH TEXHOJOTiyHMX mpoueciB. Ilpu
LIOMY BCl BUIM JWCHUIIATHBHOI CKJIQJIOBOI €HEprii eJeKT-
pOMEXaHIYHUX MEePETBOPIOBAYIB BHKOPHCTOBYIOTHCS B
TEXHOJIOTIYHOMY TIpoIeci, 30KpeMa, Uil mepepoOKu Cu-
POBHHHUX MaTepianiB. 3OBHIIIHIH MAacHUBHHHA pOTOP,
HAIPUKJIaJl, IIHEKOBOTO eNEeKTPOMEXaHIYHOTO IIePeTBO-
proBaua (LLIEMII), cyminiernii 3 BHKOHABYAM OPTaHOM —
IIHEKOM, Oe31ocepeTHhO KOHTAKTY€E 3 HABAaHTaXKyBaJbHO-
OXOJIOJUKYIOUMM CepelloBHIIeM 1 3xaTeH (opmyBaTu
MyJbTH]I3HYHI Ipoueck 0OpoOKH CMPOBHHHUX MaTepia-
niB [9]. [nsa migBumeHHs Koe(illieHTa MOTY>KHOCTI
IIEMIT notpibeH 3acid KoMneHcanii peakTUBHOI MOTYX-
HocTi. Y IiH CTaTTi MPONOHYETHCS METOJ, SIKUH ycyBae
OLIBIIICTH HEMOIKIB, 3a3HAYEHUX BHUIIIE.

MeTo10 po6OTH € Ii/IBUILICHHS EHEPIeTUYHHX TT0Ka-
3HUKIB ITHEKOBOTO €JIEKTPOMEXaHIYHOTO MepeTBOpIOBaYa
[UITXOM BHYTPIITHBOI €MHICHOI KOMIIEHCAMii peaKTHBHOT
MTOTY>KHOCTI.

AHami3 ocTtaHHiX AocaimkeHs i myOuikamiii. Y
MPAKTHII JOCITIIKCHD MapaMeTPIiB 1 XapaKTEPUCTUK €JIeKT-
POMEXaHIYHUX TEPEeTBOPIOBAYIB IIMPOKO BHKOPHCTOBY-
IOTBCSL METOJM YHCEIHHO-TIOJIBOBUX PO3PAaXyHKIB, eKBiBa-
JICHTHHX CXEM, IO 3HAYHO ITiJIBUIIYE TOYHICTH PE3YJIbTa-
TIB aHai3y peKoH]irypariiii 0OMOTOK i MAarHiTHUX CUCTEM.

Y poborti [10] 3anmporoHOBaHa METO/MKA PO3PaXyHKY
aKTUBHHX 1 PEaKkTHBHMX NapameTpiB 0OMOTOK, MEXaHIYHOI
XapaKTEePUCTUKH ACHHXPOHHOTO JIBUTYHA 3 KOPOTKO3aMKHE-
HHMM POTOPOM Ha OCHOBI YHCEJIFHO-TIONBOBOTO MiIXOMY, SIKa
HE TOTpe0ye YMOBHHX TONPABHUX KOEMIIIEHTIB 1 TOBiTHI-
KoBHX Tpadivanx (yHKIiH. BussieHo 30iMbIIEHHS MarHiT-
HUX TIPOBITHOCTEH 3aBISKH OUTBIN TIPHUPOAHIA CTPYKTYpi
CHJIOBHX JIIHIM MArHiTHOTO TOJIsl y BEPXHIX YaCTUHAX T1a3iB,
y TOHM 4ac KOJM KJIaCHYHA METOJMKA arpiopi 0a3yeTbesi Ha
3aHa/ITO CIIPOIIEHIH CTPYKTYpPi CUIIOBHX JIIHIH.

PoGota [11] cnpsiMoBaHa Ha OIS Ta aHATI3 PI3HUX
METO/IB, SIKI 3aCTOCOBYIOTBCS JUISl BU3HAUSHHS MapameTpiB
€KBIBAJICHTHOI CXEMH 1 MEPEXiTHUX XapaKTepPHUCTHK TpHpaz-
HOTO aCHHXPOHHOTO JBHUTYHA 3a pi3HHX yMOB. Y [12] 3a-
MIPOTIOHOBaHA TOYHA MPOIIEIYpa PO3PAaXyHKY BTpaT y 3ali3-
HOMY OCEp/Ii, sIKa BUKOPHUCTOBYETHCS B MOJIEN €KBiBaJICHT-
HOI CXeMHU aCHMHXPOHHOI MAlllMHU U1l IOKPALEHHS po3pa-
XYHKIB TIPOXYKTHBHOCTI MamwHU. Baxmmeum QaktopoM y
IpoLIelypl PO3paxyHKy € ypaxyBaHHS IIOBEPXHEBOIO e(eK-
Ty Ta MarHiTHOTO HACHYEHHS, a TAKOXK BIUIUBY 3MiHH TeM-
TiepaTypH 3aJli3HOTO OCEpAs Ha BTPATH B HHOMY.

ABtopamu po6otu [13] mociikeHO BILIMB KyTOBO-
r0 3CYBY B CX€Mi pO3TalllyBaHHSI OOMOTOK JIs TIOABIHHOT
TpudazHoi OOMOTKH CTaTOpa aCHHXPOHHOTO IBHUTYHA 3
KOPOTKO3aMKHEHHM pPOTOPOM 3 HarojocoM Ha 3B’SI3KH
(ha3HOTO TOTOKY, IIBUIKICHUX XapaKTEPHCTHK Ta Xapak-
TEPUCTUK KPyTHOTO MOMEHTY.

3a ocTaHHI POKH BENMKA KUTBKICTh AOCHIIKEHb CKO-
HIICHTPOBaHa HA METOAAaX IiJABUIICHHS ITOKAa3HHUKIB €Hep-
roe()eKTUBHOCTI ACHMHXPOHHHUX IBUTYHIB 3 3OBHIIIHIM
POTOPOM 13 PO3IIEIICHOI (ha3HOK O0OMOTKOIO, IO Ipa-
LIOIOTh 3 BUCOKMM KOB3aHHAM. B po0ori [14] npomony-
€ThCS aHAJITHYHA MOJEJIb Ha OCHOBI MarHiTHOI eKBiBaje-

HTHOI CXeMH JUIS OLIHKH MPOIYKTHBHOCTI aCHHXPOHHUX
IBUTYHIB 3 KOPOTKO3aMKHEHHM 30BHIIIHIM POTOPOM, SKi
IIUPOKO BUKOPHUCTOBYIOTHCS Y CTEIBOBUX BEHTHIATOPAX,
Hacocax 1 mpuBomax Koutic. Kpim Toro, 3a m0moMOroro
3aIpOIIOHOBAHOT MOJIENi PO3PAXOBYIOThCS BTPATH Milli B
oOMOTKax 1 BTpaTH 3aji3a B ocepai. Pe3ynbpraTn mpeacra-
BJIEHOI MOJIEJI MOPIBHIOIOTHCS 3 PE3yJIbTaTaMU 3MIHHOTO
B Yaci aHaJli3y KiHIIEBUX CJICMEHTIB, & eKCIIEPUMEHTAJIbHI
BUMIpIOBaHHS TICHO 30iraroThCsl MK pe3yJIbTaTaMH ITifl-
TBEPKYIOTh YCIIiX 3aIIpOIIOHOBAHOI MOJIEN 3 TOUKH 30pY
TouHOCTi. [IUTaHHS HETOYHOCTI B METOJi €KBiBaJICHTHOI
CXEeMH JUIsl 3aCTOCYBAaHHS B IBUTYHAX 3 MaJIOIO MOTY)KHIC-
TIO TSI TEOMETPii 30BHIMTHBOTO POTOpa OOTOBOPIOIOTHCS
B [15] 3 excriepuMeHTaIBHOIO TIEPEBIPKOI0 3 BUKOPHCTAH-
HSAM PI3HUX IIAXO/IB 10 €KBIBAJICHTHOT CXCMH.

B poGoti [16] mpencraBieHo HOBUil IIecTU(hA3HUIA
ACHMHXPOHHMH ABHTYH 13 30BHILIHIM POTOPOM, OCHAIlle-
HHUH TICEBJIOKOHIIEHTPOBAaHUMH 0OMOTKaMu. JlociimkeHo
KiJIbKa aCHeKTiB 3alpOIIOHOBAHOI KOHCTPYKLIl IBHUTYHA,
TaKHX SK AJTOPUTM MPOEKTYBAHHS Ta aHAJTITHYHE MOJIe-
JIOBaHHS Ha OCHOBI Monu(ikoBaHOI (pyHKIII HAMOTYBaH-
Hi 3 ypaxyBaHHAM e(eKTy mepekocy. Takok BH3HAUCHA
BIJMIOBIHA 3a[a4ya ONTHMI3alil 11 MakcHMizamii koedi-
I[IEHTA MOTYXHOCTI Ta e()EKTUBHOCTI 1 MiHIMI3alii MyJb-
calliii BUX1IHOTO KPYTHOI'O MOMEHTY.

TpudasHi aCHHXPOHHI JBUTYHH MaJioi Ta CepeaHbOl
HOTY>KHOCTI € HAWOLIBII JOMIHYIOUUMHU B IIPOMUCIIOBOMY
CeKTopi, 3a0e3neuylodyd LIMPOKUI BHOIp MOCTIMHUX 1
3MIHHUX MIBHAKOCTEH Ta HABAHTAXEHHS, /& BUMOTH JI0
JMHAMIYHOI peakilii He € KPUTHYHUMH, HAIPUKIIA]], HACcO-
CH, BEHTWIATOPH Ta Kommpecopu. OaHaK BOHHU Bce Il
00TspKeHI HU3bKAM KOe(]illi€eHTOM IOTY>KHOCTI TIPH 9acT-
KOBHX HABAaHTQKCHHSX, KU MOXXHA TOM SIKIIUTH JIHIIIC
JTOJTABIIA KOHACHCATOPH KOPEKIIii KoedimieHTa MOTYKHO-
cti. Y [17] Ha BigMiHY BiZ IpUBOMIB i3 3MiHHOIO IIBUAKI-
CTIO, SIKI MalOTh KepyBaHHSI KPYTHAM MOMEHTOM a0o
IIBUIKICTIO 1 BUKOPUCTOBYIOTH CTpaTerii IMHPOTHO-
IMITyJIbCHOT MOAyJsitii [5-7], 3amponoHOBaHO MOAOJIATH
TUIIOBI HENOTIKM 3BHYAMHUX ACHHXPOHHHX JIBHTYHIB,
TOJIOBHUM YHHOM HU3bKY €(EeKTHUBHICTH 1 Koe]illieHT
MOTY>KHOCTI, IUIAXOM BHKOPHCTAHHS MEHII BapTiCHOTO
YaCTKOBOTO MEpEeTBOpIOBaya MOTY>KHOCTI. 3TilHO 3 Mij-
xozmoM [17], BUKOPHCTOBYEThCSl CHeLiallbHa 1HAYKIiHA
MalliHa, 010 BKJII0Ya€ OCHOBHY 0OMOTKY, HiIKITIOUEHY 110
Mepexi, 1 JOMOMDbKHY TpHu(dazHy OOMOTKY 3 MEHIIOIO
KUTBKICTIO BUTKIB, PO3TAallIOBaHy B THX CaMHX I1a3aX CTa-
TOpa, Mo i ocHOBHA. JlomoMikHa 0OMOTKA YKHBHUTHCS Bif
iHBEpTOpa HAIPYTH 3 IUIABAlOYUM KOHJICHCATOPOM IIHMHU
MOCTIHHOTO CTpyMy. PeamizyeTbes cTpaTerisi epeKTHBHO-
ro KepyBaHHS KOE(DiI[IEHTOM MOTYXHOCTI, TOM’SIKIIICHHS
IIKIUIMBUX BIUTUBIB, OB’ S3aHUX 13 CIIOTBOPEHOIO HAIPY-
rOI0 OCHOBHOI MEpexi Ta MEeXaHIYHHUMHU BIOpaIisiMUA Kpy-
THOTO MOMEHTY, @ TaKOX 3MEHIIEHHSI BEIMKOTO MYCKOBO-
r0 CTPyMy, BHKJIMKAHOTO ACHHXPOHHUM JBHTYHOM IIi[
yac rnepiofy 3amycky. CIodyaTky 3arnporoHOBaHa METO-
JMKa TPEICTaBlICHA TEOPETHYHO, MOTIM OLIHKa 3[ilc-
HEHHOCTI BUKOHYETBCS IIUIIXOM MOJICTIOBAHHS.

JU71st BUCOKOIIBUIKICHUX aCHHXPOHHHUX MAIlUH 3 Cy-
LIUIBHUM POTOPOM, SIKi MalOTh BUCOKI BTPAaTH Ha BHUXPOBI
CTPYMH, BilOME BHKOPHCTAHHS ABOLIAPOBOI acCHMETpHY-
HOi OOMOTKHM 3 KOPOTKMM KPOKOM 1 30ipHMMH KOTYIIKa-
Mu. OfHaK acuMeTpuyHa OOMOTKa TaKOX BHOCHTH Jie-
KUK ucOananc cTpyMmy depe3 TpudasHy acUMETPUUHY
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IHAYKTUBHICTS cTaropa. [lorounmii aucOamaHc Moxe
MaTH MIKIJJIKMBI HACHIAKY SK JJIs MAIIWHK, TaK 1 I IKe-
peJa )KUBICHHs, HAPUKIIA[, MyJIbcalil KpyTHOTO MOMEH-
Ty, He30aJaHCOBaHE MAarHiTHE TSDKIHHS Ta TEIUIOBE HaBa-
HT@)KEHHS MEPEXKi JKUBJICHHS Ta CHIIOBOI CIIEKTPOHIKH.
o6 mom’skmuTH MOTOYHMK nucbaranc, B [18] mpormo-
HYETBCSl YAOCKOHAJICHHS] METO/Y, SIKE IOJISITa€ B HEBEIH-
KOMYy 30UIBIIEHHI BHUCOTHM Ia3a CTaTopa i pO3MillleHHI
CTOpIH KOTYIIKHM Bropi abo BHH3y B M€XKax BHCOTH Ia3a
Jutst pisHuX a3. Ha ocHOBI 1BOBUMIpHOTO METOJy KiHIe-
BHX EJIEMEHTIB BHCOTa IIa3a CTAaTOpa ONTHUMI30BaHa 3
TOYKM 30py IOM’SKIICHHS MOTOYHOro aucOanaHcy. Bu-
KOPHCTOBYIOUH PE3YJIbTAaT ONTHMI3alii Aaji MmepexolsiTh
JIO0 JI0JJATKOBOT'O PETYJIIOBAHHS ITOJIOKESHHS KOTYILKHU JUIsI
KOHKpeTHOi (a3u. Ha BimMiHy Bix 3BHYaliHUX METOJIB
MOM’SIKILIEHHST TUCOAJIaHCy CTPYMY CHJIOBOIO €JIEKTPOHi-
KOIO, 3allpOTIOHOBAHWH METOJ TMpHTHIUYe ucOanaHc
CTPYMY BHKJIIOYHO HIISIXOM KOPUTYBAaHHS KOHCTPYKIIT
MAaIllMHA, [0 JIO3BOJIIE YHUKHYTH JOAATKOBHUX IHBECTH-
il 1St IPUCTPOIB CHIIOBOT EJIEKTPOHIKH.

OTxe, PO3TIISHYTI BUIE METOIM 3MCHIICHHS BTpPAT
Ha BHUXPOBI CTPYMH UIi MAaIllWH 3 CYIUIBHAM POTOPOM
OB’s13aHi 3 BUHUKHEHHSIM MOTOYHOr0 JHcOallaHCy Ta J0-
JTaTKOBUMH YCKJIQ[HEHHSMHU MPUCTPOIB CHIIOBOI €JIEKTPO-
Hiku. Ane s IIIEMII, BpaxoByrouu koo ix ¢yHkIioHa-
JBbHUX 3aBlaHb [9, 19], mpobiieMa 3MEHILEHHsS BTpaT Ha
BUXPOBI CTPYMH B POTOpI HE € KPUTHYHOIO 32 BUKIIIOYECH-
HSIM e(pEeKTHBHOTO KepyBaHHS KOS(ILliEHTOM ITOTYXHOCTI.

IopiBHsILHMIA aHAMI3 cXeM 3’€IHAHHSA i MPOCTO-
POBOro po3TallyBaHHsI 00OMOTOK cTaropa 0a30BOro i
Moaudikopanoro Bapiantis INEMII. IIEMII npen-
CTaBIICHO Ha puc. 1, 1e 300paXkeHa Horo eleKTpoMarHiTHa
cHCTeMa Ta pOo3paxyHKOBa CXeMa JIjIsl MOJICTFOBaHHS.

VY sxocTi cTatopiB 6a30BOro BapiaHTy BHKOPHCTaHA
pyxoma uactuHa kpaHoBoro jasuryHa MTF-011-6 3 Homi-
HAIIFHOIO TOTYXHICTIO P, = 1,4 kBT , cxemoto 3’€THaHHS

33

(a3 — 3ipKa, YMCIIO MOJIFOCIB 2p = 6, BUI OOMOTKH — OJTHO-
1apOBa KOHI[CHTPHYHA.

/

0.5 1 m
Puc. 1. HIEMII: enexkrpomartitHa cucrema (a);
po3paxyHKoBa cxema (6)

Jns migBUIIeHHS 00EpPTaNbHOTO eIeKTPOMArHITHOTO
MOMEHTY MOJH()IKOBAHOTO MPHUCTPOIO MPOMOHYETHCS BH-
KOPHCTATH BHYTPILIHIO EMHICHY KOMIICHCALIII0 PEaKTHBHOT
notyxHocri [20]. ¥V craropi 6a3oBoro IIIEMII 3acrocoBa-
HO OJIHOLIAPOBY KOHLEHTPUYHY OOMOTKY i3 IOBHHM KpO-
KoM (puc. 2,a), 0 Ma€ OJHY HapaieibHy BITKY (a = 1).
[Tpu 1pOMy KUTBKICTh KOTYLIOK Y KOTYIIKOBIM IpyIi cra-
HOBUTH 2. Y MomudikoBaHomy LIIEMII 3acrocoByerbes
00MOTKa 13 JIBOMa TNapalieIbHUMU BITKaMH d = 2, Y TAKOMY
BUIAJKy KUIBKICTh KOTYIIOK Y KOTYIIKOBIH IpyIi 3MeH-
IIYETHCS 10 OIHOI, a KUTBKICTh KOTYIIKOBHX TPyH 30iTb-
IIyeThes BABiYi (puc. 2,6).
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Puc. 2. Po3ropHyTi enekTpudHi cxeMu 00MOTOK cTaTopa 06a30Boro («) Ta MoaugikoBanoro (6) IHEMIT
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OpHa 3 apanenbHUX BITOK YTBOPIOE TaK 3BaHy OCHOB-
Hy abo pobouy OOMOTKY, sIKa HPHETHYETHCS N0 MEPExi
JKUBJICHHSL. [HINIA mapanesbHa BiTKa, 3MillleHa y ma3ax ocep-
Jst Ha 30° BITHOCHO OCHOBHOT OOMOTKH, YTBOPIOE JI0IATKOBY
OOMOTKY, 110 BMHKAEThCSI 32 CXEMOIO HOBOPOTHOIO aBTO-
TpaHchopMaTopa Ha eIEKTPHIHY EMHICTB (puc. 3,a).

3acTocyBaHHsI BHYTPILIHBOI €MHICHOI KOMITIEHCALli{ MO-
mudikosanoro IITEMII 3a mmpokoro Jiana3oHy 3MiHH KyTa
MPOCTOPOBOTO 3MillIEHHS! OCHOBHOI 1 IONATKOBOT OOMOTOK Ta
KOMITICHCYBAJIbHAX €MHOCTEH JI03BOJISIE 3MIHIOBATH 3HAYCHHS
i a3y cTpymiB, MarHITOPYIIIHHAX CHJI Ta IHIINX EIEKTPUY-
HUX BeJMYMH. SIK HACHIOOK 3’ABIII€THCS MOJKIIMBICTD IS
MABHMIIEHHS €HEPreTHYHOI e(PEKTHBHOCTI Ta 0OCPTAIBLHOIO
MomeHTy MoaudikosarHoro IIIEMIIT. Ha BigmMiny Big 6a30Bo-
ro IIEMII, ne ctpym €quHOT OOMOTKH CTaTOpa Ma€ aKTUBHO-
IHIyKTHBHHUI XapakTep K y ITyCKOBOMY, TaK 1 B pobo4oMy
pexuMax poOoTH, OOMOTKa cratopa MOIH(IKOBaHOTO

HIEMII mae ngi po6oui BiTku. CTpyM OCHOBHOI OOMOTKH /|
30epirae akTHBHO-IHIYKTHUBHHMI XapakTep, a CTpyM JIO/IaTKO-
BOi OOMOTKH [, 13 TIOCIIIOBHO YBIMKHEHUM KOHJICHCATOPOM
Ha0yBa€e €EMHICHO-aKTUBHOT'O Xapaktepy (puc. 3,0).

X2

2 Ll Uy
E=EL, "
Puc. 3. [IpuHiunoBa enekTpuyHa cxema (a3 (a) Ta BeKTopHa
niarpama mif 4ac mycky (6) Ta 3a HOMiHAJIbHOTO HAaBaHTAXKCHHS
(6) moguodikosanoro IINEMII

CtpyM [, 3aJICKUTH HE JIMILIE BiJ HAIIPYTH KUBJICHHS
Ta IapaMeTpiB MaIlWHHU, a ¥ BiJ €MHOCTI KOHIEHCATOpa
Cy. Ctpym 1 Ae_j H, SIK 3BEJICHUH 10 0Ci OCHOBHOI (pa3HOi
0OMOTKH cTaTopa, Oepe y4acTh y CTBOPEHI CTpyMy Hama-
rHigyBaHHA OpUCTPOto [y = I} + 1 Ae_j 94 I, Ta cTBOpIOE

nonarkoBy EPC E ,, =—jx, [ ¢~/ 9 EPC E Am » ITHIYKO-

BaHa IIPOCTOPOBO 3MILIEHUM CTPYMOM JIOZATKOBOI 0OMO-
Tku [ 4, 30inbiye ocHoBHI EPC cratopa i poropa. 36i-
npiienHst EPC poTopa 3a #0ro He3MiHHUX aKTHBHOTO Ta
IHIYKTHBHOTO OMNOPIB 3yYMOBIIOE 301JbIICHHS ITyCKOBOTO
CTpyMy pOTOpa, a, OTXKE, 1 yCKOBOrO MOMEHTY MOJU]i-
koBaHoro IIIEMII. Ilix miero miIBUIIEHOTO ITyCKOBOTO
MOMEHTY NPHCKOPIOETBCSA MPOLEC PO3TOHY HPHCTPOIO i

BiH BUXOJUTh HA JKOPCTKIILIY MEXaHIYHY XapaKTePUCTHKY
y pobouomMy pexumi mopiBasHO i3 6azoBum IIEMII.
BexkropHna niarpama moaucdikosanoro LIIEMII 3a HomiHa-
JILHOTO HABaHTA)XEHHsI HAaBeJIeHA Ha pHC. 3,6.

Kyt npocTopoBoro 3miiieHHsi OCHOBHOI 1 J10J1aTKO-
Boi 00MOTOK (ha3 craropa moaudikoBanoro IHIEMIT y 30°
o0paHo 3 orIsiAy Ha Te, IO caMe 3a TaKoro KyTa 3abesre-
yyerbest 30utbmenHst Ha 20-30 % mycKoBOro MOMEHTY 3a
HE3MIHHOTO Y TIOPiBHSIHHI i3 0a30BUM MPHCTPOEM ITyCKO-
BUM CTPyMOM. BpaxoBaHa Tako)X TEXHOJIOTIYHA MTPOCTOTA
BUKOHAaHHA OOMOTOK craTopa moamixoBanoro HITEMIT
IIJSIXOM IOy Ha JIBi piBHI YacTWHM (a3Hoi 30HM 60°
00MoTKH O6a3oBOTO MpHCTPOIO [20].

Buxigni yMoBH MOJe/II0BAHHS €JIEKTPOMATHITHUX i
ejekTpomexaniunnx xapakrepuctuk HIEMII. Mogenro-
BaHH: 3aikicHoBaock st IIIEMII 3 Takumu mapameTpaMu:
JIOBKHMHA ocepas craropa Ly = 90 MM; TOBKMHA BiIIOBITHOT
JIISTHKY CHUIBHOTO 30BHINIHBOTO potopa L, = 300 mMm; vac-
TOTa CTpYMY fo = S50 I'1y; KyTOBa MIBUAKICTH @ = 27fy, PaAI/C;
00’eMHa I'yCTHHA CTanm PoTopa o, = 7850 Kr/M’; ammiiTyIHe
3HaueHHs cTpymy [y =13 x/E A; t — mapamMerp 4acy.

3MmiHHI 0a30Boro mpucTporo: cTtpyM  dazu U
Iy = Iysin(ayt) A; ctpym dazu W Iy = Iysin(ayt+120°) A;
ctpyM dazu V I, = Iysin(ay—120°) A.

3MiHHI MOIU(IKOBAHOTO TPHUCTPOr: cTpyM (asu U
Iy = Iysin(axyt) A; ctpym dazu W Iy = Iysin(ayt+120°) A;
ctpyMm Qasu V Iy = [ysin(ayt—120°) A; crpym dasu K
Iy = Ipysin(ayt+30°) A; crpym o¢asu M I, =
= Ipsin(ay++150°) A; ctpym dasu L I, = Iy-sin(ay-90°) A.

Tomnomnoris o6MoTok cTartopa 6a3oBoro i Moaudiko-
Ba”oro Bapiantis IIEMII nokazaHa Ha puc. 4.

[ Jeoau
[ coit v
B i v

35367 2 3
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23 15
2 16
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Puc. 4. Tonosnorist o6MoTok craropa IIIEMIT:
6a3oBoro BapianTa (a); moaudikoBaHoOro Bapianta (6)

XapakTepuCcTHKH MOJU(DIKOBAHOTO TPHUCTPOID SK Y
ITyCKOBOMY, TaK i poO0YOMY pe:KUMaXx 3aJie’KaTh Bijl EMHO-
CTI KOHJIICHCATOpa, YBIMKHEHOTO ITOCITIJOBHO i3 JOIATKO-
BOIO 00MOTKO0. OCKIUJIBKH TIPU IIEOMY 3MiHIOIOTBCS CTPY-
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MH OCHOBHOI Ta I0ZaTKOBOI 0OMOTOK, (paza ctpymy moiar-
KOBOi OOMOTKH, a TaKOX BTPATH B JABUTYHI, JOIJIHHO 00U~
paté Taky €MHICTh KOHAEHcaTopa Yy KOJi JI0JaTKOBOi 00-
MOTKH, siKa 3a0e3Medye OTHAKOBI CTPyMH Y OCHOBHINA Ta
JI0ZIaTKOBIM 00MoOTKax (a3 cratopa mpuctporo. Jis 3abe3-
TIEYCHHS. TAaKOr'0 PEeXMMY poOOTH MOIM(IKOBAaHOTO IpH-
CTPOIO EMHICTb KOH/IeHCaTopa cTaHoBUTH 25 MK®D Ha | kBt
HOMIHQJILHOT TIOTY>KHOCTI.

MoemoBaHHsI BUKOHAHO B IIPOIPAMHOMY CEPEIOBHILI
Comsol Multiphysics [21] BiamoBigHO 10 pO3paxyHKOBOI
cxemH (puc. 1,0). 3Bakaroun Ha iAEHTHYHICTD €JIEKTpOMar-
HITHHUX, €JICKTPOMEXaHITHIX, TEIUIOBHUX 1 BIOPAIIMHIX TpPO-
LeciB, AKi BiIOYBaIOTBECS HA MOIYJIX «CTaTOP-BiIIIOBiTHA
JIITHKA CHUTBHOTO POTOPa» EJIEKTPOMArHiTHOI CHCTEMH
IIEMII, moaenroBaHHs 3AIHCHEHO /I OJHOTO 3 HUX. IIpu
HasIBHOCTI BIIMIHHOCTEH IapaMeTpiB a00 TIeOMETPUYHHX
PO3MIpIB, MOJICITFOBAHHS TIPOBOMTHCS OKPEMO ISl KOYKHOTO
cratopa. YucenbHUI aHai3 eIEKTPOMArHITHOTO MOJIs HPOo-
BOOUTHCA 3 BUKOPUCTAHHAM MaTeMaTUYHOT MOﬂeﬂi JBOI'BH-
HTOBOT'O €JIEKTPOMEXaHIYHOT 0 Tiposizaropa [22]:

VxH =J, (1)
ne H — BeKTop Hamnpy»XeHOCTI MarHiTHoro moisi, A/wm;
J — BeKTOp TyCTHHH CTpyMy, A/M’;

B=VxA, 2)
ne B — BekTop iHmykmii MarHiTHOTO TI0JTsL, To1; A — BEKTO-
PHHMIA MarHiTHUN OTeHIIa1, BO/M;

E=-04/at, )
ne E — BexTop Hampy>KEHOCTi eJIeKTPUIHOTO 1o, B/M;
J=oFE, 4)

JIe 0 — MUTOMA eIEeKTPOIPOBIAHICTE, CM/M.
DopMyITIOBaHHS CKAJISIPHOTO MOTEHINATy BHKOHAHO
3TiIHO PiBHSHHS:
V-B=0. (5)
Ha 30BHIMHAIA MeXi 3 MarHITHAM CKAJIIPHUM ITOTCH-
iajxoM, HOpMasbHa CKJIaJ0Ba iHAYKIii MarHiTHOTO MO
MIPUPIBHIOETHCS A0 HYJIA:
n-B=0. (6)
HamarnigeHicte (hepoMarHiTHOro poropa 3agaHa SiK
B-H xpuBa i BU3Ha4Ya€ThCs 3 PIBHSHHS:

B= f(IH|)%~ ™

Sk mKepesio cTpyMy B MOJETl BHKOPHCTOBYIOTBHCS
OaratoBUTKOBI 00MOTKM craropa (puc. 2, 3) OOMoTKHM
3a0e3MeuyroTh I'yCTHHY CTPYMY B HallpsiIMKy IPOBIJHHKIB
J, 3T1IHO 3 PIBHSHHSM:

N-1.

Je :Twll'ecoil’ (®)
ne N — KUTbKICTh BUTKIB B 0OMOTIII; 4 — 3arajibHUMN Tiepepis,
oA mimxooaacti 0OMOTKH, M2; Ly — cTpyM, A; €.y — BEK-
TOpHA 3MiHHa, JJIs Bi3yasli3allii HalpsIMKy BUTKIB B OOMOTIII.

MopentoBaHHs TEIUIOBUX MapamMeTpiB BUKOHAHO IILISI-
XOM 00’enHaHHS (Pi3UK MarHiTHUX TOJIB, TeIUIoNepeaayl B
TBEPIMX TLIAX Ta EJIEKTPOMArHITHOTO HAarpiBy B 4aCTOTHO-
mepeximHid 001acTi AOCHiPKeHH. MaTeMaTiyHa MOJEITb
TEIUIOOOMIHY HaBelleHa y HaWOUIbII 3araJbHOMY BHIJISIL,
movyaTtkoBa Temrieparypa 293 K. TemiooOMiH 3rimHo 3aKoHY
Oyp’e B mudepeHIiansHid GopMi, MO MICTUTH KEPENO
TeTDIa OIMCYEThCS HACTYITHUM PiBHSIHHSM [23]:

or
dzpCpE+dz,0Cp”'VT+V'q:sz+q0 +d Opeq > 9)

Iie d, — TOBIKHA Ti1007IacTi B HEIUIOCKOMY HAIPSIMKY, M;
p — TYCTHHA, KI/M; C, — NMTOMA TEIUIOEMHICTb MPH MO-
criinomy Ttucky, Jx/(xr-K); T — temneparypa, K;
t — 4ac, ¢; u — BEKTOp IIBHIKOCTI, M/C; ¢ — TCIUIOBHIA
notix, Br/m%; O — mxepeno Tera, Br/™’; ¢o — 30BHIIIHIT
Temosnit moTiK, Br/M%; Oy — TepMoIpyxHe aeMmidy-
BaHHs, B/M’;
q=—dkVT,

ne k — remtornpoBigHicTs, Br/(M - K).

Ha 30BHIIIHIX MeXaxX MOJIEi 3aCTOCOBAHO TEILI0i30-
nsniro [23]:

(10)

-n-q=0, an
Jie 1 — IMOKAa3HHUK 3aJIOMJICHHS.
TemoBuii TOTIK 3 TOBEPXOHb BU3HAYAETHCS 5K [23]:
—n-q = d.qo, (12)
qOZh‘(Text_T) (13)
e h — xoedimieHT TeIruToBiNadi, BT/(M2 -K); T, — TEM-
mepaTypa 0TO4yIvoro cepenopuima, K.
BunpomiHioBaHHSI BiJ] MOBEPXHI MOJENi 10 HABKO-
JIMITHBOTO CEPEIOBUINA BU3HAYAETHCS 3 piBHSIHHS [23]:
—nq= dzga'(#amb - 74)3 (14)
JIe & — BHUIPOMIHIOBaJIbHA 3aTHICTh IOBEPXHi; O — MO-
criina Credana-bonbsiimana, BT/(M2' K4); Ty — TEMIIE-
paTypa HaBKOJHUIIHBOTO cepenoBuma, K.
EnexrpomarHiTHHI1 HarpiB BU3HAYa€eThest 3 PiBHSHG [23]:

oT

pCp5+pCpu-VT=V~(kVT)+Qe, (15)
e Q. — eNeKTPOMArHiTHe IKepeno Temna, Br/m’:
Qe = th + Qmis (16)

ne Q,, — pe3UCTUBHI BTPATH, Br/m’; Q,,; — MarHITHI BTpa-
™, BT/™M:
0, =0,5Re(J.E); (17)
0, =0,5Re(joB-H'); (18)
ne E° — BEKTOp HANpPYXKEHOCTi eIEKTPHUYHOrO TOJsS 3a
3aJaHol YaCTOTH B IIEBHUI MOMEHT 4acy, B/M; H' — Bex-
TOp HANpy>KEHOCTI MAarHiTHOTO TIOJIA 33 3aJaHOi YacTOTH
B IIEBHUI MOMEHT 4acy, A/M.

PesynbTaTi MoJenioBaHHA Ta AMcKycifa. OcHOBHa
YaCTUHa XapaKTECPUCTUK 3a pE3yJibTaTaMH MOJCIIIOBAHHSA
6azoBoro Ta momudikoBanoro IIIEMII npexacraBnena B
IUIOIIMHI HOT0 TomnepedHoro nepepizy. Ha puc. 5 mpen-
CTaBJICHO PO3MOMII Zz-KOMIIOHEHTH TYCTHHH CTpYyMY.
CyTTeBa BigMIHHICTE B pPO3MOJiIaX T'YCTHHH CTPYMIB
BiIMIYa€eThCs [UIA MA30BUX 30H craropa. s momudiko-
BaHoro BapianTa IIIEMII kinbkicTe ma3iB 3 OJU3BKOIO 110
HYJILOBOTO 3HAUEHHS I'YCTHHOKO CTpyMy y[Bidi MeHIIa y
MOpiBHAHHI 3 0a30BMM BapianToM. B portopi moaudiko-
BaHoro BapianTa [IIEMII Ha rimuOyHI TPOHUKHEHHS €JeK-
TPOMArHITHOI XBHJIl CIIOCTEPIralOThes 6 MIISHOK (110
KIJIBKOCTI TOJIFOCIB) 3 3HAUEHHSIMH T'YCTHHHU CTPYMY, SIKi
Ha 15 % nepeBHLIYIOTh TYCTHHY CTPYMIB Ha BiJIIOBIIHUX
ninsHkax 6aszosoro Bapianta LIIEMII.

Ha puc. 6 nokasaHo po3nozii 06’ €eMHOI I'YCTHHH eJIeK-
Tpu4HOi eHeprii. [lopiBHAHHS 300paXkeHb BKa3ye Ha Te, IO
00’eMHa TYCTHHA €JIeKTPUYHOI eHeprii craropa MoauQiko-
Basoro [TIEMII nepeBunrye y cepenapomy Ha 19 % rycruny
eIIeKTPUYHOI eHeprii cratopa 6a3zoBoro IIIEMII. Ockineku
TIOHSATTS «CHEPTisH» BIINOBITHO 10 (pi3MUHUX OCHOB PiBHO-
3HAYHO IIOHATTIO «POOOTAa», TO MOBA HJIe IPO KOHLIEHTPALIIIO
1 MOTCHITiaT aKTUBHOI €HEpPril B CTaTOPI.
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x10" A/m?
2.5
2

Puc. 5. 'yctuna ctpymy (z-kommoneHTa) 6a30Boro (a)
Ta Moau¢ikosanoro (6) LLIEMIT
x1072 J/m>

Puc. 6. O6’emHa ryctuHa enekTpuyHoi eHeprii 6azoBoro (a)
Ta Moau¢ikosanoro (6) LIEMIT

Ha puc. 7 HaBeneHO 9acoBy 3aJIe)KHICTh €IEKTpOMa-
THITHOTO MOMEHTY ABOX JOCIHIIPKyBaHHUX BapiaHTIB. [l
MonudikoBanoro IIHEMII (puc. 7,6) orpumano 3HauHe (B
1,5 pa3m) 3pocTaHHs 3HAYEHHS Ta 3MEHIIEHHS €KCTpeMa-
JIHUX MYyJIbCAllild eIeKTPOMArHITHOTO MOMEHTY.

Ha puc. 8, 9 npejicTaBiieHo 4acoBy 3aJeKHICTh Ta (a-
30BHH KyT CTpyMiB oguoro momyis IIIEMIL. ¥V momudiko-
BaHomy LIIEMII 3aBzsiki BUKOPHCTaHHSI BHYTPILLIHBOT €MHi-
CHOI KOMIIEHCAIli 3’SBIEThCS MOMIUBICTh 3MIiHIOBATH
3HAUYCHHS Ta ()a3y CTPyMy JOJATKOBOi OOMOTKH CTaTopa.

Oty i I i i

0 0.2 0.4 06 LS 08
TemaN'm

n A

'

7 fvmwf’ﬂmm mﬁﬁvﬁuww M M W

L L 1

0 0.2 0.4 06 LS o8
Puc. 7. EnexrpoMarHiTHIi MOMEHT 6a30Boro (a)
Ta MoaudikoBanoro (6) INEMIT

P ST T T T e  HN HY HHY TN T SO e M B B

off v T T _IET T TT T T 11

5 10 ¢, rad
Puc. 8. Yacosa 3anexHicTs (@) Ta pazoBuii Kyt (0) cTpyMmiB
onHOro MoyJist 6azosoro LIIEMIT
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Puc. 9. Yacosa 3anexHicTb (@) Ta Ga3oBuii KyT (6) CTpyMiB
oHOTO MOyJist MomudikoBaHoro IITEMIT

Jlnst mipgBuUILeHHsT 00epTaibHOr0 MOMEHTY MOH(iKO-
aoro IIIEMII HeoOximHO 3mictuTH 32 (ha3or CTpyMm
JI0/IATKOBOT OOMOTKH BiZTHOCHO CTPYMY OCHOBHO{ OOMOTKH
Ha 30°. Ockinbku y MoaudikoBanomy LIIEMII ocHoBHa i
JI0JIATKOBAa 0OMOTKA 3MIIIIEHI MX COOOI0 Y TIPOCTOPI, TO 1Ie
MIPU3BOANTD 10 30UIBIIEHHS 30HU JIii CTBOPIOBAHUX Yy PO-
TOpi BUXPOBUX CTPYMiB. 30KpeMa, KyT CEKTOpa, SIKMH 3a-
HMaloTh MakCUMyMH CTPYyMIB, CKiamae 2,3 pajiaHa Juis
6azoBoro Ta 2,8 pamiana mia moaudikoBaHoro IITEMII
BigmoBinHO. CtpymMamu (puc. 8,0) GOpMyeThCs PE3yIbTY-
F0Ya MarHiTOPYIIiiiHa CHJIa TIO KOy TIOBITPSHOTO TIPOMIXK-
Ky, pe3yJIbTaTOM Jil SIKOT € CTBOPEHHS BUXPOBHUX CTPYMIB Y
MacuBi potopa. BifmosigHa 30Ha aii CTBOPIOBAHUX BHUXPO-
BUX CTPYMiB y MacuBi portopa (puc. 5) 3aiiMae AUISHKY
HaBIPOTH 5,5 3yOLIEBHX MOJUIOK cTaTopa Ajist 0a30BOro Ta
6 3yOueBux noxinok st Moaugikosanoro HIEMII. Otxe,
MoaudikoBanuid LIIEMII 3a 3Ha4eHHSMU I'YCTUHU CTPyMY,
1 32 DIMPUHOIO 30HM IX Jii mepeBwuIye BapiaHT 06a30BOrO
IIEMII. Sk pesynbrar BrumBy ¢azoBoro 3cyBy HIEMIIT
JEMOHCTPY€ HaMKpamry NPOAYKTHBHICTh, KpaIlWi dac
BCTaHOBJICHHS LIBUJIKOCTI Ta KPyTHOIO MOMEHTY IIpH 3a-
MMyCKy Ta HAaBaHTAXCHHI (pUC. 7), IO CIIOCTEPIraeThCs
TaKOX B IHAYKIIHHUX MalIMHAaX MPU PO3rJsil KoH(irypa-
il moaBiitHo1 3-(hasHoi oomotku [13, 22].

Ha puc. 10 noka3zanuit po3noain iHAyKIii MarHiTHO-
ro moJis, X-Y KOMIIOHEHTH 0a30BOr0 Ta MOJU(IKOBAHOTO
HIEMII. Binmiuaerscst CyTTeBa PI3HHUIS Y PO3MOILT
TYCTHHHM MarHiTHOTo Nnotoky no X-Y KOMIIOHEHTaX Jyis
6azoBoro Ta MogudikoBanoro HIEMII. Skmo anst 6a3o-

BOTO BapiaHTa CIOCTEPIrarOThCS MPAKTUYHO OTHAKOBI
3HAUEHHs T'YCTUHU MAarHiTHOTO MOTOKY 1Mo X-Y KOMIIOHe-
HTaX, HalPUKJIaJ, HABIPOTH CEPEIMHU IOJIOCIB B MeXKax
MUTTEBOTO iX PO3TallyBaHHs, TO JJsl BapiaHTa MOIUdi-
koBaHoro [IIEMII pi3Huus 3Ha4eHb T'YCTHHU MarHiTHOTO
notoky mo X-Y KOMIOHEHTax JoBoJIi cyTreBa. Kpim
Toro, mns BapiaHTa MomudikoBanoro IIIEMII Bimmiua-
€TbCsl OlbIa CTYIiHb Birayy>KyBaHHS MarHiTHOTO I10-
TOKY y pMi cTaTopa BOIK IOPOKHUCTOTO BAITy.

2.5

15

Puc. 10. [nayKitist MarHiTHOTO MOJIS
(JtiBa JIereHa — X-KOMITIOHEHTa, TIpaBa JereHaa — Y-KOMIIOHEHTa)
6azoBoro (@) Ta MoaudikoBanoro (6) LIEMIT

Ile o3Hauae HasBHICTH MEHILOTO MAarHiTHOTO OIOPY
Ha IIUISIXY MardiTHOTO IIOTOKY JUIA BapiaHTa MoaudikoBa-
Horo IIIEMIT i, BiIHoBigHO, MEHIIY PEaKTUBHY IOTYXK-
HICTh. B TOH e yac peakTUBHA MOTYXHICTh XapaKTePH3Ye
YMOBH IIepesiaui akTHBHOI MOTY)KHOCTI B KOXKEH MOMEHT
qacy, a BHXOIS4YM 3 puc. 6, 00’eMHa T'yCTHHA aKTHBHOI
eHeprii craropa MoxudikosaHoro UIEMII mnepeBwurye
TYCTHUHY aKTMBHOI eHeprii craropa 6asosoro IIEMII, mo
OTIOCEPEIKOBAaHO BKa3y€ Ha BHINE 3HAUYCHHA KoedilieHTa
notyxHocTi Moaudikoanoro HIIEMII. IlinTBepmxeHHIM
IIbOT'O TIOJIO’KEHHS € TaKOXK MOPIBHAHHS PO3IOJIITY Hamar-
HiueHOCTI 6a30Boro ta moaudikosanoro IIIEMII (puc. 11).

Ilpu omHAKOBIM HaMarH€i4eHOCTI B MacHBI POTOpa
(2,5:10° A/m) crocrepiraeThesi mepeBumieHHS Ha 23 %
HaMarHi4eHOCTI MAarHiTONpPOBOJAY cCTaTopa IOCEepPEIHHI
TMOJIFOCIB B MEKaX MUTTEBOTO X po3TairyBaHHs JUisi 6a30-
Boro (1,5-10° A/m) y nopiusHEI 3 MomMpikoBaHMM
LIEMIT (1,0-10° A/m).

VY Tabn. 1 mpeacraBieHi pe3ysNbTaTH MOZIETIOBAHHS
SHePreTHYHNX XapaKTEePUCTHK 0a30BOTO Ta MoAM(iKoBa-
Horo INEMIL
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Puc. 11. Hamarniuenicts 6a3oBoro (a) ta Momudikoatoro (6) LLIEMIT

TaGmnur 1
Pe3ynbraTi po3paxyHKy XapaKTepUCTHK 0A30BOTO Ta
momudixoBanoro LHEMIT

bazoenit | MomudikoBanmit | .

