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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
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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:

Electrical Engineering & Electromechanics, 2024, no. 3



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

1 S
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222 (9220 gt 10 Y Ryt iy Ry (1) ug =05 (1)
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drA4
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53
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&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.

Electrical Engineering & Electromechanics, 2024, no. 3



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.

JL.N; I, Ns
200 —

50F,

150
100
50
0 f
J2:/40 \- -£25/40
-50
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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.

I 4

\ o
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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.

i, A

2500
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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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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 resonance, it
has become more difficult to improve the power factor by installing capacitor banks. Goal. Increasing the energy indicators of the
electromechanical converter by spatial displacement of the main and additional stator windings and internal capacitive
compensation. Methodology. Comparative analysis of connection schemes and spatial arrangement of stator windings when using
internal capacitive compensation. Modeling and experimental studies of electromagnetic and electromechanical 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 electromechanical converter. References 23, tables 3, figures 15.

Key words: Maxwell’s equation, multifunctional electromechanical converter, stator winding, finite element method, capacitor

capacity.

Bemyn.  Ocobnugy  kameeopilo  ceped  ACUHXPOHHUX —MAWIUH 3 MACUBHUM DOMOPOM  3aUMAE  KAAC — NONIQYHKYIOHATLHUX
e/IeKMPOMEXAHTUHUX Nepemeopiosayie enepeii, AKI inmespoeami 3 Aankamu mexnonociunux npoyecis. Ilpoonema. OoMmin peakmugroo
enepeielo Midic 0dicepenom i eneKmpomMexanivnum nepemeopiogaiem 8 nepioou pobomu 3 HU3bKUM HAGAHMAICEHHAM NPUBOOUMb 00
CYMmMEBO2O 3HUMNCEHHS 1020 epeKmusHoCmi i Koeghiyichma nomyscHocmi. 3 6UKOPUCMAHHAM HeNIHIIHUX HABAHMAICEHD | YPAXYBAHHAM
MOJICTUBO20 PE3OHAHCY NOKPAWUMY KOeDIyienm NOmyscHoCmi 6CMAaHo8IeHHAM bamapeli KonOoencamopie cmano cknaouiue. Mema.
Iiosuwenns enepeemuunux NOKA3HUKIG WHEKOBO20 eNIeKMPOMEXAHIYHO20 NEPemeopro6aya WAXoM 6HYMPIiuHbOi EMHICHOI KoMneHcayil
peaxmugroi nomyacrnocmi. Memooonozia. Ilopisusanbruii ananiz cxem 3’ €OHanms i NPOCMOPOBO20 POIMAULYBAHHA OOMOMOK CMAmMopa
npu 3aCMOCY8aHHi 6HYMpPiWHb0i EMHICHOI KomneHcayii. Mooentosants ma eKCnepumMeHmanbHi OOCTIONCEHHs eNeKMPOMASHIMHUX |
eNeKMPOMEXAHIYHUX XAPAKMEPUCMUK WIHEKOBO20 eleKmpOMeXaniuno2o nepemeopiosaud. Pezynemamu. Bcmanosneno posnoodin
ENeKMPOMASHIMHUX BEUYUH | OOTPYHMOBAHO SUOIP KYMa NPOCMOp0o8020 3MIWeHHs. OCHOGHOT i 000amKo8oi 06mMomox ¢az cmamopa
MOOupikosanozo nepemeoprosaya, sKi 3a0e3neuyioms 30LIbUWeHHs eNeKMPOMASHIMHO20 MOMEHMY ma KOepiyicHma nomyNcHOCH.
Haseodeno pesynsmamu  excnepumenmanbHux OO0CHiOdNCeHb UIHEK0B020 eleKmpOMexXaniyno2o nepemeopiosaud. OpuzinansHicms.
Bnepwe 015 nonighynkyionanbhux eneKmpomMexaHiyHux nepemsoplosayie MmMexHoN02iYHO20 NPUSHAYEHHA 3aNPONOHOBAHO MEmoo
GHYMPIWHBLOL EMHICHOI KOMneHcayii peaxkmuenoi nomyosicnocmi. TIpakmuune 3nauenHs. BuxopucmanHs 3anponoHo8anozo Memooy
NpoCmMopo80o20 3MilyeHHA OCHOBHOI | 000amKo8oi 0OMOMOK cmamopa ma 6HYMPIuHbLOi E€MHICHOI KoMneHcayii 3abe3neuums
NiOBUUEHHS eHePeeTNUYHUX NOKASHUKIG WHEK08020 elleKmpomMexaniunoeo nepemsoprosaya. biomn. 23, tabm. 3, puc. 15.

Kniouosi cnosa: piBasiHHa MakcBe1a, noligyHKIiOHAIbHMI eJ1eKTPOMeXaHiYHMil epeTBOPIOBaY, 00MOTKA CTaTOPa, METO/
CKiHYEeHHHX eJIEeMEHTiB, EMHICTh KOH/IeHCATOPA.

Introduction. The dominant part of electric motors
used in industry are three-phase induction motors (IMs)
with a short-circuited rotor. However, in the most widely
used IMs with power of up to 11 kW, the efficiency and
the power factor cosg are very low and amount to 0,7-0,9.
The exchange of reactive energy between the source and
the consumer leads to the appearance in the system of an
additional, unproductive reactive current in addition to the
active current, overloading of all elements of the electrical
system, including the source, the consumer and the power
transmission line. In addition, in periods of operation with
a low load, it is necessary to take into account the factor
of a significant decrease in the efficiency and power
factor of the motors. Thus, variable frequency drives for
IMs require mechanisms for at least internal buffering of
energy for reactive power at the network frequency to
correct the power factor and organize effective control
[1, 2]. The traditional approach to power factor correction
in industrial applications involves installing capacitor
banks with microcontrollers for switching synchronous
capacitors [3]. The use of parallel capacitor compensation
during switching on and start-up is effective in reducing
the transient current in large induction motors [4]. But

with the widespread use of non-linear loads such as
variable speed drives, improving power factor has become
more difficult. The resonance problem arises from power
system inductance and compensation capacitors, which
increases harmonic distortion. A new method of damping
harmonic resonances in the power supply system is
proposed in [5]. The main feature of this technique is that
the active static compensation circuit can simultaneously
work as a harmonics injector, a power factor corrector,
and a resonance eliminator. But the proposed model is
developed only for a single-phase system and should be
extended for a three-phase system with different linear
and non-linear loads.

The use of automatic switching of the connection of the
stator winding in motors with a variable load is common. In
[6], the concept of a multi-flow motor with various possible
connections of the windings, which allow adjusting the
magnetizing flux at six different levels, is proposed. At the
same time, the efficiency and power factor of motors can be
significantly improved at low load. Compared to the savings
potential for the corresponding loads, the additional cost of
such a motor is not high, but the cost of automatic switching
equipment (control device and contactors) can be significant.
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In [7], multi-cascaded induction motors, which are
mechanically connected in the form of a cascade with the
same power, are considered. In addition, to compare the
results, a single induction motor (SIM) is considered, the
power of which is the sum of the powers of all multi-
cascade induction motors (MCIM). The effect of balance
voltage and unbalanced frequency on the highest and stable
torque, power factor, active and reactive input power, and
losses was studied. The results show the highest torque of
MCIM compared to SIM. Also, copper losses are reduced
when MCIM is used instead of SIM. As a result, the energy
conversion procedure is significantly improved.

Problem definition. A special category of induction
machines consists of electric motors with a massive (solid)
rotor made of ferromagnetic steel, which, thanks to their
rigid construction and integrity, can operate at the highest
required rotation speeds. Another useful feature of these
machines is their ability to operate in aggressive
environments and environments with high humidity. The
disadvantage of this design is a relatively low power factor
compared to machines with a short-circuited cage or
permanent magnets [8]. At the same time, today a promising
class of multifunctional electromechanical energy converters
is being formed, in which constructive and functional
integration with links of technological processes is provided.
At the same time, all types of dissipative energy component
of electromechanical converters are used in the technological
process, in particular, for the processing of raw materials.
The external massive rotor, for example, of the screw
electromechanical converter (SEMC), combined with the
executive body — the screw, is in direct contact with the
loading and cooling medium and is able to form
multiphysics processes of processing raw materials [9]. To
increase the power factor of the SEMC, a means of reactive
power compensation is required. This article proposes a
method that overcomes most of the drawbacks noted above.

The goal of the work is to increase the energy
performance of the screw electromechanical converter by
means of internal capacitive compensation of reactive power.

Analysis of recent research and publications. In
the practice of researching the parameters and
characteristics of electromechanical converters, the
methods of numerical field calculations, substitution
circuits, are widely used, which significantly increases the
accuracy of the results of the analysis of the
reconfiguration of windings and magnetic systems.

In [10], a method for calculating active and reactive
parameters of windings, mechanical characteristics of an
induction motor with a short-circuited rotor based on a
numerical field approach is proposed, which does not
require conditional correction coefficients and reference
graphic functions. An increase in magnetic conductivities
was revealed due to a more natural structure of the lines
of force of the magnetic field in the upper parts of the
slots, while the classical technique is a priori based on an
overly simplified structure of the lines of force.

The work [11] is aimed at reviewing and analyzing
various methods that are used to determine the parameters
of the substitution circuit and transient characteristics of a
three-phase induction motor under different conditions. In
[12], an accurate procedure for calculating the losses in
the iron core is proposed, which is used in the model of
the substitution circuit of an induction machine to
improve the calculations of the machine’s performance.

An important factor in the calculation procedure is taking
into account the surface effect and magnetic saturation, as
well as the effect of the change in the temperature of the
iron core on the losses in it.

The authors of the work [13] investigated the
influence of the angular shift in the arrangement of
windings for a double three-phase stator winding of an
induction motor with a short-circuited rotor with an
emphasis on the relationships of phase flow, speed
characteristics and torque characteristics.

In recent years, a large amount of research has
focused on methods of increasing the energy efficiency of
external rotor induction motors with a split phase winding
operating with high slip. In [14], an analytical model
based on a magnetic equivalent circuit is proposed to
evaluate the performance of induction motors with a
short-circuited external rotor, which are widely used in
ceiling fans, pumps, and wheel drives. In addition, copper
losses in the windings and iron losses in the core are
calculated using the proposed model. The results of the
presented model are compared with the results of transient
finite element analysis, and the experimental
measurements closely match the results confirming the
success of the proposed model in terms of accuracy.
Issues of inaccuracy in the equivalent circuit method for
applications in low power motors for external rotor
geometry are discussed in [15] with experimental
verification using different equivalent circuit approaches.

The work [16] presents a new six-phase induction
motor with an external rotor, equipped with pseudo-
concentrated windings. Several aspects of the proposed
motor design, such as the design algorithm and analytical
modeling based on the modified winding function
considering the skew effect, are investigated. An
appropriate optimization task is also defined for
maximizing the power factor and efficiency and
minimizing output torque ripples.

