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ANALYSIS OF CHARACTERISTICS AND POSSIBILITIES OF HIGH-VOLTAGE
ELECTRICAL ENGINEERING COMPLEX SCIENTIFIC-&-RESEARCH
PLANNING-&-DESIGN INSTITUTE «MOLNIYA» OF NTU «KHPI»

FOR THE TESTS OF OBJECTS OF ENERGY, ARMAMENT, AVIATION

AND SPACE-ROCKET TECHNIQUE ON ELECTRIC SAFETY AND
ELECTROMAGNETIC COMPATIBILITY

Purpose. Implementation of analysis of basic technical descriptions and new possibilities of separate electric options of unique
high-voltage electrical engineering complex Scientific-&-Research Planning-&-Design Institute «Molniya» of NTU «KhPI»,
intended for testing objects of industrial energy (IE) on electric safety, action on them of standard storm and interconnect pulses
of voltage (current), and also objects of armament and military technique (OAMT), aviation (AT) and space-rocket (SRT)
technique on electromagnetic compatibility (EMC) and resistibility at direct action on them of the rationed pulses of current of
artificial lightning and row of no-spread temporal functions of pulses of current (high-voltage). Methodology. Basis of the applied
electrical engineering, electroenergy and electromechanics, electrophysics bases of technique of high-voltage and large pulse
currents, bases of the applied instrument-making, high-voltage measuring technique and standardization. Results. Description of
basic technical descriptions and new possibilities of component parts of unique high-voltage electrical engineering complex
Scientific-&-Research Planning-&-Design Institute «Molniya» of NTU «KhPl», intended for testing different objects of IE on
electric safety, their resistibility to direct (indirect) action of standard aperiodic storm and interconnect pulses of voltage (current),
and also OAMT, AT and SRT on EMC and resistibility to lightning at a direct action on them of the rationed pulses of current of
artificial lightning. It is shown that these tests can be conducted in accordance with the requirements of normative documents of
the USA of SAE ARP 5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416: 2013, RTCA DO-160G: 2011, military Standards of the
USA of MIL-STD-464C: 2010, MIL-STD-461G: 2015, Standards of NATO AECTP-500: 2016, AECTP-250: 2014, International
Standards of IEC 62305-1: 2010, IEC 61024-1: 1990 and intergovernmental Standard GOST 1516.2-97 on the domestic high-
voltage options of type of UITOM-1, GTM-10/350, GKIN-2, TI-CS115 (NCS08), TI-CS116 (NCS09), G-NCS10, MV 1000 and IK-
1U with the rationed descriptions. Examples and results of tests of row of technical objects are resulted on indicated high-voltage
little- and heavy-current electric options. Originality. First in a complex kind basic technical descriptions and proof-of-concept
possibilities of unique high-voltage electrical equipment of Scientific-&-Research Planning-&-Design Institute «Molniya» of
NTU «KhPI» are presented, being in Ukraine head organization in area of development, creation and practical application of the
indicated high-voltage technique in behalf of domestic industries of IE, airplane and rocket production, and also defense
industries of industry. Practical value. Application of the described domestic high-voltage proof-of-concept electrical equipment
at tests on electric safety, EMC and resistibility to lightning of different objects of IE, OAMT, AT and SRT will be instrumental in
the increase of reliability of their functioning in the conditions of striking (destabilizing) action on them of powerful
electromagnetic hindrances of natural and artificial origin. References 39, tables 9, figures 30.

Key words: high-voltage generators of voltage and current pulses, objects of industrial energy, armament, aviation and space-
rocket technique, standards of tests, results of tests of technical objects on electric safety, electromagnetic compatibility and
resistibility to lightning.

Bukonanuii ananiz O0CHOGHUX MEXHIYHUX XAPAKMEPUCHMUK | HOBUX MOMCIUGOCHEl CKIA008UX HUACMUH YHIKATbHOZ20
6UCOK0801bIMHO020 enekmpomexniunozo komnaexcy HAIKI «Monuiay HTY «XIIl», npusnauenozo 01a nposedeHH:A
6UNpPOOYsans 00’ckmie NPOMUCNIOB0T eHepzemuKU HA eleKmpodesneKy, ix cmiiikicms 00 Oiif cmanoapmuux anepioouyHux
2po30sux i KoMymauyiiiHux imMnynvcie Hanpyzu (cmpymy), a makoxc 00’°ckmie 030po€cHHA i 6ilicbK060i mexHiKu, agiauiiinoi i
DAKemMHO-KOCMIYHOI mexHiKu Ha e1eKmpPOMazHimuy cymicHicme i O1ucKagKocmiilkicms npu npamii Oii HA HUX HOPMOBANHUX
imnynvcie cmpymy wmyunoi onuckaexu. Ilokazano, wio 0amni eunpody8annsa ModMCYmb HPOBOOUMUCA BIONOBIOHO 00 BUMO2
Hopmamuenux 0oxymenmie CIHIA SAE ARP 5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416: 2013, RTCA DO-160G: 2011,
gilicbkosux cmanoapmie CIIIA MIL-STD-464C: 2010, MIL-STD-461G: 2015, cmanoapmie HATO AECTP-500: 2016, AECTP-
250: 2014, mincnapoonux cmanoapmie IEC 62305-1: 2010, IEC 61024-1: 1990 i miscoepircagnozo cmandapmy I'OCT 1516.2-97
Ha OpuZiHANBbHUX GIMYUIHAHUX GUCOKosonvmHuux ycmanoekax YUTOM-1, I'TM-10/350, TKHH-2, TI-CS115 (NCS08), TI-
CS116 (NCS09), G-NCS10, MB 1000 i HK-1Y 3 nopmosanumu xapakmepucmurxamu. Ilpusedeni npuknaou i peyrvmamu
eunpooysans pady mexnHiunux 00°’cKmie¢ HA 6KA3AHUX BUCOKOBOJILMHUX CAAOKO- i CUNbHOCHMPYMHUX €NeKmMpOyCHaHOo8KaX.
Bi6u. 39, Tabmn. 9, puc. 30.