IToka3uuk IEMTI HIEMTI Pizuuus
Cnoxuana 1080,70 1293,56 212,86
MOTYXHICTb, BT
Kopucna mexaniuma | o3 ¢, 148,60 44,98
MOTYHICTb, BT
Brparu B crani, Bt 484,28 652,13 167,85
Brparu B mini, Bt 492,80 492,80 0
YactoTa 06epTaHHs 180 200 20
potopa, 006/xB
EnextpomaruiTHui 5.5 7.1 16
MoMeHT, H'm
KK/ o Me.Xﬁ;)Hl‘-IHII/I 9.58 11,44 1.86
MOTY>KHOCTI, %
Koediuient noryxuocri| 0,59 0,71 0,12

Momudixoanuit [IIEMII cnioxuBae 3 Mepexi >KUB-
nenns Ha 212,86 Bt (19,7 %) Oinblre akTHBHOT IOTY>KHOC-
Ti mopiBHsHO 13 6a30BuM LLIEMIL. TIpu tipomy Ha 44,98 Br
(43,4 %) 3pocrae KOpUCHA aKTHBHA MEXaHIuHa MIOTYXKHICTh
ta Ha 167,85 Bt (34,7 %) 30UIbIIYIOTECS. BTpaTH B CTali
moaudikoBanoro HHIEMII. Brpatu B Mini MogudikoBaHoro
HIEMII nopiBHSIHO i3 0a30BHM MPHCTPOEM HE 3MiHIOIOTh-
cst. Moauodikosanmii IIIEMIT ctBoproe Ha 1,6 H'm (29 %)
OUTBIINIA ENCKTPOMArHITHUA MOMEHT, BHACTIJIOK YOTO Ha
20 06/xB (11,1 %) 306inbIIy€eTHCS HOTO YacTOTa OOEPTaHHSL.
3a paxyHOK BHKOPHUCTAaHHS BHYTPIIIHBOI €EMHICHOI KOMITE-
Hcamii KoedimieHT noTyxHocTi MomudikoBanoro HTEMIT
30umemryetses o 0,71 (aa 20,3 %), a enexkrpuananii KK/,
SKU BPaxOBY€ TUIbKM MEXaHIYHy KOPHUCHY HOTYXKHICTh
IUIsL TPAHCIIOPTYBAHHSA CHPOBHHHOTO Martepiaiy, 3pocTae
Bix 9,58 no 11,4 %. Cuij Big3HAUUTH, 1O 32 PaXyHOK 30i-
JIbIIEHHS BTpaT B craii moaudikoBaHoro LIEMII 36iib-

HIMTBCS KUIBKICTh TEILUIOTH, sika Oyze CrpsMoBaHa 10 00-
pobutoBanoro marepiany, Tomy tepmidauii KK moandi-
koBaHoro [IIEMII Takosx 3011bIHThCS.
ExcrniepuMeHTATbHI JOCTiTKeHHS] MaKeTHOTO 3pa-
3ka IHEMII. [{ns nepeBipku pe3yJsibTaTiB MOJIEIIOBAHHS
311HCHEHO BUIIPOOYBAHHS MaKeTHOTO 3pa3ka 6azoBoro (6e3
BHYTPILIHBOI €MHICHOI KOMIIEHCAIli) BapiaHTa JBOCTaTOp-
noro IITEMII. Hominaneni gani IIIEMII: cnokuBaza 1o-
TyxkHicTh P = 2078 BT; nanpyra xwusnenas U = 80 B;
cnoxkuBauii ctpyM I = 30 A; Koe]imieHT MOTYKHOCTI
cosg = 0,5; KUTBKICTB IOITIOCIB — 6; 4acToTa 00epTaHHS IIPH
Y3TO/PKEHOMY 00€pTaHHI MarHiTHUX MOJIIB OKPEMHX MOJIY-
niB n = 450 00/xB. Ha puc. 12 npeacTaBieHo By3iH MaKkeT-
Horo 3paska IIIEMII 3 Bu3HaYeHHSM 30H BHUMIpPIOBaHHS
€JISKTPOMATHITHHX 1 TEMIIEpaTyPHUX MapaMeTpiB.

B - Measurement zones on the surface of the rotor

Puc. 12. Po3mozin 30H BUMipIOBaHHS €1€KTPOMArHiTHHUX,
TEMIIepaTypPHUX 1 MEXaHIYHUX APaMETPiB Ha MOBEPXHI
30BHIIIHBOTO pOTOpa MakeTHOTO 3paska [IIEMII

Ha puc. 12 noka3aHo BiINOBiJHE pO3TallyBaHHS CH-
CTEMHU CYMDKHHX CTaTODiB, SIKi PO3MIILIEH] Y OPOXXHHHI
30BHIIIHBOTO POTOPA, @ TAKOXK PO3TALIyBaHHS IMHAMO-
MeTpa JJIsl BUMIPIOBAaHHS ITyCKOBOI'O MOMEHTY.

BumipioBaHHSI €JIEKTPOMArHiTHUX i TeMIepaTypHHUX
napaMeTpiB Ha MaKeTHHX 3pa3Kax BHUKOHYBAJIOCh B pe-
JKUMi KOPOTKOTO 3aMUKaHHS (3aralbMOBaHHUN POTOP) IPHU
3HIDKCHHI HAaIIPYTH )KUBJICHHS [0 PiBHS, IPU SIKOMY JOCS-
Ta€THCS HOMIHATBHUHA CTPYM.

[Min yac nociimkeHb BUKOPUCTOBYBAINCH TaKi BHMi-
proBanbHi  mpunagu: Tenmars TM-191 Magnetic  Field
Meter, npu3HAYECHUA I BUMIPIOBAHHS €JIEKTPOMATrHITHUX
noJtiB Hagam3bkoi yacrotu Big 30 I'n go 300 I'; Tenmars
TM-190 Multi Field EMF Meter — npuctpiit 1uist BUuMipro-
BaHHS BHCOKOYACTOTHHX €JIEKTPOMArHiTHHX IIOJIB B Jiiara-
30H1 yactoT Bixm 50 MI'm go 3,5 I'T i HM3BKOYACTOTHUX
@JIEKTPUYHUX 1 MarHiTHUX 1nouiB y yactoti 50-60 I'y; indpa-
4yepBOHMH, onTuHMi mipomerp Benetech GM533A, niama-
30H BuMiproBaHHs —50... +530 °C, noka3Huk BizyBaHHs 12:1,
koedirieHT TeroBoro BunpomiatoBanas 0,1-1, cektp 5-14
MKM; TemoBizop Xintest HTT HT-18, TerumoBa wyTimBicTh
0,07 °C, nmianmazon Ttemmeparyp: —20..+300 °C, dgacrora
3aXOIUIeHHsT 300pakeHHs 8 [, miama3oH IOBKHH XBHITh
8-14 MxM; TMHAMOMETp aHAJOTOBHMH MPYKUHHUHN yHIBEpca-
seHUH NK-300, BUKOpPHUCTaHO IS BUMIPIOBaHHS ITyCKOBOTO
MOMeHTY, knac toyHocti 0,5 %; BUMipioBaY mapamerpiB
tpanchopmaropis K540-3 BUKOpHUCTAHO IjIsi BUMIPIOBaHHS
enexktprynux napamerpis [IIEMII. B Ta6mn. 2 npencrasnieni
eKCIIEpUMEHTAJIbHI JJaH1 €JIEeKTPUYHMX 1 EHEPreTUYHUX II0-
Ka3HMKIB MaKeTHOro 3paszka 0asoBoro (0e3 BHYTpIIIHBO
€MHICHOT KoMnieHcatlii) Bapianta asocraropHoro LIIEMII.

Hasanrtaxxennss IHIEMII 3apilicHIOBasIOCh HIISAXOM
(DPUKIIHOTO BIUIMBY MEXaHIYHOTO TrajbMa Ha TOPLEBY
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YaCTHHY pOTOpa-LIHeKa. MOMEHT HaBaHTaXXEHHS CKJIaJlae
7,4 H-m. BuMiproBaHHA TOTY>KHOCTI, CTpyMy 1 Hampyru
3IIMCHIOBAJIOCH BUMIpIOBaueM TapaMeTpiB TpaHchopma-
topiB K540-3.

B Ttabn. 3 mpencramieHi eKcriepUMEHTalbHI [aHi
NOBEPXHEBUX EJIEKTPOMArHITHUX MapaMeTpiB MaKeTHOI'O

3pa3zka 6a30Boro (0e3 BHYTpIIIHHOI €MHICHOI KOMIEHCA-
ii) Bapianta nBocratoproro IIIEMII. MarnitHa iHIyK-
11, HAMPY>KEHICTh €JIEKTPUYHOrO MOJIS, TYCTHHA ITOTOKY
€JIEKTPOMArHiTHOTO BHIIPOMIHIOBaHHS BUMIPIOBAINCH B
PEXUMI KOPOTKOTO 3aMHUKAHHS Ha MIHIMAJIBLHO MOXITUBIN
Bizictani | MM Big nosepxHi poropa LIIEMII.

Tabmuus 2
ExcriepiMenTaibHi 1aHi eEeKTPUYHHX | eHePTeTHYHHUX MOKA3HHUKIB MakeTHOro 3paska [IIEMIT
Hanpyra, [otyxHicTs, BT Cprl;Z;’ [:)KI/IMI Cprﬁ(ggEij{faHTa Hzgf::ﬁn KoedinieHt motyxHOCTI Kopsari-
B PEKHMM HaBaH- | peXUM | - Moy | sarareumii | Moy MOAYJISl, | pEKHM HaBaH- | PEXUM HS
TaKCHHS K3 H-Mm TAKCHHS K3
60,5 1120 1320 23,17 11,6 23 11,5 4 0,508 0,546 0,84
70 1594 1876 27,5 13,75 26,2 13,1 5,6 0,5 0,556 0,73
77 1878 2266 30,12 15,7 28,5 14,3 12,3 0,492 0,562 0,63
81 2040 2384 33,7 22,5 29,8 14,9 13,7 0,486 0,57 0,55
Tabauus 3
ExcriepuMeHTabHI 1aHi TOBEPXHEBUX €JIEKTPOMArHiTHUX IapaMeTpiB MakeTHoro 3paska IIIEMIT
[Tapamerpu npu Hanpy3i xusnenHs U= 81 B
O
Bi;}il;y MarsitHa Hamnpy>xeHictb e;};?yg;f;g;(is;o Temneparypa, °C
iHgykuis, MT eJIeKTpUYHOTO nous, B/m P Puc. 16,a | Puc. 16,6
BUIIPOMiHIOBaHHS, MBT/M?
1 60 0,03 0,7 28,5 48
2 100 0,03 0,9 30,5 51
3 170 0,03 1,8 41,2 62
4 400 0,2 523 61 74
5 380 0,15 520 63,3 76,2
6 410 0,15 525 63,1 76,3

Ha puc. 13 nokazaHo cxeMy BUMIpIOBIFHOTO CTEH-
Iy AJsl peecTpanii ocHuIorpaM CTPyMIB 3 BHKOPUCTaH-
HsM paTuukiB crpyMy ACS758 Ha edexti Xoma 3 gyT-
musicTio 40 MB/A.

L1 L2 L3
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AC-DC 5V 3A
-1 2300 v ‘
AC 230V
DC 5v
21> -Sv q \
—) ) SW1
GND l } A
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A
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Puc. 13. Cxema BUMipIOBAIILHOTO CTEHY

Ha puc. 14 nokasani ocumiorpaMu 3arajibHOTO
crpymy LHHIEMII i cTpymy OKpeMOro MOZyJis IIpy Harpys3i
xwusnenHs U = 81 B.

Inverted

oN GG

Frobe

Limnit

Inverted
oN B3
0
Puc. 14. Ocunnorpamu 3arajibHOro cTpymy 1
i cTpyMy okpemoro moxyist 2 HITEMIT:
nepion mycky (a), micis 7 xsuuH podotu LLIEMII (6)

Probe
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UYepes 3MiHy mapameTpiB CTaTOPIB 1 poTopa crocrepi-
raeThCs 3MEHILIEHHS aMILTITY/ 1 JIF0YMX 3Ha4eHb CTPYMIB 10
5 % Brponosx 7 xBuwimH podotu LLIEMII. 3xiiicaeno nopi-
BHSHHSL PO3IOAUTY TEMIEPaTypHOTO TMOJs Ha ITOBEpPXHi
poropa makerHoro 3paska IIIEMII 3 pesynbratamu moze-
moBaHHs1. TepMorpamu 3adikcoBaHi miciist 7 XBHIMH poOOTH
B PEeXHMMI KOPOTKOIO 3aMHMKaHHs npu Hampysi U = 73 B.
Ha puc. 15,a MakeTHuit 3pa3ok 3 JOBUIHUM a3UMYTaIbHUM
PpO3TalTyBaHHAM JOOOBHX YaCTHH CYMIKHHX CTaTOPIB.

MAX:45.0°C MIN:22.5°C

14:30,

45
44
43
42
41

I40

39

38

6 37
Puc. 15. Po3nozin Temneparypu Ha moBepxHi poropa IIIEMIT:
eKCIIepUMEHTAIIbHA TePMOrpaMa MaKeTHOTO 3pa3Ka MMicisl 7 XBUIIHH
obepranHs Ha HepobodoMy xoi pu Harpysi 81 B, gacroti
ob6epranns 450 06/xB (a), pe3y/bTaT MOJCITIOBaHHS (0)

PeSyJ’IbTaTl/I CKCIICPUMECHTAJIbHUX I[OCJ'IiZ[)KCHb
(tabmn. 2, 3, puc. 14, 15), a came mapameTpiB i XapakTepu-
ctuk moxyna IIEMII: myckoBOro MOMEHTY Ta CTpyMYy;
MOMEHTY 1 CTpyMy IpH HaBaHTa)XKEHHI, 1HIYKIii MarHiT-
HOTO TI0JIsI, TEMIIEPATYpH HOBEPXHi pOTOpa 3 TOYHICTIO JI0
11 % cniBnamaroTh 3 pO3paxyHKOBUMH, IO CBITYUTH IPO
nocToBipHicTh MaTeMaTuaHOi Moneni ITEMIT.

BucHoBkwu.

1. 3amIpONOHOBAHO METOZ IPOCTOPOBOTO  3MIMICHHS
OCHOBHOI 1 JIOJIATKOBOT OOMOTOK CTaTOpa Ta BHYTPIIIHBOT
€MHICHOT KOMIICHCAIIIT Ta BUKOHAHO MTOPIBHSJIBHHUN aHaJIi3
CXeM 3’€JJHaHHS 1 IPOCTOPOBOI'0 PO3TAIIYBaHHSI 0OMOTOK
cratopa 0a30BOro i MOIU(IKOBAaHOTO BapiaHTIB LIHEKO-
BOTO eJIeKTpoMexaHiyHoro neperBoproaya (ILIEMIT).

2. JloBeneHo, 10 3aCTOCYBAaHHSI BHYTPIIIHBOI €MHICHO]
KOMIIEHcallii 3a MHMPOKOro Aiarna3oHy 3MiHHM KyTa IPOCTO-
POBOTO 3MIIIIEHHST OCHOBHOI 1 JJOIaTKOBOI OOMOTOK Ta KOM-
MICHCYBAFHUX €MHOCTEH JO3BOJISIE 3MIHIOBATH 3HAYCHHS 1
(a3y cTpyMiB, MarHiTOPYIIIHNX CHIJI Ta iHINHUX EIEKTPHY-
nHux BennuuH. s momudikoBaHoro IEMIT mocsirayTto
3HayHe (Ha 29 %) 3pocTaHHs eNeKTPOMATrHITHOTO MOMEHTY
Ta 3MEHILEHHS HOro eKCTPeMalIbHUX ITyJIbCALii.

3.3a paxyHOK BHKOPHCTaHHsS BHYTPILIHbOI EMHICHOI
KOMHeHcaI_lﬁ J0CATa€EThCs Hi]lBI/IHleHHﬂ CHEPreTUIHUX IOKa-

3HUKIB: KOeillieHT NnoTyxHOcTi MoaudikoBanoro [IEMII
30imbmyeTsea Ha 20,3 %, a enexrpuunmid KK, sxuit Bpa-
XOBY€ TUIbKM MEXaHIYHY KOPUCHY MOTYXHICTb IUIsl TPaHC-
MIOPTYBaHHsI CHPOBHHHOTO Matepiaiy, 3pocrae Ha 1,86 %.

4. BUKOpHCTaHHsI 3aIpONIOHOBAHOTO METOJY IIPOCTOPO-
BOT'0 3MIILIEHHsI OCHOBHOI 1 JOIaTKOBOI 0OMOTOK CTaTropa Ta
BHYTPIIIHBO0I €EMHICHOI KOMITEHCALlii € MePCHEKTUBHUM IS
TIBUIIICHHS eHepreTnaHuX Nokasaukis [ITEMIT.

®dinancyBanns. PoOoTy BHKOHAHO 3a MiITPUMKH
MinicrepctBa ocBiTm 1 Haykum Yipaiam (b Ne
0120U102105 ta Ne 0121U113746).

KondutikT inTepeciB. ABTOpHU JIeKIapyOTh BIICYT-
HICTh KOH(QUIIKTY 1HTEpECIB.
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Internal capacitive compensation of the reactive power of
the screw electromechanical converter.

Introduction. A special category among induction machines
with a massive rotor is occupied by the class of multifunctional
electromechanical energy converters, which are integrated with
the links of technological processes Problem. The exchange of
reactive energy between the source and the electromechanical
converter during periods of operation with a low load leads to a
significant decrease in its efficiency and power factor. With the
use of non-linear loads and taking into account possible reso-
nance, it has become more difficult to improve the power factor
by installing capacitor banks. Goal. Increasing the energy indi-
cators of the electromechanical converter by spatial displace-
ment of the main and additional stator windings and internal
capacitive compensation. Methodology. Comparative analysis
of connection schemes and spatial arrangement of stator wind-
ings when using internal capacitive compensation. Modeling
and experimental studies of electromagnetic and electrome-
chanical characteristics of a screw electromechanical converter.
Results. The distribution of electromagnetic quantities was
established and the choice of the angle of spatial displacement
of the main and additional windings of the stator phases of the
modified converter, which ensure an increase in the value of the
electromagnetic torque and power factor, was justified. The
results of experimental studies of the screw electromechanical
converter are presented. Originality. For the first time, a
method of internal capacitive compensation of reactive power is
proposed for multifunctional electromechanical converters of
technological purpose. Practical value. The use of the proposed
method of spatial displacement of the main and additional stator
windings and internal capacitive compensation will ensure an
increase in the energy performance of the screw electrome-
chanical converter. References 23, tables 3, figures 15.

Keywords: Maxwell's equation, multifunctional electrome-
chanical converter, stator winding, finite element method,
capacitor capacity.
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EnekmpomexHi4yHi KoMr/ieKkcu ma cucmemu
UDC 621.3.013 https://doi.org/10.20998/2074-272X.2024.3.03
B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, K.V. Chunikhin, V.V. Kolomiets, B.B. Kobylianskyi

The method for design of combined electromagnetic shield
for overhead power lines magnetic field

Aim. Development of the method of designing a combined electromagnetic shield, consisting of active and passive parts, to improve
the effectiveness of reduction of industrial frequency magnetic field created by two-circuit overhead power lines in residential
buildings. Methodology. The problem of design of combined electromagnetic shield including robust system of active shielding and
electromagnetic passive shield of initial magnetic field solved based on of the multi-criteria two-player antagonistic game. The game
payoff vector calculated based on the finite element calculations system COMSOL Muliphysics. The game solution calculated based
on the particles multiswarm optimization algorithms. During the design of combined electromagnetic shields spatial location
coordinates of shielding winding, the currents and phases in the shielding winding of active shielding, geometric dimensions and
thickness of the electromagnetic passive shield are calculated. Results. The results of theoretical and experimental studies of
combined electromagnetic passive and active shielding of magnetic field in residential building from power transmission line with a
«Barrely type arrangement of wires presented. Originality. For the first time the method of designing a combined electromagnetic
shield, consisting of active and passive parts, for more effective reduction of 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 and
experimental study the shielding efficiency of the initial magnetic field determined that shielding factors whith only electromagnetic
passive shield is more 2 units, whith only active shield is more 4 units and with combined electromagnetic passive and active shield is
more 10 units. It is shown the possibility to reduce the level of magnetic field induction in residential building from power
transmission line with a «Barrely type arrangement of wires by means of a combined electromagnetic passive and active shielding
with single compensating winding to 0.5 uT level safe for the population. References 53, figures 15.

Key words: overhead power line, magnetic field, combined electromagnetic passive and active shielding, computer simulation,
experimental research.

Mema. Pospobxa memody npoexmysanms KOMOIHOBAHO20 eNeKMPOMASHIMHO20 eKPAHy, Wo CKIA0AEmbCs 3 aKMUugHOi ma nacusHoi
uacmuH, Onsl NIOBUWEHHS eeKMUBHOCTI 3HUNCEHHA MASHIMHO20 MO NPOMUCTOB0T 4ACMOMU, CMBOPIOBAHO20 OB0IAHYIO208UMU
nosimpanumu  niniamMu  enekmponepedaui 6 ocumaogux  Oyounkax. Memoodonozia. 3adaua npoekmysamus KOMOIHO8AH020
eNeKMPOMASHIMHO20 €KPAHy, Wo 6KIIOYAE POOACHY CUCIEMY AKMUSHO20 eKPAMYBAHHS MA eleKMPOMASHIMHUL NACUGHUI eKpaH
BUXIOHO20 MAZHIMHO20 NOJIAL, BUPILLYEMBC HA OCHOBI 6A2amMOKPUMEPIanbHOT aHMAa2oHICMUYHOI 2pu 080X 2pasyie. Bexmop euzpawiie epu
PO3DAX0BYEMbCA HA OCHOBI KiHyego-enemenmmuoi cucmemu ooyuciens COMSOL Muliphysics. Piwenns epu pospaxogyemuvcsa Ha OCHOBI
aneopummie onmumizayii mMyrmupoie uacmunox. Ilpu npoexmyeaHHi KOMOIHOBAHUX eNeKMPOMASHIMHUX eKPAHI8 pPO3PAXO8YIOMbCA
KOOpOUHAMU po3MAauty8aHHsa eKpanyionoi 0OMomKu 8 npocmopi, cmpym i ¢paza 6 expanyiouii oomomyi pobacmuoi cucmemu aKmusHO20
eKpaHysants, ma ceoMempuiti posmipu i MoGuuUHA eleKmpoMazHimHo2o nacusHozo expawy. Pesynomamu. Hagedeno pesynomamu
MeopemuyHUX ma eKCnepUMeHmAIbHUX O0CTIONCeHb KOMOIHOBAHO20 eNeKMPOMASHIMHO20 NACUBHO20 MA AKMUBHO2O EKPAHYBAHHS
MACHIMHO20 RO 8 JHCUMAOBOMY OVOUHKY 610 080NAHYIO2080I NIHII elekmponepeday i3 posmauly8anHsIM NPOB00Ie Muny «OouKay.
Opucinansnicms. Bnepue po3pobnerno memoo npoekmyeants KOMOIHOBAHO20 eleKMPOMASHIMHO20 eKPAHY, WO CKIA0AEMbCsl 3 AKMUBHOT
ma nacugnoi uacmum, ONA NIOBUWEHHS eeKMUEHOCMI 3HUICEHHA MASHIMHO20 NONA  NPOMUCIOBOI HACHMOMU, CMEOPIOBAHO20
0801AHYI0208UMYU  NOGIMPAHUMU  JTTHIAMU enekmponepeoadi 6 ocumaosux Oyounkax. Ilpakmuuna uinwicme. 3a pesynomamamu
PO3PAXYHKOBUX MA eKCNepUMEHMANbHUX OO0CTIOJNCeHb eqheKmUBHICMb eKpamny8ants NoYamKo8o20 MASHIMHO20 NOS GUSHAYEHO, WO
KoeiyieHmu eKpaHy8amts cucmemu MinbKu 3 e1eKmpOMASHIMHUM NACUBHUM eKPAHOM OOpiBHIOE Oibue 2 0OUHUYb, MITbKU 3 AKMUSHUM
expanom Oopisnioc Oinbuie 4 00uHuYb, a 3 KOMOIHOBAHUM EeNeKMPOMASHIMHUM NACUSHUM | AGKMUSHUM eKpaHom OopieHioe Oinvute 10
00uHuysb. Tlokazano ModCIugicmo 3HUMNCEHHS! DIGHS THOYKYIl MACHIMHO20 MO 6 JCUMI0B0MY OVOUHKY 6I0 OB0NAHYH2080I NIHIT
enekmponepeoay i3 po3mauly6anHam npogooie muny «0OYKa» 3a OONOMO20I0 KOMOIHO8AHO20 eNeKMPOMASHIMHO20 NACUBHO20 MA
AKMUBHO20 eKPAHYBAHHS 3 OOHIEI0 KOMNEHCYIOU0I0 0OMOmMKOI0 00 b6e3neuroeo ons Hacenenns pighs 6 0,5 mxTa. Bioin. 53, puc. 15.
Kniouosi cnosa: noBiTpsiHa JiHif ejieKTponepenayi, MardHiTHe moJie, KOMOiHOBaHe eJeKTPOMATrHiTHe NMAacHBHE Ta AKTHBHE
eKpPaHYBaHHSI, KOMII’IOTepHe MOJe/II0BAHHS, €eKCIIEPUMEHTAJIbHI J0C/Ii/KeHHSI.

Introduction. Prolonged exposure of the population
to even weak levels of the industrial frequency magnetic
field leads to an increased level of cancer in the population
living in residential buildings near power lines [1-3]. The
creation of methods and means of normalizing the level of
the electromagnetic field in existing residential areas near
power lines without evicting the population or
decommissioning existing electrical networks determines
the economic significance of such studies. Therefore,
methods are being intensively developed all over the world
to reduce the level of the magnetic field (MF) in existing
residential buildings located near power lines to a safe level
for the population to live in it [4-7].

To reduce the magnetic field inside residential
premises, it is technically easiest to use passive shielding.
The principle of operation of the electromagnetic shield can
be described as follows [8-15]: under the action of the

primary MF, conduction currents are induced in the shield;
these currents create a secondary field; from the addition of
the primary field with the secondary, the resulting field is
formed, which is weaker than the primary in the protected
area. Therefore, for the manufacture of electromagnetic
shields, materials with a high electrical conductivity value
should be used. The most widely used electromagnetic
screens are made of aluminum, the cost of which is
relatively low. However, the cost of such passive screens,
especially when screening large volumes of residential
premises, is the main limitation of the use of such screens,
especially when using mu-metal passive screens. To
increase the shielding efficiency, multilayer passive shields
are widely used, consisting of several layers of conductive
and ferromagnetic shields. Such screens are widely used for
shielding the magnetic field in magnetically clean rooms
together with active screens.
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For shielding large volumes, it is economically most
expedient to use active shields [16-23]. A feature of the
use of active screens is the need to provide an active
screening system and constant power consumption during
the operation of the system. To save energy consumption,
the active shielding system can only be switched on when
there are people in the living space. Therefore, when
designing shielding systems for residential premises, it
can often be the most effective option to use combined
shielding of the initial magnetic field, including an active
shielding system and passive shielding.

Such combined screens are widely used in world
practice [16]. On Fig. 1 show a room located near power
lines. The main shielding effect is provided by an active
shielding system with one compensation winding laid
along the building. Additional screening is provided by
passive screen sheets laid on the floor.

Fig. 1. The room located near power lines

The aim of the work is development of method of
designing a combined electromagnetic shield, consisting of
active and passive parts, to improve the effectiveness of
reduction of industrial frequency magnetic field created by
two-circuit overhead power lines in residential buildings.

Problem statement. We set the currents amplitude
A; and phases ¢; of power frequency w wires currents in
power lines. Then we set the wires currents in power lines
in a complex form

1(e)= 4 exp jlot+ ;). (1)

Then the vector B,(Q;f) of the magnetic field
generated by all power lines wires in point Q; of the
shielding space can calculated based Biot-Savart law [6].

We set the vector X, of initial geometric values of
the dimensions of the compensating windings, as well as
the currents amplitude A4,; and phases ¢,; in the
compensating windings. We set the currents in the
compensating windings wires in a complex form

Iwi(t): Awi eij(aJl+(le-). (2)

Then the vector By(Q;, f) of the magnetic field
generated by all compensating windings wires in point Q; of
the shielding space can also calculated based Biot-Savart law.

Let us set the vector X, of initial values of the
geometric dimensions, thickness and material of the
passive shield. Then for the given geometric dimensions
of the power lines wire and the initial values of the
geometric dimensions of the compensation winding wires,
as well as for the given values of currents and phases in
the power lines wires and the initial values of currents and
phases in the wires in the compensation windings, as well
as for the initial values of the geometric dimensions,
thickness and material of the passive screens, the vector
Br(Q,, 1) of the rezalting magnetic field induction in the
Q; point of the shielding space can be calculated.

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 4,,; and phases ¢,,; in the compensation
windings, as well as the vector X), of geometric dimensions,
thickness and material of the passive shield.

Let us introduce the vector d 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 combined shielding system, which, firstly, are initially
known inaccurately and, secondly, may change during the
operation of the system [24-28].

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

Br(X,0) = (BR(X,8,R)). 3)

The components of the game payoff vector Br(X, 9)
are the effective values of the induction of the resulting
magnetic field Br(X, 0, P;) 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 vector objective function
by the vector d.

At the same time, naturally, it is necessary to take
into account constraints on the vector X desired
parameters of a combined shield in the form of vector
inequality and, possibly, vector equality [29-33]

G(X)<Gpue» H(X)=0. 4)

Note that the components of the vector game (3) and
vector constraints (4) are the nonlinear functions of the
vector of the required parameters [5, 6].

The solutions of the vector game (3) subject to
constraints (4) are calculated from the Pareto set of optimal
solutions based on algorithms particles multiswarm
optimization.

Solving problem agorithm. A feature of the problem
under consideration is the presence of several conflicting
goals. Minimization of the magnetic field at one point leads
to an increase in the magnetic field at other points due to
undercompensation or overcompensation of the initial
magnetic field. Minimax problems are widely used in
robust control. If it is necessary to find the minimum in one
variable and the maximum in other variables of the same
objective function, then the necessary condition for the
optimal minimax problem is that the gradient of the
objective function in all variables is equal to zero,
regardless of whether the target function is minimized or
maximized function [34-37].

When solving this minimax problem numerically, in
order to find the direction of movement, it is necessary to
use the components of the gradient of the objective
function for those variables over which the maximization
is performed, and it is necessary to use the components of
the antigradient (i.e., the gradient taken with the opposite
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sign) for those variables over which the minimization is
performed [38-43].

Recently, in the synthesis of control systems, a game
approach has become widespread, which makes it
possible to formulate the problem of synthesizing a
system for a game. In this case, the area of parameter
variations is divided into two sets of friendly X and
enemy J. The goal of the players is to choose such values
X at which the value of the optimized quality criterion
(3) is minimized, and the task of the opponent is to choose
such values of the parameters d at which the value of the
quality criterion is maximized.

To solve this minimax problem of multi-criteria
optimization (3), we use the simplest linear trade-off
scheme, in which the original multi-criteria problem was
reduced to a single-criteria

J
fX,0) =) 0;BR(X,5,P;) (5)
i=1
where o; are weight coefficients that characterize the
importance of particular criteria and determine the
preference for individual criteria by the decision maker.
A necessary condition for optimality

J
X" = argminZ(x[BR(X,&,PI); (6)
X =l
. J
o :argmaxZaiBR(X,é,P[) @)
3 =1

is the existence of a saddle point. In which the equality to
zero of the gradients of the objective function
va/sz*zov v&f/aza*zo' (®)

A sufficient condition for the existence of a saddle
point is a change in the sign of the gradient Vy f when
passing the minimum point from minus to plus, and a
change in the signs of the gradient Vsf when passing the
maximum point from plus to minus [44-47]. These
conditions can be formulated as the positive definiteness
Hx>0 of the matrix of second derivatives — the Hessian
matrix with respect to the choice of parameters X, and the
negative definiteness Hs<0 of the Hessian matrix with
respect to the parameters J, i.e. the task becomes much
more complicated if the quality criterion is vector Br(X,0).

Note that the quality criterion Bg(X,0) usually
includes both system state variables or their combination,
characterizing the accuracy of the system, and state
variables that need to be limited and the control vector is
necessarily included. Otherwise, the original problem
becomes degenerate and leads to infinite controls.
Moreover, the choice of weight matrix functions in the
quality criterion when solving specific problems is carried
out iteratively by repeatedly solving the original
optimization problem for different values of the weight
functions until acceptable results are obtained.

In fact, the semantic statement of the problem is
reduced to the synthesis of such a system, which provides
the minimum value of the error characterizing the
accuracy of the system when constraints (4) on the state
vector component are met and when constraints on the
control vector are met.

Consider the use of penalty (barrier functions) for
solving a mathematical programming problem in the

presence of restrictions. Let us first consider the
application of the interior point method to solve a
mathematical programming problem that does not contain
restrictions in the form of equalities. Let us assume that
near the optimal point, the local optimum conditions are
satisfied in the following form

g,-(x)z O,izm

u,-g,-(x)z r>0,i=1m,
u; 20,i=1m, )

1

i=1
Whence the following equality can be obtained

m
Vi (x(r)-> — Vg, (x(r)=0.
f( ( )) ,Z=1: g,-(x(r)) gl( ( ))
This equality can be interpreted as a necessary
condition for a local optimum in the form of zero gradient,
under which the original objective function of the nonlinear
programming problem takes the following form

L(x, r) = f(x)— ri Ing; (x) .

Similarly, another objective function can be
obtained, provided that from the expression

ﬂigi(x)=r>0,i:1,_m

(10)

an

(12)
for the gradient
m }"2
VI Il- 2 ———Velxrll=0.
i=1 &i [x(r )]
The objective function Li(x, ») will take the
following form

Ll(x,r):f(x)+r2§: ﬁ

These objective functions allow us to reduce the
initial problem of nonlinear programming in the presence
of restrictions to the solution of the problem of
unconditional optimization in such a way that when
approaching the boundary of the restrictions from the
inside, the penalty for violation of the restrictions tends to
infinity, which corresponds to the interior point method in
the penalty functions algorithm.

Thus the problem of multicriteria synthesis (3) of
nonlinear robust control using a linear compromise scheme
(5) is reduced to a single-criteria problem of mathematical
programming (12). Consider the application of the
sequential quadratic programming method to solve this
problem. This method and its software implementation
were proposed by Schittkowski at the beginning for solving
the least squares minimization problem. This method is a
combination of the Gauss-Newton method with
determining the direction of movement using a quasi-
Newtonian algorithm.

Consider first the minimization of the quadratic
norm L,, usually called the unconstrained least squares
problem

(13)

(14)

[
)= 2 A6 (15)
i=1
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The gradient of this objective function can be
represented as follows
Vf(x)=VF(x)F(x), (16)
where the Jacobian VF(x) = (Vfi(x),..., Vfi(x)) of this
function is denoted and it is assumed that the components
of the objective function can be doubly differentiated.
Then the matrix of second derivatives of the objective
function — the Hesse matrix can be written in the

following form
V21 (x)=VF(x)VF(x) +B(x), (17)

where

/
2 2
B(x)= 3 f(xV2 £, (xV2 ().
i=1
Then the iterative procedure for choosing the
direction dj, € R" of motion using the Newton method can
be reduced to solving a linear system

2
V2 £ )+ V7 () =0, (18)
or to the solution of an equivalent system in the following
form

VE(x WE(x. ) d+Blx )Jd +...+VF(x )F(x, )= 0. (19)

At the optimal solution point x°, the following
condition is satisfied

F(x*)=(ﬁ(x*)...,ﬁ(x*) =0, (20)
therefore, finding the motion step d can be reduced to
solving the normal equation of the least squares problem

V(e ) d+ F(xkj , @1

min

deR"
from which a recurrent equation x;; = x; + oyd) can be
obtained for iteratively finding the vector of desired
parameters, in which is the solution dj to the optimization
problem, and ¢ is an experimentally determined parameter.

This algorithm uses the Gauss—Newton method,
which is a traditional algorithm for solving the non-linear
least squares problem, to calculate the direction of motion.
In the general case, the Gauss-Newton method makes it
possible to obtain a solution to the problem of sequential
quadratic programming using only first-order derivatives,
but in real situations it often fails to obtain a solution.

Therefore, to improve convergence, second-order
methods are used, in which the matrix of second
derivatives of the objective function is used - the Jacobian
matrix when solving optimization problems without
restrictions. Second-order algorithms, compared to first-
order methods, allow one to efficiently obtain a solution in
a region close to the optimal point, when the components of
the gradient vector have sufficiently small values.

Recently, methods using Levenberg-Marquardt
algorithms have become widespread in quasi-Newtonian
methods. The idea of these methods is to replace the Hesse
matrix with some matrix 4,/ with a positive coefficient 4.
Then we obtain the following system of linear equations

VF(x, WF(xp ) d + 24d +VF(x, )F(x)=0. (22)

There are many different methods for solving the
non-linear least squares problem without restrictions. On
the other hand, there is a simple approach for combining
the properties of the Gauss-Newton method with the
method of sequential quadratic programming. The main

problem of applying the method of sequential quadratic
programming is the need to use special methods to ensure
negative eigenvalues when approximating the Hess matrix
in the case of alternative approaches.

Deterministic optimization methods such as linear
programming and non-linear programming are widely
used to solve multiobjective optimization problems.

However, these methods use a one-point approach
and the result of these classical optimization methods is a
single optimal solution. For example, the method of the
weighted sum of local criteria transforms the multicriteria
optimization problem into a single-criteria optimization
problem, which makes it possible to obtain one point on
the front of Pareto-optimal solutions.

To find the global optimum from Pareto optimal
solutions, it is necessary to consider all possible Pareto fronts.
In this case, it is necessary that the algorithms for finding the
global optimum point are performed iteratively, so as to
ensure that each combination of weights has been used.

To exhaust all combinations of weight, it is necessary
to repeat the algorithms of such a local search many times.
Therefore, algorithms must be able to «learn» from the
solutions obtained in order to guide the correct choice of
weight in further evolutions. When using classical methods
for finding a global optimal solution, problems arise if the
optimal solution is located in non-convex or disconnected
regions of the functional space.

Recently, metaheuristic  methods such as
evolutionary  algorithms and group intelligence
technologies have become increasingly popular for
solving the optimization problem [48-50]. Evolutionary
methods, due to their efficiency and simplicity, have been
successfully used to solve optimization problems with one
objective function. These methods have some advantages
over classical optimization methods, since they allow
calculating optimal solutions for non-linear and non-
convex functions [51-53].

They use the set of solutions in each iteration and
stochastic search, and therefore they can find a search
anywhere in the entire search space and are able to
overcome the problems of local optima. Stochastic search
methods are also more suitable for solving problems of
multiobjective optimization.

Among the metaheuristic techniques, until recently,
particle swarm optimization was applied only to single-
objective optimization problems. The high convergence rate
of particle swarm optimization algorithms for developing a
multi-objective optimization algorithm has some advantages
in terms of better exploration and exploitation provided by
the algorithm’s global search capability.

In the standard particle swarm optimization
algorithm, particle velocities change according to linear
laws, in which the movement of particle i swarm j is
described by the following expressions [49]

vij(t+l)=cl ~r1j(t)><...

o Oy O e, (... 23)
X yj-(l)—xij(l)zr
xy (1) = (e)+ vy (£ +1) (24)

where, are the position x;(¢) and speed v;(f) of the particle
i of the swarm j; c|, ¢, — positive constants that determine
the weights of the cognitive and social components of the
speed of particle movement; r(f), r(f) are random
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numbers from the range [0, 1], which determine the
stochastic component of the particle velocity component.

Here, y;(t) and yj« — the best local-lbest and global-gbest

positions of that particle i are found, respectively, only by
one particle i and by all particles i of that swarm j. The
use of the inertia coefficient w; allows improving the
quality of the optimization process.

In order to increase the speed of finding a global
solution, special nonlinear algorithms of stochastic multi-
agent optimization have recently become widespread [51-53].

Naturally, the formalization of the solution of the
multiobjective optimization problem by reducing it to a
single-objective problem makes it possible to reasonably
choose one single point from the area of compromises — the
Pareto area [48]. However, this «single» point can be further
tested in order to further improve the trade-off scheme from
the point of view of the decision maker [52, 53].

Simulation results. Let us consider the results of the
design of combined electromagnetic passive and active
shielding of overhead power lines magnetic field
generated by a double-circuit power line in a residential
building, as shown in Fig. 2.

Fig. 2. Residential building cloused to double-circuit power line

Figure 3 shows the scheme of the shielding system
design.

Figure 4 shows the distribution of the calculated
initial magnetic field induction.

Figure 5 shows the distribution of the calculated
resulting magnetic field induction whith only
electromagnetic passive shield. The calculated shielding
factor maximum value of resulting magnetic field whith
only electromagnetic passive shield is more 4 units.
Arrangement of active elements

Ly

Fig. 3. Scheme of the shielding system design
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Fig. 5. Distribution of the calculated resulting magnetic field
induction with only electromagnetic passive shield

Figure 6 shows the distribution of the calculated
resulting magnetic field induction with only active
shield. The calculated shielding factor maximum value
of resulting magnetic field whith only active shield is
more 4 units.

IJ?.S T47712

1
| ]_l,jflt.ss 13

X, m

1.6 2 2.4 2.8 3.2

Fig. 6. Distribution of the calculated resulting magnetic field
induction with only active shield

Figure 7 shows the distribution of the calculated
resulting magnetic field induction with electromagnetic
passive and active shield. The calculated shielding
factor maximum value of resulting magnetic field
whith electromagnetic passive and active shield is
more 13 units.
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1.6 2 2.4 2.8 3.2
Fig. 7. Distribution of the calculated resulting magnetic field
induction with combined electromagnetic passive and active shield

Results of experimental studies. Let us now consider
the results of experimental studies of the electromagnetic
passive and active shielding.

Figure 8 shows the compensation winding and
electromagnetic passive shield of the experimental setup.

Figure 9 shows the control system of the experimental

Fig. 8. Compensation winding and electromagnetic passive
shield of the experimental setup of electromagnetic passive and
active shielding

Fig. 9. Control system of the experimen{a setup

Figure 10 shows the experimental spatio-temporal
characteristic of the initial magnetic field.

Figure 11 shows the experimental shielding factor of
resulting magnetic field whith only electromagnetic passive
shield. The experimental shielding factor maximum value
of resulting magnetic field whith only electromagnetic
passive shield is more 2 units.

Figure 12 shows the experimental spatio-temporal
characteristic of the resulting magnetic field with only
electromagnetic passive shield.

The experimental spatio-temporal characteristic of
the resulting magnetic field with only electromagnetic

passive shield is about 2 times less than the original
characteristic, which is shown in Fig. 10 and rotated
counterclockwise about 20 degrees clockwise.

CHT 100mY  CHZ 100mY %Y Mode
Fig. 10. Experimental spatio-temporal characteristic of the initial
magnetic field

Distribution of the K, for |B,,| of the HPVL+Solid Protective Screen

21
22
X, m 23 44 o

Fig. 11. Experimental shieldihg factor of resulting magnetic
field with only electromagnetic passive shield

CH1 100mY  CH2 100mY » Mode
Fig 12. Experimental spatio-temporal characteristic of the
resulting magnetic field with only electromagnetic passive shield

Figure 13 shows the experimental shielding factor of
resulting magnetic field whith only active shield. The
experimental shielding factor maximum value of resulting
magnetic field whith only active shield is more 5 units.

Figure 14 shows the experimental spatio-temporal
characteristic of the resulting magnetic field with only
active shield. The experimental spatio-temporal
characteristic of the resulting magnetic field with only
active shield actually represents a point which is blurred
by the noise of the magnetic sensors of the spatio-
temporal characteristic measurement system.

Figure 15 shows the experimental shielding factor of
resulting magnetic field with electromagnetic passive and
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active shield. The experimental shielding factor maximum
value of resulting magnetic field with electromagnetic
passive and active shield is more 10 units.

Distribution of the K, for | B,.| of the HPVL+SAS
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Fig. 13. Experimental shielding factor of resulting magnetic
field whith only active shield
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Fig. 14. Experimental spatio-temporal characteristic of the
resulting magnetic field with only active shield
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Fig. 15. Experimental shielding factor of resulting magnetic
field with combined electromagnetic passive and active shield

Conclusions.

1. For the first time the method of designing a
combined electromagnetic shield, consisting of active and
passive parts, to improve the effectiveness of reduction of
industrial frequency magnetic field created by two-circuit
overhead power lines in residential buildings.

2. The problem of design of combined
electromagnetic passive and active shielding solved based
on the multi-criteria two-player antagonistic game. The
game payoff vector calculated based on the finite element
calculations system COMSOL Muliphysics. The solution

of this game calculated based on algorithms of multi-
swarm multi-agent optimization from sat of Pareto-
optimal solutions based on binary preferences.

3. During the design of combined electromagnetic
passive and active shields spatial location coordinates of
shielding winding, the currents and phases in the shielding
winding of active shielding, geometric dimensions and
thickness of the electromagnetic passive shield are calculated.