Three-phase induction motors of small and medium
power are most dominant in the industrial sector, providing
a wide range of constant and variable speeds and loads
where dynamic response requirements are not critical, such
as pumps, fans and compressors. However, they are still
burdened by low power factor at partial loads, which can
only be mitigated by adding power factor correction
capacitors. In [17], in contrast to variable-speed drives,
which have torque or speed control and use pulse-width
modulation strategies [5-7], it is proposed to overcome the
typical disadvantages of conventional induction motors,
mainly low efficiency and power factor, by using less
expensive partial power converter. According to the
approach [17], a special induction machine is used, which
includes a main winding connected to the network and an
auxiliary three-phase winding with a smaller number of
turns, located in the same slots of the stator as the main
one. The auxiliary winding is powered by a voltage inverter
with a floating DC bus capacitor. A strategy is
implemented to effectively control the power factor,
mitigate the harmful effects associated with distorted mains
voltage and mechanical torque vibrations, and reduce the
large inrush current caused by the induction motor during
the starting period. First, the proposed technique is
presented theoretically then the feasibility assessment is
performed by modeling.
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For high-speed induction machines with a solid rotor,
which have high eddy current losses, the use of a two-layer
asymmetric winding with a short step and collecting coils is
known. However, the asymmetrical winding also introduces
some current imbalance due to the three-phase asymmetrical
stator inductance. Current imbalance can have harmful
effects on both the machine and the power supply, such as
torque ripple, unbalanced magnetic attraction, and thermal
load on the power supply network and power electronics. To
mitigate the current imbalance, the work [18] proposes an
improvement of the method, which consists in slightly
increasing the height of the stator slot and placing the sides
of the coil above or below within the slot height for different
phases. Based on the 2D finite element method, the stator
slot height is optimized in terms of current unbalance
mitigation. Using the result of the optimization, they proceed
to additional adjustment of the position of the coil for a
specific phase. Unlike conventional power electronics
current imbalance mitigation methods, the proposed method
suppresses current imbalance solely by adjusting the
machine design, which avoids additional investment for
power electronics devices.

Therefore, the methods of reducing eddy current
losses for machines with a solid rotor considered above
are associated with the occurrence of current imbalance
and additional complications of power electronics
devices. But for SEMCs, taking into account the scope of
their functional tasks [9, 19], the problem of reducing
eddy current losses in the rotor is not critical, with the
exception of effective control of the power factor.

Comparative analysis of the connection schemes
and spatial arrangement of the stator windings of the
basic and modified versions of SEMC. The SEMC is
presented in Fig. 1, which shows its electromagnetic
system and calculation scheme for modeling.

33.

As stators of the basic version, the moving part of the
MTF-011-6 crane motor with nominal power P, = 1,4 kW,
phase connection scheme — star, number of poles 2p = 6,
winding type — single-layer concentric was used.

Stator Shaft Rotor
0 X
mm X y
4100 '\ / b
0\ DA
1 S—
0 05 1 m

Fig. 1. SEMC: electromagnetic system (a); calculation scheme (b)

To increase the rotational electromagnetic torque of the
modified device, it is proposed to use internal capacitive
compensation of reactive power [20]. In the stator of the basic
SEMC, a single-layer concentric winding with a full step
(Fig. 2,a) is used, which has one parallel branch (a = 1). Here,
the number of coils in the coil group is 2. In the modified
SEMC, a winding with two parallel turns a = 2 is used, in this
case, the number of coils in the coil group is reduced to one,
and the number of coil groups is doubled (Fig. 2,b).
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Fig. 2. Expanded electrical diagrams of the stator windings of the basic (a) and modified (b)) SEMC

One of the parallel branches forms the so-called
main or working winding, which is connected to the

power supply network. Another parallel branch, displaced
in the slots of the core by 30° relative to the main
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winding, forms an additional winding, which is switched
on according to the circuit of a rotary autotransformer on
electrical capacity (Fig. 3,a).

The use of internal capacitive compensation of the
modified SEMC for a wide range of changes in the angle of
spatial displacement of the main and additional windings
and compensating capacitors allows changing the value and
phase of currents, magnetomotive forces and other
electrical quantities. As a result, there is an opportunity to
increase the energy efficiency and torque of the modified
SEMC. Unlike the basic SEMC, where the current of the
single stator winding has an active-inductive character both
in the starting and operating modes of operation, the stator
winding of the modified SEMC has two working turns. The
current of the main winding /; retains an active-inductive
character, and the current of the additional winding /, with
a capacitor connected in series acquires a capacitive-active
character (Fig. 3,b).

Fig. 3. Schematic electrical diagram of the phase (a)
and vector diagram during start-up (b) and at nominal load (c)
of the modified SEMC

The current I, depends not only on the supply
voltage and machine parameters, but also on the capacity

of the capacitor C,. The current / Aefj 9, as reduced to the

axis of the main phase winding of the stator, participates
in the creation of the magnetizing current of the device

Io=I+1 Aefj O+ 5 and creates an additional EMF

E gy =—jxmise™®. The EMF E,, induced by the

spatially shifted current / 4 of the additional winding

increases the main EMF of the stator and rotor. An
increase in the EMF of the rotor with its constant active
and inductive resistances leads to an increase in the
starting current of the rotor, and, therefore, the starting
torque of the modified SEMC. Under the influence of the
increased starting torque, the acceleration process of the
device is accelerated and it reaches a tougher mechanical
characteristic in the operating mode compared to the basic

SEMC. The vector diagram of the modified SEMC under
the nominal load is shown in Fig. 3,c.

The angle of spatial displacement of the main and
additional windings of the stator phases of the modified
SEMC of 30° was chosen in view of the fact that precisely
at this angle, an increase of 20-30 % of the starting torque
is provided at a constant starting current compared to the
basic device. The technological simplicity of performing
the stator windings of the modified SEMC by dividing the
60° phase zone of the basic device winding into two equal
parts is also taken into account [20].

Initial conditions for modeling electromagnetic
and electromechanical characteristics of SEMC.
Modeling was carried out for SEMC with the following
parameters: stator core length L; = 90 mm; the length
of the corresponding section of the common external rotor
L, =300 mm; current frequency f, = 50 Hz; angular speed

@y = 2mfy, rad/s; volume density of rotor steel
Py = 7850 kg/m3; amplitude value of the current
=13 \/5 A; t is the time parameter.

Basic device variables: phase U current

Iy = Iysin(axyt) A; phase W current Iy = Iysin(ayt+120°) A;
phase V current I, = Iy-sin(@y-—120°) A.

Variables of the modified device: phase U current
Iy = Iysin(axyt) A; phase W current Iy = Iy-sin(ayt+120°) A;
phase V current I, = Iy-sin(ayt — 120°) A; phase K current
Ix = Iysin(axyt + 30°) A; phase M current [, =
= Iysin(ay-t+150°) A; phase L current /; = Iy-sin(ay-+-90°) A.

The topology of the stator windings of the basic and
modified versions of SEMC is shown in Fig. 4.
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Fig. 4. Topology of SEMC stator windings:
basic version (a); modified version ()

The characteristics of the modified device both in
the starting and operating modes depend on the capacity
of the capacitor connected in series with the additional
winding. Since the currents of the main and additional
windings, the phase of the current of the additional
winding, as well as the losses in the motor change in this
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case, it is advisable to choose the capacity of the capacitor
in the circuit of the additional winding, which provides
the same currents in the main and additional windings of
the stator phases of the device. To ensure this mode of
operation of the modified device, the capacity of the
capacitor is 25 puF per 1 kW of rated power.

The simulation was performed in the Comsol
Multiphysics software environment [21] according to the
calculation scheme (Fig. 1,b). Considering the identity of the
electromagnetic, electromechanical, thermal and vibrational
processes that occur on the «stator-corresponding section of
the common rotor» modules of the SEMC electromagnetic
system, the simulation was carried out for one of them. If
there are differences in parameters or geometric dimensions,
the simulation is carried out separately for each stator. The
numerical analysis of the electromagnetic field is carried out

using a mathematical model of a twin-screw
electromechanical hydrolyzer [22]:
VxH =J, (1)

where H is the magnetic field strength vector, A/m; J is
the current density vector, A/m?*;

B=VxA, )
where B is the magnetic flux density vector, T; A is the
magnetic vector potential, Wb/m;

E=-04/ 0, 3)
where E is the electric field strength vector, V/m;
J=cE, 4

where o is the specific electrical conductance, S/m.
The formulation of the scalar potential is performed
according to the equation:
V-B=0. %)
At the external boundary with a magnetic scalar
potential, the normal component of the magnetic flux
density equals zero:
n-B=0. (6)
The magnetization of the ferromagnetic rotor is given
as a B-H curve and is determined from the equation:

B= f(]H|)%. (7)

Multi-turn stator windings are used as a current
source in the model (Fig. 2, 3). The windings provide the
current density in the direction of the conductors J,
according to the equation:

N-I

coil

Jo = €coil » ®

where N is the number of turns in the winding; 4 is the
general section, area of the winding domain, m?; L, is the
current, A; e.,; is the vector variable for visualizing the
direction of turns in the winding.

Modeling of thermal parameters was performed by
combining the physics of magnetic fields, heat transfer in
solids, and electromagnetic heating in the frequency-
transition domain of research. The mathematical model of
heat transfer is given in the most general form, the initial
temperature is 293 K. Heat exchange according to Fourier
law in a differential form containing a heat source is
described by the following equation [23]:

or
deCpE_FdzpCpu'VT_'_v'q:sz+q0 +sztedv (9)

where d, is the thickness of the domain in the non-planar

direction, m; p is the density, kg/m’; C, is the specific
heat capacity at constant pressure, J/(kg-K); T is the
temperature, K; 7 is the time, s; u is the velocity vector,
m/s; g is the heat flow, W/m?; Q is the heat source, W/m®;
qo 1s the external heat flow, W/m?; Qrea 18 the
thermoelastic damping, W/m’;
q=—dkVT,
where £ is the thermal conductivity, W/(m- K).
Thermal insulation is applied to the external
boundaries of the model [23]:
-n-q=0, (11)
where n is the refractive index.
The heat flow from the surfaces is defined as [23]:
—n-q = d.qo, (12)
qOZh‘(Text_T) (13)
where / is the heat transfer coefficient, W/( m?- K); T, is
the ambient temperature, K.
Radiation from the surface of the model to the
environment is determined from the equation [23]:
—n-q=d.ec:(T"p— T, (14)
where ¢ is the emissivity of the surface; o is the Stefan-
Boltzmann constant, W/( m?- K4); T,m» 1s the temperature
of the environment, K.

(10)

Electromagnetic heating is determined from
equations [23]:
or
pCp5+pCproT =V-(kVT)+Q,, (15
where Q, is the electromagnetic heat source, W/m?*:
Qe = th + Qmi: (16)

where Q,, are the resistive losses, W/m?’; O, are the
magnetic losses, W/m’:
0= 0.5Re(JE); (7
0,i=0,5Re(joB-H'); (18)
where E” is the electric field strength vector at a given
frequency at a certain moment in time, V/m; H is the
magnetic field strength vector at a given frequency at a
certain moment in time, A/m.

Simulation results and discussion. The main part
of the characteristics based on the results of the
simulation of the basic and modified SEMC is presented
in the plane of its cross section. Figure 5 shows the
distribution of the z-component of the current density. A
significant difference in the current density distributions
is noted for the slot zones of the stator. For the modified
version of SEMC, the number of slots with near-zero
current density is half as much as compared to the basic
version. In the rotor of the modified version of the SEMC,
at the depth of penetration of the electromagnetic wave, 6
sections (by the number of poles) are observed with
current density values that are 15 % higher than the
current density in the corresponding sections of the basic
version of the SEMC.

Figure 6 shows the distribution of the volume
density of electrical energy. A comparison of the images
indicates that the volumetric electrical energy density of
the stator of the modified SEMC is on average 19 %
higher than the electrical energy density of the stator of
the basic SEMC. Since the concept of «energy» according
to physical principles is equivalent to the concept of
«work», we are talking about the concentration and
potential of active energy in the stator.
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Fig. 5. Current density (z-component) of the basic (a)
and modified (b)) SEMC
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Fig. 6. Volume electrical energy density of the basic (a)
and modified () SEMC

Figure 7 shows the time dependence of the
electromagnetic torque of the two studied options. For the
modified SEMC (Fig. 7,b), a significant (1,5 times)
increase in value and a decrease in extreme pulsations of
the electromagnetic torque were obtained.