Kniouoei cnosa: BUCOKOBOJILTHI reHepaTOPH iMIIy/IbCIB HANPYru i crpymy, 00’€KTH NPOMHCJIOBOI €HEPreTHKHU, 030pO€HHH,
aBianiiiHol i pakeTHO-KOCMIYHOI TeXHiKH, CTaHAAPTH BHNPOOYBaHb, pe3yJbTaTH BHNPOOYBAHb TEXHiYHMX 00'€KTiB Ha
e1eKTpode3neKy, eJIeKTPOMArHiTHY CyMICHICTD i 01MCKaBKOCTIKiCTD.

Buinonnen ananu3 ocHOGHLIX MEXHUYECKUX XAPAKMEPUCMUK U HOBBIX 603MOMCHOCHEN COCHIAGHBLIX YACHIell YHUKAIbHOZO0
6bICOK080bMHO20 Inekmpomexnuueckozo komnnexca HUIIKU «Monnuay HTY «XITH», npeonaznauennozo 014 nposedeHus
ucnolmanuii  00beKmMoe NPOMBIUIAEHHON IHEPeMUKU HA INEKmMPOOEe3OnaAcCHOCmb, UX CMOUKOCMb K 6030eiicmeuio
CMAHOAPMHBIX aANEPUOOUYECKUX ZPO30GLIX U KOMMYMAUUOHHBIX UMHYILCO8 HANPAdMCEHUA (MOKa), a makxce 00beKmoe
600pYIHCEHUA U 60CHHOU MEXHUKU, A6UAUUOHHOI U PAKEMHO-KOCMUYECKOI MEXHUKU HA INEKMPOMAZHUMHYIO COEMECHUMOCID
U MOJIHUECMOIIKOCIb NPU NPAMOM OeliceUU HA HUX HOPMUDPOBAHHBIX UMNYIbCO8 MOKA UCKyccmeeHHoU monnuu. Ilokazano,
Ymo OaHHble UCHLIMAHUA MOZYH RPOBOOUMBCA 6 COOMBEMCHEUU ¢ mpedosanuamu Hopmamuenvix 0okymenumos CIIIA SAE

© M.I. Baranov, S.G. Buriakovskyi, V.V. Kniaziev, S.S. Rudenko

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.4 37



ARP 5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416: 2013, RTCA DO-160G: 2011, soennvix cmanoapmos CLLIA MIL-STD-
464C: 2010, MIL-STD-461G: 2015, cmanoapmoe HATO AECTP-500: 2016, AECTP-250: 2014, mexcoyrapoonsix cmanoapmos
IEC 62305-1: 2010, IEC 61024-1: 1990 u mesrczocyoapcmeennozo cmanoapma I'OCT 1516.2-97 na opuzunanvnwix
omeuecmeeHHbIX 6blCOK060bmHbIX ycmanoekax YUTOM-1, 'TM-10/350, TKHH-2, TI-CS115 (NCS08), TI-CS116 (NCS09), G-
NCS10, MB 1000 u HK-1Y ¢ nopmuposannvimu xapakmepucmukamu. Ilpugedenst npumepslt u pe3ynsmansl UCRbIMAHUIL PAOA
MexXHUuecKux  00beKmo8 HA  YKA3AHHBLIX  GbICOKOGOIbMHBIX  C1abO- U CUBHOMOUHBIX — INEKMPOYCHIAHOEKAX.
Bub6i. 39, Tabmn. 9, puc. 30.

Kniouesvie crosa: BLICOKOBOJILTHbIE T€HEPATOPbI HMITY/IBCOB HAMPSKEHUS] H TOKA, 00beKThI MPOMBIIIJIEHHOH YHEPreTHKH,

BOOPY:KEHHH,

aBUMALIMOHHOIl M PaKeTHO-KOCMUYECKOW TeXHUKH,

CTAHAAPTHI HCNBITAHUH, PpPe3yJbTATHI HCHBITAHUNI

TEeXHHUYECKHX 00bEKTOB HA 3.]IeKTp06€30HaCHOCTb, JICKTPOMATHUTHYI0 COBMECTUMOCTDb U MOJTHHECTOHKOCTD.

Problem definition. Powerful electromagnetic
interference (PEMI) of natural and artificial origin is a
serious threat to the reliable functioning of modern
technology, based on the use of various radio, electrical
and electronic equipment [1]. The world experience in the
operation of such equipment (for example, military and
civilian aircraft, launch vehicles, thermal (TPP), nuclear
(NPP) and hydraulic (HPP) power plants) indicates that
low-current electronics, which is part of its information
technology systems and computer control networks, is
extremely sensitive to the action of PEMIs on it [2]. One
of the sources of PEMIs is long spark discharges in the
Earth’s air atmosphere (lightning) arising from a
thundercloud to the earth, neighboring clouds, aircraft and
various objects located on the Earth’s surface [3].
Therefore, the issues of electromagnetic compatibility
(EMC) in the field of modern technology have gained
increased importance in the world. General requirements
for EMC of equipment are regulated by the relevant
Technical Regulations of Ukraine, similar to EU Directive
2014/30/EU [4]. Types of tests and methods for their
implementation are described in Ukrainian Standards,
identical to EU Standards of the 61000 and 55000 series.
In 2004, the KT-160D Standard [5], similar to the
corresponding US Standard RTCA DO-160D, was
introduced in Ukraine to test the onboard equipment of
civilian aircraft. In 2011, the next edition of this RTCA
DO-160G Standard [6] was released in the USA, which
has a number of significant differences from the previous
RTCA DO-160D Standard. Obviously, the capabilities of
testing laboratories in Ukraine should be adapted to the
requirements of the new edition of this Standard. Section
22 of this Standard focuses on onboard equipment (OBE)
tests on transient susceptibility caused by lightning. In all
versions of the Standards from RTCA DO-160D to
RTCA DO-160G, the basic requirements for OBE tests
for lightning resistance have not practically changed, with
the exception of some refinements and adjustments. These
basic requirements include [5, 6]:

e temporary shapes and amplitude values of lightning
test currents and voltages;

e types of test lightning discharges;

e methods for introducing interference from lightning
into the OBE,;

e OBE test regulations.

Of fundamental importance for the implementation
of the Concept of the State Target Program for the
Reform and Development of the Military-Industrial
Complex of Ukraine, which was approved by Order of the
Cabinet of Ministers of Ukraine No. 19-r of 01.20.2016,
is the implementation of NATO Standards in Ukraine (in

particular, according to EMC). These standards regulate
the requirements for EMC parameters for objects of
armament and military technique (OAMT) and their
components, taking into account the combat arms and
destination. Ensuring the necessary level of immunity of
the OAMT samples to the action of various PEMIs will
increase the defense capability of Ukraine and will
promote the promotion of products of national
manufacturers on international markets. By order of the
National Standardization Body of Ukraine dated
December 26, 2017 No. 471, from February 1, 2018, the
following two basic NATO Standards came into force in
our country by confirmation method: DSTU-P STANAG
4370 AESTP-500 Ed. E: 2017 [7] and DSTU-P STANAG
4370 AESTP-250 Ed. C: 2017 [8]. It should be noted that
the stringent requirements of these NATO Standards are
largely consistent with the requirements of similar US
military Standards [9, 10]. Therefore, the implementation
in Ukraine of tests of OAMT in accordance with NATO
Standards will actually provide an opportunity to assess
the compliance of our OAMT with the requirements of
US military Standards, which are the most common in the
world. Taking into account the novelty of the
requirements of NATO Standards, in the paper it is
advisable to analyze the technical characteristics of a
number of new generators recently developed and created
at Scientific-&-Research Planning-&-Design Institute
«Molniya» of NTU «KhPI» for testing the stability of
OAMT equipment to external (internal) PEMIs.

No less dangerous for the operation of power
electric power equipment is such a source of PEMIs as
switching overvoltages arising in electric power systems
and networks of various voltage classes during regular
switching on and emergency switching off of electric
power consumers in them [11, 12]. In this regard, the
development and use for practical purposes in the field of
modern electrical technologies in assessing the real
resistance and electric strength of the external (internal)
insulation of electric power facilities of generators that
reproduce switching voltage pulses with an amplitude of
hundreds and thousands of kilovolts at industrial power
(IP) facilities is relevant in world applied task. Emergency
modes in their electrical circuits, accompanied by the
flow of short-circuit currents (SC) with an amplitude of
up to several tens of kiloamperes, are also dangerous for
the reliable operation of power electrical equipment and
electronic devices of power facilities of PE, aviation (AT)
and space-rocket (SRT) technique [1, 11]. An electric
charge of up to =£(50-200) C accumulated in
thunderclouds due to electrophysical processes in the
Earth’s atmosphere during spark discharges from these
clouds (for example, to ground objects or to objects

38 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.4



caught in flight in the Earth’s atmosphere) causes flow in
their plasma channels of a powerful pulse current of a
complex temporal shape with amplitude of up to
+(30-200) kA [3]. In this regard, US guiding technical
documents SAE ARP 5412: 2013 [13] and SAE ARP
5416: 2013 [14] define stringent requirements for the
normalized amplitude-temporal parameters (ATPs) of
artificial lightning current pulses generated by powerful
high-voltage lightning current generators (LCG) and used
in tests of AT and SRT objects for lightning resistance.
The International Standard IEC 62305-1: 2010 [15] and
the National Standard of the Russian Federation GOST R
IEC 62305-1-2010 [16] regulate the current requirements
for the standardized ATPs of the aperiodic pulsed current
pulse of an artificial lightning of a temporary shape of
10 ps/350 ps generated by a powerful high-voltage LCG,
typical for a short thunderstorm into ground-based power
facilities and used in testing of various objects of IP for
lightning resistance. The indicated high-voltage LCG
allow determining the real EMC indicators and the
resistance of IP, AT, and SRT objects to the direct effect
of lightning strikes on them. Therefore, the development,
creation and practical application of powerful high-
voltage LCG are currently relevant applied scientific and
technical tasks for the diverse infrastructure of
industrialized countries of the world.

According to the analysis of observations of
thunderstorm activity at 178 weather stations of the
country, National Energy Company Ukrenergo
established that the duration of thunderstorm activity in
Ukraine is increasing by 100 hours annually. Over the
past 5 years, about 350 emergency switches off have
occurred on power lines of classes 220-750 kV as a result
of a direct lightning strike, 50 of which were accompanied
by SC. Therefore, lightning voltage (current) pulses are a
serious threat to energy objects for their operation. The
critical state in the reliability and safety of operation of
energy facilities in Ukraine is confirmed by a number of
major accidents due to malfunctions of their grounding
devices (GDs). Among them: ignition of the power
transformer of the Rivne NPP in 2019 due to SC with the
subsequent operation of the protection and the erroneous
disconnection of its power unit No. 3 from the Ukrainian
power system; disconnection of a substation of voltage
class of 330 kV in the south of the country due to a false
actuation of its protection system; erroneous
disconnection of power unit No. 1 of Zmievskaya TPP in
2019. In this regard, the diagnostics and modernization of
the GDs of power facilities will ensure both the electrical
safety of their maintenance personnel and other persons
who may suffer from the removal of electrical potential
outside the power facilities, as well as the normal
operation of the equipment of TPPs, NPPs HPPs.