4. Based on the developed method the combined
electromagnetic passive and active shields for magnetic
field generated by double-circuit overhead power lines in
residential building were design. The results of
calculating and experimental studi the shielding efficiency
of the initial magnetic field using designed combined
active and electromagnetic passive shielding are given.

5. The results of the performed theoretical and
experimental studies have shown that the shielding factor
is only passive electromagnetic screen made of a solid
aluminum plate with a thickness of 1.5 mm is about 2
units, only active screen made in the form of a winding
consisting of 20 turns is about 4 units. When using a
combined electromagnetic passive and active screen, the
shielding factor was more 10 units, which confirms its
high efficiency, exceeding the product shielding factors of
passive and active shields.

6. The practical use of the developed combined
electromagnetic screen will allow reducing 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.

Acknowledgments. The authors express their
gratitude to PhD, Research Scientist O.0. Tkachenko of
the Department of Magnetism of Technical Objects of
Anatolii Pidhornyi Institute of Mechanical Engineering
Problems of the National Academy of Sciences of
Ukraine for your help in carrying out calculations for
designing combined electromagnetic shield.

The authors also express their gratitude to the
engineers Sokol A.V. and Shevchenko A.P. for the
creative approach and courage shown during the creation
under fire, under martial law, of an experimental
installation and successful testing of a laboratory model of
the system of active silencing.

Conlflict of interest. The authors declare that they
have no conflicts of interest.

REFERENCES
1. Sung H., Ferlay J., Siegel R.L., Laversanne M., Soerjomataram
I., Jemal A., Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in
185 Countries. CA: A Cancer Journal for Clinicians, 2021, vol. 71,
no. 3, pp. 209-249. doi: https://doi.org/10.3322/caac.21660.
2. Directive 2013/35/EU of the European Parliament and of the
Council of 26 June 2013 on the minimum health and safety
requirements regarding the exposure of workers to the risks arising
from physical agents (electromagnetic fields). Available at:
http://data.europa.eu/eli/dir/2013/35/0j (Accessed 25.07.2022).
3. The International EMF Project. Radiation & Environmental
Health Protection of the Human Environment World Health
Organization. Geneva, Switzerland, 1996. 2 p. Available at:
https://www.who.int/initiatives/the-international-emf-project
(Accessed 25.07.2022).
4. Rozov V., Grinchenko V., Tkachenko O., Yerisov A. Analytical
Calculation of Magnetic Field Shielding Factor for Cable Line with
Two-Point Bonded Shields. 2018 IEEE 17th International Conference

28

Enexmpomexuika i Enekmpomexanika, 2024, Ne 3



on Mathematical Methods in Electromagnetic Theory (MMET), 2018,
pp- 358-361. doi: https://doi.org/10.1109/MMET.2018.8460425.

5. Rozov V.Y., Pelevin D.Y., Levina S.V. Experimental research
into indoor static geomagnetic field weakening phenomenon.
Electrical Engineering & Electromechanics, 2013, no. 6, pp. 72-76.
(Rus). doi: https://doi.org/10.20998/2074-272X.2013.6.13.

6. Rozov V.Y., Kvytsynskyi A.A., Dobrodeyev P.N., Grinchenko
V.S., Erisov A.V., Tkachenko A.O. Study of the magnetic field of
three phase lines of single core power cables with two-end bonding
of their shields. Electrical Engineering & Electromechanics, 2015,
no. 4, pp. 56-61. (Rus). doi: https://doi.org/10.20998/2074-
272X.2015.4.11.

7. Rozov V.Yu., Reutskyi S.Yu., Pelevin D.Ye., Kundius K.D.
Approximate method for calculating the magnetic field of 330-750 kV
high-voltage power line in maintenance area under voltage. Electrical
Engineering & Electromechanics, 2022, no. 5, pp. 71-77. doi:
https://doi.org/10.20998/2074-272X.2022.5.12.

8. Salceanu A., Paulet M., Alistar B.D., Asiminicesei O. Upon the
contribution of image currents on the magnetic fields generated by
overhead power lines. 2019 International Conference on
Electromechanical and Energy Systems (SIELMEN). 2019. doi:
https://doi.org/10.1109/sielmen.2019.8905880.

9. Del Pino Lopez J.C., Romero P.C. Influence of different types
of magnetic shields on the thermal behavior and ampacity of
underground power cables. IEEE Transactions on Power Delivery,
Oct. 2011, wvol. 26, no. 4, pp. 2659-2667. doi:
https://doi.org/10.1109/tpwrd.2011.2158593.

10. Hasan G.T., Mutlaq A.H., Ali KJ. The Influence of the Mixed
Electric Line Poles on the Distribution of Magnetic Field. Indonesian
Journal of Electrical Engineering and Informatics (IJEEI), 2022, vol. 10,
no. 2, pp. 292-301. doi: https:/doi.org/10.52549/ijeei.v10i2.3572.

11. Victoria Mary S., Pugazhendhi Sugumaran C. Investigation on
magneto-thermal-structural coupled field effect of nano coated 230
kV busbar. Physica Scripta, 2020, vol. 95, no. 4, art. no. 045703.
doi: https://doi.org/10.1088/1402-4896/ab6524.

12. Ippolito L., Siano P. Using multi-objective optimal power flow
for reducing magnetic fields from power lines. Electric Power
Systems Research, 2004, vol. 68, no. 2, pp. 93-101. doi:
https://doi.org/10.1016/S0378-7796(03)00151-2.

13. Barsali S., Giglioli R., Poli D. Active shielding of overhead line
magnetic field: Design and applications. Electric Power Systems
Research, ~May 2014, vol. 110, pp. 55-63. doi:
https://doi.org/10.1016/j.epsr.2014.01.005.

14. Bavastro D., Canova A., Freschi F., Giaccone L., Manca M.
Magnetic field mitigation at power frequency: design principles and case
studies. [EEE Transactions on Industry Applications, May 2015, vol. 51,
no. 3, pp. 2009-2016. doi: https://doi.org/10.1109/tia.2014.2369813.

15. Beltran H., Fuster V., Garcia M. Magnetic field reduction screening
system for a magnetic field source used in industrial applications. 9
Congreso Hispano Luso de Ingenieria Eléctrica (9 CHLIE), Marbella
(Malaga, Spain), 2005, pp. 84-99.

16. Bravo-Rodriguez J., Del-Pino-Lopez J., Cruz-Romero P. A
Survey on Optimization Techniques Applied to Magnetic Field
Mitigation in Power Systems. Energies, 2019, vol. 12, no. 7, p.
1332. doi: https://doi.org/10.3390/en12071332.

17. Canova A., del-Pino-Lopez J.C., Giaccone L., Manca M. Active
Shielding System for ELF Magnetic Fields. IEEE Transactions on
Magnetics, March 2015, vol. 51, no. 3, pp. 1-4. doi:
https://doi.org/10.1109/tmag.2014.2354515.

18. Canova A., Giaccone L. Real-time optimization of active loops
for the magnetic field minimization. International Journal of
Applied Electromagnetics and Mechanics, Feb. 2018, vol. 56, pp.
97-106. doi: https://doi.org/10.3233/jae-172286.

19. Canova A., Giaccone L., Cirimele V. Active and passive shield for
aerial power lines. Proc. of the 25th International Conference on
Electricity Distribution (CIRED 2019), 3-6 June 2019, Madrid, Spain.
Paper no. 1096.

20. Canova A., Giaccone L. High-performance magnetic shielding
solution for extremely low frequency (ELF) sources. CIRED - Open
Access Proceedings Journal, Oct. 2017, vol. 2017, no. 1, pp. 686-690.
doi: https://doi.org/10.1049/0ap-cired.2017.1029.

21. Celozzi S. Active compensation and partial shields for the
power-frequency magnetic field reduction. 2002 IEEE International

Symposium on Electromagnetic Compatibility, Minneapolis, MN,
USA, 2002, vol. 1, pp- 222-226. doi:
https://doi.org/10.1109/isemc.2002.1032478.

22. Celozzi S., Garzia F. Active shielding for power-frequency
magnetic field reduction using genetic algorithms optimization. [EE
Proceedings - Science, Measurement and Technology, 2004, vol. 151,
no. 1, pp. 2-7. doi: https://doi.org/10.1049/ip-smt:20040002.

23. Celozzi S., Garzia F. Magnetic field reduction by means of active
shielding techniques. WIT Transactions on Biomedicine and Health, 2003,
vol. 7, pp. 79-89. doi: https:/doi.org/10.2495/ehr030091.

24. Martynenko G. Analytical Method of the Analysis of Electromagnetic
Circuits of Active Magnetic Bearings for Searching Energy and Forces
Taking into Account Control Law. 2020 IEEE KhPI Week on Advanced
Technology (KhPIWeek), 2020, pp- 86-91. doi:
https:/doi.org/10.1109/KhPIWeekS51551.2020.9250138.

25. Popov A., Tseme E., Volosyuk V., Zhyla S., Pavlikov V.,
Ruzhentsev N., Dergachov K., Havrylenko O., Shmatko O.,
Averyanova Y., Ostroumov 1., Kuzmenko N., Sushchenko O., Zaliskyi
M., Solomentsev O., Kuznetsov B., Nikitina T. Invariant Polarization
Signatures for Recognition of Hydrometeors by Airborne Weather
Radars. Computational Science and Its Applications — ICCSA 2023.
Lecture Notes in Computer Science, 2023, vol. 13956, pp. 201-217. doi:
https://doi.org/10.1007/978-3-031-36805-9 _14.

26. Sushchenko O., Averyanova Y., Ostroumov I., Kuzmenko N.,
Zaliskyi M., Solomentsev O., Kuznetsov B., Nikitina T., Havrylenko
0., Popov A., Volosyuk V., Shmatko O., Ruzhentsev N., Zhyla S.,
Pavlikov V., Dergachov K., Tserne E. Algorithms for Design of
Robust Stabilization Systems. Computational Science and Its
Applications — ICCSA 2022. ICCSA 2022. Lecture Notes in Computer
Science, 2022, vol. 13375, pp. 198-213. doi:
https://doi.org/10.1007/978-3-031-10522-7_15.

27. Ostroverkhov M., Chumack V., Monakhov E., Ponomarev A.
Hybrid Excited Synchronous Generator for Microhydropower Unit.
2019 IEEE 6th International Conference on Energy Smart Systems
(ESS), Kyiv, Ukraine, 2019, pp- 219-222. doi:
https://doi.org/10.1109/ess.2019.8764202.

28. Ostroverkhov M., Chumack V., Monakhov E. Ouput Voltage
Stabilization Process Simulation in Generator with Hybrid
Excitation at Variable Drive Speed. 2019 IEEE 2nd Ukraine
Conference on Electrical and Computer Engineering (UKRCON),
Lviv, Ukraine, 2019, pp- 310-313. doi:
https://doi.org/10.1109/ukrcon.2019.8879781.

29. Tytiuk V., Chornyi O., Baranovskaya M., Serhiienko S.,
Zachepa 1., Tsvirkun L., Kuznetsov V., Tryputen N. Synthesis of a
fractional-order PI"D"-controller for a closed system of switched
reluctance motor control. Eastern-European Journal of Enterprise
Technologies, 2019, mno. 2 (98), pp. 3542. doi:
https://doi.org/10.15587/1729-4061.2019.160946.

30. Zagiryak M., Chornyi O., Zachepa 1. The autonomous sources
of energy supply for the liquidation of technogenic accidents.
Przeglad  Elektrotechniczny, 2019, no. 5, pp. 47-50. doi:
https://doi.org/10.15199/48.2019.05.12.

31. Chornyi O., Serhiienko S. A virtual complex with the
parametric adjustment to electromechanical system parameters.
Technical  Electrodynamics, 2019, pp- 38-41. doi:
https://doi.org/10.15407/techned2019.01.038.

32. Shchur 1., Kasha L., Bukavyn M. Efficiency Evaluation of
Single and Modular Cascade Machines Operation in Electric
Vehicle. 2020 IEEE 15th International Conference on Advanced
Trends in Radioelectronics, Telecommunications and Computer
Engineering (TCSET), Lviv-Slavske, Ukraine, 2020, pp. 156-161.
doi: https://doi.org/10.1109/tcset49122.2020.235413.

33. Shchur 1., Turkovskyi V. Comparative Study of Brushless DC
Motor Drives with Different Configurations of Modular Multilevel
Cascaded Converters. 2020 IEEE 15th International Conference on
Advanced Trends in Radioelectronics, Telecommunications and
Computer Engineering (TCSET), Lviv-Slavske, Ukraine, 2020, pp.
447-451. doi: https://doi.org/10.1109/tcset49122.2020.235473.

34. Zhyla S., Volosyuk V., Pavlikov V., Ruzhentsev N., Tserne E.,
Popov A., Shmatko O., Havrylenko O., Kuzmenko N., Dergachov
K., Averyanova Y., Sushchenko O., Zaliskyi M., Solomentsev O.,
Ostroumov I, Kuznetsov B., Nikitina T. Practical imaging
algorithms in ultra-wideband radar systems using active aperture

Enexmpomexnixa i Enexmpomexanixa, 2024, Ne 3

29



synthesis and stochastic probing signals. Radioelectronic and
Computer  Systems, 2023, mno. 1, pp. 55-76. doi:
https://doi.org/10.32620/reks.2023.1.05.

35. Havrylenko O., Dergachov K., Pavlikov V., Zhyla S., Shmatko O.,
Ruzhentsev N., Popov A., Volosyuk V., Tseme E., Zaliskyi M.,
Solomentsev O., Ostroumov 1., Sushchenko O., Averyanova Y.,
Kuzmenko N., Nikitina T., Kuznetsov B. Decision Support System
Based on the ELECTRE Method. Data Science and Security. Lecture
Notes in Networks and Systems, 2022, vol. 462, pp. 295-304. doi:
https://doi.org/10.1007/978-981-19-2211-4_26.

36. Solomentsev O., Zaliskyi M., Averyanova Y., Ostroumov 1.,
Kuzmenko N., Sushchenko O., Kuznetsov B., Nikitina T., Tserne E.,
Pavlikov V., Zhyla S., Dergachov K., Havrylenko O., Popov A.,
Volosyuk V., Ruzhentsev N., Shmatko O. Method of Optimal Threshold
Calculation in Case of Radio Equipment Maintenance. Data Science
and Security. Lecture Notes in Networks and Systems, 2022, vol. 462,
pp. 69-79. doi: https://doi.org/10.1007/978-981-19-2211-4 6.

37. Shmatko O., Volosyuk V., Zhyla S., Pavlikov V., Ruzhentsev
N., Tserne E., Popov A., Ostroumov I., Kuzmenko N., Dergachov
K., Sushchenko O., Averyanova Y., Zaliskyi M., Solomentsev O.,
Havrylenko O., Kuznetsov B., Nikitina T. Synthesis of the optimal
algorithm and structure of contactless optical device for estimating
the parameters of statistically uneven surfaces. Radioelectronic and
Computer  Systems, 2021, no. 4, pp. 199-213. doi:
https://doi.org/10.32620/reks.2021.4.16.

38. Volosyuk V., Zhyla S., Pavlikov V., Ruzhentsev N., Tserne E.,
Popov A., Shmatko O., Dergachov K., Havrylenko O., Ostroumov
1., Kuzmenko N., Sushchenko O., Averyanova Yu., Zaliskyi M.,
Solomentsev O., Kuznetsov B., Nikitina T. Optimal Method for
Polarization Selection of Stationary Objects Against the
Background of the Earth’s Surface. International Journal of
Electronics and Telecommunications, 2022, vol. 68, no. 1, pp. 83-
89. doi: https://doi.org/10.24425/ijet.2022.139852.

39. Halchenko V., Trembovetska R., Bazilo C., Tychkova N.
Computer Simulation of the Process of Profiles Measuring of
Objects Electrophysical Parameters by Surface Eddy Current
Probes. Lecture Notes on Data Engineering and Communications
Technologies, 2023,  vol. 178, pp. 411-424.  doi:
https://doi.org/10.1007/978-3-031-35467-0_25.

40. Halchenko V., Bacherikov D., Filimonov S., Filimonova N.
Improvement of a Linear Screw Piezo Motor Design for Use in
Accurate Liquid Dosing Assembly. Smart Technologies in Urban
Engineering. STUE 2022. Lecture Notes in Networks and Systems,
2023, vol. 536, pp. 237-247. doi: https://doi.org/10.1007/978-3-031-
20141-7 22.

41. Ruzhentsev N., Zhyla S., Pavlikov V., Volosyuk V., Tseme E.,
Popov A., Shmatko O., Ostroumov 1., Kuzmenko N., Dergachov K.,
Sushchenko O., Averyanova Y., Zaliskyi M., Solomentsev O.,
Havrylenko O., Kuznetsov B., Nikitina T. Radio-Heat Contrasts of
UAVs and Their Weather Variability at 12 GHz, 20 GHz, 34 GHz,
and 94 GHz Frequencies. ECTI Transactions on Electrical
Engineering, Electronics, and Communications, 2022, vol. 20, no. 2,
pp- 163-173. doi: https://doi.org/10.37936/ecti-eec.2022202.246878.
42. Chystiakov P., Chornyi O., Zhautikov B. Remote control of
electromechanical systems based on computer simulators.
Proceedings of the International Conference on Modern Electrical
and Energy Systems, MEES 2017 (2017), 2018. — January, pp. 364—
367. doi: https://doi.org/10.1109/MEES.2017.8248934.

43. Zagirnyak M., Bisikalo O., Chorna O., Chornyi O. A Model of
the Assessment of an Induction Motor Condition and Operation
Life, Based on the Measurement of the External Magnetic Field.
2018 IEEE 3rd International Conference on Intelligent Energy and
Power Systems (IEPS), Kharkiv, 2018, pp. 316-321. doi:
https://doi.org/10.1109/ieps.2018.8559564.

44. Maksymenko-Sheiko K.V., Sheiko T.I., Lisin D.O., Petrenko
N.D. Mathematical and Computer Modeling of the Forms of Multi-
Zone Fuel Elements with Plates. Journal of Mechanical
Engineering, 2022, vol. 25, no. 4, pp. 32-38. doi:
https://doi.org/10.15407/pmach2022.04.032.

How to cite this article:

45. Hontarovskyi P.P., Smetankina N.V., Ugrimov S.V., Garmash
N.H., Melezhyk L.I. Computational Studies of the Thermal Stress
State of Multilayer Glazing with Electric Heating. Journal of
Mechanical Engineering, 2022, vol. 25, no. 1, pp. 14-21. doi:
https://doi.org/10.15407/pmach2022.02.014.

46. Kostikov A.O., Zevin L.I., Krol H.H., Vorontsova A.L. The
Optimal Correcting the Power Value of a Nuclear Power Plant
Power Unit Reactor in the Event of Equipment Failures. Journal of
Mechanical Engineering, 2022, vol. 25, no. 3, pp. 40-45. doi:
https://doi.org/10.15407/pmach2022.03.040.

47. Rusanov A.V., Subotin V.H., Khoryev O.M., Bykov Y.A.,
Korotaiev P.O., Ahibalov Y.S. Effect of 3D Shape of Pump-Turbine
Runner Blade on Flow Characteristics in Turbine Mode. Journal of
Mechanical Engineering, 2022, vol. 25, no. 4, pp. 6-14. doi:
https://doi.org/10.15407/pmach2022.04.006.

48. Ummels M. Stochastic Multiplayer Games Theory and
Algorithms. Amsterdam University Press, 2010. 174 p.

49. Ray T., Liew K.M. A Swarm Metaphor for Multiobjective Design
Optimization. Engineering Optimization, 2002, vol. 34, no. 2, pp. 141-
153. doi: https://doi.org/10.1080/03052150210915.

50. Xiaohui Hu, Eberhart R.C., Yuhui Shi. Particle swarm with
extended memory for multiobjective optimization. Proceedings of
the 2003 IEEE Swarm Intelligence Symposium. SIS'03 (Cat.
No.03EX706), Indianapolis, IN, USA, 2003, pp. 193-197. doi:
https://doi.org/10.1109/sis.2003.1202267.

51. Dergachov K., Havrylenko O., Pavlikov V., Zhyla S., Tserne E.,
Volosyuk V., Ruzhentsev N., Ostroumov I., Averyanova Y.,
Sushchenko O., Popov A., Shmatko O., Solomentsev O., Zaliskyi
M., Kuzmenko N., Kuznetsov B., Nikitina T. GPS Usage Analysis
for Angular Orientation Practical Tasks Solving. 2022 [EEE 9th
International Conference on Problems of Infocommunications,
Science and Technology (PIC S&T), 2022, pp. 187-192. doi:
https://doi.org/10.1109/PICST57299.2022.10238629.

52. Zhyla S., Volosyuk V., Pavlikov V., Ruzhentsev N., Tseme E.,
Popov A., Shmatko O., Havrylenko O., Kuzmenko N., Dergachov K.,
Averyanova Y., Sushchenko O., Zaliskyi M., Solomentsev O.,
Ostroumov I, Kuznetsov B., Nikitina T. Statistical synthesis of
aerospace radars structure with optimal spatio-temporal signal
processing, extended observation area and high spatial resolution.
Radioelectronic and Computer Systems, 2022, no. 1, pp. 178-194. doi:
https://doi.org/10.32620/reks.2022.1.14.

53. Hashim F.A., Hussain K., Houssein E.H., Mabrouk M.S., Al-
Atabany W. Archimedes optimization algorithm: a new
metaheuristic algorithm for solving optimization problems. Applied
Intelligence, 2021, vol. 51, no. 3, pp. 1531-1551. doi:
https://doi.org/10.1007/s10489-020-01893-z.

Received 16.09.2023
Accepted 12.12.2023
Published 01.05.2024

B.IL Kuznetsovl, Doctor of Technical Science, Professor,

T.B. Nikitinaz, Doctor of Technical Science, Professor,

LV. Bovduil, PhD, Senior Research Scientist,

K.V. Chunikhin], PhD, Research Scientist,

v.v. Kolomietsz, PhD, Assistant Professor,

B.B. Kobylianskyi’, PhD, Assistant Professor,

! Anatolii Pidhornyi Institute of Mechanical Engineering
Problems of the National Academy of Sciences of Ukraine,
2/10, Pozharskogo Str., Kharkiv, 61046, Ukraine,

e-mail: kuznetsov.boris.i@gmail.com (Corresponding Author)
% Educational Scientific Professional Pedagogical Institute
V.N. Karazin Kharkiv National Univesity,

9a, Nosakov Str., Bakhmut, Donetsk Region, 84511, Ukraine,
e-mail: nnppiuipa@ukr.net

Kuznetsov B.I., Nikitina T.B., Bovdui I.V., Chunikhin K.V., Kolomiets V.V., Kobylianskyi B.B. The method for design of combined
electromagnetic shield for overhead power lines magnetic field. Electrical Engineering & Electromechanics, 2024, no. 3, pp. 22-30.

doi: https://doi.org/10.20998/2074-272X.2024.3.03

30

Enexmpomexuika i Enekmpomexanika, 2024, Ne 3



UDC 621.3 https://doi.org/10.20998/2074-272X.2024.3.04

R. Rouaibia, Y. Djeghader, L. Moussaoui

Artificial neural network and discrete wavelet transform for inter-turn short circuit and
broken rotor bars faults diagnosis under various operating conditions

Introduction. This work presents a methodology for detecting inter-turn short circuit (ITSC) and broken rotor bars (BRB) fault in variable
speed induction machine controlled by field oriented control. If any of these faults are not detected at an early stage, it may cause an
unexpected shutdown of the industrial processes and significant financial losses. Purpose. For these reasons, it is important to develop a new
diagnostic system to detect in a precautionary way the ITSC and BRB at various load condition. We propose the application of discrete
wavelet transform to overcome the limitation of traditional technique for no-stationary signals. The novelty of the work consists in developing
a diagnosis system that combines the advantages of both the discrete wavelet transform (DWT) and artificial neural network (ANN) to identify
and diagnose defects, related to both ITSC and BRB faults. Methods. The suggested method involves analyzing the electromagnetic torque
signal using DWT to calculate the stored energy at each level of decomposition. Then, this energy is applied to train neural network classifier.
The accuracy of ANN based on DWT, was improved by testing different orthogonal wavelet functions on simulated signal. The selection
process identified 5 pertinent wavelet energies, concluding that, Daubechies44 (db44) is the best suitable mother wavelet function for
effectively detecting and classifying failures in machines. Results. We applied numerical simulations by MATLAB/Simulink sofiware to
demonstrate the validity of the suggested techniques in a closed loop induction motor drive. The obtained results prove that this method can
identify and classify these types of faults under various loads of the machine. References 31, table 1, figures 9.

Key words: diagnesis, short circuit, broken bars, induction motor, discrete wavelet transform, artificial neural network,
indirect field oriented control.

Bcemyn. Y yiii po6omi npedcmagnena memooonois 6UA61eHHA MidHc8Uumxo8o2o kopomxkozo 3amuxanta (ITSC) ma necnpasnocmi cmpudicHis
pomopa (BRB) 6 acunxponHux mauunax 3 pezynv08aHol0 WeUOKICHIIO, KepoBaHUX NONEOPIENMOBAHUM KepysanHaM. fkuo Oyov-aka 3 yux
HecnpagHocmell He 6yOe UAGIEHA HA PaHHill cmadii, ye Modce npuzsecmu 00 HeCnoOi8aHOi 3yNUHKU BUPOOHUYUX NPOYECI8 Ma 3HAUHUX
@inancosux smpam. Mema. 3 yux npuuun adciuso po3podumu Hogy diazHocmuuHy cucmemy 0is npoginakmuunozco susenennsa ITSC ma
BRB 3a pisnux ymose nasanmagicenns. Mu npononyemo sacmocyeamu Ouckpemue eeligiem nepemeopents, wjod nooonamu 00meiceHHs.
mpaouyitinoi mexuixu 0ns necmayionapnux cuenanie. Hosusna pooomu nonazac 6 po3pooyi cucmemu 0iaeHOCMuKU, Wo NoEOHYE 8 codi AK
nepegaeu Ouckpemtozo eeiieiem nepemeoperus (DWT), max i wmyunoi Hetiponroi mepeosici (ANN) ona eusenenus ma OiacHOCHMUKU
Oepexmis, nogsizanux sk 3 wnecnpasnocmsamu ITSC, max i 3 BRB. Memoou. Ilpononosanuii memooO GKIOHAE AHAMI3 CUSHATLY
ENIeKMPOMACHIMHO20 MOMEHMY, Wjo Kpymumb, 3 gukopucmannsim DWT Onst po3paxyHKy 3anaceHol enepeii Ha KOJHCHOMY PIGHI PO3KIAOAHHS.
Tomim ys enepeis 3acmocogyemvcs Ha HaguanHsa Kuacughikamopa wuevponnoi mepedci. Tounicmv ANN, 3acnosanoi na DWT, 6yna
nioguena 3a paxyHoK MeCcmy8anHs PisHUX OPMOSOHATbHUX 8elignem (YHKYI Ha cueHam, wo modemoemvcs. Y npoyeci 6iobopy 0y10
BUHAYEHO N’aAMb 6IONOGIOHUX eHepeill gellgnema, i 0V10 3poOneHo 6ucrosok, wjo Daubechies44 (db44) € maibinbw nioxooaworo
MAMeEPUHCLKOIO Getienem yHKYIEIo epekmusHo2o suasnents i kiacugikayii iomos y mawunax. Pesynomamu. Mu 3acmocysanu uucenste
MOOEMOBAHHS 34 OONOMO2010 npoepamHoeo 3abe3neyenns MATLAB/Simulink, wob npodemoncmpysamu egpexmusHicmy 3anpONOHOBAHUX
Memooi npUB0Oy ACUHXPOHHO20 08USYHA 13 3AMKHYMUM KOHmypom. Ompumani pesyibmamu 008005mb, Wo yeil Memoo 00360€ GUAGUMU
ma xaacug)ixysamu 0aui 8uou HecnpagHocmell npu pisHux HasanmagiceHHsax mawuny. bion. 31, tabm. 1, puc. 9.

Knrouoei crnosa: piarHocTHKA, KOPOTKE 3aMUKAHHS, 00PHB CTPUKHIB, ACHHXPOHHUI IBUTYH, JUCKPETHE BelBJIeT NepeTBOPEHHS,
LITY4YHA HeliPOHHA Mepeska, HellpsiMe M0JICOPiCHTOBaHe KepyBaHHs.

Introduction. The squirrel cage induction motor (IM)
by its robustness, simplicity and relatively low cost, plays a
most significant role in applications requiring high power in
industrial applications, particularly for constant or variable
speed applications. Despite these great benefits, various
stresses may occur, during operating conditions. For these
reasons, early recognition of abnormalities is important to
identify any faults at an incipient stage can help to avoid
catastrophic failure and global damage. Literature has reports
that electrical faults are principal causes [1-3], inter-turn
short circuit (ITSC) have a significant share with
approximately 30 % to 40 % and broken rotor bars (BRB)
which represent 5-10 % of all the IM faults. These faults are
caused by several forms of stress such as thermal, electrical,
mechanical and environmental.

Several publications have focused on stator winding
defects. In [2] a mathematical model of an IM based on
coupled magnetic circuit theory is presented. This model
allows detection of short circuit (SC) faults in stator
winding and predicts it before it grows and damages the
machine completely. In [3], a thermal model analysis of
IM relies on finite elements method used to identify how
ITSC faults of different severity affect the temperature of
the IM. However, this method needs times after starting
the motor to estimate the failure severity. Another useful

technique was proposed in [4], combines the genetic
algorithm and simulated annealing method to identify
ITSC in IM during load current variations. In [5] Least
Squares Support Vector Machine technique is proposed
for fault detection and classification of the short circuit in
the stator phases of an IM using information provided by
the stator current. Moreover In [6], the estimations of
rotor and stator resistances parameters based on Model
Reference Adaptive System technique. Work [7] proposes
axial stray flux based on analysis of flux signals collected
by sensor. The pattern obtained from two-phase quantities
is observed to be circular in nature for healthy case and
elliptical nature for stator malfunctions. However, it is
costly and challenging to install a sensor on the inside of
the machine. Also in [8], an off line signal processing
techniques called the Fortescue transform is applied to
obtain the zero sequence of the current and the Fast
Fourier Transform (FFT) is applied to detect the
occurrence of the ITSC from the current and voltage
signals of synchronous reluctance motor. Other work [9]
use the three-phase stator voltages of IM as inputs, and by
using the short-time least square Prony’s method, to
extract phases and magnitudes of the fundamental
harmonics to calculate indicator called zero voltage factor
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that allows a rapid ITSC fault detection. However, this
method is susceptible to load variation and the presence
of unbalanced supply voltage. In [10], the residuals
current between the estimated currents provided by the
Extended Kalman Filter and the actual ones using FFT
and Short-Time Fourier transform approaches are used for
ITSC fault diagnosis and identification. The Artificial
Neural Network (ANN) and Discrete Wavelet Transform
(DWT) are proposed in [11], for ITSC fault diagnosis of
IM. Three parameters (energy, Kurtosis and singular
values) of DWT technique are computed under load
variation and used as the input for the ANN classifier,
using a single wavelet function db40. In [12], continuous
and discrete wavelet methods are applied to study the
stator current, at the start-up to identify BRB fault. But
the limitation is that it is not always feasible to frequently
restart the motor to capture starting current. The detection
of BRB faults are detected by DWT based on harmonics
characteristic, using vibration signal decomposition and
ANN is presented in [13].The detection and classification
of BRB fault in the IM, based a combination of the DWT,
the slip and the ANN algorithm to solve the problem of
low load has been discussed in [14]. Similarly, in [15, 16]
the multiple signal processing tools using Hilbert
Transform and ANN, are proposed for BRB fault
diagnosis. In [17] suggests a hybrid combining a new
electrical-time synchronous-averaging, DWT and fuzzy
logic techniques was employed for dealing with the early
identification of an incipient defect occurring at the rotor
bar and classification of the severity of this defect.
Problem definition. Generally, diagnostic methods
used for open-loop machine operation are not efficient
when the control structure becomes more complex,
particularly, in closed-loop drives. It’s necessary to
employ different analysis to interpret the acquired signals
for the detection process. The FFT approach is widely
applied and proven to be effective for stationary signals.
However, this approach is not efficient and has limitations
for non-stationary signals. In this context, to ameliorate
the diagnosis procedure taking into account different
faults of IM, a combination of DWT and ANN technique
becomes our main focus to resolve these drawbacks for
processing non-stationary, low load and over load.
However, different types of the wavelet function can be
used for early fault detection based electromechanical
signal decomposition in closed loop operation. The
comparison between the proposed methodology and the
previously used methods is made based on the faults
severity, operating mode, different load torques, and fault
diagnosis methods. The work [18] focuses on the analysis
of BRB faults in open-loop asynchronous machines
powered by electrical network. The study utilized a single
db40 wavelet function, and the acquisition of three
current sensors for phases (/,, I, I.), the calculated energy
of three-phase (E7,, E7, E+.), are employed as input of
ANN to determine the faulty phases (ay, by, ¢;). However
this work deals with the diagnosis of both short circuit
faults and BRB at speeds, with a reference speed set to
100 rad/s controlled by Indirect Field Oriented Control
(IFOC) technique. Various wavelet functions are used to
compare the best suitable function such as BiorSplines,
ReverseBior, Symlet, Coiflet, and Daubechies are used
for diagnosis. Only one acquisition signal is used, which

is the torque signal to differentiate between stator and
rotor faults. The energy calculation of the electromagnetic
torque signal involves selecting the pertinent energy,
resulting 5 energies (E|, E,, Es, E;, Eg), after that these
energies are used as input of ANN. The wavelet function
db44 was found to be the best function to identify these
faults. The application of this work is used in the first step
to determine which fault occurs ITSC or BRB after that
we use the method from [18], to locate the faulty phases.
This study presents an effectiveness percentage of 98 %,
taking into account both different severity levels of short
circuited turns, 1, 2 and 3 BRB with different mechanical
load levels (ranging from 1 to 7 N-m), in contrast to other
works reviewed in [19-21], which analyze levels of fault
and different operating conditions or different levels of
fault and a constant load operating condition in open loop
machine. Whereas, works [22-24] introduced a signal
transformation and several nonlinear indices is required,
along with an expert to interpret the obtained results.
Other works [25-27] have good accuracy in diagnosing
the highly incipient faults based fuzzy logic method but
using number of fuzzy rules causes significant
computation time, which is always longer

The goal of the paper is to identify ITSC and BRB
fault when the IM operates in a closed-loop drive to
preserve high performance. The used method for the fault
detection combines DWT and ANN method to provide
intelligent methodology for the diagnosis system.

Subject of investigations. This approach used DWT
of electromechanical torque signal at steady state to
compute the stored energy at each level of decomposition.
Then, this energy is applied as input for the Neural Network
(NN) classifier. Many test of orthogonal wavelet function
are evaluated with ANN to find the best classification and
lowest Root Mean Square Error (RMSE), and justified that
db44 is the best suited mother wavelet function to detect and
identify different severity for both the ITSC and BRB faults
under various loads operation of IM.

IM mathematical model. An accurate model
including a fault is needed to test fault diagnosis strategies
in IM. The equivalent circuit diagram of the IM, in the
reference frame (d-q) is considered, taking into account
ITSC and BRB fault. Additionally, the following non-
linear system equations are developed to validate IM
performance [18]:

X(£)= A(w)X (2) + Bu(0); o
Y(t)=CX(¢)+ Du(t),
where
Us” i
. d d
X:[lds lgs Par ¢qr]Ta” :{U Y:| aY:|:l. S:|-
qs qs
The expression of equivalent rotor resistance is:
[24 2 3Nb
R, =R,.-1+——K(6y)R,; ==n, n= <. 2
eq r l+a (0); a 377 n Nb ()
cos(y)? cos(8y ) sin(6,
K(g()) — ( O) ( 0) 2( 0) , (3)
cos(8,)sin(by) sin(6,)

where Nj, Ny, R,, R., are the total number of bars in the
rotor, the number of BRB, the rotor resistance and the
equivalent resistance of rotor, respectively; 6, is the initial
phase of the rotor.
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By adding the mechanical equation to the system
equation, we obtain the complete model of the machine taking
account the ITSC and BRB in the Park coordinate system. The
mechanical speed  is the solution of the equation:

78,1y fro, @)
and the electromagnetic torque in the Park coordinate
system is given by the expression:

T, = p(iqs¢dr - ids¢qr) > (5)
where T, is the electromagnetic torque; 7; is the load
torque; J is inertia moment; f, is friction coefficient.

Indirect field oriented control. The most significant
aspect of field oriented control of the IM is transformation
that converts a three-phase system into 2 components,
which used to generate both the magnetizing flux and the
electromagnetic torque [16, 24]. This transformation
simplifies the structure of IM similar that of a DC machine
as shown in Fig. 1. It implies that the 2 stator current
components would be aligned as input references: the flux
component (aligned with the d coordinate) and the torque
component (aligned with the ¢ coordinate).

Vde

]

- - Vasr v S, L (i
O T [ Indirect Field ~ dq f—— —» M
>4 Vasrg to Ve S,
(= oriented - abe [ PWM =
o, Control w woe | W S, [ [
Flux
reference T Wi V.
a.p ab.c —
: e [
Lo, d‘fq LT Loe
Torque signal ]
Fault Neural DWT&

Energy Level |- i

y b
computation M

Fig. 1. Block diagram of the diagnosis system

Detection fe—{ Network
Conclusion Training

—

The IFOC technique is known for its simplicity of
implementation and high effectiveness what makes it
widely used in industry applications. The flux component
is aligned in the direction of rotor flux ¢, to achieve field
orientation along the rotor flux direction:

bir =0 Sy =0, V=0, V, =0. (6)

The advantage of using a reference linked to the rotating
field frame is to have constant magnitudes. The control is
then made easier by relying on the variables of direct axis
current iy, and the quadrature axis current i,. The magnitudes
of flux ¢. and torque 7, are independent controlled is assumed
as [16, 24]. The calculated rotor flux, given by:

¢r: Lsm Iids , (7)
l+s—L
"
where L,, Ly, are the rotor and mutual inductance; s is the
Laplace transform. The slip frequency is expressed by:

Lsmiqs (8)
Tr¢r ’

where T, = L,/ R, is the rotor time constant.
The equation of the electromagnetic torque can be
given by:

W=

pPL i D ..
T- sm*qs¥r :Klqs , ©)
Lr

where p is the number poles pairs; ¢, is the rotor flux.
Therefore, the relation with DC motor is clearly
demonstrated by holding the flux constant.

The two components magnetizing flux ¢ and
electromagnetic torque 7, can independently controlled by
acting on each variable separately, establishing the high
performance of a DC machine. The simulation results of
IFOC control IM drive in cases of healthy and faulty motors
demonstrated through simulation in MATLAB/Simulink.

Figures 2-4 show the dynamic performance of speed,
stator current and electromagnetic torque in healthy and
when a fault appears in stator or rotor bars fault with
reference speed set to 100 rad/s. After reaching the set
value of motor speed, the step change of load torque
(from 1 to 7 N-m) at the moment 7 = 0.6 s. It is evident
that, the actual speed accurately follows the reference
speed in healthy and faulty state, which be explain by the
fact that the PI speed controller minimize the effects of
ITSC and BRB faults on the speed (Fig. 2).

Figure 3 depicts the stator currents that are sinusoidal
and have the same amplitude. But in the occurrence of the
fault, there will be an imbalance at the level of the stator
currents which increase in term of amplitude.

Similarly, we observe the influence of ITSC and
BRB in the electromagnetic torque. During a fault
condition, motor suffers from oscillations. The amplitude
of these oscillations increases when the severity of fault
increases (Fig. 4).

Speed(red/s)

Broken 1 bar

1
, Broken 2 bars
35 s Short circuit 5%
Short circuit 10%

Fig. 2. Actual speed at full load

Current(A)

K
Héalthy case
3 y

Bzr%ken 1 bar
Broken 2 bars

4 wo shdrt circuit 5%
Short circuit 10%

Fig. 3. Evolution of stator currents under full load

Torque(N.m)
Pl

Broker? 1 bar
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Sho:t cirtU:uit 10%

Fig. 4. Electromagnetic torque at full load
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Discrete Wavelet Transform (DWT). The wavelet
transform is an effective method for acquiring time-
frequency information in both stationary and non-stationary
signal processing, with the intention to solve the limitations
of Fourier transform. This signal processing tool,
characterized by robust time and frequency localization, is
divided into Continuous Wavelet Transforms (CWT) and
DWT. Adopting a mother wavelet ¥(¢), the CWT of a
function x(#) can be expressed as:

1 o #*(1—T
CWT(a,7)=—— j x(Ow [—jdt (10)
Jd =, “

where y(7)" is the complex conjugates form; 7 is the time
parameter; a is the scale factor; M is the energy

normalization.

The translation and the expansion transform the
signal into another timescale. The high-frequency
components correspond to the smallest scales [28, 29].

A more computationally efficient form of the CWT
which gives optimal accuracy at low frequency and non-
stationary state is the DWT given by [20, 22]:

+00 7. J
DI, ) =—— [xaw (k-2
J7 2/

The DWT decompose a given signal into its
constituent level (scales), each one representing that part
of the original signal occurring at particular time and
frequency band. DWT is performed by a sequential
operation using a high-pass filters H (details) and through
a series of low-pass filters L (approximations).

The original signals x(¢) is divided into 2 parts high
frequency part, and low frequency part used to
decompose and reconstruct a signal (Fig. 5) [18-20].

-J
sz:zzy/(z—f 1=k (11)

HPF —I:_l;l, DI I—__\i If \:

x(1) { . i i HPF —i» lz_i, D2 i :
LPF T’ lz _” : : “-PF+ lz_!,, D3

i : LPF -{-. lz..t'” ! :
I\__JI i\___ ! LPF tiz_j’ 43

Level2 Level3

Fig. 5. DWT decomposition process of the signal at level 3

The low frequency part called approximations (4;)
contains the low-frequency information of the original
signal belong to [0, £;-2Y*V]. The high-frequency part
called detail (D)) contain high frequency information
included in the interval [£;-27 ", £,-27]. Practically, the
DWT decomposition at level N of signal x(¢), giving rise
to one approximation coefficient vector Ay and N detail
coefficient vectors D; are expressed by [29, 30]:

N
xX(t)=Ay(0)+ Y D;(t).
j=1
It can be shown that the approximation and detail
coefficients can be recursively calculated by:

(12)

+00
Ajy = \/Ez L{nld;y, 2p+ns

- )
Dy =2 H[nld; ) 2.

The effectiveness of DWT relies on the careful choice
of the wavelet function. Different types of mother wavelets
exist, such as: Meyer, Coiflets, Symlets and Daubechies.

Preliminary step before selecting the wavelet
function involves judiciously choosing the number of
levels in order to cover the whole range of frequencies
approximation and detail, given by the relationship:

Ss <, (14)

2N+1
where f, is the fundamental frequency of the signal,
fo = 22 Hz; f; is the sampling frequency, f; = 10 kHz;
N is the number of decomposition levels.

Wavelet energy. The consumed energy at each level
of decomposition is calculated, to identify and validate
the frequency bands containing the defect frequency for
both faulty and healthy cases under different load
conditions. For this purpose, the energy linked to each D;
detail signal of the torque signal is expressed as follow:

n
E;= ZDzj,k(n) ,
k=1
where j is the decomposition level (je[l, N]); E; is the
detail energy; D;, is the magnitude of the coefficient in
corresponding level j; n is the DWT decomposition time.
The energy extracted from the torque signal through
wavelet transformation, using db44 under different load
and faults severity. The number of decomposition levels
N depends on the sampling frequency f; of the signal were
performed up to the 10™ level of the decomposition. By
computing associated coefficient at each decomposition
levels of the torque signal. The results of detail energy D;
for various instances of shorted turns and broken 1 bar
and 2 bars under different loads are depicted in Fig. 6.

(15)

Fig. 6. The comparison of total energy

Artificial Neural Networks are complex intelligent
structures  inspired by Dbiological neurons, have
demonstrated remarkable performances to  solve
analytically challenging problems and the automation of
the monitoring process. The most frequently used NN for
classification purposes is feed forward multilayer
perceptron NN, known for its simple structure making it
easily implementable. Hence, it was chosen for the
developing of the monitoring process. The training function
used was Levenberg—Marquardt trained by back
propagation algorithm and training results are used to attain
the minimum Mean Square Errors (MSE) [28, 29].
Typically, an ANN consists of an input layer, hidden layers
and an output layer, where each layer connected to other
layer, with weights assigned to the connections. The
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activation function used for the hidden layer is tangent
sigmoid «tansig», while the activation function for the
output layer is Logsigmoid «logsig» [30, 31].

The inputs are the pertinent wavelet energy value
and outputs are the fault class of IM, respectively.

The training performance and parameters related to
the training algorithm are illustrated in Fig. 7. After 85
epochs, a low training MSE of 2.3561-10"" is achieved,
indicating suitability for accurately classifying the test set.