Figures 8, 9 present the time dependence and phase
angle of the currents of one SEMC module. In the
modified SEMC, thanks to the use of internal capacitive
compensation, it is possible to change the value and phase
of the current of the additional stator winding.
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Fig. 7. Electromagnetic torque of the basic (a)
and modified (b)) SEMC
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Fig. 8. Time dependence (a) and phase angle (b) of the currents
of one module of the basic SEMC
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To increase the torque of the modified SEMC, it is
necessary to shift the phase of the current of the additional
winding relative to the current of the main winding by
30°. Since in the modified SEMC the main and additional
windings are shifted one relative another in space, this
leads to an increase in the area of action of the eddy
currents created in the rotor. In particular, the angle of the
sector occupied by the maximum currents is 2,3 rad for
the basic and 2,8 rad for the modified SEMC,
respectively. Currents (Fig. 8,b) form the resultant
magnetomotive force around the circumference of the air
gap, the result of which is the creation of eddy currents in
the rotor massive. The corresponding zone of action of the
generated eddy currents in the rotor massive (Fig. 5)
occupies the area opposite 5,5 tooth divisions of the stator
for the basic and 6 tooth divisions for the modified
SEMC. Therefore, the modified SEMC exceeds the basic
SEMC version in terms of current density values and the
width of their action zone. As a result of the influence of
the phase shift, the SEMC demonstrates the best
performance, the best time to establish speed and torque
at start-up and load (Fig. 7), which is also observed in
induction machines when considering the configuration of
a double 3-phase winding [13, 22].

Figure 10 shows the distribution of the magnetic flux
density, X-Y components of the basic and modified SEMC.
A significant difference in the distribution of the magnetic
flux density for the X-Y components for the basic and
modified SEMC is noted. If for the basic variant,

practically the same values of the magnetic flux density for
the X-Y components are observed, for example, opposite
the middle of the poles within their instantaneous location,
then for the variant of the modified SEMC, the difference
in the values of the magnetic flux density along the X-Y
components is quite significant. In addition, a greater
degree of branching of the magnetic flux in the stator yoke
to the side of the hollow shaft is noted for the version of the
modified SEMC.

25

15

0.5

-0.5

Fig. 10. Magnetic flux density
(left legend — X-component, right legend — Y-component)
of the basic (a) and modified (b)) SEMC

This means the presence of a smaller magnetic
resistance in the path of the magnetic flux for the variant
of the modified SEMC and, accordingly, a smaller
reactive power. At the same time, reactive power
characterizes the conditions of transmission of active
power at each moment of time, and based on Fig. 6, the
volume density of the active energy of the stator of the
modified SEMC exceeds the density of the active energy
of the stator of the basic SEMC, which indirectly
indicates a higher value of the power factor of the
modified SEMC. This provision is also confirmed by a
comparison of the magnetization distribution of the basic
and modified SEMCs (Fig. 11).

With the same magnetization in the rotor massive
(2,5:10° A/m), there is an excess of 23 % of the
magnetization of the stator magnetic core in the middle of
the poles within the limits of their instantaneous location
for the basic (1,5-10° A/m) in comparison with the
modified SEMC (1,0-10° A/m).

Table | presents the results of modeling the energy
characteristics of the basic and modified SEMCs.
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Fig. 11. Magnetization of the basic (a) and modified (b)) SEMC

Table 1
The results of the calculation of the characteristics of the basic
and modified SEMC

Indicator SBEaIS/}CC Né%dl\l/? gd Difference
Power consumption, W 1080,70 1293,56 212,86
Useful mechanical power, W| 103,62 148,60 44,98
Losses in steel, W 484,28 652,13 167,85
Losses in copper, W 492,80 492,80 0
Rotation speed, rpm 180 200 20
Electromagnetic torque, N'-m 5,5 7,1 1,6
Efﬁmen.cy in terms of 9,58 11,44 1.86
mechanical power, %
Power factor 0,59 0,71 0,12

The modified SEMC consumes 212,86 W (19,7 %)
more active power from the power supply network
compared to the basic SEMC. At the same time, the useful
active mechanical power increases by 44,98 W (43,4 %)
and losses in the steel of the modified SEMC increase by
167,85 W (34,7 %). The copper losses of the modified
SEMC do not change compared to the basic device. The
modified SEMC creates a 1,6 N'm (29 %) greater
electromagnetic torque, as a result of which its rotation
frequency increases by 20 rpm (11,1 %). Due to the use of
internal capacitive compensation, the power factor of the
modified SEMC increases to 0,71 (by 20,3 %), and the
electrical efficiency, which takes into account only the
mechanical useful power for transporting the raw material,
increases from 9,58 to 11,4 %. It should be noted that due
to the increase in losses in the steel of the modified SEMC,
the amount of heat that will be directed to the processed
material will increase, therefore the thermal efficiency of
the modified SEMC will also increase.

Experimental studies of the mock-up sample of
SEMC. To verify the simulation results, a mock-up
sample of the basic (without internal capacitive

compensation) variant of the two-stator SEMC was tested.
Nominal data of SEMC: power consumption P = 2078 W;
supply voltage U = 80 V; current consumption / = 30 A;
power factor cosp = 0,5; the number of poles is 6; rotation
frequency with coordinated rotation of the magnetic fields
of individual modules » = 450 rpm. Figure 12 shows the
nodes of the SEMC mock-up sample with the
determination of the measurement zones of
electromagnetic and temperature parameters.

B - Measurement zones on the surface of the rotor

Fig. 12. Distribution of electromagnetic,
temperature and mechanical parameters measurement zones on
the surface outer rotor of the SEMC mock-up sample

Figure 12 shows the corresponding location of the
system of adjacent stators, which are placed in the cavity
of the external rotor, as well as the location of the
dynamometer for measuring the starting torque.

Electromagnetic and temperature parameters were
measured on mock-up samples in the short-circuit mode
(braked rotor) when the supply voltage was reduced to the
level at which the rated current was reached.

The following measuring devices were used during
the research: Tenmars TM-191 Magnetic Field Meter,
designed  for  measuring  ultra-low  frequency
electromagnetic fields from 30 Hz to 300 Hz; Tenmars
TM-190 Multi Field EMF Meter — a device for measuring
high-frequency electromagnetic fields in the frequency
range from 50 MHz to 3,5 GHz and low-frequency electric
and magnetic fields in the frequency range of 50-60 Hz;
infrared, optical pyrometer Benetech GM533A, measuring
range —50 ... +530 °C, imaging index 12:1, coefficient of
thermal radiation 0,1-1, spectrum 5—14 pum; thermal imager
Xintest HTI HT-18, thermal sensitivity 0,07 °C,
temperature range: —20...+300 °C, image capture frequency
8 Hz, wavelength range 8-14 um; analog spring universal
dynamometer NK-300, used to measure the starting torque,
accuracy class 0,5 %; K540-3 transformer parameters
meter was used to measure the electrical parameters of the
SEMC. Table 2 presents the experimental data of electrical
and energy parameters of the mock-up sample of the basic
(without internal capacitive compensation) version of the
two-stator SEMC.

The SEMC load was carried out by the frictional effect
of the mechanical brake on the end part of the rotor-screw.
The load torque is 7,4 N-m. Power, current and voltage were
measured by K540-3 transformer parameters meter.

Table 3 presents the experimental data of the surface
electromagnetic parameters of the mock-up sample of the
basic (without internal capacitive compensation) version of
the two-stator SEMC. Magnetic flux density, electric field
strength, electromagnetic radiation flux density were
measured in the short-circuit mode at the minimum possible
distance of 1 mm from the surface of the SEMC rotor.
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Experimental data of electrical and energy parameters of the mock-up sample of SEMC

Table 2

Power. W Current in the short-circuit| Current at load, P " factor
Voltage, OWer, mode, A A Starting torque of the ower facto Sli
v load | short-circuit of the module, N-m load | short-circuit | P
total of the module |total
mode mode module mode mode
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 28,5 143 12,3 0,492 0,562 10,63
81 2040 2384 33,7 22,5 298| 14,9 13,7 0,486 0,57 0,55
Table 3
Experimental data of surface electromagnetic parameters of the SEMC mock-up sample
Parameters at supply voltage U=81 V
Measurement Magnetic flux density, | Electric field strength, | Electromagnetic radiation flux density, Terpp eraturg, C
zones » Fig. Fig.
mT V/m mW/m
16,a 16,b
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

Figure 13 shows a diagram of a measuring bench for
recording current oscillograms using ACS758 current
sensors on the Hall effect with a sensitivity of 40 mV/A.
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Fig. 13. Diagram of the measuring bench
Figure 14 shows the oscillograms of the total current

of the SEMC and the current of a separate module at a
supply voltage of U= 81 V.

Inverted Frobe
oN B3
b
Fig. 14. Oscillograms of total current 1 and the current of a
separate module 2 of SEMC: start-up period (a), after 7 minutes
of SEMC operation (b)

Due to the change in the parameters of the stators and
the rotor, there is a decrease in the amplitudes and effective
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values of the currents by up to 5 % during 7 minutes of
operation of the SEMC. A comparison of the distribution of
the temperature field on the surface of the rotor of the
SEMC mock-up sample with the simulation results was
made. Thermograms were recorded after 7 minutes of
operation in the short-circuit mode at a voltage U="73 V. In
Fig. 15,a the mock-up sample with an arbitrary azimuthal
location of the frontal parts of adjacent stators is shown.

MAX:45.0°C MIN:22.5°C

45
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42

41

40
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b 37
Fig. 15. Temperature distribution on the surface of the SEMC
rotor: experimental thermogram of the mock-up sample after
7 minutes of rotation at idle speed at a voltage of 81 V,
rotation frequency 450 rpm (a), simulation result (b)

The results of experimental studies (Tables 2, 3,
Fig. 14, 15), namely of parameters and characteristics of
the SEMC module: starting torque and current; torque and
current under load, magnetic flux density, rotor surface
temperature with an accuracy of 11 % coincide with the
calculated ones, which indicates the reliability of the
SEMC mathematical model.

Conclusions.

1. A method of spatial shift of the main and additional
stator windings and internal capacitive compensation is
proposed and a comparative analysis of the connection
schemes and spatial arrangement of the stator windings of
the basic and modified versions of the screw
electromechanical converter (SEMC) is performed.

2. It has been proven that the application of internal
capacitive compensation over a wide range of changes in
the angle of spatial shift of the main and additional
windings and compensating capacitors allows changing
the value and phase of currents, magnetomotive forces
and other electrical quantities. A significant (by 29 %)
increase in the electromagnetic torque and a decrease in
its extreme pulsations have been achieved for the
modified SEMC.

3. Due to the use of internal capacitive compensation,
an increase in energy performance is achieved: the power

factor of the modified SEMC increases by 20,3 %, and the
electrical efficiency, which takes into account only the
mechanical useful power for transporting raw material,
increases by 1,86 %.

4. The use of the proposed method of spatial shift of
the main and additional stator windings and internal
capacitive compensation is promising for increasing the
energy performance of SEMC.
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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( ( )) ; 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)—rilngi(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 8i [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

min [VF (s V' d + F(xkj , @1

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.
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1
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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.
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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
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Fig. 1. Block diagram of the diagnosis system
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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
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Fig. 2. Actual speed at full load
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Fig. 3. Evolution of stator currents under full load
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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
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o
12
c
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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
Convert

Energy
Power

LISN Filter

;—f‘ |
—Jgi[

Fig. 1. Multi-stage power converter

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
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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
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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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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 resistance 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 characteristics of the regulator. There are works that analyze the regulating 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 regulating characteristics of step-up and step-down type pulse regulators 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. Oviginality. Since the output resistance 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 regulating characteristics of the regulators. Practical value. The obtained results made it possible to
Jformulate practical recommendations 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 regulator, battery operation, maximum power transmission, step-up
and step-down type regulators.