In contrast to the high-voltage test installations
created in foreign countries in the field of electrical
safety, EMC, and the resistance of technical facilities to
the action of artificial lightning and PEMIs according to
[4-10, 12-16], the high-current high-voltage test electric
equipment available in Ukraine is characterized by the
originality of constructing its discharge electric circuits
with a global priority and made of domestic components,
structural and insulating materials [17-24]. For well-

known reasons, the acquisition of expensive foreign
electrical installations is an unrealistic task for us. In this
regard, it is necessary to rely on our own original
developments and electrical installations that implement
the requirements of [4-10, 12-16]. Electrical installations
of Ukraine for the implementation of the requirements of
a number of US and NATO Standards [4-10] have not
been described in literature.

The goal of the paper is analysis of the main
technical characteristics and new capabilities of individual
electrical installations of the high-voltage -electrical
complex  Scientific-&-Research ~ Planning-&-Design
Institute «Molniya» of NTU «KhPI» designed to test IP
objects for electrical safety, the effect of standard
lightning and switching voltage (current) pulses on them,
as well as OAMT, AT and SRT on EMC and resistance to
action on them of normalized current pulses of artificial
lightning and a number of special temporary shapes of
current pulses (voltage).

1. A generator of full current artificial lightning
with amplitude of up to £200 KA. In 2007, the staff of
the Scientific-&-Research Planning-&-Design Institute
«Molniya» of NTU «KhPI» at its scientific and
experimental training ground (Andreevka, Kharkiv
region) created a powerful high-voltage high-current LCG
of the UITOM-1 type [17], capable of testing elements of
AT and SRT objects on lightning resistance in accordance
with international requirements [13, 14]. According to US
technical requirements [13, 14], in laboratory tests of
devices and elements of aviation and rocket and space
technology for resistance to the direct effect of full
current of artificial lightning on them, its following
components generated in high-voltage high-current LCG
circuits can be used: pulsed A-, repeated pulsed D-,
intermediate B-, long-term C- and shortened long-term
C*- current components of artificial lightning. We point
out that most often in the practice of lightning tests of
various devices and systems of civil and military aircraft,
the following combinations of the indicated lightning
current components are used [13, 17]: 4-, B- and C-
components; 4-, B- and C*- components; D-, B- and C*-
components. The main ATPs normalized according to
[13, 14], typical for such components of the artificial
lightning current in the electrical circuits of the LCG, can
be summarized in Table 1.

Table 1
Normalized ATPs of the main components of the total current of
artificial lightning [13, 14]

nghtnlng Ima ICa qc, Jw 106 T/'a Tpa
current ’
kA | kA C 179} pus | ms
component
A 2004+20| - - 2+0.4 |<50| <0.5
B - |2+0.4] 10+1 - — | 5+£0.5
c 02-08 — [200x40] - |- |©2D
x10
c - |o4] 618 — — | 15-45
D 100+10| - —  10.25+£0.05({<25| <0.5

Note. I, is the amplitude of the current pulse; I is the average
current value; g is the amount of the flowing charge; J, is the
integral of the action of the current pulse; zj; 7, are, respectively,
the duration of the pulse front between the levels (0.1-0.9)7,, and
the current pulse at the level <0.17,,.
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Figure 1 shows a general view of a powerful LCG of
the UITOM-1 type, and Fig. 2 is a schematic electrical
diagram of the construction of this artificial lightning full-
current generator. In accordance with the data in Fig. 2,
the UITOM-1 type generator includes five separate and
synchronously operating high-voltage pulse current
generators (GIT) of capacitive design, each of which
(GIT-4, GIT-D, GIT-B, GIT-S and GIT-C*) on common
electric load — the test object (TO) forms the
corresponding components of the total current of artificial
lightning [17]. The required combination of lightning
current components (and, accordingly, the necessary
combination of GIT) on a common TO is implemented
using electrical jumpers X1-X4 (see Fig. 2).

Fig. 1. General view of the high-voltage high- current LCG of
the UITOM-1 type, which simulates the direct influence of the
main components of the artificial lightning current on the TO (in
the foreground there is a working table with a three-electrode
controlled air switch F for voltage of £50 kV and an air exhaust
system, and in the background there are powerful high-voltage
generators GIT-4, GIT-D, GIT-B, GIT-C and GIT-C*) [17, 18]

L4 6
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AN s e S W s T
i i S
_I _____ II—| _____ (L1 i X2 [ — _s_ _____
L nL I | fe 1 |
<o 2 w2 1d L | R 1l
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r I | MK e [
| I | b) ool
R1 I R2 | R, 123” "
0076 Q 11| 026 Q 11| 0050 1 R4 | R5
| 1l | J R3 1Ll 108Qu 20,
oo :: c2 : L L 0.5 Q1 l: I
[[2a3 wF || o0 wF | 'l]o 158 MOy c3 :I ca 'l cs
I | [ 96 mF IITI.AomF 45,36MF
emA ' aimD '—LLoad eme | Gmer GIT-C
I I_equivalent _I1 | J