Neural Network

Layer Layer
Input Output
5 3
10 3
Algorithms
Training: Levenberg-Marquardt (trainim)
Performance: Mean Squared Error  (mse)
Calculations: MATLAB
Progress
Epoch: 0 85 iterations 30000
Time: 0:00:01
Performance: 0.449 2.36e-11 1.00e-10
Gradient: 156 1.00e-10
Mu: 0.00100 1.00e-15 1.00e+10
Validation Checks: 0 0 6
" Best Training Performance is 2.3561e-11 at epoch 85
1071
Train
---Best
-+ Goal
- 1072
o
]
E
5 104
=
w
B
10
3
o
12
c
3 10
=
T A T ——
0 10 20 30 40 50 60 70 80

Fig. 7. Neural network performance

Preparation of training data. The NN is trained
using a dataset comprising input and output sets. The
number of input units in the ANN corresponds to the fault
indicators, while the output units are determined by the
number of faulty states. The inputs represent the pertinent
stored energy calculated from the torque signal, which
found the best value are 5 energies (E1, E,, Es, E7, Eg) and
the outputs signify the fault classes: healthy case, short
circuit and BRB fault. For an optimal compromise between
complexity and accuracy, one hidden layer with 10 neurons
is chosen. Input data are gathered through simulations
under various loading conditions and fault severities,
ranging from no load to full load. The NN is exposed to
examples under 7 load torques (1-7 N-m), representing
different operating conditions, including healthy states
(7 samples), faults with an even number of shorted turns
(2, 4, 6, 8, 10), and faults with single and 2 BRB. This
results in a total of 56 cases ((7 healthy) + (7x5 shorted

turns with different loads and severities) + (7x2 BRB with
different loads)), as shown in Fig. 8. Consequently, the
dimension of the training vector inputs for the NN is 5x56.

The target data required for supervised learning in
the NN are defined accordingly:

T1=[1; 0; 0] — healthy case;

T2 =[0; 1; 0] — short circuit fault;

T3 =1[0;0; 1]— BRB.
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Fig. 8. Training and classification errors of the NN

F.Training error broken rotor bars

Simulation results. The NN ability to generalize is
assessed through its performance on the testing dataset.
To evaluate classification effectiveness, 2 distinct datasets
are compiled, representing both healthy and faulty cases.
Various tests are conducted to determine the optimal
structure and outcomes. The results indicate that the
selected ANN model has achieved significant success in
detecting and classifying these faults.

The dataset is divided into 2 parts, with 1 set applied
for training while another for testing. An effective NN is
expected to perform well on both training and testing
data, showcasing its generalization capacity. The testing
process involves a dataset separate from the one used for
training, providing an assessment of the network’s ability
to generalize to new, unseen data.

Figure 9 depicts the test data set of the system under
different operating cases of IM: healthy case (7 samples),
fault of shorted turns (1, 3, 5, 7, 9), and fault for 1 and 2
BRB, are obtained under 7 load torques (0.5, 1.5, 2.5, 3.5,
4.5,5.5and 6.5 N-m).
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Fig. 9. Test and classification errors of the NN

As a result, the total number of combinations of load
variation, shorted turn and BRB was 143 ((7 healthy) +
(7%5 load of different severities of ITSC) + (7x5 different
load of ITSC) + (7x5 different load and severities of
ITSC) + (7x2 different load of BRB) + (7x2 different
load + 3 BRB)).

The test output of the NN (T1, T2, T3) is accurately
equal to (1, 0, 0), (0, 1, 0), and (0, 0, 1). The NN test
outputs and classification errors for faults of ITSC and
BRB, respectively is shown in Fig. 9. The test output of
NN from (Fig. 9,a,b) is accurately identical to (1, 0, 0) in
healthy state and classification error is very low. The NN
output in (Fig. 9,c,d) give the output (0, 1, 0), with
minimal amount of testing error in short circuit faults. As
a result, the ITSC can be accurately located by the NN.
According to (Fig. 9,e,f), the NN accurately gives the
outputs (0, 0, 1) for the BRB indicating the occurrence of
small errors. Therefore, we can observe that the NN can
accurately identify the ITSC and BRB faults.

Table 1 shows a comparison of the performance of a
simulated model. In this study, the accuracy of ANN is
evaluated using the RMSE with the expression given by:

RMSE = (16)

where x; and x;" represent respectively the measured and
desired outputs; m is the total number of input sets.

The test data are simulated under various wavelet
functions, using BiorSplines (bior6.8), ReverseBior
(rbior6.8), Symlet (syms8), Coiflet (coif5) and Daubechies
(db44) wavelet families. The input of NN are chosen by
selecting the pertinent energy, we found 5 energies (£}, E»,
E¢, E;7, Ey) identified as the most effective. Subsequently,
the best classification and the minimum classification error
are achieved using Daubechies44 (db44) which found
better than any other wavelet transform. The achieved
results clearly demonstrate that the db44 of the
electromechanical torque signal can used as an effective
indicator for stator and rotor condition monitoring.

Table 1
Performance of different wavelets functions
with 5 energies (£, E,, Eg, E7, E5)

Wavelet mother bior6.8 | rbior 6.8 | sym8 | coif5 | db44
ANN-RMSE (test) |0.0235| 0.0164 |0.0339]0.0308|0.0011
Classification 97.24 | 98.16 | 96.32 | 97.24 | 98.62
accuracy, %

Conclusions. This paper introduces a precise method
for diagnosing inter-turn short circuit (ITSC) and broken
rotor bars (BRB) in variable speed drives using discrete
wavelet transform (DWT) and artificial neural network
(ANN). The proposed approach involves analyzing the
electromechanical torque signal of a squirrel cage induction
motor (IM) through DWT. This analysis computes the
stored energy at each level of decomposition, which then
serves as input for an ANN classifier.

The proposed technique has been applied for fault
detection under various loads, instances of ITSC, and
different occurrences of BRB in the IM. The results
obtained are highly significant, demonstrating the ability to
automatically detect and locate faults related to BRB and
ITSC. The best result is achieved through the application of
5 pertinent energies, particularly using db44. According to
the test results, DWT and ANN prove to be a powerful
method for diagnosis, offering a means to automatically
identify faults under variable load conditions. Future
research could further develop this work to determine the
specific number of short circuits and BRB, enabling
continuous and real-time monitoring.
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Experimental electromagnetic compatibility of conducted electromagnetic interferences
from an IGBT and a MOSFET in the power supply

Introduction. Most electromagnetic compatibility studies carried out in the context of power switch research are generally valid for low
frequencies. This frequency restriction appears to be too restrictive for a complete analysis of the electromagnetic interference
conducted. The novelty of this work lies in the load-dependent an optimal selection of IGBTs and MOSFETs for least-disturbance power
switching in the frequency range from 150 kHz to 30 MHz, based on an optimal experimental selection procedure and show the impact
of load value on switch switching and noise generation. Purpose. Analysis of the fundamental possibility of selecting a switching device
with a power supply based on an experimental measurement which allows to increase the reliability of the entire mechanism operation
and significantly simplify the design. Methods. In this paper, the proposed study is used and compared with experimental results at low
and high frequencies. Then, a comparison is made for conducted electromagnetic interference (common-mode and differential-mode)
generated by IGBT and MOSFET for different loads, and the proposed methodology is verified on an experiment suitable for predicting
terminal overvoltage analysis and conducted electromagnetic interference problems. Practical value. The primary method for
establishing a conducted electromagnetic interference source for switching devices is based on IGBT and a MOSFET depending on the
resistive load. References 22, figures 17.

Key words: electromagnetic interference, electromagnetic compatibility, common-mode, differential-mode, IGBT, MOSFET.

Bcemyn. Binvwicmy 0ocnioscens eneKmpomMaHimuoi CymiCHOCHI, sIKi NPOBOOAMbCSL 8 KOHMEKCE O0CTIONCEHb CUNOBUX BUMUKAYIS, 3A36Utall
3aCMOoCco8yIombcst Ol HU3LKUX uacmom. Lle obmediceHHs 3a 4acmomolo 6uOAe€mvCs 3aHAOMO JICOPCMKUM U000 NOBHO2O AHANI3Y
enexmpomazuimuux nepewxod. Hoeusna oanoi pob6omu nonsieac y 3anesxcromy 6io nasanmasicens onmumanshomy eudopi IGBT i MOSFET
OnA KOMYmayii nomyscHocmi 3 HaumeHwumy nepewkooamu 6 odianaszowi yacmom 6io 150 xly oo 30 MIy, na ocnosi onmumanvHoi
excnepumMeHmansHoi npoyedypu eubOpy i GnaUGY 8eaUdUHU HABAHMAIICEHHS HA NepeMUKAHHA nepemuxavis i cenepayiio wiymy. Mema.
Ananiz npunyuno6oi ModcIueocni GuOOPY KOMymayiitHo2o npUCmpoIo 3 0XCepenom HCUBIeHHs. HA OCHOBI eKCHEPUMEHMANLHO20 GUMIPY
003680J18€ RIOGUWUMU HAOTUHICIL POOOMU 6CbO20 MEXAHIZMY MA CYMMEBO cnpocmumu KoHcmpykyiio. Memoou. YV yii cmammi
3anpononosane 00CIONHCEHH BUKOPUCIOBYEMbCS MA NOPIBHIOEMbCS 3 eKCNEPUMEHMANLHUMU PE3YIbIMAMAaMil Had HUbKUX MA 6UCOKUX
uacmomax. Tlomim npogooumsbcsi NOPiGHsHHA KOHOYKIMUGHUX eIeKMPOMACHIMHUX NepewKoo (Cungaznux ma ougepenyianbHux), uwo
eenepyromocs IGBT i MOSFET ona pisnux Hasanmasicenv, i 3anponoHO8aHA MemoO002is Nepeipacmvcs 8 eKcnepumMeHmi, AKuil
nioxooums 0151 NPOSHO3Y8AHHS AHANIZY NEPEeHANPY2U HA KAeMax i npodiem KOHOYKMUSHUX eleKmpomazHimuux nepeuwikoo. Ilpakmuuna
yinnicmo. OCHOGHUIL MemOO CMBOPEHHS. KOHOYKIMUBHO20 Odicepend eleKmpOMAHImHUX Nepewkoo Ol KOMYMAYIHUX npucmpois
rpynmyemocsi ha eukopucmanni IGBT ma MOSFET 3aneocho 6i0 pesucmugnozo nasanmadicenns. bion. 22, puc. 17.

Knrouosi crnosa: eneKTpOMArHiTHi mepemikoau, eJieKTPOMArHiTHa CyMicHiCTb, cuH(pa3Huii pexum, audepeHUiaIbHII pexuM,
IGBT, MOSFET.

Introduction. The proliferation of devices 1) conducted disturbances, which propagate through

employed in power electronics has witnessed a significant
upsurge in recent times. Rooted in the principles of
semiconductor switching, these devices have now
permeated diverse domains, including land and air
transportation, consumer-focused household applications,
and even the realm of renewable energies [1, 2].

The functionality of static converters carries an
environmental detriment due to their swift switching
intervals marked by substantial amplitudes. These rapid
switching processes serve to curtail losses during
transitions by virtue of the simultaneous presence of
voltage and current within the switches. The orders of
magnitude for the gradients of these transitions may span
from 100 to 1000 A/us for d//dt, while dV/dt values range
from 5 to 50 kV/us [3]. Additionally, the markedly high
switching frequency stands as an additional contributor to
electromagnetic pollution, varying from 100 Hz to 1 MHz.

Electromagnetic compatibility (EMC) has emerged as
a critical design requirement for switching power supplies.
The required standards ensure that a system can work
satisfactorily in its environment without causing unbearable
electromagnetic disruptions to neighboring equipment.

Because the main electromagnetic interference
(EMI) sources in power electronics are converter
switching and essentially produce conducted emissions
[4-8] disturbances can be classified into two types based
on their modes of propagation:

electrical conduction;

2) radiated disturbances, which circulate through an
electromagnetic field [9-11].

A switch-mode power supply must follow the same
piping requirements as most modern electrical equipment.

In the field of power electronics, a conversion chain

typically consists of multiple stages (Fig. 1).

Chopper
LISN Convert Filter

;—f‘ |
—Jgi[

Fig. 1. Multi-stage power converter

Energy
Power

avo

These stages often include a rectifier followed by a
switching stage, which could be a variable speed drive, a
switching power supply, or an inverter for induction
heating systems. The assessment of EMC takes place at
various levels, including power lines, rectifiers, converters
and their control systems, filters, and loads [12-14].

The switching cell and its control energy conversion
in power electronics is based on two complementary
phases: switching and energy storage. Switching is
achieved using power switches with semiconductor

© M.E. Lahlaci, M. Miloudi, H. Miloudi
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components. There are switches with controlled switching
(MOSFET, IGBT, JFET) that require control, and others
with natural switching (diode, Schottky). Energy storage
occurs in passive components like capacitors and
inductors. The integration of these two phases is the
principle behind the switching cell. The study of power
transistors is not a new issue [15-17], and relevant studies
have been carried out throughout the evolution of power
systems and power conversion technologies. Power
transistors are the primary source of EMI and EMC issues
in power equipment.

This paper focuses on the EMI-EMC (common-mode
(CM) and differential-mode (DM)) design of high-
frequency (150 kHz to 30 MHz) power transistors
(MOSFET and IGBT) for high-frequency and high-power
applications. A background description and review are
provided to assist characterize this work and its originality.
The experimental method used for identifying high-
frequency behavior is presenting oneself in simple
circumstances with only two separate potentials.
Considering EMI generated by MOSFET and IGBT during
the original design stage can help designers satisfy EMC at
a reasonable cost before reality. EMI forecast should be
closely paid to in order to save design cycle and expense.

Purpose. Analysis of the fundamental possibility of
selecting a switching device with a power supply based
on an experimental measurement which allows to increase
the reliability of the entire mechanism operation and
significantly simplify the design.

The tests EMC in this paper underscore the
importance of carefully selecting the type of switching
device (IGBT or MOSFET) based on the specific
requirements of different loads and switching constraints.
MOSFETSs are generally preferred for fast switching and
low-frequency (LF) applications, while IGBTs are better
suited for slower switching and high-frequency (HF)
applications. Proper thermal management is also essential
to ensure optimal performance. The results of these tests
contribute to a better understanding of switching device
performance in series chopper applications and guide
design choices accordingly.

EMC measurement and standards of conducted
EMI. Conducted emissions refer to disruptions in
measurable electrical properties that are directly
observable at the conductor level (voltage and current).
These emissions encompass undesired high-frequency
currents that traverse within the device, along with
overvoltages that may arise at the load’s terminals when
powered through an extended cable [18].

To make measurements meaningful and repeatable,
it is desirable to decouple the assembly under test from
the network, providing a known impedance through
which disturbances can be forced to pass. This is the
purpose of a device known as a Line Impedance
Stabilizing Network (LISN), which is inserted between
the network and the assembly under test (Fig. 2).

LISN is equivalent to a filter inserted between the
supply network and the input of the equipment under test.
Its role is multiple: it isolates the equipment under test
from the power supply network, sets the prescribed
impedance at the measurement points, and channels
conducted disturbances to the measurement receiver.

Fig. 2. Line Impedance Stabilization Network (LISN)

Conducted disturbances often pertain to high-
frequency currents circulating within the device. The term
high-frequency typically encompasses frequencies
ranging from 150 kHz to 30 MHz, as this frequency range
aligns with the bandwidth regulated by prevailing EMC
standards. This current can be dissected into two modes
(CM and DM)), as depicted in Fig. 3.

Flectrical
Network

Aggembly
Tested

Fig. 3. High-frequency CM (/.,,) and DM (/,,) currents

The DM current (Z;,) characterizes the portion of the
current that forms a loop within the power conductors between
the power source and the load. This is the normal current path,
but the high-frequency components are undesirable.

The CM current (/) refers to the portion of the
current that flows through the ground wire. This path
typically does not participate in power transfer, but it can
carry high-frequency components, especially through
capacitive coupling. Regardless of their coupling mode,
these high-frequency currents ultimately loop back
through the internal impedances of the electrical network,
making their measurement dependent on the specific
network configuration and layout.

All power transistors are sources of pollution due to
parasitic elements coming from the power supplies
themselves. Like most electrical equipment today, they
must comply with EMC standards. Even if their
predominant use in the industrial sector means that they can
sometimes escape this constraint, their progressive use in
the tertiary sector means that the normative aspect must be
met, or at least anticipated. Companies specializing in the
design of power supplies and, more generally, of static
converters, are today faced with this type of requirement.
Power transistor applications, which are now common
place in many service sectors, represent some of the most
complex power structures in terms of design and modeling.

Each regulatory body has a specific standard for
carrying out EMC tests. Measurements are carried out in
accordance with EN 55022 [19-22]. The latter imposes a
specific measurement protocol. This protocol guarantees
the reproducibility and reliability of measurements carried
out on the equipment under test. In order to explain the
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layout of the various system components and the
configuration of the normative measurements, we present
the synoptic diagram of the test bench in Fig. 4. The
conducted emission test configuration complies with EN
55022. All devices are placed on a copper ground plane.

The equipment under test is placed on a plane
electrically isolated from the surrounding area.

eries

Fig. 4. EMC bench for measuring conducted EMI

In the context of conducting a comparison regarding
conducted EMI in CM and DM, involving a series chopper
associated with a resistive load, two static converters were
utilized for reference purposes: the IGBT reference
FGH40N60 and the MOSFET reference IRFP4060, along
with a BYTI2 diode. An experimental setup was
established to assess the conducted EMI, where a chopper
(Fig. 5) fed a resistive load at a continuous 24 V voltage
level. The primary measurement elements included the
LISN connected before the chopper, as well as a spectrum
analyzer to measure the conducted disturbances in both CM
and DM across various load values.

Lp

Fig. 5. Chopper (equipment under test)

We have focused on the conducted mode, which is
largely responsible for the majority of disturbance
phenomena generated by these devices. The distribution
of CM and DM currents in the system will be presented.
To illustrate their origins, CM currents are essentially
transmitted via capacitive CM couplings. Conducted
disturbances propagate to other parts of the system by
looping through the ground.

For the analysis of EMI produced by the converter,
spectral estimates must be referred to EN 55022, the standard
for measuring disturbances. To comply with current
regulations, a frequency range of 150 kHz to 30 MHz must
be taken into consideration. The standard aims to estimate
EMI in the measurement receiver at the chopper input.

A method of EMC analysis commonly used in
power electronics has been employed. To illustrate this

method, we will first use a chopper with the MOSFET
(IRFP4060), and then the same chopper with the IGBT
(FGH40N60). From there, we’ll choose the analysis
method and the resulting measurement tool for what
would appear to be the most suitable for this study.

Results and discussion. Figures 6, 7 show the
frequency spectrum of disturbances after using the
MOSFET respectively in CM and DM with different
loads (50 €2, 100 €2 and 200 Q).
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Fig. 6. CM EMI (MOSFET)
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Fig. 7. DM EMI (MOSFET)

When parasitic currents flow through the links in the
same direction, closing at equipotential bonding, we
speak of CM. In this case, parasitic currents propagate via
the parasitic capacitances created between each hot spot
subject to voltage variations (MOSFET drain) and the
ground plane, and via the parasitic capacitances between
the semiconductor and the heat sink. These parasitic
currents flow through the two parallel resistors of
standardized value equal to 50 Q.

In DM, when parasitic currents flow in both
conductors. These currents are due to the switching of
switch currents (MOSFET). Part of the switching current
flows through the switching capacitor, and the other part
through the two resistors of 50 Q in series.

In the linear amplification region of the MOSFET
transistor, when the input voltage exceeds the threshold
voltage, a small current begins to appear at the output.
This current creates a voltage across the resistor, causing
the output voltage to decrease. Conducted EMI (CM and
DM) is very small. Transitioning to the linear region, we
observe similar conducted disturbances in both CM and
DM. However, once the output current reaches a certain
value, the Vpg voltage drops below the Vg — Vy, voltage,
as seen in the case of a load equal to 50 Q in Fig. 8.
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Fig. 8. CM/DM EMI (MOSFET)

As the load increases, the occurrence of interference
spikes in the DM increases in the first operating region
(switching state or closure) of the switch. This is due to
rapid voltage fluctuations exceeding the threshold voltage
and significant current appearing at the switch’s output (for
a load of 200 Q) (Fig. 9). In contrast, the MOSFET does
not exhibit any CM propagation during the switching
phase, which is similar to that of the 50 Q load (Fig. 8).

The conducted interference diagrams in CM
observed for the IGBT power switch are nearly identical
for different loads (Fig. 10). However, there is a notable
interference peak for the 50 Q and 100 Q loads compared
to the 200 Q load.

In this study, the behavior of the EMIs (CM and
DM) from the two static converters is nearly the same, but
with different amplitudes and peaks, and higher with the

lower load.
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Fig. 9. CM/DM MOSFET
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Fig. 10. CM EMI IGBT

In DM, the impedance of the load can play a crucial
role. An increase in the resistive load can lead to an
increase in differential impedance, which can influence
the time required for the current to reach its nominal level
in DM. On the other hand, higher loads (200 Q load in
our test) can generate more heat, which can affect the
performance of the IGBT device. Elevated temperatures

can influence the switching behavior (Fig. 11).
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Fig. 11. DM EMI IGBT

The IGBT power switch behaves in a similar manner
in both CM and DM for a 50 Q load (Fig. 12) and a 200 Q
load (Fig. 13). However, for a low load, the IGBT takes
longer to transition from the first region to the linear region.
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Fig. 12. CM/DM IGBT
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Fig. 13. CM/DM IGBT

In Fig. 14, 15, for a 50 Q resistive load, both power
switches exhibit similar interference patterns. However, in
DM, the IGBT may show a more significant switching
delay compared to the MOSFET.
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Fig. 14. CM MOSFET/IGBT

Magnitude, dBpvV
- T

-30

- -
m— MOSFET
— | GET
40 b .
-50
-60 -

70

-80

-90
102 108 104 108 108 107

Fig. 15. DM MOSFET/IGBT

This last difference can be attributed to the intrinsic
switching times of the two devices. The MOSFET,
typically being faster, responds more swiftly in this
context, while the IGBT may require more time to reach
its switching state in DM with this load.

The conducted (CM and DM) interference tests
using a series chopper employing both an IGBT and a
MOSFET revealed several key observations.

When the load is increased to 200 Q, the conducted
disturbances in CM (Fig. 16) remain the same as those for
a 50 Q load in both operational regions for both switches.
However, in the case of DM (Fig. 17), a significant
current appears across the terminals of the load when the
input voltage exceeds the threshold voltage for the
MOSFET. The IGBT, on the other hand, does not reach

saturation in this region.
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Fig. 16. CM MOSFET/ IGBT

The main difference between IGBTs and MOSFETs
is that IGBTSs have an additional p-n junction compared to

MOSFETs, which gives them the properties of both
MOSFETs. The least disruptive power switch is the one
that produces the least amount of transients when it is
turned on or off. These transients can cause damage to

sensitive electronic equipment.
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Fig. 17. DM MOSFET/ IGBT

Conclusions.

1. The difference between using an IGBT and a MOSFET
is that the IGBT tends to have smoother switching, resulting
in fewer high harmonics and less -electromagnetic
interference (EMI) during switching. This can be
advantageous in terms of electromagnetic compatibility as
smoother current transitions reduce the potential for EMI
emissions. Conversely, MOSFETs, especially when used in
high-speed switching applications, can generate higher peaks
of EMI due to their rapid switching in the low-frequency
(LF) and high-frequency (HF) ranges.

2. MOSFET is better suited for fast switching and low-
frequency applications, whereas IGBT is more suitable for LF
and HF. The difference in behavior between the IGBT and
MOSFET is linked to their intrinsic switching characteristics.
MOSFET tend to have shorter switching times, making them
faster in responding to variations in load and voltage.
Conversely, IGBT may exhibit longer switching delays.

3. The load defines the switch’s electrical characteristics,
such as rated power, current and voltage. It is important to
choose a switch whose characteristics correspond to the load
to which it will be connected.

4. Impact of the load value: played a critical role in test
results. Resistive loads of varying values influenced
interference levels and observed switching delays.

5. Thermal effects: tests also demonstrated that higher
loads could generate more heat, potentially affecting the
performance of switching devices, particularly IGBT.
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OTpuMaHHsI MAKCHMYMY NOTYKHOCTI BiJl lzKepeJia 3a I0NOMOI 010 iMITyJIbCHHUX Pery/asTopis
NiABUIYBAJIbHO-TOHUKYBAJIbHOI0 THILY, 10 MPALIOIOTh HA AKYMYJISITOP

IIpoananizoeano pezynto8anvhi XapakmepucmuKku iMnyIbCHUX Pe2yamopie nio8Uwy8aIbHO-NOHUNCYBATLHOZ0 MUNY 3 YPAXYEAHHAM
SHYMPIUHBLO2O ONOPY OHCEPENA IHCUBTEHHSA, 30 YMOBU NIOKNIOUEHHA AKYMYAAmopa Ha ix euxooi. Ilokazano, wo 3a HAA6HOCMI aKyMy-
JIAMOpA, pe2yisamopu Hanpy2u npayroeamumMyms ¥ pexicumi pe2yioeants CIMpymy 3apaoxicanta akymyaasmopa. Ilpu yvomy dianazom
pezynio8ants GIOHOCHO20 4ACy 3aMKHEH020 CIMAHY Kuoua 6yde obmedceHuM. JJano pekomeHOayii wjooo eubopy pescumie pobomu
pe2yiamopa, 3a SKUx 3a6e3neuyemucs nepe0asants enepaii 6i0 ddcepena 00 aKyMyismopd, 8 3aleHCHOCMI 810 CXeMu pe2yiamopd, d
MAaKodIc 3HAYeH s Hanpy2u Ha aKymyaamopi. Busnaueno ymosu, 3a axux 3abe3neuycmocs nepeodasants MakCUMAanbHOi NOMYdICHOCMI

610 Odicepena dcusnenns 0o akymyasmopa. bion. 15, tabn. 1, puc. 4.

Kniouogi cnosa: BuxinHmii omip axKepesia, y3roq:KyBaabHUI IMIyJbCHUI peryJsiTop, podoTa Ha aKyMyJISITOp, NepeAaBaHHs
MaKCHMAJILHOI MOTYKHOCTI, PeryJIsiTOpH MiIBHIIYBATbHO-MOHUKYBAJIBHOTO THITY.

Beryn. [Ipu BukoprcTaHHI Pi3HUX THUIIB HETPaIMLik-
HUX Ta BIJHOBIIOBAIBGHUX J[DKEpeN, Bil HUX IParHyTh
OTPUMATH MAaKCHMAaTbHO MOIIMBY KUIBKICTH €JNCKTPHIHOL
eHeprii. /Iy mporo poboda ToUKa mKepea Mae mepedyBaTh
B TOUILI MakcuMatbHOT oTyxHOCTi (MII) Ha fioro BuximHii
xapakTepuctuili. OmHaK, Takuil peKuM pPoOOTH pKepesa
MO>KJIMBHH JIMIIIE Y BUIIAJIKY, KOJIM BUXIAHUNA OMIp JpKeperna
7 CIIBIaa€ 3 OMIOPOM HOT0 HaBaHTaxeHHs R [1, 2].

Jliis 3a0e3neucHHsT MOXKIIMBOCTI Bimoupanus MIT Bifg
JoKeperna B LIMPOKOMY Jliarna3oHi 3MiHM OIOpY HaBaHTa-
JKCHHS, MK JDKEPEIIOM Ta HABAHTKCHHSAM BMHKAIOTH iM-
mynbcHuit perynsitop (IP), skuit y3romxye BuXigHuii omip
JUKepena 3 OrmopoM HaBaHTaxeHHS [3-6]. B Takux Buman-
Kax poJIb HABAaHTKCHHS [DKEpea BUKOHYBaTUME BXITHUI
omip perymsiropa R, = AR, ¢ ), sKkuii € QyHKIER omopy
HABaHTKCHHS PEryisiTopa R, a TakoX BiIHOCHOTO Hacy
3aMKHEHOTO CTaHy KJIIOUa PEryssTopa { = C,md/ T Ha me-
pioai poGotn Kmroya 7. 3MIiHIOKOYM TapaMerTp ! MOXKHA
3a0e31eYnTH BUKOHAHHSI YMOBH R, = 7 B IMPOKOMY Jliarna-
30HI 3MiH OIOPY HABaHTAXKEHHS R.

KisbkicTh eHeprii, o HaXOIUTh Bl HETPAIUIIHIX
Ta BIJHOBJIIOBAaHHMX JDKEPEN, YacTO 3aJIeKHUTh BiJ 30BHIII-
Hix ymoB. Tomy, myst 3a0e3reueHHst OLTBII PIBHOMIPHOTO
HAJIXO/DKCHHS CHEprii 10 HaBaHTaXKeHHs, Ha Buxoni I[P
BMHUKAIOTh aKyMYJIITOp, SKAH Tpamioe B OydepHOMY pe-
*kuMi. B Takux Bumamkax HaBaHTaxeHHsIM [P Oyme came
aKyMyJISITOp, @ HaBaHTAKEHHSIM JDKEpena — BXITHUH OIIip
perymsaropa. IlepenaBanas MII Bin mkepena 10 akymyIis-
TOopa Mo)ke OyTH 3a0e3mnedeHe IUIIXOM BHOOPY BiImoBin-
Horo pexxumy poodotu IP [5, 7, 8].

VY [9] npoaHai30BaHO YMOBH, 32 SKHX MOXJIHMBE 1
JouiibHe nepenaaBands MII Big mokepena 10 aKyMyJsTo-
pa 3a ponomoroo IP mifBHIyBanbHOTO Ta MOHMKYBaJIb-
HOTO THILY, a TAKOXX OCOOJMBOCTI POOOTH LUX PEryJIsTO-
piB y 3a3HaueHOMY pexumi. s y3roUKeHHsS BUXIIHOTO
OTIOpy JKepena 3 HaBaHTaKEHHSIM, TaK0XX MOXYTh OyTH
BUKOpHCTaHi Bimomi cxemun [P  migBuiryBampHO-
MTOHIKYBaIbHOTO TUIy [10-12].

MeTow poboTH € aHaimi3 ocobmmuBocTi podoru IP
I IBUIIY BaJIbHO-MIOHIDKYBAILHOTO THITy B PEXHUMI mepe-
nasanust MIT Bin mpxepena 0 akyMmyJisiTopa, a TAaKOX BU-
3HAYCHHS YMOB, 32 SIKHX MOXJIMBE 1 JOI[IbHE BUKOPHUC-
TaHHS TAaKUX PETYJISTOPIB 13 3a3HAYEHOIO METOIO.

Cxemu peryasiTopiB. Po3riisiHemMo Ti BapiaHTH CXeM
IP migBUIyBaThHO-IIOHIDKYBAJIBHOTO THUITY, SIKi 3a0e3Iie-
YYIOTh MOXIUBICTh BimOmpanns MII Bing mkepena >KuB-

nenHs [13]. BignoBigHi cxemMu peryisTOpiB IpeacTaBiie-
HO Ha puc. 1 Ta 2.

-

Puc. 1. PerymnsaTop migBHIyBanbHO-MOHIKYBAIBHOTO THITY
3 MOCJIiIOBHIM BMUKaHHIM KJIIOYa

+11C K
— -7
U..
Im E” oui
U, ﬁs R
Il)ul
_} _ J

Puc. 2. PerJ'ISITOp 1'[II[BI/IH_[yBaJ'IBHO-HOHI/I)KyBaJ'ILHOFO TUILY
3 napaj€JIbHUM BMUKaHHSAM KJIrO4a

BusHaunmo Ta mpoaHai3yeEMO peryiioBabHI Xapa-
KTEPUCTUKH IIUX PEryJsATOPIB, 32 JOMOMOTIO0 SIKMX MOXE
Oyti BH3HaueHWi pexxum pobotu [P, mpm sxomy Bix
JoKepena JKuBlieHHA BimOmpatmmerscss MIL. Ockinbku B
pexumi BinOupanas MII omip HaBaHTa)XXeHHsI Ta BHXIif-
HHUH Omip JDKEpena € BEIMYHMHAMM OJIHOTO MOPSAKY, IPU
BU3HAUCHHI PETYIIOBAIBHUX XapPAKTEPUCTUK PETYJIISITO-
piB, OynemMo BpaxoByBaTH BHYTPIIIHIN omip pKepena,
BBAYKAIOUU HOTO JiHilHUM.

Perynsitop  miiBHINYBaJbHO-NOHWKYBAJIbHOIO
THIY 3 MOCHiT0BHUM BMUKAHHAM KJaioua (puc. 1). fx-
10 HEe BpaxoByBaTW BTPaTH B eyleMeHTax cxemu [P, B
pexuMi Oe3rmepepBHOTO CTPYMY iHIYKTUBHOCTI L, 3aBXKIU
BUKOHYBaTUMYThCSI yMOBH [12]

* *
t —_
w Aow =1y 1 *t : (1)
1-¢ t

Sxmo BBakaTH, M0 BHYTPIMIHIN omip akymymisropa
€ 3HaYHO MEHIIMM BiJ BHYTPIOIHBOTO ONOpPY DKepena,
MOXHa CTBEPUKYBATH, 110 B IPOLIECI PETYITIOBAHHS BHXi-
JHa Hampyra pPeryisTopa 3aluLIaTHMETbCs NPAKTUYHO
HE3MIHHOIO 1 TOpiBHIOBAaTHME HANpy3i Ha aKyMyJsTOpi
U, = E,. OTxe, ams Tor0, 00 Y IpOLeci peryiToBaHHs
cucrema repedyBajia y CTaHi piBHOBaru, BXiJHa Harpyra
peryssTopa Ma€ OpiBHIOBATH

Uows =Ujy
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* *
1 to_ _E, 1 *t ’ @)
t t
ne t = teiosed ! T — BIAHOCHHH dYac 3aMKHEHOTO CTaHY
kimoda S Ha nepioni T, f.yeq — TPUBAIICTH 3aMKHEHOTO
CTaHy KIJII0Ya.
BHacniiok HasiBHOCTI BHYTPIIIHBOTO OIOPY JKepe-
Jla, BXIJIHA HaIlpyra peryJyisiTopa 3MiHIOBATUMETBCS IPH
3MiHAaX CTPyMY, IO CIOXHBA€ThCS 1 BHU3HAYATHMETHCS
BUXIZIHOIO XapaKTEPUCTUKOO jkepena [12]

Uin =Upe = Loy 3)
pi (] UU(’ — Halpyra XO0JOCTOT'O X0y KEPEJia KUBJICHHS.

TakuMm 94MHOM, y CTaHi piBHOBArM, MarOTh OJHOYAC-
HO BHKOHYBaTHCh yMOBH (2) Ta (3)

Ui =U,u

*
Une =l =Eu @)
a0 nepexo Uy 0 BiIHOCHUX OJUHULD [12]
-1, —E*l—’, (5)
t
e Ey=Ey/Upe ;s Iy =Iin/lcs Iy =Upe/r — ctpym

KOPOTKOTO 3aMUKaHH JKepena.

BpaxoByroun, 110 Hampyra X0JOCTOIO XOAy JXKepe-
Jla, a TaKoXK HANpyra akyMyJisTopa e (ikcoBaHMMHU, 3Mi-
HIOIOUH [ApaMeTp { , THM CAMHM PEryJIF0BaTHMEMO BXil-
HUH 1, BIATIOBITHO, BUXIJJHUH CTPyM perynﬂTopa

0-1-g =l : 6)
t
3 ypaxyBaHasM (1)
* * *
* « 1—t « 11—t |1-t¢
Towy = lin——=|1-E,— P (7
t t t

Otxe, (6) Ta (7) 1 € perymoBaIbHIMHA XapaKTepHUC-
tukamu [P 3a cxemoro (puc. 1).

Peryasitop  miaBHINYBaJIbHO-IOHM:KYBAJILHOIO
THIY 3 NapajeJbHUM BMUKAaHHAM KJ1o4a (puc. 2). s
i€ cxeMu y pexxumi 0e3nepepBHOrO CTPyMYy IHAYKTHB-
HOCTI L € JificHuM criBBigHOMmeHHs [12]

*

Uour =Ui :1 *t s Ao =1y d * 2 (®)
t 1-t
— TPUBANICTh PO3IMKHEHOTO CTaHY

*

ac t* = ZLopen / T; topen
kimoda S Ha nepiofi 7.
OTXe, B yCTaJIeHOMY peXnMi poOOTH, BXigHa Ha-
MpyTa peryisropa Mae OyTa
* *

t t
Uy =Uyyy —=E, —
1-1

out
Jnsa Toro, mo6 cucreMa mepeOyBaiia y CTaHi piBHO-

1-£
Barv, Ma€ BUKOHYBAaTHCA yMOBa
*

t

)

(12)

(13)

out 1 t 1— t*
TakuM YyMHOM, 32 HAsBHOCTI aKyMyJIATOpa Ha BHXO-
I, peryJisiTopy, 1o po3IIAaEMO, IPAIOBaTUMYTh Y pe-
JKMMI PETYJIIOBaHHS BXIJHOIO Ta BHUXIJHOTO CTPyMY
(cTpymy 3apsupkaHHS akymyssaTopa). B Toif ke dac Buxi-
JHa Hampyra peryJsaTopiB 3aJMIIaTHMEThCS MPAaKTHIHO
MOCTIHHOIO 1 TOPIBHIOBaTUME HAIIPY3i Ha aKyMYIISTOPI.
AHAaJIi3 peryJioBajJbHHX XapaKTEePHCTHK peryJisi-
TopiB. 3a HAsIBHOCTI aKyMyJATOpa Ha Buxozi, [P mparrosa-
THMYTb B PEXHMI PETyJIIOBAHHS CTPYMY 3aps/UKAHHS aKy-
Mmyistopa. Y BHIAIKY £ = 0 [pKepero KUBICHHS Ta HABAH-
Ta)KeHHsI po3’eIHaHI MiXk coOOI0 1 IiepesaBaHHs eHeprii 10
akyMmyisTopa 6yne Bincytre. Skuio x ¢ > 0, s 3abesme-
YeHHs1 Nepe/laBaHHs eHeprii BiJ /pKepera 10 akyMyJsaTopa
Ma€ BHKOHYBaTUCh ymoBa [, > 0. IIns cxemu (puc. 1), 3
ypaxyBaHHsM (6), L5l YMOBa IIPUHMAE BUIIISA

*

« 11—
£l >0, (14)

t

a Juis cxemu (puc. 2)

t*

1-E,——|>0. (15)
. 1_t_

BpaxoByrouw, 110 y 3arajJbHOMY BHUIIAIKY Mapamerp
¢ Moxe 3MiHIOBaTHCh Y Aiamasori [0...1], 3 ypaxyBaHHAM
(14), (15) mpuxommmo 10 BHCHOBKY, IO 32 HAsBHOCTI
aKyMyJISTOpa TOMyCTHMHI [ialia3oH 3MiHH Tapamerpa {
Oyne oomexxenum. i cxemu (puc. 1) momyctuMa 3miHa

mapamMeTpa JIS)KHATH Y Jiara3oHi
S

% E
1>t >—%4, (16)
E,+1
a s cxemu (puc. 2)
0<f <—— (17)
1+E,

Otxe, yuM OibIIOI0 Oy/ie HANpyTa HAa aKyMyJISITOpi
* . o .
E, , Tum Oinbin oOMexxeHuM Oyze JOIyCTUMUM Jiana3oH

perymoBanHs mapamerpa ¢ B IP. B Toif xe uac amami3
(16) Ta (17) nokasye, 0 Hampyra akymyJsiTopa MOXe
OyTH K OLIBIIOIO, TaK i MEHIIIOIO 3a HAIPYTY XOJIOCTOTO
XOAy JuKepena sKuBJeHHS Ul,,.

Sx Bimomo [1], y BUnaaKky JiHIHHOTO BHYTPIIITHEOTO
onopy jxepena xupieHHs, B Touui MII BimHOCHE 3Ha-
YeHHS HOro BHXiITHOTO cTpyMy (BXimHOTO cTpymy IP) mae

=0.5.
Omxe, ymoBa Bimoupanus MII Big mxepena s

Oytu I t,

1

=1-1 10
- in'" > (10) cxemu peryinaropa (puc. 1) MaTume BUTIAn
a0o0 y BiTHOCHHX Olll/IHI/lLISDi « 1 £ _0s, a8)
* l‘
E —=1-1;,. 11
- " (an a 1 cxemu (puc. 2)
OTmxe, perynoBaibHI xapakrepuctuku IP 3a cxe- g . 05 19
MOIO (pHC. 2) MAaTUMYTh BHTJISL ~Eq s = (19)
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Taxum unHom, MII Oyze nepeaaBaTuch B mxepena
* *
J10 HAaBaHTAXXEHHs 3a YMOBH, IO ¢ ={,p, A€ IJIsI CXEMH
perynstopa (puc. 1)

* E
tp =———— (20)
E,+0,5
a U1t cxemu (puc.2)
* 0,5
IMp=—""%- @n
0,5+E,

PerymioBanibHI XapakTEPUCTUKU PO3IIITHYTUX CXEM,
IO MPEJCTaBIICHI Ha pUC. 3, 4, MITBEPIKYIOTh pe3yiIbTa-
TH IIPOBEICHOT0 aHani3y. OCHOBHI BIIACTHBOCTI IIUX CXEM €
ananorivammu. OfHAK, SKOIO IS cxemu (puc. 1) momyc-
TUMHH JTialta30H PEryIOBaHHS 0OMEKEHHH 37TiBa [# iy, ... 1],
TO 1Is cxeMu (puc. 2) — cmpasa [0 ... f.]- Lle € Hacmigkom
IYaIBHOCTI CXeM PO3TIIIHYTHX peryisropis [13].

*

2,5 /
2
o 1
15 {/ ~Ea=0,
1 i
osl | Ead=0)5 .
’ f TEq=1 =Ll Ea=10,
ot
0 0,2 0,4 0,6 0,8 1

Puc. 3 PerymoBanbhi xapaktepuctuku [P 3 mociigoBHIM
BMMKaHHSAM KJII04a

251
) \
Ea=0,1/" \
1,5 \
S |
1 P ‘ll
05 ~ _Ea=05 \
9 Ca / T
P g s T<ET N L e
0 0,2 0,4 0,6 0,8 1

Puc. 4 PerymoBanbHi xapaktepuctuku [P 3 napanensHum
BMHKaHHSM KIFOYa

JI1s IOpiBHAHHS BIACTUBOCTEH YOTHPHOX OCHOBHHX
cxeM IP B Tabm. 1 HaBeneHO IX OCHOBHI OCOOIHMBOCTI MpH
poboti B pekumi mepemaBants MII Bin mkepena KuB-
JICHHS 10 aKyMyJIsTOpa, a came:

e yMOBa Mepe/aBaHHs eHeprii BijJ JKepena 0 aKyMy-
JISITOpA;
e ymMmoBa Binoopy MII Bix mkepena;
e JIOLIBHUI Jliana30H 3MIHH HAIIPpyTy akymyJisitopa E,,.
Tabmur 1
YMoBH niepenaBaHHs €Heprii Bi Jkeperna 10 aKyMyJIsTopa

Ha cporozni icHyt0Th MOIU(IKOBaHI BapiaHTH CXeM
IP migBHIyBaIbHO-TIOHW)KYBAJIBHOTO THITY, SIKI BiIpi3-
HSIIOTBCS B1JI PO3IIISIHYTHX ITOJISIPHICTIO BUXIAHOT HaNpyru
(ZETA Ta SEPIC converters) [14, 15]. 3mina nossipHocTi
BUXIJIHOT HANPYTU JIOCATAETHCS IUIIXOM BiAIIOBIIHOT 1MO-
OymoBH BUXIZHOTO Koja peryistopa. OmHak, OCKiUIBKH
OCHOBHI BJIACTUBOCTI PETYJISITOpa BU3HAYAIOTHCS CIIOCO-
60M 1oOynoBHM HOTrO BXiJHOTO KOJIa, 1 B HeEpIIy 4epry
croco0OM TiAKITIOYSHHST KEPOBAaHOTO KITtoYa S, ofepKaHi
pe3ynpTaTé OyAyTh MIHCHUMH 1 JJIS BIATIOBIIHUX THUIIB
MOIU(IKOBAaHUX CXEM pETYJSTOpPIB  MiABHITYBaIbHO-
HOHIKYBAIBEHOTO THILY.

BucHoBkm.

1.3a HasBHOCTI aKyMyJsATOpa Ha BHUXO[I, IMITyJIbCHI
PEryJIsaTOpH HANpyTH MPaLIOBaTUMYTh y PEXHUMI peryJis-
TOpa CTpyMy.

2. Xapakrep peryioBaibHOI XapaKTEPUCTUKH 1 JOIIyC-
TUMHH J1ialla30H PETYIIOBAHHS 3aJI€XKUTh BiJl TUILY pery-
JISITOpa Ta 3HAYEHHS HAIlPyTH HA aKyMYJISITOPI.

3. MakcuManbHa TOTYXKHICTB BiI JpKepena BigOmpa-

* *
THUMETBCS 3a IIEBHOTO 3HAYCHHs mapamerpa ! =fi,, , jJKe

BU3HAYAETHCSA TUIIOM PETYJIATOPA Ta 3HAUCHHSAM HalpyTH
Ha aKyMYJISTODI.

4. IMImy TbCHUH PEryIsTOp I IBUIILY BaJIbHO-
MOHMKYBaJIBHOTO THUILY, y HOPIBHSHHI 3 peryisTopamu
M/IBUIYBAJBHOTO Ta MOHIKYBAJIBHOTO THIIIB, MarOTh
HANIIUPIINA TOMYyCTUMHUI Jiana3oH 3MIHM BiIHOCHOL
Halpyru Ha aKyMyJIsSTOPI.