IIpoananizoeano pezynosanvhi Xapakmepucmuku IMRYIbCHUX De2ysSmopie niO8UWy8anbHO-NOHUNCYBATLHOZ0 MUNY 3 YPAXYE8AHHAM
SHYMPIUHBLO20 ONOPY 0XHCEPeNd MHCUSNEHHSA, 30 YMOBU NIOKNIOUEHHS aKyMyasmopa Ha ix euxooli. Ilokazano, wjo 3a HaseHocmi
AKYMYIAMOpa, pe2yiamopu Hanpyeu npaylosamumyms y pexcumi pecyiio8ants Cmpymy 3apsaodcants axymyaamopa. Ilpu yvomy
dianason pe2ynoeants i0HOCHO20 4acy 3aMKHEH020 cmaHy Kaoya 6yoe odmescenum. [ano pekomenoayii wo0o eubopy pexcumis
pobomu pezyiamopa, 3a AKUX 3a0e3neuyemvcs nepedasanus eHepeii 6i0 Oocepena 00 aKyMyIamopd, 8 3ANedCHOCI 8i0 cxemu
pe2yiamopa, a maKo4c 3HAYEHHA HANPY2U HA AKYMYIAMOopi. BusHaueno ymosu, 3a AKUX 3a0e3ne4yemopes nepeoasants MaKCUMAanbHOT
nomyacHocmi 8i0 Odicepena dcusnents 0o akymyaamopa. biémn. 15, tabn. 1, puc. 4.

Kniouosi cnosa: BuxinHmii omip pKepesia, y3roa:KyBajabHU IMIyJbCHHI peryJjsTop, po0oTa Ha aKyMyJISITOp, lepeAaBaHHs
MAaKCHMAJILHOI MOTY KHOCTI, peryJIsiTOpH HiIBHIIYBATbHO-MOHMKYBATLHOTO THITY.

Introduction. When using different types of non-
traditional and renewable sources, they strive to obtain the
maximum possible amount of electrical energy. For this,
the operating point of the source must be at the point of
maximum power (MP) on its output characteristic.
However, this mode of operation of the source is possible
only in the case when the output resistance of the source
coincides with the resistance of its load R [1, 2].

To ensure the possibility of selecting MP from the
source in a wide range of changes in the load resistance, a
pulse regulator (PR) is switched on between the source
and the load, which matches the output resistance of the
source with the load resistance [3-6]. In such cases, the
role of the source load will be performed by the input
resistance of the regulator R, = f(R, t*), which is a function
of the load resistance of the regulator R, as well as the
relative time of the closed state of the regulator key
£ = tuesea! T during the period of operation of the key 7.
By changing the parameter ¢ it is possible to ensure the
fulfillment of the condition R, = r in a wide range of
changes in the load resistance R.

The amount of energy coming from non-
conventional and renewable sources often depends on
external conditions. Therefore, to ensure a more uniform
supply of energy to the load, a battery is switched on at

the PR output, which operates in buffer mode. In such
cases, the PR load will be the battery itself, and the source
load will be the input resistance of the regulator.
Transmission of MP from the source to the battery can be
ensured by choosing the appropriate operating mode of
the PR [5, 7, 8].

In [9], the conditions under which it is possible and
expedient to transfer the MP from the source to the
battery using step-up and step-down PRs, as well as the
peculiarities of the operation of these regulators in the
specified mode, were analyzed. To match the output
resistance of the source with the load, well-known PR
circuits of the step-up-step type can also be used [10-12].

The goal of the work is to analyze the peculiarities
of the step-up and step-down PRs operation in the mode
of MP transmission from the source to the battery, as well
as to determine the conditions under which it is possible
and expedient to use such regulators with the indicated
purpose.

Circuits of regulators. Let’s consider those variants
of IP circuits of the step-up and step-down type, which
provide the possibility of sampling MP from the power
source [13]. The corresponding circuits of the regulators
are presented in Fig. 1, 2.

© V.Y. Romashko, L.M. Batrak, O.0. Abakumova
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Fig. 1. Regulator of the step-up and step-down type
with serial key activation
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Fig. 2. Regulator of the step-up and step-down type
with parallel key activation

We determine and analyze the control characteristics
of these regulators, with the help of which the PR
operating mode can be determined, in which the MP will
be selected from the power source. Since in the MP
selection mode, the load resistance and the output
resistance of the source are values of the same order,
when determining the control characteristics of the
regulators, we will take into account the internal
resistance of the source, considering it to be /inear.

The regulator of the step-up and step-down type
with serial activation of the key (Fig. 1). If the losses in
the elements of the PR circuit are not taken into account,
in the continuous current mode of the inductance L, the
conditions will always be fulfilled [12]

‘& -1
w =Uin—=3 1, :

out — tin

n (1
1-¢ t

If it is assumed that the internal resistance of the
battery is much smaller than the internal resistance of the
source, it can be argued that during the regulation process,
the output voltage of the regulator will remain practically
unchanged and will be equal to the voltage on the battery
U, = E,. Therefore, in order for the system to be in a
state of equilibrium during the regulation process, the
input voltage of the regulator must be equal to

-1 1 ‘&
U Uout t* > (2)

t
where 7 = tuosea! T 18 the relative time of the closed state
of the key S in the period T, f.sq is the duration of the
closed state of the key.

Due to the presence of the internal resistance of the
source, the input voltage of the regulator will change with
changes in the consumed current and will be determined
by the output characteristic of the source [12]

Uin =Upe = Lo (3)
where U, is the no-load voltage of the power source.

Thus, in a state of equilibrium, conditions (2), (3)
must be fulfilled simultaneously

U

o

1-f
Upe — Ly = Eg 21 @)
t
or moving to relative units [12]
11} =E" l—t, )

t

where E, =E, /U, : Ly =1, /I ; I =U,./r is the
short-circuit current of the source.

Taking into account that the no-load voltage of the
source, as well as the battery voltage, are fixed, by
changing the parameter ¢, we will thereby adjust the input
and, accordingly, the output current of the regulator

I *1

(6)

Taking into account (1)

* * *
Jy e :{I—EZI_: }l_f NG

l‘ t t

Therefore, (6), (7) are the regulating characteristics
of PR according to the circuit (Fig. 1).

The regulator of the step-up and step-down type
with parallel activation of the key (Fig. 2). For this
circuit in the continuous current mode of the inductance
Ly, arelationship is valid [12]

* *
=Uin=1_*t; Tour = 1Lin d * (®)
1-¢
where ¢ = topen! T} topen 18 the duration of the open state of
the key S during the period 7.
Therefore, in the steady state of operation, the input

voltage of the regulator should be

* *

t t
=F,—. )
out * 1—l a 1—1*
In order for the system to be in a state of
equilibrium, the condition must be fulfilled

U

out

U, =U

*

t

E, —=1-1,r, (10)
1-¢
or in relative units
E-L _—1-I. (11)

*

1-t¢
Therefore, the control characteristics of the PR

according to the circuit (Fig. 2) will look like this

p— * t* .
G-

* t*
L,=|1-E — |—.
1=t |1-1¢

Thus, if there is a battery at the output, the regulators
under consideration will operate in the mode of regulating
the input and output current (battery charging current). At
the same time, the output voltage of the regulators will
remain almost constant and equal to the battery voltage.

Analysis of control characteristics of regulators.
If there is a battery at the output, the PR will operate in
the battery charging current regulation mode. In the case
of ¢ = 0, the power source and the load are disconnected
from each other and there will be no energy transfer to the
battery. If £ > 0, to ensure the transfer of energy from the
source to the battery, the condition /;,, > 0 must be
fulfilled. For the circuit (Fig. 1), taking into account (6),
this condition takes the form

(12)

(13)
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- = o, (14)
t
and for the circuit (Fig. 2)
-1 _|>o0. (15)

Taking into account that, in general, the parameter ¢
can vary in the range [0...1], taking into account (14),
(15), we come to the conclusion that in the presence of a
battery, the permissible range of changes in the parameter
¢* will be limited. For the circuit (Fig. 1), the permissible
change of the parameter lies in the range

*

E

124 >4 (16)
E,+1
and for the circuit (Fig. 2)
0<f <—0. (17)
1+E,

Therefore, the higher the voltage on the battery E; ,

the more limited the permissible range of regulation of the
parameter ¢ in the PR will be. At the same time, the
analysis of (16), (17) shows that the battery voltage can
be both higher and lower than the no-load voltage of the
power source U,,.

As is known [1], in the case of linear internal
resistance of the power source, at the MP point, the
relative value of its output current (input current of the

PR) should be 7;, =0.5.

Therefore, the condition of MP selection from the
source for the regulator circuit (Fig. 1) will look like this

-2 s, (18)
t
and for the circuit (Fig. 2)
*
- L _—os. (19)
1—-t¢

Thus, the MP will be transmitted from the source to
the load under the condition that 1" = IZ/IP , where for the
regulator circuit (Fig. 1)

* E
up =————» (20)
E, +0,5
and for the circuit (Fig. 2)
* 0,5
Iyp = @n
0,5+F

The regulatory characteristics of the considered
circuits presented in Fig. 3, 4, confirm the results of the
analysis carried out. The main properties of these circuits
are similar. However, if for the circuit (Fig. 1) the
permissible regulation range is limited to the left [#y, ... 1],
then for the circuit (Fig. 2) it is limited to the right [0 ... £y
This is a consequence of the duality of the circuits of the
considered regulators [13].

s

1

2,5 /
2 /
s ,/ _Ed'=0,1
'
05 Bl —==_E0=5 Eq=10
b *= - a =
| AR o ~1 -
0 0,2 0,4 0,6 0,8 1
Fig. 3. Regulatory characteristics of PR with serial key
activation
251 \
2
s Ed=0,1 \

1 / \
0,5 _Ea=0.5

Ea*= 10 / *=\ .
e s T<ET N \ t
0 0,2 0,4 0,6 0,8 1
Fig. 4. Regulatory characteristics of PR with parallel key

activation

To compare the properties of the four main PR
circuits Table 1 shows their main features when operating
in the MP transmission mode from the power source to
the battery, namely:

e condition of energy transfer from the source to the
battery;

e condition of MP selection from the source;

e reasonable battery voltage E, change range.

Table 1
Conditions of energy transfer from the source to the battery
Reasonable
Regulator Energy Condition of range of
No. type transfer MP selection £
P condition change of E,
1 [Step-down ' >E, typ =2E, 0,1<E, <0,5
2 [Step-up i <1/E, typ =1/2E, 0,5<E <5
Step-up and £ £
* a * a *
3 |step-down t>—F | yp=—= 0,1<E, <5
(Fig. 1) 1+E, E,+0,5
4 sttep-él {6l I N P 01<E, <5
step-down = Mp = ¥ JA<E, <
(Fig. 2) 1+ E, 0,5+E,

Today, there are modified versions of step-up and
step-down PR circuits that differ from the considered ones
by the polarity of the output voltage (ZETA and SEPIC
converters) [14, 15]. Changing the polarity of the output
voltage is achieved by the appropriate construction of the
output circuit of the regulator. However, since the main
properties of the regulator are determined by the method
of construction of its input circuit, and first of all by the
method of connecting the controlled key S, the obtained
results will be valid for the corresponding types of
modified circuits of the step-up and step-down type
regulators.

Conclusions.

1. If there is a battery at the output, the pulse voltage
regulators will operate in the current regulator mode.
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2. The nature of the regulation characteristic and the
permissible range of regulation depend on the type of
regulator and the value of the voltage on the battery.

3. The maximum power from the source will be

selected at a certain value of the parameter ¢ =t¢,,,

which is determined by the type of regulator and the value
of the voltage on the battery.

4. The pulse regulator of the step-up and step-down
type, in comparison with separately the step-up and step-
down type regulators, have the widest permissible range
of changes in the relative voltage on the battery.
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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.