Fig. 2. Electrical circuits for the construction of discharge
circuits of five high-voltage GITs (GIT-4, GIT-D, GIT-B,
GIT-C and GIT-C*) and UITOM-1 type LCG in general with
one common electric R;L; load (F, F, — three- and two-
electrode high-current air switches for voltage £50 kV
and £5 kV; X1-X4 — electrical jumpers; Rs=0.158 mQ — active
resistance of the measuring coaxial shunt ShK-300M1; R1-R5,
L1-L3 — own electrical parameters of the circuits of GIT-4,
GIT-D, GIT-B, GIT-C* and GIT-C; R6, L4 — electrical
parameters of the forming elements for the circuits
of GIT-C and GIT-C*) [18]

Powerful GIT-4 and GIT-D generators are equipped
with parallel-connected high-voltage low-inductance
capacitors of the type IK-50-3 (they are charged to
constant voltage +Uc4 of not more than +50 kV), and
GIT-B, GIT-C and GIT-C* generators with high-voltage
low-inductance capacitors of the IM-5-140 type (the latter
are charged, respectively, to constant voltage +=Ucp and

+Ucc not more than £5 kV). As a result, the total nominal
energy stored in the UITOM-1 type LCG capacitors is
1.21 MJ [18].

To measure the ATPs generated by these LCGs at
the TO (according to Fig. 2 on the total lumped R;L; load
R;=50 mQ u L;=1 pH) of all components of the pulsed
lightning current, one measuring high-voltage coaxial
shunt of the ShK-300M1 type, with active resistance of
R&~0.158 mQ and passed the state metrological
verification is used [18].

Table 2 shows the main technical characteristics of a
measuring high-current coaxial shunt of the ShK-300M1
type, the high-resistance disk element of which 1 mm
thick and outer diameter of 80 mm was made of
12X18H10T stainless steel [19]. The design of this
measuring shunt is capable of withstanding repeated full
currents of artificial lightning flowing through it,
characterized by the action integral up to J,~10-10° J/Q.

Table 2
Main technical characteristics of the measuring shunt type
ShK-300M1 [18, 19]

Shunt name Characteristic value

Ry, mQ Kg, AIV Mass, kg
ShK-300M1 | 0.158+1 9% |s—12625 3.1

' ° | Ky=6312 '

Note. K&2/Rg is the shunt conversion coefficient, A/V; Kgy is
the shunt conversion coefficient when measuring in the LCG
discharge circuit of the ATPs of 4- and D- components of the
artificial lightning current, A/V (from the 1:1 coaxial connector
of the matching voltage divider (MVD) type SDN-300); K¢ is
the shunt conversion coefficient when measuring in the LCG
discharge circuit of the ATPs of B-, C- and C*- components of
the artificial lightning current, A/V (from the 1:2 coaxial
connector of the SDN-300 voltage divider matched).

Figures 3-5 show typical oscillograms of pulsed 4-,
intermediate B- and long-term C- components of the
artificial lightning current normalized according to
[13, 14] ATPs previously recorded in high-current
discharge circuits of high-voltage generators GIT-4,
GIT-B and GIT-C of the powerful LCG of UITOM-1 type
using the ShK-300 measuring shunt (Kg~=11261 A/V;
Ksc=5642 A/V [17]) and Tektronix TDS 1012 digital
storage oscilloscopes. Designs of the used ShK-300 and
ShK-300M1 shunts, as well as the original schemes for
constructing measuring channels in the UITOM-1 LCG
allow  simultaneously  registering the  required
combinations of lightning current components [18].

In Fig. 4 interesting metrological features are almost
ideal zones (time zones located on the horizontal time
axis in the regions of 300 ps and 5 ms) of «joining» or
«stitching» of the measured current curves corresponding
to the A-, B- and C- components of the full current of
artificial lightning generated by a powerful LCG of the
UITOM-1 type [17, 18]. The practical implementation of
this approach while simultaneously recording the
indicated components of the artificial lightning current
was carried out by using a single voltage divider type
SDN-300 in the measuring path.
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Fig. 3. Oscillogram of the pulsed 4- component of the artificial
lightning current with normalized ATPs in the high-current
discharge circuit of the GIT-A4 generator of a powerful LCG of
the UITOM-1 type (Us4~—29.7 kV; 1,,~212 kA,
J,4~2.09-10° J/3; =32 ps; 7,=500 ps; vertical scale —
56.3 kA/cell; horizontal scale — 50 ps/cell) [17]
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Fig. 4. Oscillogram of the intermediate B- component of the
artificial lightning current with normalized ATPs in the high-
current discharge circuit of the GIT-B generator of a powerful

LCG of the UITOM-1 type (U;p~—4 kV; 1,5~5.28 KA;
1=2.08 kA; gcp~-10.4 C; 7,5 ms; vertical scale —
1128.4 A/cell; horizontal scale — 1 ms/cell) [17]
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Fig. 5. Oscillogram of the long-term C- component of the
artificial lightning current with normalized ATPs in the high-
current discharge circuit of the GIT-C generator of a powerful

LCG of the UITOM-1 type (U;c=4 kV; 1,,c=0.74 KA,

gcc~182 C; 19 ms; 7,1000 ms; vertical scale — 225.6 A/cell;

horizontal scale — 100 ms/cell) [17]

Figure 6 shows the results of direct exposure to a
pilot model of a domestic-produced aircraft receiving-
transmitting antenna of only one pulsed 4- component of
the artificial lightning current, normalized according to
[13, 14] the ATPs of which corresponded to the technical
data indicated on the current oscillogram of Fig. 3
(L ~212 kA; J,~2.09-10° J/Q; 132 ps; 7,500 ps) [20].

The data in Fig. 6 clearly shows that the
experimental model of the receiving-transmitting
antenna of a domestic aircraft, designed and
manufactured without fully taking into account the
international requirements for lightning resistance given
in the US regulatory documents [13, 14], underwent its
complete destruction after direct exposure to its radio
elements of pulsed A- artificial lightning current
components with normalized ATPs.