Konduikr inTepeciB. ABTOpPHM CTaTTi 3asABISIOTH
PO BiZICYTHICTb KOH(IIIKTY iHTEpECiB.
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Obtaining the maximum power from the source using step-up
and step-down type pulse regulators that work on battery.
Introduction. Pulse regulators are widely used to match the output
resistance of the source with the load resistance in order to ensure
the possibility of taking maximum power when the value of the load
resistance changes. Problem. In the case of using non-traditional
and renewable sources of electrical energy, for a more uniform
supply of energy to the load, a battery is often connected to the
output of the pulse regulator, which works in buffer mode. In such
cases, the load for the pulse regulator will be the battery itself, and
the role of the source load will be performed by the input resis-
tance of the regulator. To ensure the mode of operation of the pulse
regulator, in which the maximum power will be transmitted from
the source to the load, it is necessary to know the regulating char-
acteristics of the regulator. There are works that analyze the regu-
lating characteristics of step-up and step-down pulse regulators,
which are used to match the load with the output resistance of the
source. At the same time, for the same purpose, pulse regulators of
the step-up and step-down type can be used. Goal. The purpose of
the work is to analyze the features of the operation of step-up and
step-down type pulse regulators in the mode of maximum power
transmission from the source to the battery, as well as to determine
the conditions under which it is possible and appropriate to use
such regulators for the specified purpose. Methodology. The regu-
lating characteristics of step-up and step-down type pulse regula-
tors with sequential and parallel switching on of the controlled key
were determined and analyzed, taking into account the presence of
a battery at their output. Results. It is shown that the transfer of
energy from the source to the battery is possible only under certain
modes of operation of the regulator, which depend on the type of
regulator, as well as the amount of voltage on the battery. The
conditions under which it is possible to draw the maximum power
from the source are determined. Originality. Since the output resis-
tance of the source and the load resistance are of the same order in
the maximum power selection mode, the internal resistance of the
power source was taken into account when determining the regu-
lating characteristics of the regulators. Practical value. The ob-
tained results made it possible to formulate practical recommenda-
tions for a justified choice of the regulator’s operating modes,
depending on its type and the value of voltage on the battery.
References 15, tables 1, figures 4.

Key words: source output impedance, matching pulse regula-
tor, battery operation, maximum power transmission, step-
up and step-down type regulators.
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Analytical determination of a quasi-stationary electromagnetic field created by magnetic
moments and eddy currents in conducting half-space

Aim. Study of the distribution of a three-dimensional alternating quasi-stationary electromagnetic field at the surface of conducting
half-space with strong skin-effect, the source of which is an arbitrarily oriented magnetic moment. Methodology. The expressions for
non-uniform electromagnetic field with strong skin effect are used for the analysis, which is based on the found exact analytical
solution of the general three-dimensional problem and the use of expansion into asymptotic series with respect to a small parameter
that is proportional to the ratio of the field penetration depth to the distance between the sources of the external field and the surface
of body. Specific expressions at the surface are completely determined by the known field of external sources. In this work, the
external magnetic moment field is used. Results. For strong skin effect, expressions for the electric and magnetic field strength are
obtained separately for the components of the magnetic moment oriented perpendicularly and parallel to the flat surface between the
dielectric and conducting areas. The features of the electromagnetic field distribution are analyzed depending on the value of
introduced small parameter. The results are presented for the module and phase shift of the field strength with respect to the phase of
the external field source. Originality. The expressions found for the electromagnetic field appear to be more general than the use of
closed contours with alternating current, since they extend types of external field sources and allow the use of the superposition
method instead of integration over the entire contour. Practical value. The found specific analytical expressions of the
electromagnetic field at the surface for the external field of magnetic moments significantly simplify the solution of the problems,
since they do not require additional solution of the field equations. References 20, figures 8.

Key words: three-dimensional quasi-stationary electromagnetic field, strong skin effect, external field of magnetic moments,
asymptotic method, analytical solution.

Mema. Jlocnioscenns 6 ymosax nposisy CUlbHO20 CKiH-eeKkmy po3nooiny Ha NOBEPXHI eNeKmponposioH020 NiENPOCMOPY MPUBUMIDHO20
3MIHHO20 K8A3ICMAYIOHAPHO20 eleKMPOMASHIMHO20 NOJA, 0XHCEPENoM 308HIUNHBLO2O N0 AKO20 € O0BIILHO OPIEHMOBAHUL MASHIMHULL
Momenm. Memoodonozia. /[na ananizy GUKOPUCMAHULU QHATIMUYHUIL DO36 A30K 3A2aNbHOI MpPUSUMIpHOI 3adaui 01 BUNAOKY
HEOOHOPIOHO20 eeKMPOMACHIMHO20 NOJA NPU CUTbHOMY CKiH-egheKmi | UKOPUCAHHI PO3KIAOAHHA 8 ACUMNIMOMUYHI PAOU NO MALOMY
napamempy, AKUll NPONOPYIUHUL GIOHOWEHHIO 2TUOUHU NPOHUKHEHHs MO 00 6I0CMAaMi Midc Odicepenamu 308HIUHbO20 NOJs |
nogepxmero mina. Konkpemmui eupazu Ha noeepxui NOGHICMIO SUBHAUAIOMbCS BIOOMUM HONEM 306HIWHIX OXNCEpeln, 8 AKOCHI SKUX
BUKOPUCIOBYEMbCA NONe MAcHIMHo20 Momenmy. Pesynomamu. [{na cunvnoco cKin-epekmy ompumano supasu O1s HaAnpysceHocmell
EIeKMPUUHO20 | MACHIMHO20 NOIE OKPEMO Ol KOMNOHEHMIB MACHIMHO20 MOMEHIY, W0 OPIEHMOBAHT NEPNEHOUKYIAPHO | NAPALETbHO
00 NAOCKOI NoBepxHi MidC OleleKmpuuHo 1 enekmponpogionoo obracmsmu. Ilpoananizoeano ocobnugocmi  po3nooiny
eNeKMPOMASHIMHO20 NOA 8 3ANEHCHOCHII 610 BENUUUHU 66€0eH020 MAN020 napamempy, Pesynomamu npedcmasneno oiisa Mooyie i 3¢ysy
¢az Kkomnonenmie Hanpydcenocmeil nonie 6IOHOCHO (azu Odcepena 306HiWHL020 nos. Opucinanvuicme. 3naiideni gupasu Ons
E/IeKMPOMACHIMHO20 NOJIA YAGIAIOMbCA OlbUl 302ATbHUMU, HINC GUKOPUCIAHHA 3AMKHEHUX KOHMYPI6 31 3MIHHIM CIMPYMOM, OCKLTbKU
PO3MUPIOIOMb BUOU 0dCepel 308HIUHBO2O NOJS, WO 6PAXOBVIOMbCA, | 003601AI0Nb BUKOPUCIAMU MemOO CYRepnosuyii 3amicmo
inmezpyeanns no ecbomy koumypy. Ilpakmuuna yinnicme. 3naiioeni KOHKpemHi ananimuuni eupasu eieKmpomazHimHo20 nos Ha
NOBEPXHI 05l 306HIUHLO20 NOJIA MASHIMHUX MOMEHMIB 3HAYHO CHPOWYIOMb BUDILUEHHS KOHKPEMHUX 3a0at, OCKLIbKU He Nompetyomy
0151 Y020 D0OAMK08020 PO38 3Ky pisHsnb noss. bioim. 20, puc. 8.

Kniouogi cnosa: TpuBUMipHe KBa3icTalioOHApHe eJIeKTPOMATHITHe MoJie, CHIbHUN CKiH-e()eKT, 30BHIIIHE IOJe MArHiTHHUX
MOMEHTIB, ACHMITOTHYHMIA MeTO/l, AHATITHYHMIA PO3B’SA30K.

Introduction. The interaction of an alternating
electromagnetic field with electrically conducting bodies is
accompanied by the manifestation of the skin effect. In
high-frequency and short-time pulsed electromagnetic
processes, there is a strong skin effect, then the current and
electromagnetic field are concentrated in the thin surface
layer of the body. In this case, the formulation of
mathematical models for calculating the electromagnetic
field is significantly simplified. The simplest mathematical
model of the ideal skin effect can be imagined, when the
characteristic dimensions of the conducting body L
significantly exceed the field penetration depth J. Here, it is
enough to consider a stationary problem for a body with
ideal electrical conductivity and, accordingly, zero field
penetration depth 6~0 [1, 2]. In this case, the normal
component of the magnetic and the tangential component
of the electric fields are equal to zero.

The further development of approximate models of
the electromagnetic field penetration into conducting
medium at & # 0 is associated, first of all, with studies
based on the impedance boundary condition [3, 4].

In the mathematical model proposed by
M. Leontovich back in the middle of the 20th century [3],
the model with ideal electrical conductivity remained the

starting point. From this model, the magnetic field
strength tangent to the surface of the conducting body was
determined. The bounded depth of field penetration was
calculated using the concept of the impedance boundary
condition, where the magnetic field strength at the surface
of the body is related to the electric field strength by a
specific ratio. It is assumed that electromagnetic field
locally penetrates into metallic body in the same way as
uniform field penetrates into conducting half-space. The
model is approximate and one of the issues is determining
the limits of the model's application. A detailed analysis
of many years of research in the development of the
concept of the impedance boundary condition is
presented, for example, in [5, 6].

The development of effective methods for solving
3D problems of electromagnetic field theory in a fairly
general formulation is a topical problem, despite
significant progress in the use of numerical calculation
methods. Analytical methods of solving similar problems
still have a certain appeal for theoretical research. This is
due to their positive aspects. First, there is a wide range of
objects where specialized analytical or combined
numerical and analytical approaches remain effective.
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Such objects include, in particular, systems whose
geometric features are characterized by a different nature
of the field change in space — a rapid change near
concentrated sources of the field or near the interface
between media and a much slower one in another region
of space with a much larger volume. Secondly, the
availability of an analytical solution makes it possible to
obtain general features of the formation of a 3D field, and
make it possible to carry out an in-depth analysis of the
causes and features of physical processes. There is also an
opportunity to develop well-grounded approaches to 3D
modeling of complex electromagnetic systems. Finally,
analytical solutions provide a certain set of exactly
solvable problems, which can be a benchmark for
comparison when developing other methods for
calculating systems of more complex geometry, where
obtaining analytical solutions is impossible.

The book [7] presents the exact analytical solution
obtained by the author and published in separate articles
for alternating and pulsed electromagnetic fields created
by a system of spatial contours with a current of arbitrary
configuration, located near a magnetized conducting body
with a flat surface, where eddy currents are induced. The
solution for closed contours was found in the integral
form for vector and scalar potentials, magnetic and
electric field strengths in dielectric and conducting media
without restrictions on the geometry of the contours,
medium properties and field frequency. The obtained
solution made it possible, in particular, to establish the
following general features of field formation [8]. The
components of current density and electric field strength,
perpendicular to the surface, have a zero value in the
entire conducting half-space. The result is also a boundary
condition for the normal component of the electric field
strength in the dielectric medium, which is completely
determined by the known field of external sources.
Another consequence of the exact solution is the
conclusion that non-uniform electromagnetic field, when
penetrating into conducting half-space, always decays
with depth faster than uniform field.

Simplification of computational procedures is also
necessary for the analytical solution, especially when
solving optimization and inverse problems of field theory.
The calculation is simplified significantly not only for
ideal skin effect at 60, but also for the strong skin effect
in its extended sense, when the distance r between the
sources of external field and observation points at the
body surface is limited. An effective technique is the
expansion of potentials and field vectors into an
asymptotic series [9, 10] with respect to the small

parameter &= ,u5/ (x/;)<1, where w4 is the relative

magnetic permeability of the conducting medium. This
representation also allows to draw further conclusions
regarding the general features of the 3D electromagnetic
field formation. In particular, it was established that at the
flat boundary the field strength is determined not only by
the value of the components of known external field, as in
the model of ideal skin effect, but also by its derivatives
along the coordinate perpendicular to the media interface.
Thus, the effect of field non-uniformity at the surface is
determined, and the distribution of the field at the surface

does not require the solution of additional boundary value
problems.

The peculiarity of the applied power asymptotic series
of the Poincaré type [11, 12] is the limited number of their
members N. This is due to the error of determining each
term of the series, which increases with the increase in the
value of the parameter £ and the number of the series term
n. Therefore, there is such a number of terms at which the
error is minimal and further increasing their number only
increases the error. In [9, 10], issues of the limits of
application of the asymptotic method for the general case
of an arbitrary external field, error analysis, determine of
the number of terms of limited series, as well as their
optimal number are presented. In addition, when
calculating the value of the field due to the error in
determining the terms of the series, their values are taken
into account with a weight function, the value of which
depends on the error estimate.

In [9], in particular, it is shown that calculations with
sufficient accuracy can be performed for the value of the
small parameter ¢ < 0.3. This condition is fulfilled in
many technological processes, where it is necessary to
ensure a strong interaction between the electromagnetic
field of inductor and the conducting body. For example,
in devices for high-frequency induction heating of flat
metal products [13, 14], the distance between the inductor
and the body usually does not exceed # = 3 cm. In this
case, at € = 0.3, for example, for brass products (¢ =1,
y=12510" Q"' m") at & = 0.03 m calculations can be
performed for frequencies f = @2z > 125 Hz. In
equipment for exposure to a strong field to improve the
mechanical properties of metal products [15, 16], the
distance is 2 = 0.01-0.02 m. In this case, at 2 = 0.01 m for
aluminum (z = 1, y = 3.71-10" Q"' m') permissible
frequencies are f> 380 Hz. It should be noted that the
devices for the technological processes indicated here are
examples of objects in the development of which the
calculation methods under investigation can be used.

Sources of the external field can be not only
contours with alternating current. In the general case,
sources of the external field can also be represented by a
system of magnetic moments [17]. This representation is
even more convenient, since in the quasi-stationary
approximation the contour must be closed and cannot be
divided into parts [18]. At the same time, the principle of
superposition is valid for the magnetic field of the system
of magnetic moments. Each magnetic moment m is a
individual field source whose vector 4 (V-4=0) and scalar
@, magnetic potentials in a non-magnetic medium

g tomxr_ gy, ol
Az 3 4 r
1
w10l v
O 4 4z r
determine the same magnetic field strength H
1 1 .
H=—VxA= Vg, =— 3"’4’5—% )
Ho dr| 7 r r

here the vector r is directed from the point of source
(moment) to the observation point.
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Each contour with current [, for the electromagnetic
field of which calculation expressions are given in [7], can
be replaced by a surface S resting on a closed contour with
field sources in the form of a double layer of magnetic
charges (magnetic moments) dm = 14/, dSn, where wplyn is
the surface density vector of the distributed magnetic
moment directed along the normal » to the surface (Fig. 1).

Fig. 1. Replacement of a contour with a current by the surface of
a double layer of magnetic charges (magnetic moments)

Now, in contrast to the found expressions for the
contour, the calculations allow the application of the
principle of superposition with the summation of the fields
created by the system of magnetic moments covering the
surface S. As the distance from the source of the field to the
observation point increases, the number of magnetic
moments that provide the required accuracy decreases. At a
considerable distance, the field source can be represented
by one total magnetic moment that creates the field (1), (2).

Currently, despite the fairly general nature of the use
of the field of magnetic moments, there are not enough
specific studies of their application to represent the field of
external sources in the asymptotic method of calculating the
electromagnetic field. Therefore, the study of the possibility
of their application in the practice of analytical calculations
of 3D quasi-stationary fields is a topic problem.

The goal of the work is to obtain specific calculation
relationships and to study the features of the distribution
for non-uniform quasi-stationary electromagnetic field at
the surface of conducting half-space created by external
source in the form of one magnetic moment and eddy
currents in conducting medium which change in time
according to a sinusoidal law under the conditions of
strong skin effect.

Mathematical model. It is assumed that near the
conducting half-space with electrical conductivity y and
relative magnetic permeability x# at a distance £ in
dielectric non-magnetic medium there is a magnetic
moment m =m +m  that varies in time according to a

sinusoidal law with cyclic frequency o (Fig. 2). Here and
in the below, complex amplitudes are denoted by a dot
above the corresponding symbol.

)
I
v H : L

Fig. 2. The location of the magnetic moment nearby
conducting half-space

In the general case, the magnetic moment is arbitrarily
oriented relative to the media interface: the component
m) =y is oriented parallel to the surface along the unit

vector e); the component mt| =r,e, is oriented along the
unit vector normal to the surface e..

The solution of the problem for the electromagnetic
field at the surface between dielectric and conducting
areas based on the exact solution for the system: «an
arbitrary spatial contour with sinusoidal current as a
source of the external field — a conducting half-space» [7].
It was shown in [8] that in the case of strong skin effect in
the extended sense when ¢ < 1, taking into account the
external field non-uniformity at the surface of conducting
body with flat surface, the electric and magnetic field
strengths are completely determined by the magnetic field

strength of external sources HO. The resulting

expressions in the form of expansion into limited
asymptotic series for the tangential and normal

components of the electric E :E‘| +E, and magnetic
H-= HH +H | field strengths are as follows:

- Tangential components of fields that are the same
at the surface in dielectric and conducting media:

. N " pm ,
EH(Z=0)= gZZan(u{ﬂ] {_nerHO|} 3(3)
n=0 \/7 24 z=0

5(’1)H0H

U@
&

) N+l cr n
Hy(z=0)=- 2a,,(u) =
n=0 \/7
z=0
where = p/yis the surface impedance, p =./jouyy is
the propagation constant, j is the imaginary unit. In (3),
(4) it is taken into account that gr/ \/7 =u/p . The a,(1)

are the coefficients of the Taylor series expansion of the
function

1/w=2)an(u)(;(/\/7y,where w(;():%+ 1-{%\/7] ,

it is assumed a_; = —1. The number N of terms of the
limited asymptotic series is determined, first of all, by the
value of small parameter ¢[9, 10].

- Normal components of the electric E, E] and

magnetic H, H] fields at different sides of the surface
in the dielectric (z = 0+0) and conducting (z = 0-0) media
are different.

At any point of the electrically conducting medium,
the component of the electric field intensity directed
perpendicular to the surface is equal to zero for arbitrary
values of the parameter £ and then at the surface of the
body in dielectric medium the electric field strength is
completely determined by the induced electric field of
external sources which is considered as known

E.(2<0)=0; Ef=-2jwd.(z=0), 5)
where AOz (z = O) is the normal component of the vector
potential of the magnetic field of external sources.
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Taking into account the continuity of the normal
component of the magnetic flux density, the expressions
for the normal components of the strength on different
sides of the surface are

)[gr] “{W“)HM}
. — 0 -©®
n=0 \/7 24 2=0

The zero term of the asymptotic series in (3), (4)
corresponds to approximate model in which it is assumed
that the field at the surface is uniform and the normal
component of the magnetic field strength is zero. At the
same time, the value of the tangential magnetic field at
the surface corresponds to the magnetic field at the
surface of a body with ideal conductivity and,
accordingly, zero field penetration depth 0.

Expressions (3) — (6) take into account the non-
uniformity of the field of external sources. This is
evidenced by the presence in the expressions of
derivatives with respect to coordinates directed
perpendicular to the surface of interface media. The
influence of the non-uniformity of the electromagnetic
field for tangential components is revealed in terms of the
series with numbers n > 1. The normal component of the
external field is already taken into account in the first
term of the asymptotic series.

The given expressions of electromagnetic field
distribution are approximate. In the calculation examples
presented below, the value of the small parameter does
not exceed the assumed value & = 0.3. The number of
terms of the asymptotic series was equal to four (N = 3).
At the same time, according to the estimates made in
[9, 10], the relative error in determining the field strengths
did not exceed the value Ay =5-107.

The electric and magnetic components of the field at
the flat surface of the conducting body are calculated
below separately according to expressions (3), (4), (6) for
the components of the magnetic moment oriented along
the normal and parallel to the surface.

Electromagnetic field of magnetic moment m;
oriented along the normal to the surface. The external
magnetic field of the magnetic moment m | =m e, has

HI =puH] = 22“

axial symmetry, and it is convenient to write its
expression in the cylindrical coordinate system (p, 6, z)
with standard basis vectors (e,, e e.) directed along the
corresponding coordinates. Then, in accordance with (2),
the magnetic moment creates the following field at
arbitrary point of the space

Hozi{s("‘”)r—ﬂl:

47 r5 r3

_my 3(2_}1)2 1 e +&3—(2_h)pe
4z r5 r3 i 4 7

()

5 P

The parameter ¢ depends on the distance r between
the source and observation points. At the point O, at the
surface directly below the magnetic moment the distance
r = h is minimal and parameter & takes its maximum
value. Accordingly, at this point the error of the
approximate calculation method is the largest.

For further analysis, we will use the single
maximum  value of the  small  parameter

yé'/ (h\/_ ) &(r/h). Using the & and &, values, the
surface impedance is found to be ¢ = ﬁ wohs,, .

By substituting the value of the external magnetic
field (7) into the expressions for the field strengths (3), (4),
(6), we obtain their distribution along the radial coordinate
p at the surface of the conducting body, depending on the
value of the small parameter &, as well as the height of the
location 4 and cyclic field frequency @.

The normalized values of the electric and magnetic
field strengths are entered as follows:

E =E Homz® and H =H e .
=1 4 43

The expression for the normalized value of the
tangential component of the electric field strength takes
the following form:

. sk ; n+ 6() Z—l
E, =egﬁ6 mZa (\/_] h 452” ( ~ jzo (8)

In turn, the normahzed values of the tangential and
normal to the surface components of the magnetic field
strength are revealed

N+1 n (n)
oV (z-1
—e, 62 Zan 1( J R ( J : (9)
n=0 \/_ oz" 1‘5 =0
N ot (n+1) 2
- & 0 2(2—1)2—,0
H| =¢2Y a,| 2| pt .(10)
L Z(:) "[ \/7 J aznﬂ{ e ]z=0

From the presented dependencies, it can be seen that
in this case of axisymmetric electromagnetic field, the
electric field strength has only one azimuthal component,
and the magnetic field strength is represented by radial
and normal components.

In Fig. 3-5, the dependencies of the distribution of the
normalized components of the complex-value amplitudes
of the electric and magnetic field strengths are given as

Eg = i‘Ee‘exp(WEe) and  Hy = i‘Hk‘eXP(WHk)
where k = p, z. The sign «—» before the module of the
complex-value amplitude is used to indicate the opposite to
the selected direction of the field vector component. In this

case, at the same time, the phase shift angle relative to the
phase of the magnetic moment changes by 7.

0
0,1
IS
“b2
0,05
0,3 A
0 1 ph 2 Y 1 ph 2

Fig. 3. Distribution along the surface of the module — ‘ E;‘ (a)

and the phase shift angle ¢gq () of the tangential component of
the electric field strength for the source m |
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Fig. 4. Radial component of the magnetic field strength:
dependence of the module — ‘ H;‘ on the radial coordinate (a);

dependence of the phase shift angle ¢y, on the parameter &, (b)

a b
1.5 | 0
¢ =02
o \—
L -100
i 0,1
-
&£-200
0,05
Nl = 0,05
300 ;
00 1 ph 2 1 ph 2

Fig. 5. Distribution along the surface of the module ‘ H:‘ (a)

and phase shift angle ¢y, (b) of the normal component
of magnetic field strength

For an ideal skin effect at g,—0, the tangential
strength of the electric field, as well as the normal
component of the magnetic field, are equal to zero. In this
case, the tangential strength of the magnetic field is equal
to double value of the tangential component of external
magnetic field [9]. Such field is used in a simplified
model of the diffusion of a locally uniform field into a
conducting body. In this case of the field of the magnetic
moment, the phase shift is equal to zero, the tangential
component is directed towards the radial coordinate (9),
reaches its maximum value at the points of the circle of
radius p = h/2 and is equal to

Hjmax = —6-0,5/\/0,52 +1=-1,717.

From the data presented in Fig. 3-5 it can be seen
that with an increase in the parameter &, that is, with
increase in the influence of the external electromagnetic
field non-uniformity during its diffusion into the
conducting half-space, the character of the field
distribution over the surface changes.

The tangential component of the electric field
(Fig. 3) is no longer zero and increases with the growth of
the parameter &. On the contrary, the tangent component
of the magnetic field strength decreases with increasing &.
At the same time, as can be seen from Fig. 4,b, the
dependence on the parameter ¢ of the phase shift has a
non-monotonic character.

For non-uniform field at the bounded thickness of the
skin layer, that is, in the case of & > 0, the normal
component of the magnetic field strength is no longer zero.
Note that even for the parameter & = 0.2, the normal

component becomes commensurate with the

tangential component ‘H;‘ and neglecting this field

component in simplified models can lead to significant
calculation errors. We also note that the normal component
of the magnetic field becomes insignificant at the distance
of p/h > 0.8. In the area p/h > ~0.8+1.0, the phase shift of
the normal component of field changes sharply by
approximately 180°. This means that in this area there is
change in the direction of normal component of field
compared to the direction in the area p/h < 0.8.

Note also that the magnetic field is elliptically
polarized. This is evidenced by the fact that, as can be
seen from Fig. 4,b and Fig. 5,b that the phases of the

mutually perpendicular magnetic field components H;

and H : are differ from each other.

Electromagnetic field of magnetic moment m,,
oriented parallel to the surface. In contrast to the previous
case of normally oriented magnetic moment, the magnetic
field of magnetic moment n = riyj¢ oriented parallel to the

surface of media interface is convenient to write in the
Cartesian coordinate system (x, y, z), the x and y axes of
which lie at the surface, and the x axis is directed along the
projection of the vector my to flat surface (Fig. 2). The

standard basis vectors of the coordinate system are (e,, e, ¢).
The external magnetic field of the considered
magnetic moment in the Cartesian coordinate system has

all three components
ez} .(11)

H mﬂ 2% - (z—h)2
4z r
After substituting (11) into expressions (3), (4), (6)
for the electric and magnetic field strengths at the surface
of media interface, we obtain

Hormj@

e, +
1”5 7

3xy x(z - h)
5

E"”: 1 P \/726'”[)(
M) (22_2 (5
m n+30 2x" -y (Z 1)2
yZ ( Jh n[—5_ 5 ] T15(12)
. \/— oz r r N
)/
m hn+36 (XYJ
ez [\/_} "\ 0
HH 47;132><
o (2322 (z-1p
—e, Zan { Jh"+3 n[ - +13(13)
. \/7 oz ” ” -
6() 3xy
gty
y \/7 "\ 220
i mH ) 2%61 {g_mJn+1hn+4a(ﬂ+1)[x(z_l)) (14)
adp = n \/7 P z=0.

In this case, the electromagnetic field at the surface
of the half-space is symmetrical about the x axis. The

components of the electric EHx and magnetic H\Iy field
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strengths have even symmetry, the components El\y s

H“x, H 1, of the electromagnetic field have odd
symmetry relative to the x axis.

An understanding of the electromagnetic field
formation can be obtained if we first consider the ideal
skin effect. In this case, it is sufficient to consider the
formation of a magnetic field only in dielectric medium.
The method of mirror images can be used to calculate the
magnetic field of the moment located above the media
interface. In the case of ideal skin effect, the general
solution of the problem for finding the magnetic field is
reduced to taking into account the current of the source
and mirrored from the surface of the contour with the
oppositely directed current [7]. This representation for
magnetic moments, in contrast to currents, is reduced to
the same direction of the tangential components and the
opposite direction of the normal components of the initial
m and mirrored m; moments [17] (Fig. 6,a).

z

AT

(]
)

Fig. 6. The structure of the magnetic field of the magnetic
moment located over half-space with ideal conductivity

The structure of the magnetic field of two equally
directed magnetic moments m; and m, (Fig. 6,b) is
convenient to analyze by defining critical points [19, 20]
at which the vector field is zero. Let’s find such points in
the vertical plane y = 0. The field component
perpendicular to this plane is zero H, = 0. Due to the
symmetry of the two magnetic moments, the field
component perpendicular to the x axis and directed along
the z axis is also zero H, = 0. It remains to find the zero
value of the H, component on the x axis. Both magnetic
moments have the same H, field components. As a result,
we get for this component

{3(m|")(r-ex)_m|'ex _

Hx:H.ex:Q’L

4r 4 r 3 -

r r

m| 3321 m 2x% — h?
) E(r_fr_z} T S

It follows from this that the critical points of the field
in the plane y = 0 are located at the points x = ih/ V2 of

the axis parallel to the direction of the magnetic moments.
These are critical points of the hyperbolic type (saddle) S,
through which the separatrixs pass — the field lines (shown
by bold lines), which separate areas with different character
of field formation. In Fig. 6, for clarity, magnetic field
lines are shown not only above the surface of the body, but

(15)

also in the area z < 0, where the field is absent in the case of
an ideal skin effect.

Figure 7 illustrates the dependence of the various
components of the magnetic field strength on the
coordinates at the plane and on the value of the small
parameter &, the difference from zero of which indicates
the influence of the bounded value of the penetration
depth of the non-uniform electromagnetic field. In all
figures, the dependencies for the ideal skin effect £=0 are
shown by bold curves.
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Fig. 7. Distribution of the tangential component of the magnetic
field at the media interface for the source m

As can be seen from Fig. 6,0, at g, = 0, the tangential
component of the magnetic field strength at the surface of
the body changes direction when passing through critical
points S. This feature of the field distribution is also shown
in Fig. 7,a. When g, > 0, when the eddy currents no longer
flow along the surface, but occupy a certain layer of finite
thickness, a general tendency to decrease the magnetic field
is observed. Here, the position of the critical hyperbolic
point practically does not change.

When moving away from the plane y = 0, the
longitudinal (parallel to the direction of the magnetic
moment) component of the magnetic field strength
decreases (Fig. 7,c). The zero value of this component
still exists. However, not all components of the field
strength are equal to zero at the corresponding points of
the surface when y # 0. The tangential strength
component perpendicular to the x axis will be different
from zero (Fig. 7,d). This feature is illustrated in Fig. 8.
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Fig. 8. Distribution over the surface of the modules of the
normal component of the magnetic field («) and the tangential
component of the electric field (b) for the source m
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The normal component of the magnetic field strength
(Fig. 8,a) remains insignificant compared to the maximum
value of the tangential component of the magnetic field
(Fig. 7,a). But in the area near critical points of the field,
the normal component becomes dominant.

The electric field strength under the external field of
the horizontal magnetic moment (Fig. 8,b) is comparable
in value to the electric field created by the action of the
magnetic moment oriented normal to the surface (Fig. 5).

Conclusions. From the presented results for both
the normally oriented magnetic moment and the moment
directed parallel to the media interface, it follows that
mathematical models with ideal skin effect at 5>0 have
a limited scope of application. In the case of non-uniform
field of external sources, when the field penetration depth
is commensurate with the distance between the source
and conducting body, it is necessary to use more correct
mathematical models for eclectromagnetic field.
Analytical approaches using the expansion of the field
into asymptotic series based on the introduced small
parameter & are convenient way of describing the
electromagnetic field.

The specific expressions found for the
electromagnetic field at the surface between the dielectric
and conducting half-space under the action of arbitrarily
oriented magnetic moment appear to be more general than
the use of closed contours with alternating current, since
they expand the types of considered external field sources
and allow the use of the superposition method instead of
integration over the whole contour.

In cases that allow the use of the conducting half-
space model with strong skin effect, specific expressions
for the field at the surface are found, which are completely
determined by the known field of external sources (in this
case, the field of magnetic moments). This significantly
simplifies the solution of the corresponding problems, since
there is no need to separately solve the field equations.

Further development of research can be aimed at
determining the field under the action of other types of
sources of a non-uniform external field, finding the
impedance boundary condition for such fields, and finally,
as a general program, spreading the applied approach to
systems with curvilinear surfaces of media interface.
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EnexrporexHiune 001aqHaAHHSA VI TeHEPYBaHHS | BUMIPIOBAHHS MOBHOT'0 iMITYJIbCHOTO CTPYMY
IITYYHOI 0JIMCKABKM B YMOBAaX BUCOKOBOJIbTHOI eJIeKTPOodi3uuHoi JadopaTopii

Tpueedeni oani, sxi exazyroms na supiwents 6 HIIIIKIT «Monnisy HTY « XTIy npobnemnoi naykogo-mexniunoi 3a0aui, nog s;3anoi 3 Ha-
OllIHUM 2EHEPYBAHHAM | BUMIPIOBAHHAM 8 YMOBAX BUCOKOBONILIMHOL eNeKmpoPizutHol 1adOpamopii nosHO20 IMIYALCHO20 CIPYMY WYY~
HOI ONUCKABKY, o MiCImumy iMnyiscHy A- (noemophy imnynvcuy D-), npomigichy B- i mpusany C- (ykopoueny mpusany C*-) komnonen-
mu 0ano2o cmpymy, AKi 6ionogioaroms mexuiynum gumozam Hopmamuenux 0oxymenmie CILIIA SAE ARP 5412: 2013, SAE ARP 5414:
2013 i SAE ARP 5416: 2013. Brazani 6ioomocmi npo 3acmoco8ati enekmpuiHi cxemMu OKpeMUX 8UCOKOBOTbIMHUX 2eHePAMOopi6 IMIYIbC-
Hux cmpymie konoencamopnoeo muny I'IC-A (I'IC-D), I'IC-B i I'IC-C (TIC-C*), wjo cunxponno npayiolomo Ha 3a2aibHe eleKmpuiHe
HABAHMAICEHHA ) CKNA0I MOOEPHI308aHO20 NONYIHCHOL0 BUCOKOBOTLINHO20 2eHepamopa cmpymy wnmyunoi onuckagku muny YUTOM-1, i
BUKOPUCIMOBYBAHT BUCOKOBOILNIHI BUMIDIOBAIbHE 3aCO0U, AKI MICMAMb YOOCKOHANEHT Hu3bkooMHi utyHmu muny LLK-300 ons oonouacHiil
peecmpayii 3a ix 00noM0o20i0 Ha BUNPOOOBYEAHUX HA OIUCKABKOCMIUKICMb NPUCMPOSIX 00 €KMI8 aiayitiHol i paKemHo-KOCMIYHOT MexXHi-
KU amnaimyono-dacosux napamempie (A4II) 6i0nosioHux KOMNOHeHm NO8HO20 IMIYILCHO2O0 CMpPYMY wmyuHoi onuckasku. [lpusedeni
MexHIuHi NPUKAOU i ONUCAHT OesKi pe3ybmamu npaKmuyHo20 3acmoCcy8aHHs 6KA3aH020 MOOEPHI308aHO20 GIMHUUBHAHO20 GUCOKOGOIIbHI-
HO20 eneKmpoizuyHo20 00IAOHAHHA NPU BUNPOOYBAHHAX eJIeMEHINIE BIMUUSHAHUX JTIMATbHUX anapamie Ha cmitikicms 00 npamoi Oii Ha
HUX OCHOBHUX KOMNOHEHM IMRYIbCHO20 CIpymy wimyuHoi oauckasku 3 Hopmoganumu AYI1. Bi6mn. 30, tadm. 3, puc. 20.

Kniouogi crosa: iMnmyJibCHUN CTPYM IITY4HOI 0JIMCKABKHU, MOJEPHi30BaAHUIl BHCOKOBOJILTHHI I'€HEPATOP CTPYMY OJIMCKABKH,

HIYHT, TéeHEPYBaHHi, BHMip]OBaHHﬂ, KOMIIOHCHTH CTPYMY O0JTHCKABKH.

AKTyajbHicTh npodaemaTuku. IIpsma (Henpsima)
Jisl TIOTY>KHMX TPHPOAHUX TPO30BHX JOBI'MX 1CKPOBHX
po3psniB (O7MCKAaBOK) Ha O0’€KTH aBialliifHOI 1 paKeTHO-
KOCMIYHO{ TeXHIKH B TEpiof iX 3HaXOIKECHHS B 3E€MHiil
SIIEKTPHYHO aKTHBHIA aTMOc(epi MOXe MPUBOAUTH IO
aBapiHUX MOMIKOPKEHB 1X MeTalneBUX (KOMITO3UIIIHNX )
KOHCTPYKIIHHUX YacTHH (E€JIEeMEHTIB) i HE3BOPOTHHX Bif-
MOB iX eleKTpoamapaTypu i OOpPTOBHX CHUCTeM (Hampu-
KJIaJ, KOMIT IOTEepHOI TeXHIKH, CUCTEM KepyBaHH:I, HaBi-
rauii i 38’513Ky), 110 MOXK€ MaTH KaTacTpodiuHi HACIIiAKK
[1-7]. He MeHI1 HeOe3neuHUMHU € TIPsIMI yjapH OJIMCKaBKH
1 B Ha3eMHI TeXHIYHi 00 €KTH (HANpHKIaJ, Teje- i paxio-
AHTEHH, €Heproo0’eKTH 1 iX MOBITPSHI JiHII eJIeKTpoIe-
penaui) [1, 3, 8]. OCHOBHUMHU YHHHUKAMH TOUTKOJKCHHS
BKa3aHMX 00 €KTIB IPH LIbOMY € SIK IIOTY>KHI eJIeKTpoMar-
HITHI 3aBajd, MO BUHHUKAIOTHh BiJ PO3IOBCIOKCHHS B
MOBITPi CHIIFHOCTPYMOBOTO IIIA3MOBOTO KaHANy OJIMCKa-
BKH 1 SIKi BHKJIMKAIOTh IOSBY B OOPTOBUX (BHYTPIIIHIX)
EJIEeKTPUYHUX KOJIaX IMHUX 00’ €KTIB BENIMKHUX CIEKTPUIHUX
HaBelEeHb (TMepeHampyr i O0yMOBIEHHMX HHMH yIApHUX
CTPYMIB), TaK 1 BEJUKI IMIYJBCHI CTPYMH, IO MPOTiKa-
I0Th B 30HI JIOKAJIBHOI HPUB’S3KHM IUIA3MOBOTO KaHaJy
OJIMCKaBKU Ha iX TOBEPXHSX 1 SIKI XapaKTEePU3yIOThCS CH-
JIHOIO EJIEKTPOTEPMIUHOIO 1 €JIEeKTPOAMHAMIYHOIO [IIE0
[1, 3, 9]. V 3B’s3Ky 3 uM 11 OJIMCKAaBKO3aXUCTy BKa3a-
HUX TEXHIYHHX 00’ €KTIB 3aCTOCOBYIOTBCS Pi3HI €IIEKTPO-
TEXHIYHI MiIXOIH 1 3aBai03axucHi mpuctpoi [1-3, 10, 11].

3rigao [4-9] HamitHIM METOJOM IEpeBipKH BUKO-
PUCTOBYBAaHUX EJIEKTPOTEXHIYHHUX IIXOMIB i 3aBafo3a-
XHMCHUX TIPUCTPOIB IMpH 3a0e3MeueHHi OJIMCKaBKO3aXUCTy
00aHaHHS 1 CUCTEM sIK JIiTaabHuX amapatiB (JIA), Tak i
Ha3eMHUX 00’€KTiB, € iX HaTypHe BHIIPOOYBaHHs Ha Mpsi-
My (HenpsiMy) Iif0 MOTYXHHUX INTYYHHUX TPO30BHX ICKPO-
BUX PO3PALIB, BIITBOPIOBAHUX B YMOBaX BHCOKOBOJIBTHOT
enexTpodiznunoi naboparopii. ns npakTuuHoi peaiza-
Iil TaKUX eJNEeKTPOMAarHiTHUX BHIpPoOyBaHb JIA 1 iHIIMX
TEXHIYHUX 00’€KTiB HEOOXiHE BIAMOBIIHE MOTYXHE BU-
COKOBOJIBTHE BHITPOOYBaJIbHE €IEKTPOOOIIa THAHHS.

B [7, 9] Bka3aHa cxeMa BHCOKOBOJBTHOI €IEKTPO-
YCTaHOBKH, SKa JTO3BOJISIE BIATIOBIAHO IO TEXHIYHHUX BH-
mor craamapty HATO AECTP-500: 2016 dopmyBati Ha
BUNPOOOBYBAHUX Ha OJMCKABKOCTIMKICTh PI3HUX NpH-
cTposix i cucremax JIA amnepiogW4HUIl IMIYJIBC CTPyMy

yacoBoi ¢opmu 50 Mkc/500 MKc 3 HOro aMILIITYIOI0 10O
+10 XA npu mocTiiHIN Hanpy3i eIeKTpUYHOrOo 3apsny ii
KOHJIeHCaTOpHOI Oartapei 1o +2 kB. ¥ Toii e vac Bifmo-
BiTHO MO TEXHIYHMX BHUMOT HOPMATHBHUX JOKYMECHTIB
CIIA [12-14] npu BumpoOyBaHHSIX Ha OJMCKAaBKOCTIH-
KicTh OOPTOBMX CHCTEM, CKJIAJOBHX YACTHH 1 CIIEMEHTIB
JIA motpi6Hi iHII aMIUTiITYAHO-4acoBi napameTpu (AYIT)
OKpPEMHUX KOMIIOHEHT IIOBHOTO IMIIYJIBCHOTO CTPyMY
mTy4Hol GiiuckaBku (Tabdm. 1).

Tabmuus 1*
Hopmosani AUIT 0ocHOBHIX KOMIIOHEHT OBHOTO IMITYJIbCHOTO

CTpyMy IITYy4HOI OmcKaBkH [12-14]

KomrmonenTa

Imb Ic, 'Ly Jg, 106 T o1,
6°prMy KA | KA Iq<ﬂ Ji/Om e e
JIMCKABKH
A 200+20] — — 2404 [<50] <05
B — [2204] 1041 — — 5+0,5
C 02-08| — [200440] - - [(025-1)10°
C* — [>04] 6-18 - - 15-45
D 100£10] — — Jo25+0,05] 25| <05

*[pumitka. [,; — aMIUIITY#a IMIIyJbCy CTpyMy OJHMCKaBKH;
1:~q;/t, — cepenHe 3HAYEHHs IMIYJILCHOTO CTPYMY; ¢, — Killb-
KiCTb 3apsifly, IO MPOTIKa€e B IMIyJIbCi CTpyMy; J, — iHTerpai mii
IMITyTbCy CTpyMy ONMCKaBKH; T T, — BiIMOBIJHO TPUBATICTH
¢dporTy iMmynscy cTpymy Mix piBasmu (0,1-0,9)1,, 1 TpuBamicTh
iMITyIIbCy CTpyMy OnrickaBku Ha piBHi <0,17,,,

[Ipu upoMy ciinx Bkaszatu Te, mo 3rigHo [12-14] 3a-
JEXHO Bin 30HU ypaxkeHHsS JIA OimckaBKOIO B 3eMHil
aTtMocdepi ii TOBHUH IMITYJIbCHHUH CTPYM B CBOEMY CKJIaJIi
MOYE MICTHTH HACTyIHI OCHOBHI ckianoBi, AUIl skux
ICTOTHO BIJIPI3HSAIOThCS OJHA BiJ OXHIEI: IMIYJNbCHY A-
(nmoBTOpHY iMmynbcHY D-), npoMikHy B- i tpuBaiy C-
(ykopoueny TtpuBany C*-) xommnoHentd. [Ipudyomy, B
MPaKTHIL eJIEKTPOMAarHiTHUX BUIPOOYBaHb Ha OJIMCKaB-
KOCTIMKICTh TEXHIYHHX HPUCTPOIB i OOPTOBHX CHCTEM
JITaKiB IMBUIFHOTO 1 BIICHKOBOTO IPU3HAYCHHS Halyac-
Tillle 3aCTOCOBYIOTHCS HACTYIHI KOMOiHamii BKa3aHUX
KOMITOHEHT TIOBHOTO IMITyJIbCHOTO CTPYyMY IITY4YHOI OJIH-
ckaBku [9, 12-14]: 4-, B- i C- xoMmmnoHeHTH (30Ha 3 ypa-
)KeHH:); A-, B- 1 C*- kommoHeHTH (30Ha 14 ypaxeHH:);
D-, B- i C*- xommoreHTH (30Ha 24 ypaxenHns). [locmimo-
BHICTh MPOTIKaHHS JUIsl BIJMOBIIHUX 30H ypakeHHs JIA B
aTMoc(epHOMY TIOBITpI TPO30BUM PO3PSAOM X KOMIIO-
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HEHT CTpyMy OJIMCKaBKW ITOBHHHA Bi[IIOBiJaTH BKa3aHO-
MY BHILE MOPSAKY, a KOXKHA 3 JaHUX KOMIOHEHT CTPyMY
OJIMCKAaBKU TOBUHHA MOHOTOHHO NEPEXOANUTH B iHILY.

Jlist BUKOHaHHs TexHIYHMX Bumor [12-14] B [15]
NpUBEJICHa CXeMa IOTYXHOI BHCOKOBOJBTHOI EJIEKTPO-
YCTaHOBKH, sSIKa IpHU3Hadayacs Uil BUIpoOyBaHb OOpTO-
BUX cucteM 1 enemeHTiB JIA Ha OJNMCKaBKOCTIHKICTb.
[IpakThka excruryararii MoTyXHOTO T'eHeparopa CTpyMy
omuckaBku (['CB) srimao [15] BHsBHIA psAm TEXHIYHUX
HEIONIKIB B Horo cxemax moOymoBH i poOOTi: HeIoCTaT-
HIO 3aXHUIICHICTh BHKOPHCTOBYBAaHMX BHCOKOBOJBTHUX
KOH/IGHCATOPiB Y CyMapHiil KiTBKOCTi B AEKIIbKAa COTEHBb
mTyK reHeparopiB immyibscHux crpymiB (I'TC) I'Ch Big
aBapiiiHUX yJapHHX CTpyMiB amIutiTyot0 g0 +500 KA B
MIKPOCEKYHJJTHOMY 4acOBOMY Jiana3oHi; BiACYTHICTh pe-
KOMCH/IAIIIi 110 OJIHOYACHOMY BHOOPY JOBXKHH A;—h3 130-
JSIIAHUX TOBITPSHUX HPOMDXKKIB Yy BHKOPHUCTOBYBaHHX
BHCOKOBOJIETHHX CHJIBHOCTPYMOBHX Komyraropax [1C
TIpY 3MiHi piBHIB iX 3apsaHOi enekrpuuHoi Hanpyru U, a
TaKOXX MOBXUHH /i, TIOBITPSHOTO TPOMDKKY MK Kpaem
enekTpuyHO BuOyxatogoro apoty (EBJI) i BumpoGoByBa-
HUM 3paskoM (B3) JIA; HasgBHICTD BHUMAJKIB HECHHXPOH-
HO1 mapanenbHoi pobdotn B cxemax ['Ch #oro okpemux
reaeparopiB I'1C-4, I'IC-D, I'IC-B, T'IC-C* i I'IC-C na
sarajibHe R;L; — HaBanTaxxeHHsa B3 BignosigHoro JIA, mo
BUKIIIOYA€ OTPUMAaHHS MOTPIOHMX 3rimHO BUMOT [12-14]
BUIPOOYBAIBHUX IMITYJIBCIB CTPYMY IITYYHOI OJICKaBKH.