© Yu.M. Vasetsky

48

Electrical Engineering & Electromechanics, 2024, no. 3



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
m-r 1 1 M
m = 3= —m-V—
A 4z r
determine the same magnetic field strength H
1 1 |3m-rr m
H:‘u—VXA:—V(Dm:E 2 7——3 N (2)
0 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.

z
z=h m
r Vv
e
N . 4

)
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

_m 3M_L 3(2 h)pe
4r r5 }"3 4 r

()

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)
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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.

a
2
&0
*'ﬁ
<1 A T
0.2
09 1 xh 2
C
2
e 04
¥ o ?
*IHI / W <
o 0.2
%9 1 yh 2 i) | xh 2

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.

b
03 =
x=0
02
5
0.1
Op | xh 2 0 )

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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Electrical engineering equipment for generating and measuring of complete pulse current of
artificial lightning in the conditions of high-voltage electrophysics laboratory

Goal. Decision of problem scientific and technical task on the reliable generating and measuring in the conditions of high-voltage
electrophysics laboratory basic component of complete pulse current 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- (repeated 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-4 (GIC-D), GIC-
B and GIC-C (GIC-C*), which it is worked as synchronous appearance on the general electrical 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 stability to lightning devices objects of aviation and space-rocket technique 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 lightning 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
conditions of high-voltage electrophysics laboratory indicated component 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 verification 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, generating,
measuring, components of current of lightning.

Ilpuseoeni oani, sxi exasyrome Ha supiwenna 6 HAIIKI «Monniay HTY «XI1I» npobaemnoi Hayko8o-mexHiuHoi 3a0aui, nos 'sa3aHoi 3
HAOIUHUM 2eHepYBaHHAM | GUMIPIOBAHHAM 8 YMOBAX GUCOKOBONLINHOI eneKmpoghizuuHoi 1abopamopii No8HO20 IMNYIbCHO20 CIMPYMY
wmy4Hoi oauckagku, wo micmume imnynechny A- (noemopmy imnynscuy D-), npomiscny B- i mpusany C- (ykopoueny mpusany C*-)
KOMROHeHmu 0aHo20 Cmpymy, AKi 8i0nogioaioms mexuiunum sumozam HopmamusHux ookymenmie CILIIA SAE ARP 5412: 2013, SAE
ARP 5414: 2013 i SAE ARP 5416: 2013. Brazaui 8idomocmi npo 3acmoco8aHi eleKmpuyHi cxeMu OKDPEMUX GUCOKOBOLbIMHUX
2eHepamopis iMnynbcHux cmpymie konoencamoprozo muny I'lC-A (T'IC-D), I'IC-B i I'IC-C (I'IC-C¥*), wjo cunxponno npayoioms Ha
3azanvre eneKmpuyHe HABAHMAICEHHA Y CKAAOI MOOEPHI308AHO20 NOMYIHCHO20 SUCOKOBOILINHO20 2eHEPAmopa Cmpymy WmyyHoi
onuckaexu muny YUTOM-1, i euxopucmogysaHi 6ucOKO8OIbMHI BUMIPIOGANbHI 3acO0U, AKI MiCMAMb YOOCKOHANEHI HU3bKOOMHI
wynmu muny LIK-300 0na oonouacHiii peecmpayii 3a ix 0onomozoio Ha 8unpob0o8y8aHux Ha OIUCKAEKOCMIUKICMb NPUCIPOSX
00’exmis agiayitinoi i pakemuo-KOCMIYHOI MexXHIKU amMnaimyoHo-yacosux napamempis (AYIl) 6ionogioHux KOMHOHEHm NOBHO20
IMRYIbCHO2O cmpymy wimyyHoi 6nuckagxu. [Ipugedeni mexuiuni npukiaou i onucami 0esKi pe3yibmamu RPaAKmMui4H020 3aCMOCY6AaHHs
6KA3AH020 MOOEPHIZ08AH020 BIMHUUSHAHO2O BUCOKOBOALINHO2O eNeKMPOPI3UUH020 00NAOHAHHA NPU BUNPOOYBAHHAX eleMeHmis
GIMYUBHAHUX TIMATLHUX ANAPAmie Ha CMIUKicms 00 npsamoi Oii Ha HUX OCHOBHUX KOMNOHEHM IMNYAbCHO20 CMPYMY WMYHYHOL
bnuckaexu 3 Hopmosanumu AYI1. bion. 30, tabdm. 3, puc. 20.

Kniouogi cnosa: immyJIbCHHI CTPYM IITYYHOI 0JIMCKABKH, MOJePHi30BaHMIi BHCOKOBOJILTHHI I'eHepaTop cTpyMy OIMCKABKH,
LIYHT, TeHepPYBaHHsI, BUMiPIOBaHHS, KOMIIOHEHTH CTPYMY GJIHCKABKH.

Relevance of the topics. The direct (indirect) effect
of powerful natural thunderstorm long spark discharges
(lightning) on objects of aviation and rocket and space
technology during their stay in the Earth’s electrically
active atmosphere can lead to accidental damage to their
metal (composite) structural parts (elements) and
irreversible failure of their electrical equipment and on-
board systems (for example, computer equipment,
control, navigation and communication systems), which
can have catastrophic consequences [1-7]. No less
dangerous are direct lightning strikes to ground technical
objects (for example, TV and radio antennas, energy
objects and their overhead power lines) [1, 3, 8]. Here, the
main factors of damage to the specified objects are

powerful electromagnetic disturbances arising from the
propagation of a high-current plasma channel of lightning
in the air and causing the appearance in the on-board
(internal) electrical circuits of these objects of large
electrical currents (overvoltages and shock currents
caused by them ), as well as large pulse currents flowing
in the zone of local attachment of the lightning plasma
channel on their surfaces and which are characterized by
strong electrothermal and electrodynamic action [1, 3, 9].
In this regard, various electrotechnical approaches and
surge protection devices are used for lightning protection
of the specified technical objects [1-3, 10, 11].
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According to [4-9], a reliable method of checking
the used electrotechnical approaches and fail-safe devices
when providing lightning protection equipment and
systems for both aircrafts (ACs) and ground objects is
their full-scale test for the direct (indirect) effect of

powerful artificial thunderstorm spark discharges
reproduced in the conditions of a high-voltage
electrophysical ~ laboratory. = For  the  practical

implementation of such electromagnetic tests of ACs and
other technical objects, appropriate powerful high-voltage
electrical test equipment is required.

In [7, 9], the circuit of a high-voltage electrical
installation is indicated, which allows, in accordance with
the technical requirements of the NATO Standard
AESTR-500: 2016, to form an aperiodic current pulse of a
time shape of 50 ps/500 ps with amplitude of up to
+10 kA on various devices and systems of ACs tested for
lightning resistance at constant voltage of the electric
charge of its capacitor bank up to £2 kV. At the same
time, in accordance with the technical requirements of US
regulatory documents [12-14], other amplitude-time
parameters (ATPs) of individual components of the full
pulse current of artificial lightning are required during
lightning resistance tests of on-board systems, component
parts and elements of the aircraft (Table 1).

Table 1*
Normalized ATPs of the main components of the full pulse
current of artificial lightning [12-14]

Lﬁ;ﬁ;‘;’g Lo | Lo | g | Ju10° | o o,
component kA | kA C J/Q us ms
A 20020 - - 2404 [ <50 <05
B —  [2+0,4] 10+1 - — 5+0,5
C 0,2-0,8| — [200+40| - - {(0,25-1)-10°
C* - [>04] 618 — — 15-45
D 100£10] — - 025+0,05] <25| <05

*Note. I,;, — the amplitude of the lightning current pulse;
I~q,/t, — the average value of the pulse current; ¢, — the amount
of charge flowing in the current pulse; J, — the integral of the
action of the lightning current pulse; 75 7, — respectively, the
duration of the front of the current pulse between the levels
(0.1-0.9) I,,;, and the duration of the lightning current pulse at
the level <0.1 7,,,

At the same time, it should be noted that, according
to [12-14], depending on the AC’s area affected by
lightning in the Earth’s atmosphere, its full pulse current
may contain the following main components, the ATPs of
which differ significantly from each other: pulse A-
(repeated pulse D-), intermediate B- and long-term C-
(shortened long C*-) components. Moreover, in the
practice of electromagnetic tests on the lightning
resistance of technical devices and on-board systems of
civil and military ACs, the following combinations of the
specified components of the full pulse current of artificial
lightning are most often used [9, 12-14]: 4-, B- and C-
components (area 3 of damage); A4-, B- and C*-
components (area 14 of damage); D-, B- and C*-
components (area 24 of damage). The sequence of flow
of these components of the lightning current for the
corresponding zones of damage to the AC in the
atmospheric air by the lightning discharge must
correspond to the order indicated above, and each of the
given components of the lightning current must
monotonically transition into another one.

To meet the technical requirements [12-14], [15]
shows a diagram of a powerful high-voltage electrical
installation, which was intended for testing on-board
systems and AC elements for lightning resistance. The
practice of operating a powerful lightning current
generator (LCQG) according to [15] revealed a number of
technical deficiencies in its construction circuits and
operation: insufficient protection of the used high-voltage
capacitors in a total number of several hundred pieces of
pulse current generators (PCGs) of LCG from emergency
shock currents with amplitude of up to £500 kA in the
microsecond time range; lack of recommendations for the
simultaneous selection of the lengths A —h; of the
insulating air gaps in the used high-voltage high-current
commutators of PCG when changing the levels of their
charging electric voltage U,, as well as the length 4, of the
air gap between the edge of the electrically explosive wire
(EEW) and the tested sample (TS) of the AC; the
presence of cases of non-synchronous parallel operation
in the LCG circuits of its individual generators GIC-4,
GIC-D, GIC-B, GIC-C* and GIC-C on the total R;L; —
the load of the TS of the corresponding AC, which
excludes obtaining the necessary according to the
requirements [12-14 ] test pulses of artificial lightning
current.

From the data in Table 1 for the indicated ATPs, the
component of the full pulse current of artificial lightning
and the application of the necessary for their practical
production of the PCG, built on the basis of individual
high-voltage LCG of the capacitor type, it follows that the
development and creation of such PCG in the field of
high-voltage pulse technology (HPT) is a complex
scientific and technical task. At the same time, the one
related to the simultaneous registration from one high-
voltage measuring device at once of at least three
components of the pulse current of artificial lightning
with ATP, which are sharply different from each other,
turns out to be an equally difficult task. One of the
indirect confirmations of this is the fact that at present we
do not know the electrotechnological construction circuits
and technical designs of similar high-voltage PCGs and
means for measuring lightning currents, which were given
in the open literature of the leading countries of the world.

The goal of the article is to solve the problematic
scientific and technical task of reliable generation and
measurement in the conditions of a high-voltage
electrophysical laboratory of the main components of the
full pulse current of artificial lightning with normalized
ATPs using a modernized PCG of the UITOM-1 type.

1. Electrotechnological circuits of the construction
of a powerful UITOM-1 type PCG. Figure 1 shows the
modernized electrical circuit of the construction of a
powerful high-voltage PCG of the UITOM-1 type [16],
which includes five separate high-voltage LCG (GIC-4,
GIC-D, GIC-B, GIC-C and GIC-C*) with the possibility of
their parallel and reliable synchronous operation on a
common low-impedance active-inductive R;L; — load in
the mode selected by the researcher for the formation of
the corresponding components of the full pulse current of
artificial lightning. The necessary combination of the
components of the full pulse current of artificial lightning
and the corresponding powerful high-voltage PCG,
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specified in accordance with the technical requirements of
the specified regulatory documents [12-14], is carried out
with the help of electrical switches X1-X4 (Fig. 1) and
which allow them to be manually switched on or off from
the electromagnetic circuit of TS tests.
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Fig. 1. Improved electrical circuit for the construction of a
powerful high-voltage PCG of the UITOM-1 type with one
common electric R;L; — load and discharge circuits of its
separate high-voltage generators working in parallel GIC-4,
GIC-D, GIC-B, GIC-C and GIC-C* (F,, F, — three- and two-
electrode high-current air commutators for nominal constant
voltage of £50 kV and £5 kV; X1-X4 — electrical switches;
Rs=(0.158+0.005) mQ — active resistance of the SHK-300M 1
type measuring shunt; R1- R5, R1-RS, L1-L3 — intrinsic
electrical parameters of discharge circuits of high-voltage
generators GIC-4, GIC-D, GIC-B, GIC-C* and GIC-C; R6, L4 —
electrical parameters of forming RL elements for discharge
circuits of high-voltage generators GIC-C and GIC-C*) [16]

It should be noted that the GIC-D generator in the
improved LCG circuit of the UITOM-1 type is assembled
from 30 parallel-connected pulse capacitors of the IK-50-3
type, which are part of the GIC-4 generator. In this
regard, during the operation of GIC-D in the electrical
circuit of the LCG, the switch X1 is removed and the
GIC-4 generator is switched off from the working circuit
of the LCG (Fig. 1). This decision allows to significantly
save time and material resources when creating this LCG.