Fig. 6. External view of the experimental model of the
receiving-transmitting antenna of a domestic aircraft before (a)
and after (b) the direct impact on it in a high-current discharge

circuit of a high-voltage generator GIT-4 of a powerful LCG
type UITOM-1 of only one pulsed 4- component of the artificial
lightning current with normalized ATPs
=212 kA; J,,~2.09-10° J/Q; =32 ps; 7,0.5 ms) [20]

The UITOM-1 powerful high-voltage lightning
current generator based on schemes for constructing and
synchronizing the parallel operation of the discharge
circuits of its five separate GITs, stored in capacitor banks
electric energy, generated on the tested R;L; load
normalized ATPs of the components of the artificial
lightning current and its comparatively low cost does not
have foreign analogues [17].

2. A current pulse generator of a temporary
shape 10/350 ps of artificial lightning with amplitude
of up to £200 kA. In 2014, at the indicated scientific and
experimental training ground of the Scientific-&-
Research Planning-&-Design Institute «Molniya» of NTU
«KhPI», we created a unique powerful high-voltage high-
current generator of current of short-term lightning strike
of the GTM-10/350 type [21], on which tests of various
ground-based IP objects can be carried out on lightning
resistance to the direct action on them of an aperiodic
current pulse of artificial lightning of a temporary shape
7/1,=(10£2) us/(350 = 35) ps of both polarities in
accordance with the technical requirements set forth in
international regulatory documents [15, 16]. The main
normalized ATPs of this powerful test pulse of artificial
lightning current, corresponding to a short shock of a
thunderstorm high-current discharge into a protected
electric power object (TO), are given in Table 3. From the
data of Table 1, 3 it follows that the powerful test current
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pulse of a short thunderstorm high-current discharge of a
temporary shape of 10/350 ps in terms of its energy
indicators (first of all, by the value of the corresponding
integral of the current action J,) significantly exceeds the
corresponding numerical indicators for pulsed A- and
repeated pulsed D-component of the artificial lightning
current (see section 1) used in testing of various objects of
AT and SRT for lightning resistance in accordance with
the regulatory documents in force [13, 14].

Table 3
Normalized ATPs of an aperiodic current pulse of a
temporary shape 10 pus/350 ps [15, 16]

Name of the Lightning protection level according to
current pulse the Standard IEC 62305-1: 2010
parameter 1 1I 1I-1V
Front duration

10+£2 10£2 10£2
T US
Pulse duration
7, at the level 350+£35 350+35 350+35
0.57,, us
Current
amplitude 7, 200+20 150£15 10010
kA
Current action
integral J,, 10£3.5 5.6£1.96 2.5+0.875
10°J/Q
Charge g, C 100+20 75+£15 50+10

Figure 7 shows a general view of the generator type
GTM-10/350, and Fig. 8 shows the electrical circuits for
constructing (replacing) of its four separate high-voltage
GITs (GIT-1 — GIT-4, synchronously working on one
common electric R;L; load) and this generator as a whole.

rNy i

Fig. 7. General view of a powerful high-voltage high-current
generator of artificial lightning type GTM-10/350 (in the
foreground there is its desktop with a controllable high-voltage
three-electrode air switch placed on top of it with graphite
electrodes for voltage +50 kV and pulsed aperiodic lightning
current with amplitude up to 220 kA and a test sample of cable
and wire products, and in the background there are the electrical
elements of the charge-discharge circuits of its individual high-
voltage pulse current generators GIT-1, GIT-2, GIT-3 and
GIT-4) [21]

Note that the GIT-1 — GIT-3 generators are equipped
with high-voltage low-inductance pulse capacitors type
IK-50-3 (rated voltage £50 kV; rated capacitance 3 pF),
and the GIT-4 generator is equipped with high-voltage
pulse capacitors of the IM2-5-140 type (rated voltage
+5 kV; rated capacitance 140 pF) [21]. In the

GIT-1 — GIT-3 generators, their capacitors (respectively,
in the amount of 16, 44 and 111 pcs.) are connected in
parallel to the rated voltage of £50 kV, and in the GIT-4
generator its capacitors (in the amount of 288 pcs.) — in
series in parallel (two series-connected capacitors in each
of the 144 parallel-connected sections) for rated voltage
of £10 kV. As a result, the total nominal energy stored in
a high-voltage high-current generator of artificial
lightning type GTM-10/350 is approximately equal to
1.15MJ [21].
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Fig. 8. Electrical equivalent circuits of high-current discharge
circuits of four separate high-voltage generators GIT-1 — GIT-4
as parts of a high-power current pulse generator 10/350 pus of
artificial lightning type GTM-10/350, working on one common
electric R;L; load (X1 — X4 — conductive jumpers of discharge
circuits of GIT-1 — GIT-4; R1-R4, L1-L4 — own electrical
parameters of circuits of GIT-1 — GIT-4; L31, L41 — electrical
parameters of forming reactive elements for discharge circuits of
generators GIT-3 and GIT-4) [21, 22]

Figure 9 shows an oscillogram of a powerful
aperiodic current pulse of a temporary shape of 10/350 ps
with normalized ATPs obtained in a high-current
discharge circuit of a high-voltage generator of the GTM-
10/350 type with a low-resistance active-inductive load
(R=0.1Q%; L;~1.5 pH).
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Fig. 9. Oscillogram of an aperiodic current pulse of negative
polarity in a high-current discharge circuit of a high-voltage

generator GTM-10/350 with an active-inductive load

(RLzOI Q, LLzIS}lH, Uz 5=15 kV, U34:_225 kV,
I,~106 kA; J,~3.03-10° J/Q; g~52.2 C; 7~15 ps; 7,7340 ps;
vertical scale — 22.52 xA/cell; horizontal scale — 50 ps /cell) [22]

The ATPs of the aperiodic current pulse of artificial
lightning (see Fig. 9), formed in the discharge circuit of
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the GTM-10/350 generator, was measured using a
ShK-300 type coaxial shunt (Kg = 11261 A/V [17]) and
digital storage oscilloscope series Tektronix TDS 1012.
The charging voltage Uc.3=Us;;.; of negative polarity of
the capacitors for the generators GIT-1 — GIT-3 in this
case was about 15 kV, and the charging voltage Uq=Us,4
of the same polarity of the individual capacitors for the
generator GIT-4 was 2.25 kV.