3 nanux tabmn. 1 s Bkazanux AYIT KOMIOHEHT rmo-
BHOTO IMIYJIBCHOTO CTPYMY LITYYHOI OJIMCKAaBKH 1 3aCTO-
CYBaHHS HEOOXIZHOTO Ui IX NMPAaKTUYHOTO OTPHUMAaHHS
I'CB, nobyznoBanoro Ha 0a3i OKpeMHX BHCOKOBOJIBTHHX
I'lC xoHIEHCAaTOPHOTO THWIy, BHTIKA€, IO pPO3poOKa i
ctBoperHs1 mofionoro I'Ch B 00macTi BHCOKOBOJBTHOL
immynsenoi texniku (BIT) e ckmagHo mpoOieMHO0
HAyKOBO-TEXHIYHOIO 3ajauero. [Ipm mpomy He MeHII
CKJIATHOIO 3aJauyelo BUABIIETHCA 1 Ta, sSKa IIOB’sA3aHa 3
OJTHOYACHOI0 DPEECTPAL€l0 3 OJHOTO BHCOKOBOJBTHOI'O
BUMIPIOBAJILHOTO 3ac00y Bifpa3y HE MEHIIE TPHOX KOM-
NOHEHT IMITyJIbCHOTO CTPYMY IITy4HOI OJIMCKaBKH 3
AUII, mo pi3Ko Bigpi3HAIOTHCS OJHI Bix oxHuX. OqHMM 3
HENPSIMUX IiATBEPPKEHb TOMY € T€, 10 B JaHUH 4ac HaM
HE BIJIOMI €JIEKTPOTEXHOJIOTIYHI CXeMH MOOYHOBH 1 TeX-
HIYHI KOHCTPYKIii moxioHmx BrucokoBombTHHX ['CH 1 3a-
COOIB IJIs BUMIPIOBaHHA CTpyMy ONHMCKaBKH, SIKi Oynn
MIPUBEICHI ¥ BIIKPUTOMY APYIli MPOBIIHUX KPaiH CBITY.

MeTo10 cTaTTi € BUpIMICHHS MPo0IeMHOI HAyKOBO-
TEXHIYHOI 3a[a4i [0 HaJIiHOMY I'eHEepYBaHHIO 1 BUMIpPIO-
BaHHIO B YMOBaX BHCOKOBOJITHOI €JeKTpodi3nyHOl Jia-
00oparopii OCHOBHHUX KOMIIOHEHT MOBHOTO IMITYyJIbCHOT'O
CTpyMy IITY4YHOI OnuckaBku 3 HopMoBanumu AYII 3 Bu-
KopucTaHHsaM MojiepHizoBanoro I'Ch tuny YUTOM-1.

1. EnextporexHosoriyHi cxemu no0y10BH MOTY:K-
Horo I'Ch tunmy YUTOM-1. Ha puc. 1 naBenena moaep-
Hi30BaHa ENEKTPHUYHA CXeMa MOOYHOBH IOTYKHOTO BHCO-
koBosbTHOTO I'CHh Ty YUTOM-1 [16], mo MicTuTh B
CBOEMY CKJIaJIi I’ ATk OKpeMux BucokoBonbTHHX [ 1C (I'IC-
A, TIC-D, T'IC-B, TIC-C i I'C-C*) 3 MOKJIMBICTIO iX mapa-
JICTTBHOT 1 HaIiiHOT CHHXPOHHOT pOOOTH Ha 3arajibHEe HHU3b-
KOOMHE aKTHBHO-IHAYKTHBHE R;[; — HABaHTAXCHHS y BU-
OpaHOMY JOCHIZHUKOM pexuMi (OpMyBaHHS Ha HbOMY
BIINOBITHUX KOMIIOHEHT IIOBHOTO IMITYJIbCHOTO CTPYMY
mtygHoi OnuckaBku. HeoOXigHa KOMOIHAIlS 3aaHUX 3Ti-

JIHO TeXHIYHHX BUMOT BKa3aHHX HOPMATHUBHUX JOKyMEHTIB
[12-14] KOMIOHEHT HOBHOTO IMITyJIBCHOTO CTPyMy IITY4-
HOT OJIMCKaBKH 1 BIANOBIIHHUX IM MOTYXHUX BHCOKOBOJIBT-
Hux ['IC 31ilCHIOEThCS 32 JOTIOMOIOK0 €JICKTPUYHUX Iepe-
ki1agok X1-X4 (puc. 1) i siKi TONMYyCKalOTh IX pyYHE BKIIIO-
4yeHHs1 a00 BIJIKIIIOYEHHS 31 CXeMH €JIEKTPOMAarHiTHUX BH-
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Puc. 1. YiockoHaseHi eneKkTpudHi cXeMH 00y J0BH HOTYKHOTO
BHCOKOBOJBTHOTO ['Ch THITy YU TOM-1 3 01HUM 3arajisHUM
CJIIEKTPUYHUM R;L; — HABaHTQXXEHHSAM 1 pO3PSAHUX Kil Horo

OKpPEMUX ITapaJieNIbHO NPANOI0YNX BUCOKOBOJIBTHUX I'€HEPaTo-

piB I'lC-4, I'IC-D, T'IC-B, I'lC-C i 'IC-C* (F}, F, — Tpu- i 1BO-

CJICKTPOIHUI MOBITPSIHI CHIIEHOCTPYMOBI KOMYTaTOpPH Ha HOMi-

HaJIbHY TocTiiHy Hanpyry +50 kB i +5 kB; X1-X4 — enexrpunu-

Hi nepexnanku; R¢~(0,158+0,005) MOM — akTHBHHI OIip BUMi-

proBasibHoro mrynra tuny IIIK-300M1; R1-RS, L1-L3 — BnacHi
€JIeKTPHUIHI MapaMeTPH PO3PSIHUX Kil BUCOKOBOJIBTHUX T'CHE-
paropis I'IC-4, I'lC-D, T'IC-B, T'IC-C* i I'lC-C; R6, L4 — enex-

TpU4HI napaMeTpu GopMyIounx RL- eT1eMEHTIB AT PO3PSITHUX

Kin BucokoBoibTHHX TeHepatopiB ['IC-C i I'IC-C*) [16]

Bimznaunmo, o reneparop I'IC-D B ymockoHae-
Hiit cxemi I'Ch tuny YUTOM-1 30upaetses 3 30 mapaiie-
JbHO 3’€JJHaHMX IMITyJIbCHUX KOHIeHcaTopiB tumy MK-
50-3, mo BxomiaTh a0 ckinangy reneparopa I'IC-4. B
3B’s13Ky 3 MM 1pu po6oTti I'IC-D B enexTpuuHii cxemi
I'CB nepeknanka X1 3HimaeTbes i reHeparop I'IC-4 Bu-
MuKaeTbes 3 pobouoi cxemu ['Ch (puc. 1). Lle pimenns
JTO3BOJISIE CYTTEBO 3a0IMAAWTH YacOBi i MaTepialbHI pe-
cypcu mipu ctBoperHi 1poro I'Ch.

[pu BuOpaHiii ejexTpuuHiii cxemi GpopMyBaHHS MOTpi-
OHHMX KOMIIOHEHT, 3riJHO BUMOT [12-14], MOBHOIO iMITyJIbC-
HOTO CTPpYMy IUTY4HOI OJIMCKaBKM HajiiiHa CHHXPOHI3aLlis
po6otu Bianosinnux I'IC B I'Ch 3a0e3neuyeThest 3a paxyHOK
Mojiadi BiJi OKPEMOTO BHCOKOBOJIBTHOIO IMITYJICHOTO T'€HE-
paropa tuiry I'B3I-100 [16] Ha cepenniit kepyrounii crane-
BUH €JIEKTPO] TPHOXEJIEKTPOIHOTO MOBITPSIHOIO KOMYTaTOpa
F; (puc. 2) nHa HOMiHaJIbHY TOCTiiHY Hanpyry +50 kB Buco-
KOBOJIBTHOTO IIBU/IKO 3racaioyuoro CHHYCOIOAIBHOTO iMITy-
TbCy Hampyru amintitynoro +100 kB mikpocekyHIHOI TpH-
BAJIOCTi, II0 BHUKJIMKAE CIPABFOBYBAHHS SIK MOBITPSHOTO
KomyTaropa F| (muB. puc. 1, 2), Tak i ZIBOGIEKTPOIHOTO I10-
BITpSIHOTO KomyTartopa F, (puc. 3) Ha HOMIHAJIbHY MOCTIHHY
Harpyry +£5 kB. [lns 3a0e3neueHHst HaIIHOTO CIpanbOBY-
BaHHS TPHOXEJIEKTPOIHOIO KOMyTaTopa F| yI0CKOHAJIEHOTO
I'CB nonsipHIiCTh 1IHOTO IMITYJIECY HAIIPYTH BiJ reHepaTropa
I'B3I-100 BHOMpAEeThCS MPOTHIICKHOIO TOJSIPHOCTI 3apsity
KOHJICHCATOpHUX Oarapeli BukopucroByBanux ['1C. Monep-
Hi30BaHa HAMHM EJICKTPOTEXHOJIOTIYHA CXeMa BBOJLY IMITYIIb-
CHOTO CTPYMY INTYy4YHOi ONMCKaBKU y B3 MicTUTH BiAmoBia-
HO /10 BUMOT HOpPMAaTHBHHX IOKYMEHTiB [12-14] ToHKwmit
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migauii EBJ] miamerpom ~0,1 MM 3aBmoBxkkn [,~50 MM, Bi-
JOKPEMJICHHI Bim MmoBepxHi B3 MOBITPSHEM HPOMIXKKOM
3aBIOBXKKH /,~2 MM. [Ipu enekrpranomy Budyxy (EB) Ton-
xoro EB/I Han noBepxueto B3 B jiokasbHii 30HI BBEICHHS B
HBOTO 33/IaHUX KOMIIOHEHT CTPYMY IMITOBAaHOI OJIMCKaBKH
Bix moryxHoro I'Ch ¢opmyerbcst HU3BKOTEMIIEpaTypHA
TUIa3Ma, 4epe3 Ky 3apsiv 3a37aJIeTib 3apsIKEHHX BUCOKO-
BOJIBTHUX KOHzAeHcaTtopHux Oatapeid I'IC meperikaioTh B
nocmimkyBannii B3. Ha puc. 4 3a momomororo 1mwdpoBoi
¢doroxamepu Ty Canon A-530 3adikcoBaHHii MOMEHT
CHHXPOHHOT'O CIIPallbOBYBAaHHSI BKa3aHHWX IOBITPSHHUX KO-
MmyTatopiB F i F, ta Bubyxy EBJl B cxemi opmyBaHHs 3a
JOIIOMOTOI0 ~ yoCcKoHameHoro moTtyxHoro [I'Ch  Tumy
YUTOM-1 (nuB. puc. 1) HopmoBanux A4-, B- i C*- komno-
HEHT IOBHOTO CTPyMy LITy4HOI OnmckaBku (3oHa 14) y B3
OITHOTO 3 IPHUCTPOIB BiTumM3HsHOTO JIA [17].

Puc. 2. 3aranpHuii BUTTISLI BECOKOBOJIBTHOTO TPHOXEJIEKTPOIHOTO
CHIIBHOCTPYMOBOTO MOBITPSHOTO KOMyTaTopa /; KacKa[HOTO THITY
3 MaCHBHUMH OCHOBHHMH HaIiBC(EPUIHIMH €JIEKTPOJAMU i3 CTai

Mapku CT. 3 Ha HOMiHaIBHY NTOCTiHHY Hanpyry £50 kB Ta
IMITYJIBCHUH CTPYM aMILTTy 010 £, 10 £300 KA [16]
1 :

Puc. 3. 3aranpHuil BUTIIsAA BUCOKOBOJNIBTHOTO JIBOEIEKTPOIHOTO
CHJIBHOCTPYMOBOTI'O HOBITPSIHOTO KOMyTaTopa F 3 rpadiToBUMHU
eJIEKTPOIaMH PSAMOKYTHOI (popMH Ha HOMiHAJIBHY MOCTiIHHY
Hanpyry £5 kB Ta 3apsan ¢, no £300 K, saxuit po3mimieHuii B
pospsaHoMy Kouti moTykHOro I'Ch THIy YUTOM-1 [16]

Puc. 4. 3aranpHuii BUTISI poOOYOTO CTOTY MOTYKHOTO MOJAEP-
HizoBaHoro I'Ch Ty YUTOM-1 y MOMEHT CHHXPOHHOTO €J1e-
KTPUYHOTO CIIPAI[bOBYBAHHS TPHOX 3apsHKEHUX ITOTYKHUX
BHCOKOBOJITHHX BHIIPOOYBAJILHUX T€HEPATOPIB IMITYJIbCHUX
ctpymiB I'IC-4, T'IC-B i I'IC-C* npu BunpoOyBaHHsX Ha GiuC-
KaBKOCTIHKICTB (30Ha 14) B3 npuctporo BitunsusHoro JIA [17]

BxakeMo, 110 Tipy 3MiHi 3apsAAHOI TOCTIHHOI HATIPY-
ru U, B MOTYKHUX BHCOKOBOJBTHUX reHepaTopax ['1C-4
i 'IC-D B pianazoni U~ £(28—33) kB y Tppoxenekrpoa-

HOMY KoMyTaropi F| (puc. 2) TOBXHHHU MOBITPSHUX MPO-
MDXKKIB MIXK HOT0O CTajJeBHMHU (IBOMa OCHOBHUMH 1 OJTHHM
KEepPYIOUMM) €JIEKTPOJaMH TOBUHHI YHCEILHO CKJIaIaTH
=4 MM 1 h,=9 MM, a Tpu 3MiHI 3apsAAHOT MOCTIHHOT Ha-
npyru U,, B BUCOKOBONBTHUX reHepaTopax I'IC-B, I'IC-C
i TIC-C* B giamazoni U.,~+(3,6—4,5) kB B nBoenekTpos-
HOMY KomyTatopi F, (puc. 3) JOBXHHA MOBITPSIHOTO MPO-
MDKKY MDK HOro rpadiToBHMH €l1eKTpoiaMH O0MpaeThes
piBHOI0O /3~3 MM [16]. IIpu mpomy ¢i3uvHI yMOBH AJIs
aTMOC(EpHOTO TIOBITPS MOBWHHI BiAmoBigatu [18]: TrCck
P~(1,013+0,015)-10° TIla; aGcomoTHa Temmeparypa
7,~(293,15+10) K; BigHOCHA BoJoricTh f5,~(45£25) %.

Binmitimo, mo Ha puc. 4 37iBa posmimieHuii B3
npuctporo JIA 3 BignosinauM Migaum EBJI, 1o sickpaBo
cBiTUTBCA Tpu Horo EB B po3psgHOMy KoOJIi HOTYKHOTO
I'CB i sxwii TiAKIIOYEHO 0 HEMOTEHIIHHOro (3a3emiie-
HOT'0) CTaJIeBOTO €JIeKTposy KomyTaropa F (puc. 1); Bro-
pi 6aunMO KOPCTKO 3aKpiluieHMH Ha poOoYOMYy CTOJI
komyTtarop F; noryxsoro I'Ch 3 cuiabHOCTpYMOBOIO M-
MyJIBCHOIO iCKPOIO, IO SICKPABO CBITHTHCS; BHU3Y POOO-
goro croiy I'Ch mokazanuii komytatop F, 3 #ioro immy-
JBCHUM iCKPOBUM KaHAJIOM, IO TEXK SICKPAaBO CBITUTHCA.

Puc. 4 Bi3yajbpHO UIIOCTpPY€ NMPABUIIBHICTH 3aMpoNo-
HOBAaHUX 1 BKa3aHUX HaMHU BHIIE €IEKTPOTEXHOJIOTTYHUX
pitreHs it 3a0e3MeYeHHsT HaJiitHOT CHHXPOHHOI Hapase-
JIbHOT pOOOTH OKpPEMHUX BHCOKOBOJIFTHUX T'€HEPaTOpiB
I'C-4 (I'IC-D), I'IC-B i T'IC-C (T'IC-C*) npu cTBopeHHi
MojepHizoBanoro notyxHoro I'Ch tuny YUTOM-1.

VY tabn. 2 BKa3aHi OCHOBHI €JIEKTPOTEXHI4HI Xapak-
TEPUCTUKU OKPEMHX BHCOKOBOJBTHHX rereparopis I'IC-
A, TIC-B, TIC-C, T'IC-C" i 'IC-D, siki BXOZATH 10 CKIIay
ynockonaneHnoro moryxxoro I'Ch tury YU TOM-1.

Tabmuus 2
TeXHigHi xapakrepuctuku reneparopis I'IC-A4, T'IC-B, I'IC-C,
T'IC-C iT'IC-D, mo Bxoasats 1o ckinaxy ['Ch tuny YUTOM-1

N KinbkicTb Cymapsa | Enepro-
HaiimenyBanHs Tun xoH- . -
rIC KOHJleHca- jleHcaTopiB €MHICTh | EMHICTB
TOpiB, LIT. Co, MO | W, k]Ix
I'iC-4 111 HK-50-3 0,333 416,2
T'1C-B 14 1M-6-140 1,96 24,5
T1IC-C 324 M-5-140| 45,36 567,0
r'ic-c* 10 M-6-140 1.4 17,5
I'iC-D 30 HK-50-3 0,09 112,5

3 manux Tabni. 2 BUTIKAE, 10 3arajibHa KiIbKICTh BH-
COKOBOJIFTHHX IMITYJIbCHUX KOHIEHCATOpIB 3 METaICBUM
koprycoM Tpbox tumiB (MK-50-3, IM-6-140 i UM-5-140
[19]) y motyxkHOMY I'CB THITY YUTOM-1 cknamae 489 mt.
[lpu mpoMy cymapHa HOMiHANbHA EJEKTPHUYHA EHEPTis
Wes, 1O 3amacaeThCsi BUCOKOBOJBLTHHMH iMITyJbCHUMHU
xoHaeHcatopamu 1poro I'Ch, nopiaioe Wes=1,25 M/Ix.
Ipu mini 1 /K eXeKTpHUYHOI eHeprii, M0 3amacaeThCs
MOTYKHUM BHCOKOBOJIETHAM €JEKTpodi3udHuM 00ma-
HaHHSM KOH/IEHCATOPHOTO THILY, PIBHOT JUIS IPUKIIAHO-
ro BUNaaKky (opMyBaHHS HMM Ha €JICKTPUYHOMY HaBaH-
TaXEHHI IMIYJIBCHUX CTPYMIB MIKpO- 1 MiIiCEeKyHIHOT
tpuBanocti npubnuszno 1000 $ [20-22], BapricTh criopy-
JOKCHHST TIOJIOHOTO TIOTYXHOTO BUCOKOBOJBTHOTO I'ChH
cxinagarume ue menme 1,25 mun. $. Sk 6auumo, po3poo-
Ka 1 CTBOPEHHS MOTY>KHOTO BHCOKOBOJIETHOTO CHIIBHOCT-
pymoBoro I'Ch tuny YUTOM-1 (puc. 5) moB’s3aHO HE
TIIBKH 13 3HAYHUMH HAyKOBO-TEXHIYHUMH TPYIHOIIAMH,
aJe 1 3 BeJIMKUMHU TPOIIOBUMH BUTPATAMH.
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Puc. 5. 3arabHuii BUIIs inOCKOHaneﬁoro OTy)KHOFO BHCO-
koBoJbTHOTO ['Ch Ty YUTOM-1 (Ha nmepeqHboMy IIaHi
3HAXOAUTHCS POOOUHIA CTIJT 3 TPHOXENEKTPOAHIM KOMYTaTOPOM
F'| na HOMiHaNBHY NOCTilHY Hampyry +50 kB i cucremoro noBi-
TPAHO1 BUTSKKH, @ Ha 3aJTHbOMY IUIaH1 — OKPEM1 BUCOKOBOJIBTHI
notyxHi reneparopu I'lC-4 (I'IC-D), I'lC-B, T'IC-C i I'IC-C*)

BaxxnuBo Bkazatu Te, mo B yaockoHanenomy ['Ch
turry YUTOM-1 Bci BUCOKOBOJIBTHI IMITyJIBCHI KOHJIEH-
caropu reneparopis ['lC-4, T'IC-D, T'IC-B, I'IC-C i T'IC-
C*, OCHAIIICHI PE3UCTUBHIUMH CUCTEMaMH X 3aXHCTY BiJ
nii aBapiitaux ynapuux ctpymis B I'CB [23].

JlaHi cucteMu HamiHOTO 3aXHCTY IMITYJIbCHUX KOH-
neHcaropiB y mozaepHizoanomy ['Ch 6asyroTecs Ha 3a-
CTOCYBaHHI  BHCOKOBOJBTHHX TMOCTiHHHX  rpadiro-
KepamiuHuX pesucropiB tuiry TBO-60 HoMiHanmoMm 24 Om
i 100 Om [24], siki pi3k0 OOMEXYIOTh B aBapiliHUX PexH-
Max pobotu I'Ch (mampuxiag, Ipu eneKTpUIHOMY Ipo0oi
BHYTPILIHBOT 200 30BHIIIHBOI 1307151111 HOTrO IMITyJIBCHUX
KOHJICHCATOPIB) yJOapHi IMITYJIbCHI CTPYMH 1 PO3CIIOIOTh
TEIJIOBY €HEPTito, 110 BUALISETHCS MIPH [[bOMY Ha HHX.

3aBasKu:

e BHUKOHAHIM MOJEpHi3alii 3riJHO TEXHIYHUM PillICH-
HAM [23] 3 pe3UCTHMBHHMX CXEM 3aXUCTy BijJ aBapilHUX
yIapHUX IMITyJIbCHUX CTPYMIB PO3PaxyHKOBOIO aMILIITY-
ot 110 +500 KA BHCOKOBOJNBTHHX IMITYJIECHUX KOHJICH-
caTopiB okpeMux NoTyx)HuX reneparopiB ['1C-4 (I'IC-D),
I'C-B, T'IC-C i I'lC-C* (Tabumn. 2),

® YIOCKOHAIEHHIO CXEMH KEPOBAHOTO EIEKTPHYHOTO
3allyCKy BIiJIl OKPEMOTO BHMCOKOBOJBTHOTO TE€HEpaTopa
tury ['B3I-100 [16] TphOXEIEKTPOAHOrO MOBITPSIHOTO
KomyTtatopa £ (puc. 2) i 1BOEIEKTPOJHOIO MOBITPSHOTO
KomyTtaropa F, (puc. 3),

® PEKOMEHIOBAaHOMY OJJHOYAaCHOMY BHOOpPY JOBXHH
h\—h; TOBITPSIHUX TIPOMIKKIB Yy BUKOPHCTOBYBAHUX BH-
COKOBOJIFTHHX KOMyTaTopax F; i F, CHIBHOCTPYMOBHX
po3psinHux Kin BkazaHux ['IC ta noBxuHM /i, TIOBITPSIHO-
ro npoMixkky Mixk kpaem EBJI i B3 06’exTy,
mozepHizoBanuii I'Ch iy YUTOM-1, He auBmsagmch Ha
nofiOHicTh Bukopuctanux panime B I'Ch [15] enekrporex-
HOJIOTTYHHX CXeM MOOYIO0BH Y HEOMY PO3PSIHHX KiNl BiImo-
BijHux ['IC (puc. 1), mae cyrreBy BigMinHicTs Bin ['CB, siknii
OyB 3arnporionoBanuii B [15]. Lis BiIMIHHICTb MOTYXHHX BH-
cokoBonbTHHX ['Ch 3a0e3neuye Oinbl HailiHy poOOTY MO-
nepuizoBaHoro I'Ch tunny YUTOM-1 y nopieusiani 3 ['Ch
[15] npu reHepyBaHHI IMITyJIbCIB TIOBHOTO CTPYMY IUTYYHOT
OrmckaBky (Tabi. 1) 3rizHo TexHIYHMX BUMOT [12-14].

2. Pe3ysibTaTi BUMipIOBaHHSI OCHOBHHX KOMIIOHEHT
CTPYMY IITYYHOI OJMCKABKHM B PO3PSIAHOMY KOJIi IOTY-
skHoro 'Ch tumy YUTOM-1. B [25, 26] nmpuBeneHi ocHo-
BHI METOIVM BUMIpIOBAaHHS HAJl- i BHCOKOi IMITYJIbCHOI Ha-
TIPYTH B EIEKTPOYCTAHOBKAX TPH BUIPOOYBAHHIX Pi3HOTO
CIICKTPOTEXHIYHOTO 1 €IEKTPOCHEPIreTHYHOrO 00JIaIHAHHS.
o crocyerbest MeToiB BuMiproBanHs B oosacti BIT Benu-
kux immysbcaux crpyMiB (BIC), To neBHi TexHiuHI npuiio-

MH 1 3aco0u st poro Oyiu npuBeneHi B [20-22, 27, 28].
Ha »xanp, 11 mpakTUYHOT peai3amnii CKIaIHIX METPOJIOTi-
YHHUX 337a4 CTOCOBHO OJJHOYACHOTO BHMIPIOBAHHS DSy
KOMITOHEHT TIOBHOTO IMITyJIBCHOTO CTpyMy OJHCKaBKHA B
notyxxaomy I'Ch tumy YUTOM-1, npusenennx B [20-22,
27, 28] mMarepiaiiB i JaHUX MO BUCOKOBOJILTHUM BHMIPIOBa-
JBHAM 3ac00aM, TPU3HAYSHUM ISl OJJHOYACHOI peecTpartii
3a JIONOMOT'OK0 OIHOTO BUMipHHKa Bifpasy sik BIC (3 ammi-
TYZAO I,; B JIECATKH 1 COTHI KiJIoamriep), TaK i BIJHOCHO
cllabKKX IMIyJIbCHUX CTPYMIB (3 aMILTITYI010 /,,; B COTHI i
JIECSITKH amIiep) B IIMPOKOMY 4acOBOMY IHTEpBaJIi iX HpoTi-
KaHHsI B PO3PS/IHAX KOJIAX HOTo psdy MapaiesIbHO IPaLioro-
ypx ['IC (Bix ogMHUIE MIKPOCEKYHT JIO COTEHb MUTICEKYH),
BUSIBUJIOCS. HEZOCTAaTHBO. Y 3B’SI3KYy 3 IIMM aBTOPaM JIOBE-
JIOCh CaMOCTIHHO PO3pOOIISITH, CTBOPIOBATH i MOJCPHIZyBaTH
HECTaHIAPTH30BaHiI BUCOKOBOJBTHI CHIIBHOCTPYMOBI BUMIp-
HUKH TOHIOHNX ENeKTPUYHUX IMITYJIbCHUX CTPYMIB, sSIKi Ha
3arajibHOMy €JIeKTpHYHOMY R;[; — HaBaHTaXEHHI NpH
CIpalbOBYBaHHI OKpemux BrcOKoBoubTHHX [IC naHOro
I'Cb 3parHi HaaiiHO peecTpyBaTd HEOOXiqHI KOMIOHEHTH
IMITYJILCHOT'O CTPYMY IUTY4HOI OyckaBkw [16, 17, 29, 30].
Ha puc. 6-10 300paskeHi OCHOBHI THIIOBI OCIIMJIOT-
pamu imIysbCHOT A-, mpoMixkHOT B-, TpuBanoi C-, yKopo-
yeHoi TpuBayioi C*- 1 MOBTOPHOI IMIyJBECHOT D- KOMIIO-
HEHT HOBHOTO IMITYJIbCHOTO CTPYMY LITY4YHOI OJHMCKaBKU
3 HopmoBannmu AUII 3rigHo [12-14], sixi Oysnm orpumani
B CHJIBHOCTPYMOBOMY DPO3PSITHOMY KOJIi IIOTY)KHOTO BH-
cokoBostbTHOTO I'Ch THny YUTOM-1, mo micTuTh BU-
npoOoByBaHi Ha OnKCKaBKOCTIHKiCTh B3 3 antomiHieBOro
cwiaBy J[16 oOUIMBKYU MaIMBHOTO 0aka OJHOTO 3 MOJEP-

HI30BaHUX BITYM3HSIHUX JITAKIB «AH» [17].
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I'lC-A4 motysxHoro 'Ch Ty YUTOM-1 (U,.;~29,7 xB;
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Puc. 7. Ocumnorpama npoMibKHOT B- KOMIIOHEHTH CTPYMy ILITYYHOT
OrmckaBky 3 HopMoBaHUME AYII B CHITBHOCTPYMOBOMY pO3pSi-
HOMY KOJIi BUCOKOBOJIbTHOTO TeHeparopa I'IC-B noryxuoro I'Ch
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- : : : : =148t

CHt Sty T it s e g
Puc. 8. Ocrmtorpama tpuBainoi C- KOMIIOHEHTH TIOBHOTO CTPYMY
wITyyHoi 6mnuckasku 3 HopmoBanumu AUIT B po3psiiHoMy Kot
BHCOKOBOJIBETHOTO renepatopa I'IC-C motysxHoro ['Ch tumy
VYUTOM-1 (Uyp~—4 kB; 1,c~-833 A; q1~-186,2 Kin; 7=7 Mmc;
7,1c~1000 Mc; MacmTa6 3a Beprukammo — 281,5 A/mir;

Macmrad 3a ropusoHTano — 100 mc/ninm)
Tek Ny @ 4cg Complete M Pos: 20,00ms CURSOR

+

Delta
182my

Cursor 1
000y

Cursar 2
-182my

CHT S0.0mEy i 5.00ms CHT S -340my
Puc. 9. Ocrmorpama ykopodeHoi TprBaiioi C*- KOMIIOHEHTH TIOB-
HOTO IMITyJIbCHOTO CTPYMy INTYYHOI OJIMCKaBKU 3 HOPMOBAHUMH
AUIT B po3psitHOMY KOJIi BUCOKOBOJIBTHOTO reHeparopa ['IC-C*
notyxHoro I'CB turty YUTOM-1 (U,,~—4 kB; 1,,c~—1148 A;
7,c=14,8-MC; q1,v=—6,16 Kin; [, 0+=q; c+/T,c+~416 A)
Tek - J'I_

B Ready I Pos: 200,008 CURSOR
: z : : : Type
1 Source
CH1
Delta
.08y
Cursor 1
0.00%
Cursar 2
: : H : : ~3.08Y
CHT 2.00%Ey 1 50.0,us CH1 ™ —800mY

Puc. 10. Ocrmiorpama moBTOpHOT iMITYIIECHOT - KOMITIOHEHTH
HOBHOT'O IMITYJIECHOTO CTPYMY IITYYHOI OJIMCKAaBKY 3 HOPMOBAaHHMHU
AUII B po3psimHOMy Ko reHepartopa ['IC-D noty»xHoro BUCOKO-
BosbTHOro I'Ch Ty YUTOM-1 (U, =—33 kB; 1,,p1~102 KA,
t,,p1~20 MKC — 4ac, 1110 BiANOBia€ aMIIIiTyai /,,py;
T~tupi/1,6<12,5 MKc; 7,1 p=500 MKc; J,p=0,26- 10° Ti/Om)

Ioty>xuuit BucokoBoasTHUi I'Ch Ty YUTOM-1
YKOMITICKTOBAHHUHA JEKUTbKOMa CHJIBHOCTPYMOBHMHU BH-
MipHHKaMHA (YIOCKOHAICHUMH IHCKOBUMH KOAaKCialbHU-
MU HU3bKOOMHHMH ImyHTamu Tumy IIK-300) xommoHeT
IMITyJIbCHOTO CTPyMY IUTYYHOI OJIMCKAaBKH, OCHOBHI TeX-
HIYHI XapaKTePUCTHUKH SKHUX ITPUBEICHI B TA0I. 3.

HoBusHa HaBeneHunx Ha puc. 6-10 ocrmmorpam moss-
ra€ B TOMY, 1110 BOHM OTpUMaHi Ha BkazaHomy B3 3a nono-
MOT'OI0 MOJIEPHI30BaHHX SIK EJIEKTPOTEXHOJIOTTYHUX CXEM
¢dopmyBanns B pospsaHomy ko ['Ch tumy YUTOM-1
OUX KOMIIOHEHT IOBHOTO IMITYJIBCHOTO CTPYMY IITYYHOT
OJICKAaBKHU, TaK 1 BICOKOBOJBTHUX BUMIPIOBAIBHHUX 3aCO-
0iB, sKi 0a3ylOThCS Ha CHJIBHOCTPYMOBHX HH3bKOOMHHX
mryaTax tamy [K-300 (Tadn. 3). 3a3HaumMo, mo s ox-

HOYAaCHOTO BHMIPIOBAaHHS JIEKUIBKOX KOMIIOHEHT IOBHOTO
IMITYJIECHOTO CTPYMY LITYYHOI OJIMCKaBKH, 110 T€HEPYETh-
Csl B PO3PSAHOMY KOJIi yJJOCKOHAIEHOTO BHUCOKOBOJIBTHOTO
I'CBh tuny YUTOM-1, Oys0 noTpiOHO PO3pOOMTH i CTBO-
PHUTH BUMIPIOBAIBHHUN Y3rOJKYBaIbHHUN CIIELiIbHUAMN T10-
ninsHuK Hanpyru (CITH), sikuii migximrodaeTbest Ha BUXOAI
BUKOPUCTOBYBaHOI NPH MOJIOHUX BHCOKOBOJIGTHHX BHMi-
prOBaHHSX KaOeNbHOI JIiHii 3B’ 3Ky (puc. 11).

BukoHana HaMH MOJEpHi3alliss BUMIPIOBAIBHHX 3aCO-
0iB moJsiraya B TOMY, 100 BUKITFOUNTH TIPH BEMIPIOBaHHI B
po3psimHOMY KoJii BrcoKoBONBTHOTO I'Ch Ty YU TOM-1
BIJITOBIJHMX KOMIIOHEHT CTPyMY IUTYYHOI OJIMCKaBKHU IIO-
NAJaHHA BHCOKOTO EJIEeKTPUYHOTO MOTEHHiaTy B KaHAIM
mpoBux 3anam’stoBytounx ocitorpadis  (1130). Sk
BIJIOMO, TIOJlaya Takoro moTeHmiany Ha BXix 1[30 mpuso-
JIUTH J0 MOro BUXOMy 3 Jaay. Byno 3ampormoHOBaHO Take
HOBE TEXHIYHE pIUIEHHS: pPajiovyacTOTHUH KOAKClabHUN
KaOeJb 3aBIOBXKKH /. JIHIT 3B’5I3KY, 5IKa 3’€JJHY€ BHMIpIOBa-
neaui mysT tamy 1IK-300 3 CITH i 130, notpibHo po3-
MIIIyBaTd B IONATKOBOMY MiJHOMY €KpaHi-OOILIeTEeHHI,
sixmit meper; CITH HeoOXimHO HagiiHO 3a3eMITFOBATH.

Puc. 11. 3aranbHuil BUTIISL BUCOKOBOJIETHOTO BUMiPIOBAIBHOTO
nryHta tuny IK-300M, npuenHaHoro 1o BXoLy A0AAaTKOBO
€KPaHOBAHOI'0 PalioYaCTOTHOTO KOAKCIAIbHOTO KaOeIro MapKH
PK 75-7-11 3aBnoBxkku [,~70 M, BUXiJ] SKOT'O IiIKJIIOYAETHCS 10
BXOJly €KpPaHOBAaHOTO Y3r0/)KyBalbHOTO MOAINBHUKA HATIPYTU
CIIH-300 3 7BOMa BUXiTHUMH KOaKCiaJTbHUMH po3’eMamu 1:1 i
1:2 s y3ro[pkeHOTo MPUEAHAHHS 10 HUX BUMIPIOBATBHUX
kaHaiiB Tprox 130 (mampuknan, cepii Tektronix TDS 1012)
IIPU OJTHOYACHIH peecTpamnii B po3psAHOMY KOJIi ITIOTYXKHOTO
I'Ch Tuny YUTOM-1 Bizfpa3y TppOX KOMIIOHEHT TOBHOTO
IMITyJICHOTO CTPYMy LITY4HOI OnckaBky 3 pisaumu AUII [16]

Tabmums 3*

OCHOBHI TEXHIYHI XapaKTEPUCTHKN BUCOKOBOJIbTHHX CHIIBHOCT-
pymoBux mysrtis tany HIK-300M, HIK-300M1 i HIK-300M2

HaiitmenyBanus 3Ha4YeHHsI XapaKTEPUCTUKHI
IIyHTa Rs, MOM Ks, A/B |Ls, al'n|Maca, xr
IIK-300M |0,178+0,005 ?;251623600 10+0,3| 3.0
IK-300M1 {0,158+0,005 15?;:62361225 10+£0,3| 3,1
IK-300M2 |0,080+0,003 II?;‘;Z ?3(5)38 10£0,3| 3,2

*[Ipumitka. R, Lg — axtuBHMil omip (MOM) i IHIYKTHBHICTBH
(ul'n) mynta; Kg~2/Rg — Koe(illieHT MepeTBOpPeHHs IIyHTa,
A/B; Kg4 — xoedilieHT NepeTBOPEHHS IIYHTa IPH BUMipIOBaHHI
B po3psiaHomy koii I'Ch tunmy YUTOM-1 AUII 4- i D- xomno-
HEHT CTpyMy IUTy4HOI OinckaBku, A/B (3 po3’emy 1:1 mominb-
Huka tumy CITH-300 [16]); Kgc — KoedimieHT mepeTBOpPEHHS
IIyHTa OpH BHUMIipIoBaHHI B pospsgHoMy komi I'Ch Tumy
YUTOM-1 AUII B-, C- i C*- KOMIIOHEHT CTPyMY IITY4HOI OJH-
ckaBku, A/B (3 po3’emy 1:2 nmonineuuka Ty CITH-300 [16]).

Ha puc. 12 npuBeneHa enekTpiuyHa cxeMa y3romKe-
HOTO MIJKJIFOYEHHS! BUCOKOBOJIBTHOTO miyHTa THmy K-
300M1 3i cBOIM BHMIpPIOBAIBHUM KOAKCIaJbHUM PE3UCTO-
pom (BKP) no BuMiproBasibHOro KoakciaibHoro Kadelnto
(BKK), CITH i Bimnosiguux 1130.
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Puc. 12. [IpuHnunoBa eaekTpuuHa cXeMa IMiKII0OYeHHs BHCO-
koBosIbTHOrO 1ryHTa Ty [IIK-300M1 10 HU3bKOBOJIBTHOIO
BUMIPIOBAJILHOTO KOJ1a KabespHoi JiHii 38°s13ky i 1130 (BKP

IIYHTA 3 aKTUBHUM 0nopoM R¢~0,158 MOM, 1110 MiAKITIOYaETHCS
1o Bxoxay kabento niHii 38’°s13ky; BKK mapku PK 75-7-11 tpuak-
cianpHOi JiHi1 38’s13Ky; CITH, sixmii y3romkye poOoTy IIyHTa,
BKK i Bxoxie L[30 ra migkirouaerses a0 Buxoxy BKK, oo
Tiepesiac i3 30H1 CTaJeBOro JUCKa IIyHTa eIeKTPHIHUI CHTHAI
1o CITH 1 L1I30)

3rigHo puc. 12 6aunmo, mo Ha Buxoai kademo BKK,
JMOJATKOBHUN MINHUHM UWTIHIPWYIHUNA €KpaH SKOTO Tepen
CIIH wnapifino 3a3emuserbes, npuennyerscs CITH, mo
y3romkye poboty mryaTa, BKK Ta Bxomie II30 i sxwuit
BHKOHAHMH 13 30cepemKkeHnx pesuctopiB R1—R3 Homina-
goM 110 OM 3 CyMapHUM aKTUBHHM OIOPOM, DPIBHUM
xBuieBoMy ormopy kabemo BKK Z, = 75 Owm. 3amagero
CIIH, 3acTocoBaHOro B KOJIi BHCOKOBOJIBTHOTO NIYHTa
tury [IK-300M1, € 3a0e3neueHHst HE TUIBKU Y3TOPKEHO-
ro peXxuMy poOOTH BUMIPIOBAJILHOTO KOJIa I[bOTO IIYHTA,
ayie 1 0JJHOYACHA PEECTpallisl Bifjpasy JACKUIbKOX OCIIHJIOT-
paM BIiANOBIIHMX KOMIIOHEHT MOBHOTO CTPYMY INTYYHOL
OJIMCKaBKU MIKpO- 1 MITICEKyHAHOI TPUBAJIOCTI i3 3Ha-
YEHHSIMH aMIUNTYX, II0 PI3KO BiAPI3HAIOTHCS. 3 I€I0
metoto mauuii CITH OyB 3a0e3nedeHuit 1BOMa BUXITHUMHI
KoakcianpHUME po3’emamu 1:1 1 1:2 (puc. 12).

Jns mocuieHHsT B3a€MHOI PO3B’SI3KH KOAKCiaTbHUX
po3z’emis 1:1 1 1:2 B CITH uwistxom 301IbIIEHHS BX1IHOTO
OTIOpY BUXIAHOTO po3’eMy 1:2 B HOro MOTEHIIHHMN enek-
TPOJ E€JNEeKTPUYHO YBIMKHEHHH [0JATKOBHH 30CepepKe-
HUi pesuctop R4 Hominanom 5,6 kOm (muB. puc. 12).
[pu upomy CITH BukOHYy€eTbCS y BHUIJISNI OKPEMOT'O HU-
3bKOBOJIBTHOTO IPUCTPOIO, L0 MPHEAHYETHCS 10 BUXOIY
koakcianpHoro kabemro BKK nmomatkoBo expanoBaHOi
TpUaKCiaIbHOT JIHIT 3B’513Ky 1 PO3MIILY€ETHCSI B eKpaHOBa-
HOMY MeTajleBoMy Kopiryci (auB. puc. 11), skuif moTpio-
HO HaJIHO 130JTFOBATH BiX 3a3eMJICHOTO Kparo JOIAaTKO-
BOTO MiTHOTO IIJIiHApraHOTO ekpany BKK.

YV noxinsauKy Hanpyru tay CITH-300 (puc. 11) € nBa
KoakciabHUX po3’emu 1:1 1 1:2, siki npu3HaveHi Juist y3ro-
JUKCHOTO TPHEIHAHHS BiMOBIAHMX BHXOJIB 0 BXOIIB BH-
miproBasibHux KaHaiiB 1[30. Ipu mpomy, 3rimHo Tadm. 3,
BkasaHni po3’emu 1:1 i 1:2 CITH-300 xapakTepu3yrOThCs
pi3HHMH KoedillieHTaMy NepeTBOpeHHs Kg BUKOPUCTOBYBA-
HHX BHMIPIOBaJIbHHUX LIYHTIB P peecTparii 3a iX J0rnomMo-
roro AUII sik A- 1 D- KOMIIOHEHT CTpyMy IITY4HOI OJIMCKaB-
KU (B IbOMY BHIIQJIKy BOHH [T03HA4arOThes K Kgy), TaK i B-,
C- 1 C*- XOMIOHEHT CTPYMY LITY4YHOI OJIMCKAaBKH (B IEOMY
BUIA/IKY BOHH ITO3HAYAIOTHCS K K).

Ha puc. 13 npuBenenuii 3aranpHuUA BUTISI YIOCKO-
HaJICHOTO BHMIPIOBAJIEHOTO CHIBHOCTPYMOBOTO JHCKOBO-
ro mryHTa tumy HIK-300M1, BUKOpHUCTOBYBaHOTO B pO3-
psinHOMY Kou1i otyxHoro I'Ch tuny YUTOM-1.

/B =

Puc. 13. 3arabHuii BUIVIS BUCOKOBOIBTHOIO BUMIPIOBAJIEHOTO
urynra tuny HIK-300M1, yBiMKHEHOT0 10 KOJIEKTOpa CHIIBHOCT-
pyMoBoro po3psiaHoro kona notyxHoro I'Ch tumy YUTOM-1

KoakcianbHi KOHCTPYKIIT BUMIPIOBAJIBHUX LIYHTIB TH-
my 1IK-300 (Tabmn. 3), 1m0 3acTocoBaHi y CKJa/ii MOTY>KHOTO
BucokoBonbTHOro I'Ch Ty YUTOM-1, xapakrepusyroTs-
sl MAIMMH 3HAYCHHSMH iX BIIACHHUX €JIEKTPUYHKX MapaMeT-
piB — iHmyKTHBHOCTI Lg (He Oumpmme 11 HIH) i akTUBHOTO
omopy Rs (#e Oinpire 0,2 MOwm), 1o 3adesnedye Maiuii
BIUMB RsLs— mapamMeTpiB BUMIPIOBAIBLHUX IIYHTIB HA €JIEK-
TPOMATHITHI TPOIIECH, sIKI MPOTIKaTh B R;L; — HaBaHTa-
JKeHHI (uB. puc. 1).