With the selected electrical circuit for the formation
of the necessary components, according to the
requirements [12-14], the full pulse current of artificial
lightning, reliable synchronization of the operation of the
corresponding PCG in the LCG is ensured by the supply
from a separate high-voltage pulse generator of the GVZI-
100 type [16] to the middle control steel electrode of the
three-electrode air switch | (Fig. 2) for nominal constant
voltage of +£50 kV of high-voltage rapidly decaying
sinusoidal voltage pulse with amplitude of £100 kV of
microsecond duration, which causes activation of both air
switch F; (see Fig. 1, 2) and two-electrode air switch F,
(Fig. 3) for nominal DC voltage of +5 kV. To ensure
reliable operation of the three-electrode commutator F; of
the improved LCG, the polarity of this voltage pulse from
the GVZI-100 generator is selected opposite to the charge
polarity of the capacitor batteries of the used PCG. Our
modernized electrotechnological circuit for artificial
lightning pulse current introduction into the TS contains,
in accordance with the requirements of regulatory
documents [12-14], a thin copper EEW with diameter of
~0.1 mm and length of /=50 mm, separated from the

surface of the TS by air gap of length #,~2 mm. During
the electric explosion (EE) of a thin EEW above the
surface of the TS in the local zone of introduction into it
of the given components of the simulated lightning
current from a powerful LCG, a low-temperature plasma
is formed, through which the charges of the pre-charged
high-voltage capacitor batteries of the LCG flow into the
investigated TS. In Fig. 4 with the help of a Canon A-530
type digital camera, the moment of synchronous
activation of the indicated air switches /', and F, and the
explosion of the EEW in the formation circuit using an
improved powerful UITOM-1 type LCG (see Fig. 1) of
standardized A4-, B- and C*- components of the full
current of artificial lightning (area 14) was recorded in
the TS of one of the devices of the domestic AC [17].

Fig. 2. General view of the high-voltage three-electrode high-
current air commutator F'; of cascade type with massive main
hemispherical electrodes made of steel St. 3 grade at nominal
constant voltage of £50 kV and pulse current with amplitude 7,,;
up to £300 kA [16]

Fig. 3. General view of the hlgh oltage two-electrode high-
current air commutator F, with graphite electrodes of a
rectangular shape for nominal constant voltage of +5 kV and
charge ¢; up to £300 C, which is placed in the discharge circuit
of a powerful LCG of the UITOM-1 type [16]

Fig. 4. General view of the desktop of a powerful modernized
LCG of the UITOM-1 type at the moment of synchronous
electrical activation of three charged powerful high-voltage test
generators of pulsed currents GIC-4, GIC-B and GIC-C* during
lightning resistance tests (area 1A) of the TS of the device of the
domestic LA [17]

Let us point out that when the charging constant
voltage U, in powerful high-voltage generators GIC-4
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and GIC-D changes in the range U~ +(28—33) kV in the
three-electrode commutator ' (Fig. 2), the length of the air
gaps between its steel (two main and one controlling) the
electrodes should numerically be #;=4 mm and 4,9 mm,
and when changing the charging DC voltage U,, in high-
voltage generators GIC-B, GIC-C and GIC-C* in the
range U, =~ =#(3.6-4.5) kV in the two-electrode
commutator F, (Fig. 3), the length of the air gap between
its graphite electrodes is chosen equal to /; = 3 mm [16].
At the same time, the physical conditions for atmospheric
air must correspond to [18]: pressure
P, =~ (1.013+£0.015)-10° Pa; absolute temperature
T,~(293.15£10) K; relative humidity S, = (45£25) %.

Note that in Fig. 4, on the left is the TS of the AC
device with the corresponding copper EEW, which glows
brightly when its EE is in the discharge circuit of a
powerful LCG and which is connected to the non-
potential (grounded) steel electrode of the commutator F
(Fig. 1); above, we can see the F; commutator of a
powerful LCG with a high-current pulse spark that glows
brightly, rigidly fixed on the desktop; at the bottom of the
LCG desktop, the F, commutator is shown with its pulse
spark channel, which also glows brightly.

Figure 4 visually illustrates the correctness of the
electrotechnological solutions proposed and indicated by
us above to ensure reliable synchronous parallel operation
of individual high-voltage generators GIC-4 (GIC-D),
GIC-B and GIC-C (GIC-C*) when creating a modernized
powerful UITOM-1 type LCG.

Table 2 shows the main electrical characteristics of
individual high-voltage generators GIC-4, GIC-B, GIC-C,
GIC-C* and GIC-D, which are part of the improved
powerful UITOM-1 type LCG.

Table 2
Technical characteristics of the generators GIC-4, GIC-B, GIC-C,
GIC-C* and GIC-D, which are included in the UITOM-1 type LCG

Number of | Type of Totgl .Energ.y
PCG name capacitors | capacitors capacity |intensity
P P C,mF | W,kJ
GIC-4 111 IK-50-3 0,333 416,2
GIC-B 14 IM-6-140 1,96 24,5
GIC-C 324 IM-5-140 | 45,36 567,0
GIC-C* 10 IM-6-140 1,4 17,5
GIC-D 30 IK-50-3 0,09 112,5

From the data in the Table 2 it follows that the total
number of high-voltage pulse capacitors with a metal case of
three types (IK-50-3, IM-6-140 and IM-5-140 [19]) in a
powerful UITOM-1 type LCG is 489. At the same time, the
total nominal electrical energy W,y stored by the high-voltage
pulse capacitors of this LCB is equal to W,s~1.25 MJ. At the
price of 1 kJ of electric energy stored by powerful high-
voltage electrophysical equipment of the capacitor type,
equal to the application case of its formation on an
electrical load of pulse currents of micro- and millisecond
duration of approximately $1000 [20-22], the cost of
construction of such a powerful high-voltage LCB will be
at least $1.25 million. As we can see, the development
and creation of a powerful high-voltage, high-current
LCB of the UITOM-1 type (Fig. 5) is associated not only
with significant scientific and technical difficulties, but
also with large financial costs.

Fig. 5. General view of the improved powerful high-voltage
LCB of the UITOM-1 type (in the foreground is a work table
with a three-electrode switch F; for nominal constant voltage of
+50 kV and an air extraction system, and in the background is
an individual high-voltage powerful generators GIC-4 (GIC-D),
GIC-B, GIC-C and GIC-C¥)

It is important to point out that in the improved LCB
of the UITOM-1 type, all high-voltage pulse capacitors of
generators GIS-4, GIC-D, GIC-B, GIC-C and GIC-C* are
equipped with resistive systems to protect them from the
action of emergency shock currents in the LCB [23].

The data of the system of reliable protection of
impulse capacitors in the modernized LCB are based on
the use of high-voltage constant graphite-ceramic resistors
of the TVO-60 type with nominal value of 24 Q and
100 Q [24], which sharply limit the operation of the LCB
in emergency modes (for example, in the event of an
electrical breakdown of the internal or external insulation
of its pulse capacitors) shock pulse currents and dissipate
the thermal energy released at the same time on them.

Thanks to:

e performed modernization in accordance with the
technical solution [23] of resistive circuits for protection
against emergency shock pulse currents with calculated
amplitude of up to +500 kA of high-voltage pulse
capacitors of separate powerful generators GIC-4 (GIC-D),
GIC-B, GIC-C and GIC-C* (Table 2),

e improvement of the circuit of controlled electric start
from a separate high-voltage generator type GVZI-100
[16] of the three-electrode air commutator F (Fig. 2) and
the two-electrode air commutator F, (Fig. 3),

e recommended simultaneous selection of the lengths
h1—h; of the air gaps in the used high-voltage commutators
Fy and F, of the high-current discharge circuits of the
specified LCBs and the length 4, of the air gap between the
edge of the EEW and the TS of the object, the modernized
PCG of the UITOM-1 type, despite the similarity of the
electrotechnological circuits used earlier in the PCG [15]
for the construction of discharge circuits of the
corresponding LCGs (Fig. 1), has a significant difference
from the PCG, which was proposed in [15]. This difference
of powerful high-voltage PCG ensures more reliable
operation of the modernized PCG of the UITOM-1 type in
comparison with PCG [15] when generating pulses of full
current of artificial lightning (Table 1) according to
technical requirements [12-14].

2. Results of measurement of the main components
of artificial lightning current in the discharge circuit of a
powerful UITOM-1 type PCG. In [25, 26], the main
methods of measuring ultra- and high-pulse voltage in
electrical installations during tests of various electrical
engineering and electric power equipment are given. As for
the methods of measuring high pulse currents (HPC) in the
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field of HPT, certain technical techniques and means for this
were given in [20-22, 27, 28]. Unfortunately, for the practical
implementation of complex metrological tasks related to the
simultaneous measurement of a number of components of
the full pulse current of lightning in a powerful PCG of the
UITOM-1 type, given in [20-22, 27, 28], materials and data
on high-voltage measuring devices designed for
simultaneous registration with the help of one meter, both
HPC (with amplitude 7,;, of tens and hundreds of
kiloamperes) and relatively weak pulse currents (with
amplitude 7,; of hundreds and tens of amperes) in a wide
time interval of their flow in the discharge circuits of its
series of parallel operating LPC (from units microseconds
to hundreds of milliseconds), was not enough. In
connection with this, the authors had to independently
develop, create and modernize non-standardized high-
voltage high-current meters of similar electric pulse
currents, which are able to reliably register the necessary
components of the pulse current of artificial lightning on
the total electric R;L; — load when individual high-voltage
LCG of this PCG is activated [16, 17, 29, 30].

Figures 6-10 show the main typical oscillograms of
pulse 4-, intermediate B-, long-term C-, shortened long C*-
and repeated pulse D- components of the full pulse current
of artificial lightning with normalized ATPs according to
[12-14], which were obtained in a high-current discharge
circuit of a powerful high-voltage PCG of the UITOM-1
type, which contains the lightning resistance-tested TS
made of aluminum alloy D16 of the fuel tank skins of one

of the modernized domestic aircraft «An» [17].
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Fig. 6. Oscillogram of the pulse 4- component of the artificial
lightning current with normalized ATP in the discharge circuit
of the GIC-4 generator of the powerful U'TOM-1 type PCB
(UL1:_297 kV, ImAl%Zl 1.7 kA, JaA2209 106 J/Q, t,,,A1232 — time
corresponding to the first amplitude 7,415 7o=tn41/1.6=20 ps;

7,14~500 ps; vertical scale — 56.3 kA/div; horizontal scale — 50 ps/div)
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Fig. 7. Oscillogram of the intermediate B- component of the
artificial lightning current with normalized ATP in the high-

current discharge circuit of the high-voltage generator GIC-B of

the powerful PCG type UITOM-1 (U,~—4 kV; I,5~5.27 kA;

I.5=-2.08 kKA; q;5~-10.4 C; 1,,3=5 ms; vertical scale — 1126 A/div;

horizontal scale — 1 ms/div)
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Fig. 8. Oscillogram of the long-term C- component of the full
current of artificial lightning with normalized ATP in the
discharge circuit of the high-voltage GIC-C generator of the
powerful PCG of the UITOM-1 type (U,~4 kV; I,c~833 A;
q1~186.2 C; 7=7 ms; 7, <1000 ms; vertical scale — 281.5 A/div;
horizontal scale — 100 ms/div)

Tek Wl @ Acq Complete M Pos: 20.00ms

CURSOR

Type

Source
-+ CH1

Delta
182t

............................................