Figure 10 shows the results of the impact on a solid
aluminum core with cross section of 6 mm’® of
AIIIIBHr2x6 network cable with polyvinylchloride
(PVC) insulation of an aperiodic current pulse of a short
shock of a lightning discharge of a temporary shape of
17/265 ps with amplitude 7,~ —83.8 kA obtained in a
discharge circuit of GTM-10/350 [23].

circuit of the GTM-10/350 type artificial lightning current
generator of a normalized aperiodic current pulse of a short
thunderstorm discharge of a temporary shape of 17/265 ps with
amplitude of 7,,~ —83.8 kA on the test sample of the
ATITIBHr2x6 network cable with PVC insulation and solid
aluminum core of cross section of 6 mm? [23]

From the data in Fig. 10 it is shown that the test
sample of AII[IBur2x6 network cable with PVC
insulation (TO) could not stand the indicated
electrothermal effect of normalized to [15, 16] aperiodic
current pulse of artificial lightning. Its continuous round
aluminum core with cross section of 6 mm® together with
its PVC insulation due to the onset of an electric
explosion (EE) in it (the core) underwent sublimation and
complete destruction. Note that the EE of the tested in the
discharge circuit of the GTM-10/350 for thermal
resistance to the indicated powerful current pulse of
artificial lightning of a test sample of the network cable
with a current-carrying aluminum part causes a noticeable
deformation of the current pulse acting on it. In this case,
the values of 7, increase and the values of 7, decrease.
A powerful high-voltage lightning current generator of
the type GTM-10/350 has no foreign analogues according
to the schemes for constructing and synchronizing the
parallel operation of the discharge circuits of four separate
GITs, stored in capacitor banks of electric energy,
generated at the R;L; load the normalized ATPs of a
lightning current pulse of a short shock and its relatively
low cost [21].

3. A generator of standard switching aperiodic
voltage pulses with amplitude of up to £2 MV. To test
the electrical strength of the insulation of objects at the
scientific and experimental training ground of the

Scientific-&-Research ~ Planning-&-Design  Institute
«Molniya» of NTU «KhPI», in 2012 a powerful generator
of switching voltage pulses (GSVP) was created, which
allows generating on the electrical load with a capacitive
characteristic (for example, on insulators, high voltage
bushings , disconnectors, capacitors, transformers, etc.)
standard aperiodic voltage pulses of positive (negative)
polarity of the temporal shape 7,/7,=205 ps/1900 s,
where T, 7, are, respectively, the rise time and duration at
the level of 0.5 U,, of the voltage pulse, at their amplitude
U, up to £2 MV [12, 24]. Figure 11 is a general view of
this ultra-high-voltage generator.

A |
15 | .~
of GKIN-2 type, which forms a
standard aperiodic switching pulse of voltage of a temporary
shape T,/7, ~205/1900 us with amplitude U,, up to 2 MV on the
tested electric power facility (the modernized generator GIN-4 is
placed on the right, and an insulating support 11 m high with
load capacitance C=13.3 nF for 3 MV, to the upper potential
electrode of which from the GIN-4 generator forming
R~4.28 kQ and from the load capacitance — current-limiting
R;=4.59 kQ resistors are connected) [24]

Figure 12 shows a circuit diagram of an ultra-high-
voltage generator GKIN-2, assembled on the basis of
using a modernized by us in 2012 for generating on test
objects (TO) at electric power facilities in accordance
with the requirements of [12] of a standard switching
aperiodic voltage pulse of a temporary shape
(250£50) ps/(2500+750) ps of a pulse voltage generator
(PVG) for rated voltage of 4 MV and stored electric
energy up to 1 MJ [25], built on the indicated training
ground (field stand) of the Institute in the 1970s according
to the classical Arkadyev-Marx scheme [26]. Note that
GIN-4 (see Fig. 12) has a bookcase structure and contains
16 cascades, each of which (with the exception of the first
cascade from the ground) includes one uncontrolled air
two-electrode ball spark gap F' with diameter of 125 mm
and eight high-voltage capacitors C in the metal case
KBMG-125/1 (rated voltage +125 kV; capacitance 1 uF)
of our own design [25, 27].

The first cascade of the GIN-4 generator from the
ground is equipped with a high-voltage controlled air
three-electrode spark gap (trigatron) F; of diameter of
125 mm, started from a special start-up pulse generator
(SPG) of own design of the Scientific-&-Research
Planning-&-Design Institute «Molniya» of NTU «KhPI»,
which supplies damped pulses microsecond duration to
the trigatron F; electrodes, characterized by voltage
amplitude of up to £10 kV [28].
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Fig. 12. Schematic diagram of the ultra-high-voltage GKIN-2
generator, assembled on the basis of the modernized powerful
bipolar generator GIN-4 for rated voltage of 4 MV, connected to
the proposed circuit for the formation of standard switching
aperiodic voltage pulses on the TO (two-electrode needle-plane
system with a long air discharge gap) containing an additional
discharge resistor R;=32.7 kQ, forming resistor
R,=4.28 kQ, load capacitance Cj= 13.3 nF and current-limiting
resistor R=4.59 kQ [24]

The GIN-4 modernized by us in each of the charge
branches of positive and negative polarities to constant
voltage +U( of capacitors C with porcelain insulators (see
Fig. 12) contains instead of low-resistance charging
resistors with nominal value of 500 Q the high-resistance
charging resistors R-=30 kQ with a total of 32 pcs.