Ha puc. 14 cxemarn4HO 300pa)K€HO KOHCTPYKIIO
BUMIPIOBAJILHOTO BHCOKOBOJIFTHOTO CHIIBHOCTPYMOBOTO

mryHTa tany [1IK-300M2 B #0r0 MoI0BXXHEOMY PO3pi3i.
14 1 2 3 4

I A

N A\
I— (1

|

15

4 | % 8L
4 13

12 9 11 10 68 5 7 12
Puc. 14. CxemarruHe 300payKeHH! YIOCKOHAICHOT KOHCTPYKLIT
BHCOKOBOJIFTHOT'O KOAKCIaJIbHOTO IMCKOBOTO ITyHTa TUITy L[IIK-
300M2 B i#0ro OIOBXHEOMY OCBOBOMY po3pi3i (1 — MacuBHHMIA
BHYTPILTHIN IFUTIHAPAYHUHN JTATYHHAH €NeKTPpo; 2, 3 — i30IiiHi
BTYJIKH 3 TOpOILIACTy; 4 — MACHBHUI 30BHIIIHIN I HAPUIHIN
JIATYHHHH CNIEKTPOJI; 5 — BUMIPIOBAILHUI BUCOKOOMHUIM CTAIICBUI
JIVICK 3aBTOBIIKH /ig=2 MM; 6, 7 — MACHUBHI MPUTUCKHI 130JSIIHHI
Jucky; 8 — OaHAaKHUH aTtyHHKH quck; 9, 10, 12 — cranesi rBUHTH
Kpimtensst; 11 — Buxiguuii koakciaabHuii po3’em tumy CP-75;
13 — MacuBHEe IPUTUCKHE JIaTyHHE Kible; 14, 15 — BxinHi (moTeH-
LiifH1) 1 BUXiaHI (3a3eMJIECH]) eJIEMEHTH JIATYHHOTO OOJITOBOTO MIPH-
€J[HAHHS [IYHTA JI0 CHIIBHOCTPYMOBOTO PO3PSITHOTO KOJIA ITOTY K-
Horo I'CB tuiry YUTOM-1

CyTTEBOIO BIAMIHHICTIO yJIOCKOHAJIEHUX KOHCTPYK-
il BHCOKOBOJBTHHX CHJIBHOCTPYMOBHX IIYHTIB THILY
MIK-300M1 i TIK-300M2 [16, 29, 30] Bix BKa3aHOro B
[15] mynTta TEmy IIK-300M € 3acTocyBaHHS 3aMiCTh
TOHKOCTIHHOTO (3aBTOBIIKH /g~0,3 MM) BHCOKOOMHOTO
MAaHTaHIHOBOTO JMCKAa, IO MiANAETHCS BEINYE3HUM €JIeK-
TPOTEPMIYHUM 1 €JIEKTPOJAMHAMIYHUM yIApHUM MisiM BH-
MiptoBaHuxX B po3psaHomy koii ['Ch motyxHuX iMITysib-
CIB IIOBHOTO CTPYMY LITY4YHOT OJIMCKABKH 1 3 SIKOTO 3HIMa-
€TbCS MaiHHS IMITyJIbCHOT Hanpyr Usg Bil IPOXOPKEHHS
110 HBOMY BiJIIOBIIHMX KOMIIOHEHT iMITyJIbCHOTO CTPyMY
IITy9HOI OJIMCKAaBKW, JWCKa 3aBTOBIIKU hg=(1-2) MM 3
Heipxkasitouoi crani mapku 12X18HI10T. IIpakruka exc-
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iyaraiii BuMiptoBanpHoro urynra tumy [IK-300M 3
MaHraniHoBuM nuckoM y ckiaii I'Ch 3rigno [15] noka3a-
na, 1o miciast ~100 BUMiproBaHb HOro AUCK HE BUTPUMYE
NOAAJBLIOT il MOTYXHHUX €JIeKTPOTEPMIYHUX HaBaHTa-
JKCHb 1 BIH BUXOUTH 3 JIay.
BuxopucroBytoun masi tadi. 3 1 uncenbHI HOKa3HUKU
(y momsix abo OJMHMIIX BOJIBT) 3aPEECTPOBAHOTO HA €KpaHi
130 3a 1ONOMOroI0 BHCOKOBOJBTHOTO BHMIPIOBAJIBHOTO
IIyHTa BiATIOBIIHOTO THITY MAIHHS iMITyITbCHOI HarpyTH U,
[IyKaHe 3HAYCHHS CHIM [, IMIyJIIBCHOTO CTPYMY IITYYHOI
OJFICKaBKH, II0 TEHEPYETHCS 1 BUMIPIOETHCS B JlabopaTop-
Hux ymoBax B kouti ['CB, Bu3Hauaemo y Bursiai: 1=Ky Us.
[Tpu posimdpyBaHHi OTPUMAHKX B PO3PSAHOMY KOJIi
notyxuoro ['Ch tuny YUTOM-1 ociyiorpam (puc. 6-10)
OCHOBHMX KOMIIOHEHT IMITYJIbCHOTO CTPyMY LITYYHOI OJH-
CKaBKHU 1 BU3HAYEHHI YHCeNbHUX 3HaYeHb X AUIl MoxyTh
OyTM BHKOPHCTaHI HACTYNHI pPO3PaxyHKOBI aHaTITH4HI
CIIiBBiTHOILICHHS:
® ]ISl CHHYCOINAJILHOTO 3aracaro4yoro cTpymy B Ko-
i po3psny monepHizoBaroro I'Ch tummy YUTOM-1:
- TP po3paxyHKax iHTerpaiiB nii J,4 i J,p BIOMOBIIHO
U A- 1 D- KOMIIOHEHT CTPYMY IITYYHOI OJTUCKaBKH:
Jaa = Kalpa[To(4) ™ ~ ATy (A4 +162°): (1)
Jap = kpLupi[Tp(44p) ™" = ApTp I(44 +162°)], (2)
Jec ImAl(Ile); 1mA3(ImD3): TA(TD), AA(AD) - BiZIHOBiI[HO Tcpmia
i Tperst amrutityau crpymy 1y(Ip), nepion 1 norapudmivnamii
JICKPEMEHT KOJIMBaHb JUIS IMITYJILCHOT A- 1 TOBTOPHOT IMITy-
JIbCHOI - KOMIIOHEHT CTpPyMy IUTY4YHOI OJIMCKaBKY;
A ~AIn(l,0/1,43), Ap=In(1,,p1/1,,p3) — BIATIOBIAHO JIOTaprQMi-
YHHUH JAEKPEMEHT KOJIMBaHb IS IMITYJIbCHOI A- 1 MOBTOPHOT
IMIyNbCHOT D- KOMIIOHEHT CTpYMy INTYYHOI OJNHCKABKH;
k, = [exp(=0,57 "' A arcctg0,57 A )sin(arcctg0,57 A,
kp = [exp(—0,57 ' Aparcctg0,57 ' Ap)sin(arcetg0,5z ' Ap]”!
— BIAMIOBIAHO HOPMYIOUYi KOEQIIIEHTH AN IMIYIbCHOI
A- 1 MOBTOpHOI IMIyIbCHOI D- KOMIIOHEHT IOBHOTO iM-
IYJIBCHOTO CTPYMY IITY4YHO{ OJIMCKaBKY;
- TIIpH pO3paxyHKaxX EJIEeKTPUYHHUX 3apsiliB ¢r4 1 qrp
BIJIMIOBI/THO JIJISI CHHYCOIJANIbHUX A- 1 D- KOMIIOHEHT I10-
BHOTO IMIYJIbCHOT'O CTPYMY HITYYHOT OJINCKAaBKH:

qra ~ 27k 41y 1 Ty (A +47%) 5 3)

qip = 27k plupi Tp (4p +477) . (4)
® ISl anepioJUYHOro IMITYyJIbCHOTO CTPyMY B PO3-
paaHoMy Kodi notysxHoro I'Ch mpu R0 >2[L;)/C 1(2)]1/2:
- TIpY po3paxyHKax iHTerpaniB aii J,4 i J,p A0 anepi-
OJMYHHX A- 1 D- KOMIIOHEHT CTpyMY OJIMCKaBKH:

Jaa ~ k315 410,6587 0 —0,6337 14 ; (5)
Jup ~kplypl0,6587,, —0,633c 51, (6)

ne 1,4(1,,p) — BIANIOBITHO aMIUTITYIM anepioIM4YHUX IMITy-
JILCHOT A- 1 TOBTOPHOT IMITyJIbCHOT D- KOMIIOHEHT IIOBHO-
ro CTpyMy IITy4HOi OnMCKaBKH; Ty(Tp) — BIATOBITHO
TPUBAIICTD (POHTY IMIYNBCIB A- 1 D- KOMIOHEHT ITOBHO-
ro crpymy OnuckaBku Ha ix pieni (0,1-0,9)/,, a6o
(0,1-0,9)1,p; 7,4(t,p) — BIATIOBIAHO TPHBANICTH iMITyJIbCIB
A- i D- KOMIOHEHT MOBHOTO CTPYMY IITYYHOI OJIMCKaBKU
Ha ix piHi 0,57, 360 0,51,,p; k~[(ct14/004)" — (A14/024)"] ",
kp=[(oy D/(IQD)I - (o D/azD)k]fl — BIIIOBITHO HOPMYIOYi
KOe(IIieHTH IS arlepioANYHUX IMIYIBCHOI A- 1 TOBTOP-
HOI IMOyJIbCHOI D- KOMIOHEHT IOBHOTO IMIYJIBCHOTO

CTpyMy ITy4HOi OmmckaBKH; 14¥0,76/T,4; 0024~2,37 /745
aip = 0,76/typ; oop = 2371tp; no= aid(0s — O1a);
m= a4/ (024 — a14); [= 01 p/(02p — Q1p); k:azo/(_aw - 0{10);

- IpU pO3paxyHKax EJICKTPHUYHUX 3apsdiB ¢;4 1 qip
BIJINIOBITHO I anepiofguyHux A- i D- KOMIIOHEHT IOB-
HOTO IMITYJIbCHOTO CTPYMY IITYYHOI OJMCKABKH:

qr4 zkA]mA[l,:;lSTpA—0,422TfA]§ (7

qip *kpl,pll,3157,p —0,4227 i ]. ®)

Bxaxxemo, mo ¢popmynu (7) i (8) MokHA BUKOPUCTO-
BYBaTH MpH po3paxyHkax BigmoBignux AUYII anst mpomi-
*HOT B-, TpuBanoi C- i ykopoueHoi TpuBaioi C*- komo-
HEHT HOBHOTO IMITYJILCHOTO CTPYMY LITYYHOI OJMCKaBKH.

3. Texniuni npukiaaam i pe3yabTaTH BUNPOOYBaHb
Ha OJHCKABKOCTIHKiCTh Aesiknx mpuctpoiB JIA Ha mo-
Ty:kHOMYy I'CB THmy YUTOM-1. Ha puc. 15 npuseneni
pe3yabTaTd IpsMOI yIapHOi OJHOYACHOI Il B CHIIBHOCT-
pyMOBOMY po3psiiHOMY Kouti MozepHizoBaHoro I'Ch Ttumy
YUTOM-1 na B3 nmucroBoi o6mmBku JIA 3 amomiHieBOTO
crmaBy Mapku AMr2M 3aBTOBIIKH A=1 MM iMITyIIECHOT
A- 1 TpuBanoi C- KOMIIOHEHT iMITyJIBCHOTO CTPYMY IITYd-
HOI OrcKaBKH 3 HOpMoBanumu AUTL.

Ha puc. 16 300paxkeHi pe3ysibTaTi BKa3aHOI 3TiJHO
puc. 15 pyitniBHOI enekrpoTepmiynoi aii Ha B3 mucToBoi
obmmBku JIA 3 amomiHieBoro cruiaBy mapku AMr2M
3aBTOBUIKK /2 = 1 MM iMIynbcHOT 4- i TpuBainoi C- KOM-
MOHEHT CTPYMy INTYYHOI OJUCKABKH 3 BIIMOBIIHUMH
HopMmoBanuMH AYII 3 00Ky #HOro BHYTpIilIHBOT TOBEPXHI.

Ha puc. 17 npuseneni pesynabsratd BUNpoOyBaHb Ha
ONMCKaBKOCTIHMKICTD (30Ha ypakeHHs 1A4) B po3psaHOMY
KoJti oTykHOro BUCOKOBONBETHOTO I'Ch TrIry YU TOM-1
B3 3aBToBIIKK /2 = 1,2 MM TUTOCKO] IOpaIOMiHI€BOT ITaHe-
J1i OOIIMBKY MAJMBHOTO 0aKa BITYM3HSHOTO JIITaka «AH».

Ha puc. 18 npencraeneHi pe3yiabrard mpsmoi il B
PO3PSTHOMY KOJIi IOTY>KHOTO BUCOKOBOJIETHOTO I'Ch THITy
YUTOM-1 Tinbku iMITyJabCHOT A- KOMIIOHEHTH IITYYHOT
OnMCKaBKM 3 HOPMOBaHUMU 3riiHO BUMor [12-14] AUIT Ha
B3 xomnosuuniifnoi o6muBsKu ﬂiTaKa; p—

i b% - . /"

Puc. 15. 3araysHuii BUIIIST 30BHIIIHEOT OKPYTIIOi 30HU KPI3HOTO
MPOTOILTFOBAHHS PajiiycoM 7,~13 MM sctoBoro B3 mpu BumpoOy-
BaHHI Ha OJIMCKAaBKOCTIHKICTh OOIIMBKY JIA 3 alTFOMIHIEBOTO CIUIABY
Mapki AMr2M 3aBToBiKy /=1 MM Bifi CyMICHOI [Iii Ha HHOTO B
po3psinaoMy kodi otyskHoro I'Ch tumy YUTOM-1 iMiysbcHoi A-
(La1~216 KA; 1,,41~32 MKC — Yac, KU BiATIOBIJA€ MEPIIiif aMIDTi-
Ty I,,41 IMITYTTBCY CTPYMY; 7,1,/~500 MKc; J,~2,19-10° T/Om)

i tpuBaiioi C- (1,,c~—869 A; t,,c~11 Mc — 4ac, SKuii BiIOBITa€
aMIUTITy i 1,,c IMITYTIBCY CTPYMY; Tc=7 MC; T,1~1000 Mc;
qrc~194,3 Ki1) KOMIOHEHT IOBHOTO CTPYMy IUTY4HOI OJIMCKAaBKU
3 HopMoBaHumu AUIT
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Puc. 16. 3araipHuii BUTJIsII BHYTPIIIHBOT OKPYIJIOT 30HU Kpi3-
HOT'O IIPOTOILTIOBAaHHS JHCTOBOro B3 mpu BUmpoOyBaHHI Ha
OJIMCKAaBKOCTIHKiCTh 0OmmBKH JIA 3 aIOMiHIEBOTO CIUIaBy Map-
ki AMr2M 3aBToBmIKM A=1 MM BijJ CYMICHOT IIii Ha HBOTO B
PO3PSIAHOMY KOJIi HOTY>KHOTO BUcokoBouIbTHOTO ['CH THITY
YUTOM-1 imnynbcHOT 4- i TpuBaioi C- KOMIIOHEHT HOBHOTO

CTpYMy IITY4HOi GJIMCKaBKHU 3 HOpMoBaHuMu AUIT

—~y i

Puc. 17. 3aranpHuii BUTJIsA 3 00Ky 30HU IPHB’SI3KU Pe3yJIbTaTiB
KPI3HOTO MPOTaTIOBaHHS HA 30BHIIIHIN MoBepxHi B3 miockoi mro-
PaJFOMiHI€BOT MTAHENI 3aBTOBIIKY /=1,2 MM OOIIMBKYU MAJIUBHOTO

0aka BITIM3HSIHOTO JiTaKa «AH» IUIA3MOBOT0 KaHATy IMITOBAaHOTO B
PO3pPSTHOMY KOJIi IOTYKHOTO BHCOKOBONIBTHOTO I['Ch THITY
YUTOM-1 mityqHOro rpo30Boro po3psiay paaiycom r,~3,7 Mm
HOro CTIHKH BiJ psiMoi i HopMoBaHuX A- (1,,41~199,5 KA;
bna1=42 MKC; 7,1,/~500 MKc; J,~1,99 10° Jx/Om),

B- (1,,55-6,16 XA; 1.5~—2220 A; q5~11,1 Ki; 7,155 mc)

i C*- (Imc*:/_l 112 A, Tplc*:l3,6'MC; qLc*5—5,79 KJI,
1.c=q1c/Ty1 =426 A) KOMIOHEHT IIOBHOTO iMITyJILCHOTO
CTpyMy IITYYHOI OIMCKaBKHU (30Ha ypaxkeHHs 14) [17]

Gy

Puc. 18. 3arasipHuii BUIIS 30HH MOMIKOPKESHHS TiaMeTpoM
10 100 MM 3 HACKPI3HUM IPOIIATIOBaHHSAM B JIHCTOBOMY B3
3aBTOBLIKU /#=2,9 MM €KCIIEpUMEHTAIBFHOI KOMITO3UIIHHOT OOIINB-
KU JIiTaKa, BUIIPOOOBYBAHOMY Ha OJIMCKaBKOCTIHKICTB B PO3PSIIHO-
MY KOJITi HOTY»HOT0 BACOKOBONbTHOTO ['Ch Triry YUTOM-1,
HIPH TIPSIMIH i1 HA HBOT'O TLIBKH IMITYJIBCHOI 4- KOMIIOHEHTH CTPY-
My ITy4HOI OnrickaBky 3 HopmoBaHuMU AUIT (7,,4~212 kA;
bna1=32 MKC; 7,1,~500 MKc; J,~2,1 1-10° Ix/Om) [16].

Puc. 15-18 Hao4HO BKA3yIOTh Ha T€, III0 BUCOKOCHE-
PTeTHYHOI eIEeKTPOTEPMIYHOI il BiJ CHIIEHOCTPYMOBOTO
KaHamy mTy49HOi OnmckaBku 3 HopmoBanumu AUYII 11 oc-
HOBHUX KOMIIOHEHT CTPyMy BKa3aHi JOCIHIIHI JHCTOBI
MeTaseBi 1 KOMIO3uLiiHiI 3pa3ku JIA He BUTPUMYIOTb.

st BinoOpaxkeHHsI KOMIUIEKCHOTO XapaKTepy BUKO-
HYBaHUX HATypHUX €JIEKTPOMArHiTHUX JOCIIJDKEHb Ha
mozepHizoBanoMy I'Ch tuny YUTOM-1 Ha puc. 19,a,6
TMIOKa3aHi pe3yJIbTaTH NpsAMOi Iii B po3psiTHOMY KOJi I[OTO
BHCOKOBOJIBTHOTO cHiIbHOCTpyMoBoro I'Ch Ha Burortosie-
Hy B 3aBOJICBKHX YMOBax JOCHiZHY MOJENb NPUHMAIIEHO-
TepeIaBaibHOI AaHTEHH JIITaKa BITYM3HIHOTO BUPOOHHIITBA
MOTYXXHOI IMITyJIBCHOT 4- KOMITIOHEHTH CTPyMy IITYYHOI
OmuckaBku 3 HopmoBaHuMu AUIL.

Puc. 19. 3aranbHuii BUIJISA TOCHTIAHOT MOJIEITI aBialliiHol mpuiima-
npHO-TIepeaBaibHOl anTeHu JIA 1o (a) 1 micss (6) mpsimoi il Ha Hel
B CHJIFHOCTPYMOBOMY PO3PSITHOMY KOJIi MOZIEPHI30BaHOTO TTOTYX-
Horo ['Ch turry YUTOM-1 iMIyI6CHOT A- KOMIIOHEHTH CTPYyMY
mty4Hoi 6rckaBky 3 HopMoBaHUME AUIT (7,,4~—211,9 KA,
L1 =32 MKC; 7,,4~500 Mxc; J,4=2,1-10° Tli/Om) [16]

3 eKcliepuMEeHTaJIbHHUX JIaHuX puc. 19 BuTikae Te, 1o
po3po0iieHa 1 cTBOpeHa 0e3 ypaxyBaHHS JIFOYHX BUMOT III0-
0 ONFCKaBKO3axXWCTy JOCHIIHA MOIETh IPUAMAIBHO-
mepeaBaIbHOI  AHTCHW BITYM3HAHOI aBialliifHOT TEXHIKU
BUTIPOOYBaHb Ha OJMCKaBKOCTIMKICTh 32 BUMOTaMH HOpMa-
tuBHHX NoKymeHTiB CILIA [12-14] ne Butpumye. [Ipu 1po-
MY BiJl BKa3aHOI y/IapHOI [iii MOTY>KHOI IMITYJIbCHOT A- KOM-
MOHEHTH CTPyMY IITY4HOI OJIMCKaBKKM BOHA Oyia 3pylHOBa-
Ha 1 BUBeJieHa 3 Jiaay (auB. puc. 19,6).

Ha puc. 20,a,6 HaBeneHi pe3yabTaTi BUIIPOOyBaHHS
B3 maneni o0mMBKY NayMBHOTO 0aKy JiTaka KOHCTPYKLIT
«AH» 3 KPHIIKOIO JIIOKa-Jlasy 3 aJIOMIHIEBOTO CIUIaBy
J116 Ha OGnMCcKaBKOCTIMKICTD (Ha ICKpiHHS Y HOTO cepenu-
Hi Big ynapy B JIA GunuckaBku) 1uist 30HH 14 mpu npsimoi
nii Ha meit B3 3a momomororo migHoro EBJI Binm reHepa-
TopiB iMmysbcanx crpymis (I'IC-4, T'IC-B i TIC-C”) mo-
TY>KHOTO MOJIEpHi30BaHOTO BHCOKOBOJAbTHOrO I'Ch THmy
YUTOM-1 Heobxinuux A-, B- i C'- KOMIOHEHT iMITyITBC-
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HOTO CTpyMy IITy4HOi OnmckaBku 3 HOpMoBaHUMH AUIL
(U,~-30 B; U,~—4 xB) y BignoBigHi To4ku Oe3moce-
PeIHbO ii AFOPATFOMIHIEBOT KPHIIIKH JFOKA-JIa3y.

Puc. 20. 3oBHimHii Bursig B3 maneni BiramsHIHOTO JIA 3 KpHIIKOO
JIFOKA-JIa3y 1 KUTbLIEM TTAJTMBHOTO Oaka 3 amfoMiHieBOTO cruiaBy 16
3 peOpamMu >KOPCTKOCTI Ta PI3HUMHU BapiaHTaMy Tx MeTai3anii 10 (a)
1 micis (6) mpsIMOT CyMICHOT il Ha HEOTO B PO3PSLTHOMY KOJII MOZIep-
Hi30BaHOT0 HOTY»HOr0 BHcokoBosbTHOrO I'CB Triy YU TOM-1
HOPMOBAHHX A- (1,,4=—196 KA; 1,742 MKC; 1,,1,/~500 MKc;
Juif2,13:10° Ii/Om), B- (L,5~~1,32 KA; Ly~—2431 A; q7~—12,4 Ko
TpleSal MC) i C*- (Imcﬂ—1032 A, Tplc*zIS'MC; qLC*:ﬁ’LZ KJ'I,
1.0=q1c+/151c+~—480 A) KOMIIOHEHT IIOBHOTO IMITYJIbCHOTO CTPYMY
ITY4HOI OTMCKaBKH (30Ha ypaxkeHHs JIA B aTMmochepHOMY MOBITpi
TPO30BUM PO3psiioM 14)

OtpumaHi 3rigHo puc. 20 mociigHi AaHi BKa3ylOTbh
Ha Te, IO IS 30HK ypaxeHHs 14 xis A-, B- i C'- xomro-
HEHT cTpyMy OnuckaBku 3 HopmoBaHuMu AUYIl Ha B3
naHesi OOLIMBKM NayiMBHOTO Oaky JIA 3 amomiHieBOro
criaBy J[16 3 KpHUIIKOIO JIFOKa-J1a3y NPUBOIUTH IO IPO-
HUKHEHHS BiJIOBIHUX EJIEKTPOPO3PIJHNAX IPOIYKTIB
(4opHOT caxi 1Mo NMepuMeTpy repMeTH3alii KPUIIKH [EOTO
TMOKa-mazy i 3aikcoBaHMX HaMH (DOTOKaMEpOro icKOp)
BiZl mpsAMOi Aii iMITOBaHUX y JTa0OPaTOPHUX YMOBAxX Ipo-
30BUX PO3PSAAIB B 30HY HOro BHYTPIMIHBOI MMOBEPXHI, IO
MOJK€ TIPUBOJIUTH A0 BUOYXY Mapu B HaluBHOMY Oaky JIA
i #ioro karactpodi.

3 oTpUMaHMX Ha BIJIKPUTOMY IOBITPI B YMOBax BH-
COKOBOJIBTHOT eJeKTpodi3uyHol jaboparopii AOCiaHUX
naHux (muB. puc. 15-20), He nuBISYMCH HA iX (parmeH-
TapHICTB, CIIi/lye BUCHOBOK IIPO T€, 10 MeTaJleBl (KOoMIIo-
3MLIIHI) eJeMEeHTH KOHCTPYKLII JIITaKkiB 1 npuiMaibHO-
nepeaBalibHi pagioTexHiuHi npuctpoi JIA nepen ix Bu-
TOTOBJICHHSIM Ta BIIPOBA/DKEHHSM B NPAKTHKY HEOOXiIHO
TIEPEBIpATH B YMOBAaX BHCOKOBOJIETHOI €NEKTPOQi3nIHOT
nmabopaTtopii Ha eNeKTPOMArHiTHy CYMICHICTD i CTIHKiCTh
JI0 MPSIMOI Iil HA HHUX BIAMOBIAHUX KOMITOHEHT IIOBHOTO
IMITyJIbCHOTO CTPYMY LITY4HOI OJMCKaBKH (AuB. Tab. 1).

BucnoBku. Ha manuit vac HATIKI «Moumis» HTY
«XTII» Mae y cBOEMY PO3MOPSKEHHI TIFOUMI TOTYKHIH
MojepHizoBanuii BucokoBonbTHUN ['Ch Ty YUTOM-1
3 YIOCKOHAJICHHMH BHCOKOBOJBTHHMH CHJIBHOCTPYMO-
BUMHU BHMIPIOBAJIBHHMH 3ac00aMu, 110 BXOAATH A0 HOTo
CKJIajy, sIKi 371aTHI B yMOBaX BUCOKOBOJIBTHOT €J1eKTpodi-
3u4HOI J1aboparopii HamiHO TeHepyBaTH i BUMIPIOBATH
OCHOBHI KOMIIOHEHTH IIOBHOT'O IMITyJIbCHOTO CTPyMY
IITY4YHOI OJIMCKABKH, 110 IFOTh Ha BIIKPUTOMY IIOBITpi Ta
BUIIPOOOBYBAaTH Ha OJIMCKAaBKOCTIMKICTH pIi3HI OOpPTOBI
npuctpoi (cucremu) 0O0’eKTIB aBialiiiHOI 1 pakeTHO-
KocMmiuHOi TexHiku. [Ioka3zaHO, MO B CHIBHOCTPYMOBOMY
PO3PSAAHOMY KOJIi BKA3aHOTO ITOTYXKHOT'O BHCOKOBOJIBTHO-
ro I'Ch imiTyroTecs iMITynbCcHa A- (TOBTOpPHA iMITyJIbCHA
D-), npomixHa B- i tpuBana C- (ykopoueHa tpuBaia C*-)
KOMIIOHEHTH IIOBHOTO IMITyJbCHOTO CTpPyMy IITY4HOI
OmuckaBku, AUII sIKMX 3a00BOJIBHSIOTH KOPCTKUM TEXHi-
YHUM BHMOram HopmaruBHuX JokymeHTiB CIIIA SAE
ARP 5412: 2013, SAE ARP 5414: 2013 i SAE ARP
5416: 2013. Haryphi enekTpoMarHitHi BUIPOOYBaHHS
aBiamiifHOl 1 PaKETHO-KOCMIYHOI TEXHIKH, IO pPO3pOOIIs-
I0TBCS 1 MOJIEPHI3YIOThCSI, Ha CTIHKICTB 110 IpsAMoi il Ha ii
OCHOBHI OOpTOBi TpHCTpoi (CHCTEMH) i KOHCTPYKIIiHHI
€JIIEMEHTH 3 METAJICBIMH 1 KOMITO3HULITHUMHI MaTepiaiaMiu
BKa3aHUX OCHOBHHUX KOMIIOHEHT ITOBHOTO IMITyJIbCHOIO
CTpyMy IITY4HOI OJIMCKaBKH, CHPHUATUMYTH IiJBUILICHHIO
xuBy4ocTi JIA B yMOBax X MOJIbOTY 1 epeOyBaHHs B elie-
KTPUYHO aKTUBHIN 3eMHii arMocdepi 3 MOTY)XKHHUMH TPO-
30BHMH IMITYJIbCHUMH ICKPOBHMH PO3PSIIaMH.

®dinancyBanHs. PoOoTy BHKOHaHO 3a MiITPUMKH
MinicTepcTBa ocBiTH 1 Hayku Ykpainu (tema B Ne
0123U101704).

KonduikT intepeciB. ABTOpH 3asBISIOTH PO BiJ-
CYTHICTh KOH(]JIIKTY 1HTEpECIB.
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Goal. Decision of problem scientific and technical task on the reli-
able generating and measuring in the conditions of high-voltage
electrophysics laboratory basic component of complete pulse cur-
rent of artificial lightning with the rationed amplitude-temporal
parameters (ATPs) with the use of the modernized generator of
current of lightning of type of UITOM-1. Methodology. Bases of the
applied electrical engineering, electrodynamics and electrophysics,
electrophysics bases of technique of high-voltage and high pulse
currents, bases of high-voltage pulse technique and measuring
technique. Results. Information, which specify on a decision at
Research and Design Institute «Molniya» of National Technical
University «Kharkiv Polytechnic Institute» problem scientific and
technical task, related to the reliable generating and measuring in
the conditions of high-voltage electrophysics laboratory of complete
pulse current of artificial lightning, which contains pulse A- (re-
peated pulse D-), intermediate B- and long-term C- (shortened long
C*-) components of this current, is resulted, ATPs which answer the
hard technical requirements of normative documents of the USA of
SAE ARP 5412: 2013, SAE ARP 5414: 2013 and SAE ARP 5416:
2013. Short information is indicated about the applied electrical
circuits of separate high-voltage generators of pulse currents of
condenser type of GIC-A (GIC-D), GIC-B and GIC-C (GIC-C%),
which it is worked as synchronous appearance on the general elec-
trical loading in composition the modernized powerful high voltage
generator of complete pulse e current of artificial lightning of type
of UITOM-1, and in-use high-voltage measuring facilities which
contain the heavy-current low-resistance shunts of type of SHK-300
for simultaneous registration with their help on examinee on stabil-
ity to lightning devices objects of aviation and space-rocket tech-
nique of ATPs proper component of complete i pulse current of
artificial lightning. Technical examples are resulted and the row of
results of practical application of the indicated domestic powerful
high-voltage proof-of-concept electrophysics equipment is described
at the tests of elements of some aircrafts (ACs) on resistibility to the
direct action on them of complete pulse current of artificial light-
ning with rationed ATPs. Originality. A problem is formulated and
having the important applied value in area of aviation and space-
rocket technique for the leading countries of the world scientific and
technical task on the reliable generating and measuring in the con-
ditions of high-voltage electrophysics laboratory indicated compo-
nent of complete pulse current of artificial lightning with rationed
ATPs and concrete electro-technological ways and hardware are
indicated for its successful decision. Practical value. The use of the
modernized powerful high-voltage generator of complete pulse
current of artificial lightning of type of UITOM-1 developed in
practice and created in Ukraine will allow to conduct the real veri-
fication on resistibility to the action of lightning of different side
systems, devices and construction elements, containing metallic and
composition materials, both again developed and modernized ACs,
that will be instrumental in the increase of vitality of such ACs in the
extreme terms of their flight and stay in an electrical active earthly
atmosphere with flowing in it storm electrical discharges.
References 30, tables 3, figures 20.

Key words: pulse current of artificial lightning, modernized
high-voltage generator of current of lightning, shunt, gener-
ating, measuring, components of current of lightning.
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The effect of thermal ageing on electrical and mechanical properties
of thermoplastic nanocomposite insulation of power high-voltage cables

This research explores the thermal ageing influence on the Low Density Polyethylene (LDPE) dielectric properties, which is utilised as
electrical insulation in high-voltage cables. An accelerated thermal ageing test was done at four temperature ranges ranging from 25 °C
to 120 °C to define the degree of material deterioration under thermal ageing and to prevent its failure. LDPE composite samples were
made by adding aluminium oxide (Al,03) inorganic filler in two different grain sizes (nano and micro) with various concentrations. The
effect of adding inorganic filler on the acceleration of the thermal ageing of the polymer was studied by heating the samples for different
periods of time and measuring the dielectric strength of the samples. The obtained results show that thermal ageing considerably affects
the electrical properties of the material. The LDPE/Al,O; nanofiller sample has the highest dielectric strength value at different
temperatures. Thermogravimetric analysis was used to investigate the thermal characteristics of materials. The mechanical characteristics
of LDPE polymer are studied using tensile strength and elongation at break tests. References 27, table 4, figures 6.

Key words: low density polyethylene, nano filler, micro filler, dielectric strength, thermal ageing, thermogravimetric analysis.

V yvomy oocnioswcenni suguaemvcs 8naue mepmiuHo20 CMAapiHHA HA OleleKMPUYHi 61ACMUEOCMI NONiemuneHy HU3bKoi WitbHOC
(LDPE), sxuii 8uKOpucmogyemuvcs K eleKmpuyHa i307ayis y UCOKOBONbmHUX Kabensx. Bunpobyseanna na npuckopene mepmiune
cmapinHa 6y10 NPoeoeHo 6 YOMUPLOX memnepamyphux oianazonax 6io 25 0o 120 °C, w06 euznawumu cmyninb pytHy6aHHs Mamepiany
npu mepmiuHOMy cmapinui i 3anobiemu iio2o 6uxody 3 1aoy. Komnozumui 3pasku LDPE 6ynu 6u2omoeneHi uiisaxom 000A6aHH:
Heop2aHiuHo20 HANOBHIN8aud 3 OKcudy amominito (A1,03) 3 06oma pisHUMU posmipamu 3epeH (HaHO Ma MIKpo) V PI3HUX KOHYEHMPAYisX.
Bnnue 0ooasanns neopeaniuno2o Hano6HI08a4a HA NPUCKOPEHHSA MEPMIUHO20 CIMAPINHA NONIMepy BUSHANU WIIAXOM HASPIBAHHSA 3DA3KIE
npomsi2oM pi3HUX Nepiodie Yacy ma 8UMIpIO8ants OieneKmpuynoi miynocmi 3paskie. Ompumani pe3ynbmamu noKazyloms, wjo mepmiiure
CMApPIHHA ICMOMHO 8NIUBAE HA eNeKMPUYHI enacmueocmi mamepiany. 3pasok nanonanosuiosava LDPE/Al,O; mae natbinbue 3navenns
Oienekmpuynoi miyHocmi 3a pisHux memnepamyp. Tepmocpagivempuunuti aHaniz UKOPUCIMOBYBABCA 0N OOCTIONHCEHH MEePMIUHUX
xapaxmepucmuk mamepianie. Mexaniuni xapaxmepucmuxu noninepy LDPE gusuaiomscsi 3 6UKOpUCIAHHAM 8UNpoOY8aHs HA MiyHicMb
Ha po3pus ma noooexicents npu pospusi. biomn. 27, Tabm. 4, puc. 6.

Kniouogi cnosa: moJiieTwieH HU3bKOI INIIBHOCTI, HAHOHANIOBHIOBAY, MIKPOHANOBHIOBAY, JieJIeKTPUYHA MilHiCTBh, TepMiuHe

CTapiHH#A, TepMOIrPaBiMeTPHYHUI aHAJII3.

Introduction. Super insulating polymers are
commonly employed in high voltage insulators, particularly
in high voltage cables. Thermal oxidation processes may
occur for the insulation layers in contact with the cable core
due to the high working temperature of the cable (around
90 °C) because of loading or overloading for short durations,
resulting to insulation degradation and even failure. As a
result, many researchers have been interested in the ageing
and insulating properties of polymers in this environment
[1, 2]. To create materials with better electrical and thermal
properties, nanofillers were chosen to be added to
polyethylene due to the high surface area presented to the
matrix [3, 4]. Interestingly, with several weight percents of
nanoparticles, PE-based nanocomposite can promote
insulation properties effectively, which could be attributed to
the nanoparticle-matrix interface [5, 6].

According to existing research on polyethylene
insulating materials, filling nanoparticles can reduce the
creation of space charge and enhance the dielectric,
mechanical, and thermal properties of polyethylene [7-9].
Numerous studies make use of inorganic filler oxides like
MgO, SiO,, TiO,, BN, etc., as well as how the
improvement of polymer properties is impacted by the
grain size of the filler (nano or micro) [10-12]. When
evaluating the future application of polyethylene
nanocomposites, the extended service life of insulating
materials cannot be overlooked. Thermal ageing has been
shown to have a major impact on the qualities of
polyethylene materials, with numerous modifications
possible, including variations in physicochemical
parameters and microstructure [13]. During thermal
ageing, several oxygenated compounds of low molecular
weight may form in polyethylene, which may have a
major influence on the space charge behavior of
polyethylene insulating material [14, 15].

The purpose of this paper was to determine
whether Al,O; nano- and micro-particles, which have
been shown to improve the dielectric strength of LDPE
composites, can maintain these electrical properties after
thermal ageing. To conduct thermal ageing tests, we
chose four different percentages of nano composites and
four different percentages of micro composites. The
thermal properties of composites after thermal ageing
were investigated using the thermogravimetric analysis
(TGA) test. The dielectric strength test was used to
evaluate the electrical characteristics of LDPE/ALO;
composites after thermal ageing and the anti-thermal
ageing mechanism offered by nanoparticles.

Literature review. Thermal deterioration of LDPE
has been investigated. Chemical and electrical testings
were performed on LDPE plaques that had been thermally
stressed at high temperature (110 °C). Changes in the
imaginary component of the dielectric constant have been
connected to contributions from oxidation and
morphological changes inside polymers. This comparison
may serve as the starting point for the creation of non-
destructive methods for electrical measurements-based
polymer diagnostics [16, 17].

Nanoparticles improve the anti-thermal ageing
capability of PE-based nanocomposites. The three metal
oxides — magnesium oxide (MgO), zinc oxide (ZnO), and
silicon dioxide were combined to form nanocomposites
with a 1 wt.% concentration in each. Fourier-transform
infrared spectra revealed that LDPE/MgO nano filler
composites had the best anti-thermal ageing performance
when compared to LDPE/SiO, nanocomposites, which
had the worst using dielectric characteristics and space
charge dispersion. The capacity of nanocomposites to
maintain electrical properties was then investigated [18].
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The zeolite/LDPE nano filler samples were produced
and thermally aged to produce samples with varying ageing
times. It was demonstrated that nano-zeolite doping may be
an efficient way to stop the internal structure of the
nanocomposite from being damaged by thermal ageing;
during thermal ageing, carbonyl and hydroxyl levels
considerably decreased and crystallinity greatly increased.
The nanocomposite’s shape and ageing resistance were
greatly enhanced by nano-zeolite doping. It was discovered
during the dielectric strength test that nano doping may
significantly increase DC and AC breakdown field strength
and stability during thermal ageing. Nanocomposite’s
dielectric constant can be decreased, and the rate of dielectric
loss did not alter noticeably as the material aged [19].

During thermal ageing, the crystallinity and space
charge accumulation characteristics of pure LDPE and
LDPE/TiO, samples were assessed using a pulse electro-
acoustic method system and a differential scanning
calorimeter. It was determined that TiO, nano filler may
increase LDPE crystallinity, and the capacity of
LDPE/TiO, to reduce space charge was substantial at a
TiO, mass concentration of 1 %. Furthermore, thermal
ageing can degrade the microstructure and impair material
crystallinity, increasing the sources of space charge [20].

Methods. Sample preparation. The basic polymer
utilised was additive-free LDPE with a particle diameter
of less than 0.2 mm on average, a melt flow index of
2 g/10 min at 190 °C, and a density of 0.91-0.925 mg/cm’.
It was purchased from SABIC, KSA, in the form of
granules. The nano particles used were Al,O; inorganic
fillers with two different grain sizes (micro filler with a
60 um particle size and nano filler with a 50 nm particle
size). In a twin-screw extruder at 448 K, LDPE and filler
particles were melt-blended. Nanocomposites were made
in concentrations of 1 wt.%, 3 wt.%, 5 wt.%, and 7 wt.%,
and micro composites were made in concentrations of
10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%. Composite
samples were press-moulded at 433 K and at a pressure of
10 MPa to produce sheets with dimensions of 150 mm by
150 mm and a thickness of about 1 mm.

Samples were thermally aged in a fixed-temperature
vacuum oven at 25 °C, 60 °C, 100 °C, and 120 °C at
regular intervals (0, 10, 20, and 30 min). The aged
samples were subjected to dielectric strength testing.

Table 1 shows the weight of the LDPE composite
mixture (g) used in the manufacture of samples. It also
shows the added weight of the LDPE polymer and the
added weight of the Al,O; filler at each mixing ratio.

Table 1
Different samples compositions
Sample Symbol | LDPE, g | AL,Os, g
LDPE B 150 0
10%| MI10 135 15
. 20% | M20 120 30
+
LDPE + micro Al,O3 30% | M30 105 45
40 % | M40 90 60
1% N1 148.5 1.5
3% N3 145.5 4.5
+
LDPE +nano ALOs oo™ N5 [ 1425 | 75
7% N7 139.5 10.5

Thermal ageing test. Heat causes some physical
and chemical changes in polymers. These variations are

determined by the severity of the temperature and the
length of exposure. High temperatures do not always
cause the polymer material to decompose. Prolonged
exposure to high temperatures, on the other hand, will
cause gradual changes in physical properties, eventually
leading to collapse. The cable is subjected to overloads
and short-circuit currents. When the current exceeds the
rated value, it raises the temperature of the core. The
electrical performance of the cable is affected by
repeatedly exposing the insulation layers adjacent to the
core to high temperatures. Thermal ageing of the samples
is performed to determine the effect of temperature
increases on the dielectric strength value. Thermal ageing
was tested according to [21].

The required procedures and precautions to obtain
highly accurate readings for each sample during the
thermal ageing test are as follows:

e Before beginning thermal ageing tests, clean and dry
the samples.

e The samples were heated to different temperatures
(25 °C, 60 °C, 100 °C, and 120 °C) during specified
periods of time (0, 10, 20, and 30 min) using a fixed-
temperature oven, as shown in Fig. 1.

e As shown in Fig. 2, the dielectric strength of the
aged samples was measured. The measurement was
repeated ten times with three samples exposed to the same
conditions, and an average value was taken for the
experimental readings.

e The time intervals between successive tests of each
sample should be suitable and sufficient.

e To apply electrical safety requirements, all testing
circuit linkages must be correct.

e The voltage was gradually raised until the voltage
breakdown occurred at a nearly constant rate of 2 kV/s.
The dielectric strength was recorded.

: L
I
Variac |
|
) po==f===9
Main Switch | | (Z‘) Test }_Sample
Electrode

HV Transformer
Fig. 2. Dielectric strength schematic diagram

Thermogravimetric analysis (TGA) test. TGA is a
key test for understanding and identifying material thermal
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characteristics. TGA is a thermal test that calculates the
weight loss of volatile components with temperature rise
uniformly. According to [22], based on weight loss at high
temperatures as well as thermal stability in a brief period, it
is a great approach for figuring out the filler and polymer
content. The TGA test was carried out in the NSI nitrogen
environment using Perkin-Elmer equipment [23-26].
Approximately 10 mg of Al,Os/LDPE samples were sliced
and heated from 35 °C to 700 °C while the samples were
weighed and shown on the computer screen.

Mechanical analysis. Tensile strength (MPa) and
elongation at break (%) are critical metrics for characterizing
polymer mechanical performance and determining the
influence of inorganic filler. A Zwick Roell LTM
electrodynamic testing device was used to assess the tensile
strength (MPa) and elongation at break (%) of the composite
specimens. A schematic representation is shown in Fig. 3.
The test results were evaluated using [27].

Results and  analysis. Thermal ageing
measurements. Table 2 shows average results for the
dielectric strength of LDPE loaded with varied
percentages of Al,O; inorganic filler thermally strained
over different time intervals at different temperatures.

Force
Measurement )
Grips for holding Fixed Head

specimen firmly

Polymeric
Specimen

Test specimen
1/8 “ thickness

Fixed Head

Constant Rate
of Motion

Fig. 3. Schematic diagram for measuring the tensile strength of
LDPE composite samples

Table 2 shows that, when compared to neat and micro
filled with LDPE, all LDPE micro composites have increased
dielectric strength. When compared to other concentrations of
the same particle size of filler, the micro Al,O; composite of
30 % has the highest dielectric strength value.