........................................... Curear 1
.00

Cursar 2
—182my

CHT 500y # &.00ms CHT % -F40mY
Fig. 9. Oscillogram of the shortened long-term C*- component of
the full pulse current of artificial lightning with normalized ATP
in the discharge circuit of the high-voltage generator GIC-C* of
the powerful PCG type UITOM-1 (U,~—4 kV; 1,,c+~1148 A;
7,c+=14.8-m8; q;,v=—6.16 C; I.c+=qc+/T,c+=—416 A)
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Fig. 10. Oscillogram of the repeated pulse D- component of the
full pulse current of artificial lightning with normalized ATP in
the discharge circuit of the GIC-D generator of the powerful high-
voltage PCG of the UITOM-1 type (U, =33 kV; ,,5i=—102 kA;
t,p1=~20 ps — time, which corresponds to the amplitude /,,p;
T‘fD:tle/l-6z12-5 us; T}JID:SOO Hus; JaD:0-26' 106 J/Q)

The powerful high-voltage PCG of the UITOM-1 type
is equipped with several high-current meters (improved disk
coaxial low-resistance shunts of the ShK-300 type) of
artificial lightning pulse current components, the main
technical characteristics of which are given in Table 3.

The novelty of shown in Fig. 6-10 oscillograms
consists in the fact that they are obtained on the specified TS
with the help of modernized electrotechnological circuits for
the formation of these components of the full pulse current of
artificial lightning in the discharge circuit of the UITOM-1
type PCG, as well as high-voltage measuring devices, which
are based on high-current low-resistance shunts of the type
ShK-300 (Table 3). Note that for the simultaneous
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measurement of several components of the full pulse current
of artificial lightning, generated in the discharge circuit of
the improved high-voltage PCG of the UITOM-1 type, it
was necessary to develop and create a measuring matching
special voltage divider (SVD), which is connected at the
output of the used in similar high-voltage measurements of
the cable communication line (Fig. 11).

The modernization of the measuring instruments
carried out by us was to exclude, when measuring in the
discharge circuit of a high-voltage PCG of the UITOM-1
type of the corresponding components of the artificial
lightning current, a high electric potential enters the
channels of digital storage oscilloscopes (DSOs). As it is
known, applying such a potential to the input of the DSO
leads to its failure. The following new technical solution
was proposed: the radio-frequency coaxial cable of the
length /. of the communication line, which connects the
measuring shunt of the ShK-300 type with the SVD and
the DSO, must be placed in an additional copper braid
screen, which must be securely grounded before the SVD.

Fig. 11. General view of a high-voltage measuring shunt of the
ShK-300M type, connected to the input of an additionally
shielded radio-frequency coaxial cable of the RK 75-7-11 brand
[~70 m long, the output of which is connected to the input of
the SPN-300 shielded matching voltage divider with two output
coaxial 1:1 and 1:2 connectors for the coordinated connection of
the measuring channels of three DSOs to them (for example,
Tektronix TDS 1012 series) with simultaneous registration in
the discharge circuit of a powerful UITOM-1 type PCG at once
of three components of the full pulse current of artificial
lightning with different ATPs [16]

Table 3*
Main technical characteristics of high-voltage high-current
shunts of the ShK-300M, ShK-300M1 and ShK-300M2 type

Shunt name Value of the characteristic

R, mQ Ks, A/N | Ls, nH |Mass, kg
ShK-300M |0,178+0,005 %:251623600 10+£0,3| 3,0
ShK-300M110,158+0,005 12;:62361225 10+0,3| 3,1
ShK-300M2|0,080:0,003 gﬁ;ggg 10£0,3| 3,2

*Note. Rg, Lg — the active resistance (mQ2) and inductance (nH)
of the shunt; K&2/Rg — the shunt conversion factor, A/V;
K, — the shunt conversion factor when measured in the
discharge circuit of the UITOM-1 type PCG the ATPs of 4- and
D- components of the artificial lightning current, A/V (from the
1:1 connector of the SPN-300 type divider [16]); Ksc — the shunt
conversion factor when measured in the discharge circuit of the
UITOM-1 type PCG of the ATPs of B-, C- and C*- component
of the artificial lightning current, A/V (from the 1:2 connector of
the SPN-300 type divider [16]).

Figure 12 shows the electrical diagram of the
coordinated connection of the high-voltage shunt of the
ShK-300M1 type with its measuring coaxial resistor
(MCR) to the measuring coaxial cable (MCC), SVD and
the corresponding DSO.

1:2

OUTPUT

[
0.158 m

MCR

—_—

Fig. 12. Schematic electrical diagram of connecting a high-
voltage shunt of the SHK-300M1 type to a low-voltage
measuring circuit of a communication cable line and DSO
(the shunt MCR with an active resistance R¢~0.158 mQ, which
is connected to the input of the communication line cable; MCC
brand RK 75-7-11 of the triaxial communication line; SVD,
which coordinates the operation of the shunt, MCC and DSO
inputs and is connected to the output of the MCC, which
transmits an electrical signal from the zone of the steel disk of
the shunt to the SVD and DSO)

According to Fig. 12, we can see that at the output of
the MCC cable, the additional copper cylindrical shield of
which is reliably grounded before the SVD, the SVD is
connected, which coordinates the operation of the shunt,
the MCC and the inputs of the DSO and which is made of
concentrated resistors R1—R3 with nominal value of 110 Q
with total active resistance equal to the wave resistance of
the MCC cable Z. = 75 Q. The task of the SVD applied in
the circuit of the high-voltage shunt of the ShK-300M1
type is to ensure not only the agreed mode of operation of
the measuring circuit of this shunt, but also the
simultaneous registration of several oscillograms of the
corresponding components of the full current of artificial
lightning of micro- and millisecond duration with
amplitude values that differ sharply. For this purpose, this
SVD was equipped with two output coaxial connectors 1:1
and 1:2 (Fig. 12).

To strengthen the mutual decoupling of coaxial
connectors 1:1 and 1:2 in the SVD by increasing the input
resistance of the output connector 1:2, an additional
concentrated resistor R4 with nominal value of 5.6 kQ is
electrically connected to its potential electrode (see Fig. 12).
At the same time, the SVD is performed in the form of a
separate low-voltage device that is connected to the
output of the MCC coaxial cable of an additionally
shielded triaxial communication line and is placed in a
shielded metal case (see Fig. 11), which must be reliably
isolated from the grounded edge of the additional copper
cylindrical screen of the MCC.

The SPN-300 type voltage divider (Fig. 11) has two
coaxial connectors 1:1 and 1:2, which are designed for the
coordinated connection of the corresponding outputs to
the inputs of the measuring channels of the DSO. At the
same time, according to Table 3, the specified connectors
1:1 and 1:2 of SPN-300 are characterized by different
conversion factors Ky of the used measuring shunts when
registering with their help ATPs as 4- and D- components
of artificial lightning current (in this case they are denoted
as Ksy), as well as B-, C- and C*- components of artificial
lightning current (in this case they are designated as Kyc).

Figure 13 shows a general view of the improved
measuring high-current disk shunt of the ShK-300M1
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type, used in the discharge circuit of the powerful
UITOM-1 type PCG.

4 { ; :
Fig. 13. Gen%ral view of a high-voltage measuring shunt of the

ShK-300M1 type, connected to the collector of a high-current
discharge circuit of a powerful UI'TOM-1 type PSG

Coaxial designs of measuring shunts of the ShK-300
type (Table 3), which are used as part of a powerful high-
voltage PSG of the UITOM-1 type, are characterized by
small values of their own electrical parameters —
inductance Lg (no more than 11 nH) and active resistance
Rs (no more than 0.2 mQ), which ensures a small
influence of the RglLg — parameters of the measuring
shunts on the electromagnetic processes occurring in the
R;L; —load (see Fig. 1).

Figure 14 schematically shows the design of the
measuring high-voltage high-current shunt of the
ShK-300M2 type in its longitudinal section.

14 1 2 3 4
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L
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12 9 11 10 68 5 7 12
Fig. 14. Schematic representation of the improved design of the
high-voltage coaxial disk shunt of the ShK-300M2 type in its
longitudinal axial section (1 — massive internal cylindrical brass
electrode; 2, 3 — insulating bushings made of fluoroplastic;
4 — massive external cylindrical brass electrode; 5 — measuring
high-resistance steel disc of thickness ig=2 mm; 6, 7 — massive
pressing insulating discs; 8 — banded brass disc; 9, 10, 12 — steel
fastening screws; 11 — output coaxial connector type SR-75;
13 — massive brass clamping ring; 14, 15 — input (potential) and
output (grounded) elements of the brass bolt connection of the
shunt to the high-current discharge circuit of the powerful
UITOM-1 type PSG

A significant difference between the improved
designs of high-voltage high-current shunts of the
ShK-300M1 and ShK-300M2 type [16, 29, 30] from the
ShK-300M shunt specified in [15] is the use of a high-
resistance manganin disc instead of a thin-walled
(thickness /¢=0.3 mm) disc. which is subjected to huge
electrothermal and electrodynamic shocks measured in
the discharge circuit of the LCG of powerful pulses of the
full current of artificial lightning and from which the drop
of the pulse voltage Us from the passage of the
corresponding components of the pulse current of

artificial lightning through it is removed, a disk with
thickness of hs = (1-2) mm of stainless steel grade
12X18H10T. The practice of operating a measuring shunt
of the ShK-300M type with a manganin disc as part of the
LCG according to [15] showed that after ~100
measurements, its disc cannot withstand the further action
of powerful electrothermal loads and it fails.

Using the data of Table 3 and the numerical
indicators (in fractions or units of volts) registered on the
DSO screen using a high-voltage measuring shunt of the
corresponding type of pulse voltage drop Us, the desired
value of the pulse current /; of artificial lightning, which
is generated and measured in laboratory conditions in the
LCG circuit, is determined in the form: ;=K Us.