Table 2

Average dielectric strength for micro- and nano-Al,0; composite samples thermal stressed at 25 °C, 60 °C, 100 °C, 120 °C
for different times 10 min, 20 min, 30 min

Average dielectric strength, kV/mm
Sample at25°C at 60 °C at 100 °C at 120 °C

10 min | 20min | 30min | 10 min | 20min | 30min | 10 min | 20min | 30min | 10 min | 20min | 30min

B 20.45 18.28 | 17.08 18.33 16.02 | 15.11 14.61 12.08 | 11.21 12.77 11 9.89
MI10 25.81 2527 | 24.71 22.83 2229 | 21.74 | 20.38 19.85 | 19.29 16.55 16.02 | 15.46
M20 2859 | 2817 | 27.64 | 25.66 | 2521 | 24.69 | 2246 | 22.01 | 21.49 18.04 17.59 | 17.07
M30 32.67 | 3225 | 31.74 | 30.54 | 20.09 | 29.58 | 27.34 | 2691 | 2639 | 23.94 | 2349 | 22.95
M40 29.77 | 29.25 28.7 26.59 | 26.06 25.5 24.00 | 2347 | 2297 | 21.09 | 20.55 | 20.01
N1 26.89 26.69 26.12 25.81 24.38 24.00 23.11 21.83 21.11 20.39 19.08 18.27
N3 29.09 | 27.84 | 27.06 | 26.55 | 2528 | 25.00 | 24.25 | 23.54 | 22.86 | 22.35 20.89 | 20.03

N5 35.61 35.18 | 34.68 | 34.31 33.72 | 33.04 | 32.04 | 31.32 | 30.85 | 29.67 | 28.86 28.3
N7 39.85 39.34 | 38.79 | 3696 | 35.12 | 34.56 | 34.37 | 32.89 | 32.31 31.85 30.34 | 29.74

Table 2 also shows that the electrical properties of a b @

LDPE composites filled with Al,O; are reliable at 7 %
nano particle size and have a dielectric strength greater
than that of micro Al,Os.

As shown in Table 2, the dielectric strength of nano
AL O3 composites is greater than that of micro AlO;
composites at all concentrations. By increasing the filler
concentration, the LDPE composite achieves maximum
dielectric strength. The dielectric strength decreases when
the filler concentration exceeds critical values.

The physical properties of the samples, such as
shrinkage and deformation, are affected by continuously
raising the temperature (Fig. 4). High temperatures reduce
dielectric strength. Lower filler contents, such as in nano
composite, can result in greater flexibility, ease of
processing during product manufacturing, and improved
electrical performance of polymers.

b

d i

o
-

f
B
_ X :
\,,5_130 =4 ‘J40 N1
g h i
N3 N5 N7

Fig. 4. A photograph of the samples after 30 min of exposure
to a temperature of 120 °C
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Thermogravimetric analysis. TGA provides the
variation in the weight of sample loss with respect to
temperature in a controlled environment. The release of
moisture or gases from the material’s breakdown causes
weight loss as the temperature rises. TGA provides ageing
stability information within short test times.

TGA analyses of the samples were done to
comprehend the thermal performance. TGA of samples

The results from 3 samples of each test have been
averaged to reduce error because the sheet’s structure is
not homogeneous and because the sheet (20 cm x 20 cm)
obtained through mixing is not. Table 3 displays the
tensile strength of micro and nano Al,O; filled LDPE
composites as a function of filler loading.

Table 3
Tensile strength (MPa) for nano and micro Al,Oy/LDPE composites

with various micro AL,O; loadings is displayed in Fig. 5. Sample Tensile strength, MPa Average values of
oo . 1 2 3 tensile strength
Weight, % 1" maximum weight loss peak B | 1027 | 673 74 8.13
100 N1 9.83 8.61 12.24 10.23
—E N3 10.83 12.75 9.23 10.93
80 — 10 N5 11.88 11.27 10.96 11.37
M20 N7 11.36 14.32 11.91 12.53
60 | W30 M10 11.25 10.13 10.19 10.53
2" maximum weight loss peak M20 10.32 12.31 12.75 11.8
40 \_ —" M30 10.19 12.10 12.3 11.75
M40 12.21 10.92 10.41 11.18
20 I _ As shown in Table 3, LDPE composites with Al,O;
0 loading improve tensile strength at a 7 wt.% loading level.
100 200 300 400 500 600  T,°C As the amount of micro ALO; increases, the tensile

Fig. 5. TGA for LDPE with different micro Al,O; filler
concentration

Temperature has no discernible impact on weight for
all samples in the temperature range of 35 °C to 450 °C,
as demonstrated in Fig. 4. The 1st maximum weight loss
peak on the TGA curve above 450 °C is caused by Al,O;
filler water loss. The burning of the LDPE side chains
may be the cause of the 2nd maximum weight loss peak.
When the temperature was raised from 35 °C to 700 °C,
the weight loss of pure LDPE was the least. When
compared to all composite samples and a blank one, the
weight loss of composites filled with 40 wt.% micro
AlLO5 provides the highest thermal stability.

Figure 6 studies the effect of thermal stability on
LDPE samples filled with various concentrations of nano
AlLO; filler to determine changes in the weight of a
sample in relation to changes in temperature. Thermal
stability is the ability of a polymeric material to withstand
the effects of heat while preserving its properties, such as
toughness, strength, or elasticity, at a certain temperature.
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Fig. 6. TGA for LDPE with different nano Al,O; filler
concentration

Mechanical test results. Studying the tensile
strength of LDPE composite samples. The maximum
stress that a material can sustain when being stretched or
pulled before necking is known as tensile strength. The
load at break is divided by the initial minimum cross-
sectional area to determine tensile strength.

strength of LDPE composites decreases in all values.

Table 3 indicates that increasing micro AlOs
concentrations result in a substantial improvement in
tensile strength. In comparison to the other concentrations
for the same filler, LDPE loaded with 7 wt.% nano Al,O3
records the highest tensile strength.

Studying the elongation at break of LDPE
composite samples. Table 4 displays the elongation at
break characteristics off LDPE composites with micro-
and nano sized Al,0; loadings.

Table 4
Elongation at break for nano and micro LPDE/Al,O; composites
Sample Elongation at break (€-F max %) Average values

1 2" 3" |of elongation at break
B 110.32 101.8 103.52 105.21
N1 116.54 114.36 109.65 113.2
N3 129.23 117.65 121.39 122.7
N5 142.5 135.62 136.85 138.32
N7 144.92 136.42 140.85 140.73
M10 105.52 106.58 113.52 108.54
M20 120.65 125.02 119.54 121.7
M30 112.65 118.2 111.95 114.3
M40 | 102.35 100.65 98.9 100.63

For LDPE composite samples, the values of
elongation at break decrease as the amount of micro
Al,O5 increases.

Table 4 demonstrates how the addition of nano
Al,O5 can enhance elongation at break. When nano Al,O;
is added at a 7 wt.% concentration, the composite exhibits
greater break elongation than pure LDPE.

Discussion. By interfering with the polymer crystal
and filling spaces and gaps, an inorganic filler — whether
micro or nanosized — works to improve the fundamental
polymer’s electrical, mechanical, and thermal properties.

Heat exposure of the insulator throughout various
operating situations reduces the cable’s lifespan. It is critical
to conduct a thermal ageing test to determine the effect of
temperature and exposure duration on the value of the
polymer’s dielectric strength. According to the results of the
thermal ageing test, the value of the insulating strength
declined as the time of temperature exposure increased.
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Compared to the percentage of micro filler, a small
amount of nano filler gave better results in dielectric
strength and tensile strength. Dielectric properties of
LDPE composite loaded with Al,O5 are reliable at 7 wt.%
nano scale and have maximum dielectric strength.

Conclusions. This paper demonstrated the effect of
adding micro- and nano- ALLO; to Low Density
Polyethylene (LDPE) composites. The experimental
results lead to the following conclusions:

e The physical properties of the samples are affected
when they are exposed to high temperatures for extended
periods of time. This effect causes deformations in the
samples, which cause them to become more solid.

e The high temperature and the length of time that the
samples are exposed to high temperatures have a negative
impact on their dielectric strength.

e The thermal ageing has been decreased by adding
Al,Os filler to LDPE.

e With the addition of nano filler, the -electrical
performance has been greatly enhanced. Lower filler
contents, as in nano composite, can contribute to greater
flexibility, ease of processing during product manufacturing,
and improved thermal ageing performance of samples.

e The optimal Al,O; filler concentration for reducing
thermal ageing in LDPE composites is 7 % nano AL,Os.

e Thermogravimetric analysis (TGA) of nano
composite outperforms that of micro composite. A7 wt.%
nano AlLO; filler composite provided the best dielectric
strength and TGA.

e The addition of micro-AlLO; filler reduced the
mechanical properties of LDPE. By increasing the amount
of nano-Al,O; filler in the sample to 7 wt.%, the tensile
strength (MPa) and elongation at break (%) characteristics
are enhanced.

In the future, it is proposed to blend two or three
fillers with LDPE and investigate their -electrical,
mechanical, physical, and thermal characteristics. It is
also suggested that composite samples be immersed in
water to investigate the effect of water leakage on the
electrical characteristics of the insulator.
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Solar shunt active power filter based on optimized direct power control strategy
with disturbance rejection principle

Introduction. This paper focuses on a renewable energy system coupled to a dual purpose power grid via a parallel active power filter
for injecting photovoltaic energy into the grid and improving the power quality in the presence of the non-linear load. The novelty of the
work consists in the combination of two advanced techniques — Fuzzy Logic Controller (FLC) and the optimized Anti-Windup Fractional
Order Proportional-Integral Differentiator (AW-FOPID) regulator based on Particle Swarm Optimization with the Spreading Factor
(PSO-SF) algorithm, applied to the improved Direct Power Control (DPC) strategy under different conditions related to climate
changes and healthy or infected electrical network. Purpose. Its main role is to improve the power quality and reject the perturbations
deforming the electrical network under distorted, unbalanced and balanced grid voltage conditions. Besides, the FLC is employed the
Maximum Power Point Tracking (MPPT) under any weather conditions. In addition, the optimized AW-FOPID controller leads to keep
the DC bus voltage at its reference value with small undershoots and overshoots in the voltage with a short response time in steady or
dynamic states. Methods. The rejection of disturbances affecting the grid is offered by the improved DPC. On the other hand, an
intelligent method based on fuzzy logic was used MPPT under any weather conditions. Furthermore, an AW-FOPID regulator based on
PSO-SF algorithm is used to keep the DC bus voltage at its reference value with small undershoots and overshoots in the voltage, while
keeping a fast response time. Results. The proposed system control is evaluated in various states of power source: distorted, unbalanced,
and balanced by simulation using MATLAB/Simulink. The simulation results illustrate the effectiveness and performance of the studied
control strategies. References 26, tables 8, figures 16.

Key words: improved direct power control, particle swarm optimization, disturbance rejection principle, fuzzy maximum
power point tracking.

Bemyn. 'V yiii cmammi ochoena yeéaea npudiiiemvCsi cucmemi GiOHOGNI08AHOT eHepeil, w0 3'€OHaHa 3 eHepeOCUCEMOI0 NOOBILIHO2O
NPUSHAYEHHsL Yepe3 NapanelbHull Qitbmp aKmueHOi NOMYNCHOCMI Ol NOOAyi (OmMoeneKmpudHoOi eHepeii 6 mepedcy ma NOKPaweHHs.
sAKocmi enexmpoenepeii 3a naagnocmi Heninitino2o nasanmaoicenns. Hoeuzna pobomu nonazcac y no€onanui 060x nepeoosux mMemooux —
Fuzzy Logic Controller (FLC) ma onmumizoganozo pezynsimopa Anti-Windup Fractional Order Proportional-Integral Differentiator (AW-
FOPID) Ha ocnosi onmumizayii poio yacmurok 3 koeghiyienmom posuuperts (PSO-SF), wo 3acmocogyemvcst 0o nokpawenoi cmpamezii
npamoeo ynpaeninns nomyaicricmio (DPC) y piznux ymoeax, nog'sizanux 3i sminamu Kiimamy ma ChpagHoio abo 3apaiceHolo enekmpuiHoio
mepeaceio. Mema. Hozo ocrosna pons nonsizae 6 nokpawenni akocmi enekmpoenepeii ma ycynenti 36ypers, uo 0eqopmyioms enekxmputmy
Mepedicy 8 yMo8ax cnomeopenoi, nesbanarncosanoi ma 36anancosanoi nanpyau mepexci. Kpim moezo, y FLC euxopucmosyemucs cucmema
8idcmedicenHs: mouku makcumanvhoi nomydcrocmi (MPPT) 3a 6y0b-sikux no2oonux ymos. Kpim moeo, onmumizoeanuti konmponep AW-
FOPID ooseéonsic niompumyeamu Hanpyey WuHu ROCMINHO20 CIMPYMY HA ONOPHOMY 3HAYEHHI 3 HeGeUKUMU GIOXUTEHHAMU | 6UKUOAMU
Hanpyeu 3 KOPOMKUM YACOM BI02VKY 6 CmaHi OuHamiyHoeo cmaty. Memoou. Biomosa 6i0 nepewixod, wjo 6niuearoms Ha mepesxicy,
sabe3neuye noxpaweruti DPC. 3 inwio2o 060Ky, inmenekmyanbruti Memoo, 3acHo8anull Ha Heyimkitl aoeiyi, euxopucmosysascs MPPT 3a
0YOb-sikux no2ooHux ymos. Kpim moeo, pecynamop AW-FOPID, 3acnosanuii na ancopummi PSO-SF, suxopucmogyemuvcs 0 niompumxu
ONOpHO20 3HAUEHHS HANPY2U NOCMIUHO20 CIPYMY WUHU 3 HEBeTUKUMU GIOXUNEHHAMU | GUKUOAMU Hanpyau, 30epiearodu npu Ybomy Manuil
uac gioeyky. Pesynomamu. Ilpononosane ynpagninHa cucmemor0 OYiHIOEMbCS Y PI3HUX CIIAHAX 0JICepend JHCUBTEHHA: CHOMBOPEHOMY,
He30anancoeanomy ma 306anaHCOBaHOMY WIAXOM Mooemosanns 3 euxopucmannaim MATLAB/Simulink. Pesynomamu mooemosants
imocmpyioms epeKmusHICIMs ma npooyKmMueHIiCmb suguenux cmpameeii ynpasninns. biomn. 26, tadn. 8, puc. 16.

Kmouosi cnosa: mokpaiiene nmpsive KepyBaHHsI MOTYKHICTIO, ONTHUMi3aIlisi POI0 YACTHHOK, NPUHIINN NPUIYLIIEHHS MepPelKos,
HediTKe BiCTeskeHHsI TOUKH MAKCUMAJILHOI IOTYKHOCTI.

1. Introduction. Energy production is a major
concern in the future because it is considered one of the
engines of sustainability of development projects [1].
Currently, fossil fuels provide the majority of the world’s
energy (gas, oil, and coal). Excessive use of non-renewable
energy depletes reserves of this type of energy and
contributes to greenhouse gas emissions, which pollute the
environment and deadly threat to organisms [2]. Solar
energy’s availability is as an environmentally friendly,
limitless, and free power source on the entire glob’s surface
[3]. Meanwhile, the growing usage of non-linear loads in
the residential sector, and industrial sectors, causes
problems related to the quality of energy [4]. These devices
act as generators of harmonic currents inducing a
consumption of reactive power [5]. To remedy these
disadvantages, a curative solution consists in connecting a
filtering device composing of an inverter in parallel with
the system: nonlinear load — three-phase power source [6].
This Shunt Active Power Filter (SAPF) injects a current
that opposes the reactive power and current harmonics
emitted by the nonlinear load, to eventually makes the

source current sinusoidal and in phase with its voltage, is
frequently used [7, 8]. In the literature, many commands
schemes have been adopted to control the SAPF.
Hysteresis current approach is one of the most known
methods [9]. However, it operates with a variable switching
frequency [6]. To overcome such problem, authors have
been suggested other commands such as Direct Power
Control (DPC) [10, 11]. This command does not need
Pulse-Width Modulation (PWM) or current control loops
[12]. DPC is represented by a reference to the active power
and another reference of the zero reactive power [13].
Nevertheless, these methods present also some issues
related to high sampling rate and variable switching
frequency [5]. To remedy these disadvantages, it is
important to introduce other DPC structures. These later are
represented in the DPC with space vector modulation
which is used a linear Proportional Integral (PI) controllers
and modulator of wvoltage instead of a hysteresis
comparators and switching table [14]. However, this
method requires the use of setting of the PI regulators and
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coordinate transforms. For this reason, researchers, suggest
other technique that known as predictive DPC,
characterized by high accuracy [15]. Although this method
needs complex calculations [9]. Nevertheless, when the
aforementioned commands are used in distorted or
unbalanced conditions of the power source, the
performance of the system is deteriorated with degradation
of the Total Harmonic Distortion (THD) contents which
appears in input currents.

Goal of the article. This paper presents a new DPC
method in order to improve the power quality under
distorted, unbalanced or balanced grid voltage conditions.
Moreover, this command needs to have zero disturbance
references in reactive and active power.

Various regulators are used to keep the DC-link
voltage at its desired value. Among them, the traditional
PI regulator, which offers an excellent responsiveness in
steady state [16], but performs poorly in transient states
[11]. To remedy this problem, the suggested regulator in
this paper is performed by an Anti-Windup Fractional
Order Proportional-Integral Differentiator AW-FO(PI’D")
regulator, replacing the traditional PI regulator that
maintains the DC-link voltage at its reference value. This
AW-FO(PI’D") regulator with two extra freedom degrees
¢ and # presents shorter response time and better dynamic
response compared to the traditional PI regulator [17, 18].
In contrast to the traditional PI regulator used in DPC,
which has poor responses in dynamic conditions, the
output of the AW-FOPID regulator contributes to the
delivery of the active power. Concerning the setting of the
AW-FOPID parameters, Particle Swarm Optimization
(PSO) technique is used to minimize the objective
function. In fact, this is the first time that the optimized
AW-FOPID regulator has been integrated into the new
DPC configuration.

As the irradiation varies, several techniques of
Maximum Power Point Tracking (MPPT) have been
proposed [19, 20]. In our research, Fuzzy Logic Controller
(FLC) has been used to track the MPPT and to solve the
problem of the rapidly changing irradiance [9]. This work
proposes a combination of two advanced techniques, the
optimized AW-FOPID and FLC, applied to the Improved
DPC (IDPC) strategy under different conditions related to
climate changes and healthy or infected electrical network.

2. Description of solar SAPF controlled by the
IDPC with optimized AW-FOPID regulator based on
PSO-SF algorithm.

2.1. Description of IDPC strategy for the SAPF. The
rejection of disturbances affecting the grid is provided by the
IDPC command. Its principle role consists to eliminate the
unwanted harmonics of the source currents due to
contamination and unbalance of the power in the presence of
the photovoltaic (PV) system. The IDPC approach needs no
reactive and active power perturbation reference to reject the
influence of the deformed electrical network as shown in
Fig. 1 [21]. The currents participating to the calculation of
reactive and active powers are assessed as follows:

I Lsa

&g sa
Sap |={Lsp |—| Lsp |- (1
e | |Use] |1

sc

Three Phase
Network

— T, ’!ﬂ Nonli Load

‘
Caleulation
of P and g

BU
Fig. 1. SAPF articulated on the IDPC method with PV system

In the IDPC, the amplitude of the input currents 7.«
is given by the multiplication of the output voltage
regulator AW-FOPID by the measured V. voltage. This
first result obtained is multiplied by a value gain

x/E / \/gU . So, fundamental terms of these currents are

delivered from the phase-locked loop block. The three
reference source currents can be formulated as:

1 :a I nax sin(a)t)
Loy | =| Inax sin(er —27/3) | )

I L sin(ot +27/3)

sc

Substitution (2) in (1) gives the following equation:

élsa [sa Imax Sln(Q)t)
E g | =| Ly || Imax sin(@r —27/3) | . 3)
o | L | | Imax sin(er +27/3)

Consequently, instantaneous reactive and active powers
(O, and P,.) provided by the harmonic component:

Oy = % [(Vsb - V:vc)élsa + (V;c ~Vsa )asb + (V:va - Vsb)‘flsc] 5(4)

Py = Vsaflsa + Vsbé’sb + Vscasc > 5)

where I, Iy, L, Ve Ve, Vie are the distorted or unbalanced
source currents and voltages of the phase 4, B, C.

In this IDPC controller, the references of the active
and reactive powers are set to zero value to ensure
rejection of grid disturbances which are emitted by the
load and to achieve a sinusoidal input current. For this
reason, both reference active (psc’) and reference reactive
(gsc”) powers and are set to zero.

2.2. AW-FOPID regulator based on PSO with the
spreading factor (PSO-SF) algorithm.

Optimized AW-FOPID regulator. The traditional PI
regulator suffers from some problem in the transient states
[16]. To remedy this issue, the proposed regulator is
performed by AW-FO(PI’D"), replacing the traditional PI
regulator to keep the DC bus voltage at its reference value
with small undershoots and overshoots in the voltage. The
AW-FOPI’D” has a general form that includes the derivative
n and the integral ¢ actions order, which are not integers

Enexmpomexnika i Enexmpomexanixa, 2024, Ne 3

73



(Fig. 2). From Fig. 2, the transfer function of the optimized
AW-FOPID regulator is given:

Uls -

G(s):%zKp + K578+ Kys, (6)
where K,;, K,, K; are the derivative, proportional and
integral gain factors, respectively; #, ¢ are the derivative
and integral orders respectively; Y(s) is the output signal;
R(s) is the input signal, E(s) is the error; C(s) is the plant’s
transfer function. It is obvious that the choice of # and ¢
gives the traditional regulators, i.e. PI regulator ( = 0)
and PID regulator (e, n = 1).

Fig. 2. General form regulator

a) Fractional Order Method. The technique
suggested by Oustaloup in 1995 [17] adequate to
approximate the Fractional Order (FO) to Laplace transfer
functions. The Oustaloup’s approximation model’s term
s’ is valid in the range [-1; 1]. s” as an FO integrator if
pe[-1; 0] and as an FO differentiator if f<[0; 1]. In
addition, this approximation employs a recursive
distribution of zeroes and poles. So, the Oustaloup’s
approximation is evaluated as:

M ,
P =k [ T%, ©)
b M S+ y
where:
K=aof, ®)
[k+M+O.5(1+ﬂ)J
2M+1
o = wb(ﬂJ " , ©
Wy
[k+M+O.5(lfﬂ)j
2M+1
o} = o, (ﬂ o (10)
Wy

where ), @, are the high and low frequencies, respectively;
K is the adjustment gain; M is the number of zeros and
poles; w; and w,’ are respectively the poles and zeros of
interval k; (2M + 1) is the approximation function order.

b) PSO with the Spreading Factor (PSO-SF).
Depending on (6), the optimized AW-FOPID regulator
has 5 parameters to be tuned (K, Kj, K, 1, &). Therefore,
the PSO technique is used to tune the AW-FOPID
parameters by minimizing the objective function f. PSO is
a stochastic optimization algorithm based on the
behaviour of swarms such as birds and fish [22-24]. In
PSO technique, particle is regarded a potential solution
for determining the best solution to the problem.
Moreover, the position of a particle is influenced by its
own best found position. The best position of the particle
is given as:

) i )2 00
yl‘(’“)‘{x,-w) it )< f0ne) P

where f is the objective function; x; is the particle’s
current position which is updated at time step .
The basic PSO equations can be represented as:

x(t+1)=x;(0)+Vi(e+1), (12)
Vi,j:a"vi,j(t)+cl'A1+02'A2a (13)

where:
Ay=n, '(J’i,j(f)—xi,j(f)); (14)
A2:r25j~(y7(t)—xi,j(t)), (15)

where ¢y, ¢, are the acceleration constants, v;; is the j’h
element of the velocity vector of the i particle; 7y, r»; are
the random coefficients; @ is the inertia weight. This
operation is stopped when the velocity updates tend to zero.

In PSO algorithm, each particle must update its own
best individual objective function in each iteration. The
individual objective function of each particle is calculated
by using the integral time absolute error (MSE — Mean

Squared Error):
N
MSE="¢? /N :

£,=0
where ¢, is the time rang of simulation; N is the total
number of points for which the optimization is carried
out; e is the error signal.

In this work, PSO with the spreading factor (PSO-SF)
[25] is used instead of standard PSO to set the AW-FOPID
regulator parameters. By applying the PSO-SF technique,
the acceleration coefficient (c; and ¢,) and inertia weight
(w) are given:

¢1 = ¢ =2-(1 — (current epoch / total epoch));
= e(—current epoch / (SFxtotal epoch));
where SF = 0.5(spread + deviation).

The algorithm’s instructions to be followed of the
tuning this regulator by PSO-SF:

1. Initialize the parameters of the 5 controller
parameters: position range varies from 0.01 to 15; inertia
weight @ from 0 to 1; velocity range varies from —0.001
to 0.5; acceleration ¢; and ¢, from 0.01 to 2;

2. Distribute particles at random within predefined
ranges;

3. Evaluate the objective function by using (16) with
MSE tending to 0;

4. Update new individual fitness if the present
individual fitness is better to the prior individual fitness;

5. Identify the best particle objective function among
the swarm,;

6. Update the new population fitness if the present
population fitness is better than the prior population
fitness;

7. Use (12), (13) to determine the velocity and update
the position;

8.Use (17), (18) to determine the new acceleration
coefficients ¢; and ¢, and the inertia weight w;

9. End.

2.3. Fuzzy MPPT. FLC is employed for tracking the
MPP of PV array under any weather conditions [3]. This
algorithm is very efficient for both nonlinear and linear
systems [26]. The FLC has 3 steps: fuzzification,
defuzzification and rules inference. The inputs of fuzzy
MPPT are usually represented by a change in error AE
and an error £ [9]:

(16)

(17)
(18)
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{ (k)=apP/ay
E(k)=E(k ) E(k -
AV =W(k) - V(k—-1), (20)
AP = P(k) — P(k—1); (21)
where V(k — 1), W(k), P(k — 1), P(k) are respectively the
voltage and the power of the PV at the sampling times (k— 1)
and £ [9].

The input variables AE(k) and E(k) of fuzzy MPPT are
divided into 5 fuzzy sets: Negative Small (NS), Positive Big
(PB), Positive Small (PS), Zero (ZO) and Negative Big (NB).
The rule base connects the fuzzy inputs to the fuzzy output
by the syntax: «if L and M, then N» [9] (Table 1).

Table 1
Fuzzy MPPT
VEINE—| NB | NS | zO | PS | PB
NB PS | PB | PB | NB | NS
NS ZO | PS | PS | NS | ZO
Z0 Z0 | ZO | ZO | ZO | ZO

PS ZO | NS | NS | PS | ZO
PB NS | NB | NB | PB | PS

19
) (19)

where:

The incremental duty cycle AD is calculated as [9]:

n
PRIE
=0

where AD; is the value corresponding to AD; w is the
weighting factor; # is the maximum number of effective rules.

Finally, the duty cycle is calculated by adding this
modification to the control’s prior value:

D(k+ 1) = D(k) + AD(k). (23)

3. Presentation and discussion of results. To
validate the performance and feasibility of the approaches
suggested in this paper, several simulation tests were run
in the MATLAB/Simulink. Table 2 lists the parameters
that were used for these tests.

AD:iijDj (22)

Table 2
Parameters for the simulation

Parameter Value Parameter Value
L,, mH 0.1 |L, mH 0.566
R, Q 0.1 |R, Q 0.01
Switching frequency 20 Switching frequency 5
(DC/AC converter), kHz (DC/DC boost converter), kHz
Ve, V 70 Ve V 227.68
., Hz 50 |C,, uF 20
L, mH 10 |L,,, mH 3
R, Q 40 |K; 60
R, Q 0.01 |K, 0.95
Cye, WF 2200 |N 2
n 0.5 |e 0.4

Figure 3 illustrates the relationship between the current
I and power P generated by the PV generator in response to
different solar irradiation profiles G. Initially, prior to time
t = 0.5 s, no power or current is produced when the solar
irradiation is at zero. Subsequently, from 0.5 s to 2 s, the
PV’s power and current follow specific trajectories
determined by the irradiation profile. During this period, the
irradiation gradually rises from 0 to 800 W/m® until #=0.9 s,
resulting in the generation of 30 A with 4 kW output by
using the FLC. At = 0.9 s, the solar irradiation decreases
from 800 to 300 W/m?, leading to a decline in current

from 30 A to 10 A and power from 4 kW to 1.43 kW.
Then, at t = 1.3 s, the solar irradiation increases again,
reaching 1000 W/m* and maintaining this level, thereby
providing 5 kW with 40 A output.

2
1000 G, W/m . .
0 | | 1S
0.5 1 1.5 2
P, W
5000 r ! I
0 | | [
0.5 1 1.5 2
50 LA .
0

0.5 1 1.5 2
Fig. 3. Irradiation profile, power and current of the PV module

Figure 4 illustrates powers evolutions, obtained by the
IDPC with optimized AW-FOPID and FLC MPPT. When
the solar irradiation G = 0, the grid supplies the power P; to
the non-linear load P,. Subsequently, upon the integration of
the PV system, during the time interval [0.5, 2] s, the PV
generator caters to the load’s power demand Pj; with any
excess power being fed back into the electrical network.
From 0.1 to 2 s, the grid’s reactive power Q; is reduced to
zero following the installation of the SAPF.

P,W; O, VAr
——P,

5000

—X—P Py —O0—Q;

4000 |
3000 -
2000

1000 -

0=

-1000

-2000

-3000

-4000

0.5 1 15 s 2
Fig. 4. Powers evolution for the proposed DPC

Figures 5, 7 display the current /; and voltage V
waveforms of the source, load current /, and filter current 7,
before and after filtering with and without the PV module.

In the absence of filtering and without PV
integration, the source current exhibits distortion and
deformation, with a THD of 30.35 %. However, upon the
insertion of the SAPF at r = 0.1 s, the source current
transforms into a sinusoidal waveform and synchronizes
with the network voltage. Consequently, the THD is
significantly reduced to 3.33 % for the IDPC with
optimized AW-FOPID and 1.68 % for the IDPC with PI
control (Table 3). Subsequently, during the period from
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0.5 s to 2 s, SAPF comes into operation, ensuring that the
source currents remain sinusoidal and in opposite phase to
their corresponding voltages. As a result, the THD further
decreases to 2.47 % for the IDPC with optimized AW-
FOPID and 1.57 % for the IDPC with PI control (Table 3).

Viabe, V
00 A I P A I A e A
o T A AN
Vi V 0.1 0.2 0.3 0.4 0.5 0.6 t,s 0.7
100 E . T T T T T T |
o MMM
-100 i f i f i f
0.1 0.2 0.3 0.4 0.5 06 1S 07
20 Lo A T : T T T :
0 MVWWWWWWWW
0 . ‘ . . . !
If A 0.1 0.2 0.3 0.4 0.5 0.6 £,s 0.7
20 7‘ @ T T T T T T |
0 WY
=20 b L | L L L f
Ty A 1 0.2 0.3 0.4 0.5 06 £,S 0.7
= p | | - : .
0
0.1 0.2 0.3 0.4 0.5 06 ts 0.7

Fig. 5. Zoomed-in view on the SAPF articulated on
IDPC with FLC and optimized AW-FOPID regulator:
source currents and voltages, load and filter currents

Table 3
Comparison of source current THD for balanced network voltage

Source current THD, %
Control Without SAPF SAPF
SAPF | without PV | with PV
IDPC approach
with optimized 30.35 3.33 2.47
AW-FOPID regulator
IDPC approach with
standard PI regulator 3035 01.68 1.57

The DC-link voltage V. stabilizes at its reference value
Verer during the introduction of the SAPF, and at each change
in irradiation it returns to V. justified by the exchange of
energy between the nonlinear load, the grid, and the SAPF as
shown in Fig. 6, 8 and Table 4.

VDC buss \4
230

280 T T T T
228
260 226 : 1
224
240 F 222 1
05 1 s 2 i
220 * 8
200 C L 1 1 L L 1 VC 1 VC’\‘E./ L i
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18 1,8

Fig. 6. Zoom on DC-link voltage of the SAPF articulated on
IDPC with FLC and optimized AW-FOPID regulator

During the period [0.1, 0.5] s, where G = 0, it can be
seen that V. decreases from 226.27 V to 225.12 V for
optimized AW-FOPID and 159.99 V for PI with response
time 0.0182 s and 0.13 s, respectively. When G = 800 W/m?
during [0.5-0.9] s, it can be noticed that V. increases from
226.27V 10 229.26 V for optimized AW-FOPID and 265.7 V
for PI with response time 0.077 s and 0.19 s, respectively.
When G = 300 W/m® during the period [0.9-1.3] s, it can be
observed that V. decreases from 226.27 V to 221.99 V for
optimized AW-FOPID and 193.68 V for PI with response
time 0.047 s and 0.12 s, respectively. Finally, in the period
[1.3-2] s, where G = 1000 W/m’, it can be seen that

V. increases from 226.27 V to 227.3 V for optimized
AW-FOPID and 237.5 V for PI with response time 0.174 s
and 0.29 s, respectively.

Viabe, V

o= A

Y VO 0.2 0.3 0.4 0.5 0.6 1,5
100 f y y y . . . _

0 {\/\/\/\/\/\/\/\/\N\/WW\A/\/WW\/WWVWVM
-100 A | | | | |

0.1 0.2
L, A

0.1 0.2 0.3 0.4 0.5 0.6 15
Fig. 7. Zoom of SAPF articulated on IDPC with FLC and PI
regulator: source currents and voltages, load and filter currents
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Fig. 8. Zoom on DC-link voltage of the SAPF articulated on
IDPC equipped with FLC and PI regulator

Table 4
Comparison of the optimized AW-FOPID with traditional PI
regulator under balanced network voltage and variations in
solar irradiation

IDPC approach with | IDPC approach with
Control optimized AW-FOPID PI regulator
regulator
SAPF without Voltage drop Voltage drop
PV AV, V of 1.15 of 66.28
SAPF without
PV AL 0.0182 0.13
Overshoot of 2.99 Overshoot of 39.43
SAPF with Voltage drop Voltage drop
PV AV, V of 4.28 of 32.59
Overshoot of 1.03 Overshoot of 11.23
SAPF with 0.077 0.19
PV AL s 0.047 0.12
’ 0.174 0.29

The optimized AW-FOPID regulator demonstrates

notable advantages over the traditional PI regulator under
balanced network voltage and varying solar irradiation
conditions. Figures 6, 8 and Table 4 present the performance
comparison, highlighting the following key aspects:

o Voltage drops. The optimized AW-FOPID regulator
exhibits reduced voltage drops compared to the traditional
PI regulator. This means that the AW-FOPID controller
maintains a more stable voltage profile, minimizing
fluctuations and ensuring a smoother operation.
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e Voltage overshoots. The optimized AW-FOPID
regulator also shows smaller voltage overshoots than the
traditional PI regulator. This implies that the AW-FOPID
controller achieves better control over the system’s response,
preventing excessive deviations and maintaining tighter
regulation.

e Short response time. The optimized AW-FOPID
regulator achieves a shorter response time compared to
the traditional PI regulator. This indicates that the AW-
FOPID controller can rapidly adapt to changes in the
system, providing quicker and more accurate adjustments.

In summary, the optimized AW-FOPID regulator
outperforms the traditional PI regulator in terms of
voltage stability, response speed, and overall system
control, making it a more efficient and effective choice
for systems operating under balanced network voltage and
varying solar irradiation conditions.

Unbalanced and distorted network voltages tests.
A first test based on unbalanced network voltages is
performed to test the robustness of the IDPC: V,, =70V,
Ve = 120 V, V. = 60 V. The simulation results of the
SAPF articulated on IDPC equipped with the optimized
AW-FOPID, PI regulator and FLC, operating under
unbalanced network voltage, are shown in Fig. 9, 11.

Figures 9, 11 display the source currents and
voltages, the load currents and filter currents, after and
before filtering, with and without PV array under
unbalanced network voltages. Before filtering and without
PV, the source current is deformed with THD is 30.32 %.
After the SAPF is inserted at the instant 0.1 s, the source
current becomes sinusoidal and synchronizes with
network voltage. The THD in this situation is 3.76 % for
the IDPC with optimized AW-FOPID and 3.21 % for the
IDPC with PI (Table 5). Then from 0.5 to 2 s, the SAPF
starts operating, where the source currents stay sinusoidal
and in opposition phase with the corresponding voltages.
So, THD is 4.57 % for the IDPC with optimized
AW-FOPID and 3.8 % for the IDPC with PI (Table 5).

Table 5
Comparison of source current THD for unbalanced network voltage

THD of source current, %
Conirol IDPC apprgach IDPC approach
with optimized with standard
AW-FOPID regulator | PI regulator
Without SAPF 30.32 30.32
SAPF without PV 3.76 3.21
SAPF with PV 4.57 3.8

During the period [0.1, 0.5] s, where G = 0, it can be
seen that V., increases from 226.27 V to 242.16 V for
optimized AW-FOPID with response time 7.65 ms. The
simulation results of the solar SAPF articulated on the
IDPC equipped with the optimized AW-FOPID, PI
regulator and FLC controller, operating under unbalanced
network voltage, are shown in Fig. 9, 11. Whereas, it can
be observed that 7, decreases from 226.27 V to 225.06 V
for optimized AW-FOPID and 169.89 V for PI with
response time 8 ms and 0.109 s, respectively. However,
when G = 800W/m* during [0.5-0.9] s, it can be noticed
that V. increases from 22627 V to 229.79 V for
optimized AW-FOPID and 275.1 V for PI with response
time 22.5 ms and 0.155 s, respectively.
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Fig. 9. Zoom of SAPF articulated on the IDPC with FLC and
optimized AW-FOPID regulator under unbalanced network
voltages: source currents and voltages, load and filter currents
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Fig. 10. Zoom on DC-link voltage of the SAPF articulated on
the IDPC with FLC and optimized AW-PID regulator under
unbalanced network voltages
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Fig. 11. Zoomed of SAPF articulated on the IDPC with FLC and
PI regulator under unbalanced network voltages: source currents
and voltages, load and filter currents

During the insertion of the SAPF, the DC-link voltage
V. stabilizes at its reference value V... Additionally, at each
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change in solar irradiation, the DC-link voltage returns to the
reference value V.. (Fig. 10, 12, Table 6). Then, when
G =300 W/m’ during the period [0.9-1.3] s, it can be observed
that V.. decreases from 226.27 V to 220.54 V for optimized
AW-FOPID and 188 V for PI with response time 16.93 ms
and 0.12 s, respectively. Finally, in the period [1.3-2] s,

where G = 1000 W/m?, it can be seen that V, increases from
226.27 V to 246.81 V for PI with response time 0.7 s.
280 VDC buss \ .
Ve Verer
260 .
240 WWMW
220 .
200 1
180 1
L L ! 1, S
0.5 1 1.5 2

Fig. 12. Zoom on DC-link voltage of the SAPF articulated on
the IDPC equipped with FLC and PI regulator under unbalanced
network voltages

Table 6
Comparison of the optimized AW-FOPID with traditional PI
regulator under unbalanced network voltage and variations in
solar irradiation

IDPC approach with | IDPC approach with PI
Control optimized AW-FOPID regulator
regulator
SAPF without | Overshoot of 15.89 Voltage drop
PV AV, V Voltage drop of 1.21 of 56.38
SAPF without 0.00765 0.109
PV AL s 0.008 )
SAPF with PV| Overshootof 3.52 |  Overshoot of 48.83
AV, V Voltage drop of 5.73 Voltage drop of 38.27
’ ) Overshoot of 20.54
. 0.155
SAPF with PV 0.0225 012
At,s 0.01693 6'7

In summary, the optimized AW-FOPID controller
demonstrates better performance in maintaining the DC-
link voltage V. closer to its reference value V.., during
varying solar irradiation. It achieves faster response times
and smaller voltage deviations compared to the traditional
PI controller in most situations.

As a result, the optimized AW-FOPID regulator has
a smaller voltage drops and overshoots with a short
response time under unbalanced network voltage with
variations in solar irradiation compared to those obtained
from the traditional PI controller (Fig. 10, 12, Table 6).

The second test of the IDPC approach’s robustness
is articulated on network voltage distortion. In this test,
the fundamental input voltages are superimposed with the
fifth harmonic voltage. The simulation results of the solar
SAPF articulated on the IDPC equipped with the
optimized AW-FOPID, PI regulator and FLC controller,
operating under distorted network voltage (Fig. 13, 15).

Figures 13, 15 present the waveforms of source
currents and voltages, load currents, and filter currents
before and after filtering, with and without the PV array
under distorted network conditions. Initially, the source
current is distorted and deformed with a THD of 36.9 %.
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Fig. 13. Zoom of SAPF articulated on IDPC with FLC and
optimized AW-PID regulator under distorted network voltages:
source currents and voltages, load and filter currents

Upon the insertion of the SAPF at # = 0.1 s, the source
current undergoes significant improvement, transforming
into a sinusoidal waveform and synchronizing with the
network voltage. The THD reduces to 2.97 % for the IDPC
with optimized AW-FOPID and 3.02 % for the IDPC with
PI control (Table 7).

Subsequently, from 0.5 s to 2 s, the SAPF becomes
operational, resulting in the source currents remaining
sinusoidal and in opposition phase to their corresponding
voltages. During this period, the THD is 4.62 % for the
IDPC with optimized AW-FOPID and 3.15 % for the
IDPC with PI control (Table 7).

During the introduction of the SAPF, the DC-link
voltage V. stabilizes at its designated value V., and
whenever there is a change in solar irradiation, it returns

to this reference value (Fig. 14, 16, Table 8).
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Fig. 14. Zoom on DC-link voltage of the SAPF articulated on
the IDPC equipped with FLC and optimized AW-PID regulator
under distorted network voltages
Table 7
Comparison of source current THD under distorted network
voltage with variations in solar irradiation

THD of source current, %
Control IDPC appr(?ach IDPC approach
with optimized with standard
AW-FOPID regulator| PI regulator
Without SAPF 36.9 36.9
SAPF without PV 2.97 3.02
SAPF with PV 4.62 3.15
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Table 8
Comparison of the optimized AW-FOPID with classical PI
under distorted grid voltage with variations in solar irradiation

IDPC approach with | IDPC approach with PI
Control optimized AW-FOPID regulator
. regulator
lS)éPAFV\’N{Ehout Overshoot of 1.64 V(ﬁ?agge;i;op
SAPF with
v A t,V:“ out 0.1 0.13
SAPF with PV|  Oversh £3.29 Overshoot of 40.73
A7V | Vollge dropor4as | Voluge drop of 3228
SAPF with PV 0.052 g 12
Aty s 0.0296 0.'3 13
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Fig. 15. Zoom of SAPF articulated on IDPC with FLC and PI
regulator under distorted network voltages: source currents and

voltages, load and filter currents
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Fig. 16. Zoom on DC-link voltage of the SAPF articulated on
the IDPC equipped with FLC and PI regulator under distorted
network voltages

Let’s summarize the observations during different periods:
e Period [0.1, 0.5] s (G =0).
Optimized AW-FOPID: V. increases from 226.27 V to
227.91 V with a response time 0.1 s.
PI: V. decreases from 226.27 V to 157 V with a response
time 0.13 s.
e Period [0.5, 0.9] s (G =800 W/m?):
Optimized AW-FOPID: V, increases from 226.27 V to
229.56 V with a response time 0.052 s.
PI: V. increases from 226.27 V to 267 V with a response
time 0.18 s.

e Period [0.9, 1.3] s (G =300 W/m?):

Optimized AW-FOPID: V. decreases from 226.27 V to
221.99 V with a response time 0.0296 s.

PI: V, decreases from 22627 V to 193.99 V with a
response time 0.15 s.

e Period [1.3, 2] s (G =1000 W/m?):

PI: V. increases from 226.2 V to 238.5 V with a response
time 0.313 s.

In summary, the DC-link voltage V, in the system
remains stable at the reference value V.. during SAPF
insertion and readjusts to this value at every change in solar
irradiation. The  optimized AW-FOPID  regulator
successfully maintains V. close to its reference value with
faster response times with fewer and smaller voltage
deviations in most situations compared to the traditional PI
regulator. However, during G = 1000 W/m?, the PI regulator
exhibits a higher response time and a slightly higher ¥, value
compared to the optimized AW-FOPID regulator. As a
result, the optimized AW-FOPID regulator has a smaller
voltage drops and overshoots with a short response time
under distorted network voltage with variations in solar
irradiation compared to those obtained from the traditional PI
controller, as represented in Fig. 14, 16 and Table 8.

4. Conclusions. This paper investigates an improved
Direct Power Control (DPC) articulated on optimized Anti-
Windup Fractional Order Proportional-Integral
Differentiator (AW-FOPID) regulator for a double-stage
grid-interconnected photovoltaic system, associated with a
Shunt Active Power Filter (SAPF). The primary objective
is to reject the perturbations deforming the electrical
network and ensures agreeable total harmonic distortion
under distorted, unbalanced and balanced grid voltage
conditions. The particle swarm optimization algorithm is
employed to tune the parameters of the AW-FOPID
regulator by minimizing an objective function. Therefore,
the improved DPC strategy ensures efficient delivery of
SAPF by replacing the traditional PI controller with the
optimized AW-FOPID regulator. Moreover, a fuzzy logic
controller is integrated into the system to effectively track
the maximum power point under diverse weather
conditions. The study’s results demonstrate the superior
performance of studied control strategies in terms of
response time, undershoots and overshoot in the DC link
voltage under distorted, unbalanced and balanced network
voltage with variations in solar irradiation compared to
those obtained from the traditional PI regulator.
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