When deciphering the oscillograms (Fig. 6-10)
obtained in the discharge circuit of a powerful PCG type
UITOM-1 of the main components of the pulse current of
artificial lightning and determining the numerical values
of their ATPs, the following calculation analytical
relationships can be used:

o for sinusoidal decaying current in the discharge
circuit of a modernized PCG of the UITOM-1 type:

- when calculating the action integrals J,4 and J,p,
respectively, for A- and D- components of the artificial
lightning current:

< k272 -1_ £ 247,
Jaa = kylya[Tg(44,) " = AT /(444 +1677)]; (1)
Jap = kpLupilTp(44p) ™ = ApTp [(44h +167°)], (2)
where  Lyi(Lup1)s  Dnas(lups),  Ta(Tp),  Au(Ap) are,
respectively, the first and third current amplitudes 7,4(/p),
the period and the logarithmic decrement of oscillations
for the pulse 4- and repeated pulse D- components of the
artificial lightning current; A=In(l, 0/ La3),
Ap=In(l,,p1/I,,p3) are, respectively, the logarithmic
decrement of oscillations for the pulse A- and repeated
pulse D- components of the artificial lightning current;
k4 = [exp(-0,57 ’IAAarccth,Sn ’IAA)sin(arccth,Sn ’IAA)]’I,
kp= [exp(70,57r’IADarccth,Sﬁ’IAD)sin(arccth,Sﬁ’IAD]’1
are, respectively, the normalizing coefficients for the
pulse 4- and repeated pulse D- components of the full
pulse current of artificial lightning;

- when calculating electric charges ¢;, and ¢;p,
respectively, for the sinusoidal 4- and D- components of
the full pulse current of artificial lightning:

2 2
qra =27k 4l Ty /(A4 +477) 5 (3)

q1p ~ 27k pLypi Tp (A +477%) . “
o for aperiodic pulse current in the discharge circuit
of a powerful PCG at R1(2)22[L1(2)/C1(2)]1/2:
- when calculating the action integrals J,, and J,p
for the aperiodic 4- and D- components of the lightning
current:

Jaa ~ k3l 4[0.6587 0 —0,6337 4 1; ©)
Jap ~ kpIpl0.6587 ,p —0,6337 1, (6)

where 1,4(1,p) are, respectively, the amplitudes of the
aperiodic pulse A- and repeated pulse D- components of
the full current of artificial lightning; 7u(zp) is,
respectively, the duration of the pulse front of 4- and D-
components of the full lightning current at their level (0.1-
0.9)-1,4 or (0.1-0.9)-1,,p; 7,4(7,p) is the duration of pulses
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of 4- and D- components of the full artificial lightning
current at their level of 0,57, or 0,5/,p, respectively;
k= l(anslons)' — (anaons)" T, kp=l(ouplonp) — (o1p/oap)T"
are, respectively, normalizing coefficients for aperiodic
pulse A- and repeated pulse D- component of the full
pulse current of artificial lightning; @,,=0,76/7,4;
aZA:2,37/rfA; ap~ 0,76/TpD; a2D=2,37/rfD; I’l=0C]A/(0C2A - alA);
m=a2A/(a2A - OllA); Z=0HD/(0520 - 0!10); k=0€20/(0520 - 0!10);
- when calculating electric charges ¢;4 and ¢;p,
respectively, for aperiodic 4- and D- components of the
full pulse current of artificial lightning:
qdr4 zkAImA[lﬂ:;lsrpA —0,422TfA]; (7)

qrp *kplupll,3157 ,p —0,4227 i ]. ®)

Let us point out that formulas (7), (8) can be used in the
calculations of the corresponding ATPs for intermediate
B-, long-term C- and shortened long-term C*- components
of the full pulse current of artificial lightning.

3. Technical examples and results of tests on
lightning resistance of some AC devices on a powerful
UITOM-1 type PCG. Figure 15 shows the results of the
direct shock simultaneous action in the high-current discharge
circuit of the modernized PCG of the UI'TOM-1 type on the
TS of the sheet cladding of the AC made of aluminum alloy
of the AMr2M brand with thickness of 2 = 1 mm of the pulse
A- and long-term C- components of the pulse current of
artificial lightning with normalized ATPs.

| T ST Y Y

F T

g

Fig. 15. General view of the outer rounded zone of through
burning with radius 7,~13 mm of a sheet TS when testing on the
lightning resistance of the AC cladding of the aluminum alloy of

the AMr2M brand with thickness of /=1 mm from the
simultaneous action on it in the discharge circuit of a powerful
PCG type UITOM-1 of pulse 4- (1,41=—216 kA; £,,41~32 ps —
time corresponding to the first amplitude 7,4, of the current

pulse; 7,14 =500 ps; J,4~2,19 10° J/QY) and the long-term C-
(L,c~=—869 A; t,,c =11 ms — time that corresponds to the current

pulse amplitude 7,,¢; 7=7 ms; 7,,=1000 ms; g;,~-194.3 C)
component of the full current of artificial lightning with
normalized ATP

Figure 16 shows the results of the indicated according
to Fig. 15 the destructive electrothermal effect on the TS of
the sheet covering of the AC made of aluminum alloy of
the AMr2M brand with thickness of 2 = 1 mm of the pulse
A- and long-term C- components of the current of artificial
lightning with the corresponding normalized ATP from its
inner surface.

Figure 17 shows the results of tests on lightning
resistance (damage area 14) in the discharge circuit of a

powerful high-voltage PCG of the UITOM-1 type with
thickness # = 1.2 mm of a flat duralumin panel of the fuel
tank lining of the domestic aircraft «Any.
” R |
Lk g e ),

Fig. 16. General view of the inner rounded zone of the through
burning of the sheet TS during the lightning resistance test of the
AC cladding of the aluminum alloy of the AMr2M brand with
thickness of # =1 mm from the combined action on it in the
discharge circuit of a powerful high-voltage PCG of the
UITOM-1 type of pulse 4- and long-term C- components of the
full current of artificial lightning with normalized ATP

Lalae. =
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Fig. 17. General view from the side of the anchoring zone of the
results of through burning on the outer surface of the TS of the
flat duralumin panel with thickness of #=1.2 mm of the fuel tank
lining of the domestic aircraft «An» of the plasma channel
simulated in the discharge circuit of a powerful high-voltage
PCG of the UITOM-1 type of artificial thunderstorm discharge
with radius 7,~3.7 mm of its wall from the direct action of
normalized A4- I,,41=-199.5 kKA; t,,1=42 ps; 7,1 4~500 ps;
Ji1.99:10° J/Q), B- (1,,556.16 KA; Ly~2220 A; g;5~11.1 K;
Tp]B:S ms) and C*- (ImC*:71 112 A; Tplcﬁ13.6'ms; qLC*:_5'79 K;
L.c+=q /T cv=—426 A) components of the full pulse current of

artificial lightning (damage area 14) [17]

Figure 18 presents the results of direct action in the
discharge circuit of a powerful high-voltage PCG of the
UITOM-1 type, only of the pulse 4- component of
artificial lightning with the ATP normalized according to
the requirements [12-14] on the TS of the composite skin
of the aircraft.

Figures 15-18 clearly indicate that the indicated
experimental sheet metal and composite samples of ACs
cannot withstand high-energy electrothermal action from
the high-current channel of artificial lightning with
normalized ATPs of its main current components.

In order to reflect the complex nature of the
performed full-scale electromagnetic research on the
modernized UITOM-1 type PCG, Fig. 19,a,b show the
results of the direct action in the discharge circuit of this
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high-voltage, high-current PCG on a factory-made pilot
model of a domestically produced aircraft receiving-
transmitting antenna of a powerful pulse A- component of
the artificial lightning current with normalized ATPs.

13.%_ .

Fig. 18. General view of the damage zone with diameter up to
100 mm with through burning in sheet TS with thickness
h=2.9 mm of the experimental composite cladding of the aircraft,
tested for lightning resistance in the discharge circuit of a
powerful high-voltage PCG of the UITOM-1 type, when it is
directly affected by only the pulse A- component of the artificial
lightning current with normalized ATP (Z,.1=—212 kA;
Lna1=32 PS; 7,1,4~500 ps; J~2.11-10° J/Q) [16]

receiving-transmitting antenna of the AC before (@) and after (b)
direct action on it in the high-current discharge circuit of the
modernized powerful PCG of the UITOM-1 type of the pulse
A-component of the artificial lightning current with normalized ATP
(Luai=211.9 KA; 4,132 ps; 7,500 ps; J,=2,1-10° J/Q2) [16]

From the experimental data of Fig. 19, it follows that
the experimental model of the receiving-transmitting antenna
of the domestic aviation equipment, developed and created
without taking into account the current requirements for
lightning protection, cannot withstand lightning resistance
tests according to the requirements of US regulatory

documents [12-14]. Here, it was destroyed and disabled due
to the specified impact of the powerful pulse A- component
of the artificial lightning current (see Fig. 19,b).

Figures 20,a,b show the results of the test of the TS
panel of the fuel tank of the «An» design aircraft with a
hatch cover made of D16 aluminum alloy for lightning
resistance (to sparks in its middle from a lightning strike in
the aircraft) for area 14 under direct action on this TS with
the help of a copper EEW from pulse current generators
(GIC-4, GIC-B and GIC-C*) of a powerful modernized
high-voltage PSG of the UITOM-1 type, of the necessary
A-, B- and C*- components of the artificial lightning pulse
current with standardized ATPs (U,~—30 kV; U,~4 kV)
to the corresponding points directly on its duralumin cover
of the hatch.

5 ww;

Fig. 20. External view of the TS of the panel of the domestic
aircraft with hatch cover and D16 aluminum alloy fuel tank ring
with stiffeners and various variants of their metallization before
(a) and after (b) direct simultaneous action on it in the discharge

circuit of the modernized powerful high-voltage PCG of the

UITOM-1 type of normalized A- (I,,41~196 kA t,,41=42 ps;
7,14~500 ps; J,~2.13- 10° J/Q), B- (I,,5~—7.32 kA; I;~—2431 A;
q15~12.4 C; 7,15=5.1 mc) and C*- (1,,c+=—1032 A; 1, +=15-ms;

qrcx~=1.2 C; I.c¥=qc+/Ty1 0480 A) components of the full

pulse current of artificial lightning (the zone of damage to the
AC in atmospheric air by lightning discharge 14)

Obtained according to Fig. 20 experimental data
indicate that for damage area 14, the action of 4-, B-, and
C*-  components of the lightning current with
standardized ATPs on the TS of the panel of the cladding
of the AC fuel tank made of aluminum alloy D16 with
hatch cover leads to the penetration of the corresponding
electric discharge products (black soot around the sealing
perimeter of the lid of this hatch and sparks recorded by
our camera) from the direct action of lightning discharges
simulated in laboratory conditions to the area of its inner
surface, which can lead to an explosion of steam in the
fuel tank of the AC and its catastrophe.
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From the experimental data obtained in the open air
in the conditions of a high-voltage electrophysical
laboratory (see Fig. 15-20), despite their fragmentary
nature, the conclusion follows that the metal (composite)
elements of the aircraft structure and the receiving and
transmitting radio technical devices of the AC before their
manufacture and implementation in practice, should be
checked in the conditions of a high-voltage
electrophysical laboratory for electromagnetic
compatibility and resistance to direct action on them of
the corresponding components of the full pulse current of
artificial lightning (see Table 1).

Conclusions. Currently, Research and Design
Institute «Molniya» of National Technical University
«Kharkiv Polytechnic Institute» has at its disposal a
powerful, modernized high-voltage PCG of the UITOM-1
type with improved high-voltage high-current measuring
devices included in its composition, which are capable of
reliably generating and measuring the main components
in the conditions of a high-voltage -electrophysical
laboratory full pulse current of artificial lightning
operating in the open air and to test the lightning
resistance of various on-board devices (systems) of
objects of aviation and rocket and space technology. It is
shown that in the high-current discharge circuit of the
indicated powerful high-voltage PCG, the pulse A-
(repeated pulse D-), intermediate B- and long-term C-
(shortened long-term C*-) components of the full pulse
current of artificial lightning are simulated, the ATPs of
which satisfy the strict technical requirements of
regulatory documents of the USA SAE ARP 5412: 2013,
SAE ARP 5414: 2013 and SAE ARP 5416: 2013. Field
electromagnetic tests of aviation and rocket-space
equipment being developed and modernized for resistance
to direct action on its main on-board devices (systems)
and structural elements with metal and composite
materials of the specified main components of the full
pulse current of artificial lightning will contribute to
increasing the survivability of the aircrafts in the
conditions of their flight and stay in the electrically active
Earth’s atmosphere with powerful lightning pulse spark
discharges.
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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.

00 v_vf_i———ght’ % —
> _

80

— N1

60

40

20

100 200 300 400 50 600 T, °C

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
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(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

Electrical Engineering & Electromechanics, 2024, no. 3

75



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 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
B
Vi V O 02 0.3 0.4 05 06 & s
_io I, A 0:' 0:" 0:3 0:4 0:5 0:6 t,s
(== il

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
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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 %.

mbw
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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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