Each of the 16 GIN-4 cascades for a rated voltage of
250 kV is equipped with one soothing resistor Rc,=0.5 Q.
The parallel charge of capacitors C in GIN-4 to the
corresponding constant voltage +U~+Uj; is carried out
from two powerful high-voltage chargers of the GKIN-2
through four chains of series-connected charging
R=30 kQ (16 pcs. for each of two bipolar branches of
charge) and two chains of series-connected discharging
R~110 kQ (8 pcs. each with a total discharge resistance
of GIN-4 equal to 440 kQ) resistors, each of which was
calculated for rated voltage of 500 kV. The GIN-4
construction at the top contains a rectangular steel shield
with round edges connected to its discharge circuit, to
which shown in Fig. 12 forming elements and the
required TOs are galvanically connected.

Figure 13 shows an oscillogram of a full standard
switching aperiodic voltage pulse of positive polarity of a
temporary shape T,/7,205/1900 ps with amplitude
U,~783.2 kV, obtained using the discharge of the
described ultra-high-voltage generator GKIN-2 for an
electrical load (TO), made in the form a long air gap
(about 3 m long) in a two-electrode needle-plane system
(Fig. 14, a steel rod was used for the «needle», and 5x5 m
galvanized sheets were used for the «plane»).
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Fig. 13. Oscillogram of a full switching aperiodic voltage pulse
of positive polarity on a needle-plane two-electrode system with
an air gap of 3 m (Us=+40 kV; U,=783.2 kV; Tg=205 ps;
7,~1900 ps; vertical scale — 268.2 kV/cell; horizontal scale —
250 ps/cell) [29]

Vs

Fig. 14. General view of the TO — a two-electrode needle-
plane system with an air gap of 3 m, to the upper electrode of
which GKIN-2 and the measuring ohmic divider of the pulse
voltage ODN-2 to rated voltage of £2.5 MV are galvanically

connected [29]

Note that when measuring the ATPs of switching
pulses of voltage of a temporary shape 7,/7,~205/1900 ps,
formed in the discharge circuit of the GKIN-2 in the TO
shown in Fig. 14, an ODN-2 type ultra-high-voltage
ohmic pulse voltage divider [29] matched in the
measuring circuit having a division ratio K; =~ 53650 and a
shielded cable transmission line from the TO of a useful
electrical signal up to 60 m in length, and a Tektronix
digital storage oscilloscope TDS 1012, located away from
the considered GKIN-2 in a buried shielded measuring
hopper, were used.

Figure 15 shows an oscillogram of a positive-
polarity aperiodic switching voltage pulse of amplitude
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U,~1030 kV cut off at the front obtained with GKIN-2
during electrical breakdown of air insulation of 3 m in
length in the needle-plane two-electrode discharge system
shown in Fig. 14. It can be seen that in this case, the
cutoff time is 7¢=90 p.
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Fig. 15. Oscillogram of a cut off ultra-high-voltage switching
aperiodic voltage pulse of positive polarity on a two-electrode
needle-plane system with an air gap of 3 m (U;~+60 kV;
U,~1030 kV; Tc=90 ps; vertical scale — 268.2 kV/cell;
horizontal scale — 50 pus /cell) [29]

We indicate that from the data in Fig. 13, 15 it
follows that at the front of the switching aperiodic voltage
pulse of the temporary shape 7,/7,205/1900 ps generated
by the GKIN-2, a peak-like burst of up to 7 ps duration is
observed [24], due to the operation peculiarity of the
GKIN-4 ultra-high-voltage generator used in the test
circuit, associated with the presence in it of a steel roof-
top screen with area of up to 60 m” and a fast charge-
discharge of its parasitic electric capacitance in the
process of a powerful discharge to forming electrical
elements and TO according to the diagram in Fig. 12 of
power capacitors C = 1 pF of all GIN-4 cascades (with
the capacitance «in the discharge» of this PVG equal to
approximately 0.125 uF) when its high-voltage spark gaps
F and F are triggered. The GKIN-2 powerful ultra-high-
voltage generator of aperiodic switching voltage pulses
does not have foreign analogues today [24] according to
the schemes for constructing its charge-discharge circuits
(cascades) and normalized ATPs of the standard aperiodic
switching pulse of 250/2500 ps voltage generated at the
test object.

4. A generator TI-CS115 (NCS08). This generator
is designed to test the components of the OAMT for
conductive susceptibility to pulsed currents of the form
CS115 [9] and NCSO08 [7]. Test currents are supplied into
the TO by feeding them into cable bundles through
injectors. A general view of this generator is shown in
Fig. 16.

The test current pulse generated by the TI-CS115
(NCSO08) type generator on an electric load has a
trapezoidal shape with a rise time of the front 75=2 ns, a
fall time 7p=2 ns and a horizontal section duration
T=30 ns. Figures 17-19 show typical oscillogram of a test
current pulse of the shape required by [9].

FULSE St nEATON
. STO g 1y
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Fig. 16. Generator of type TI-CS115 (NCS08), which
reproduces pulse currents of the form CS115 [9] and NCS08 [7]
on the TO

The output characteristics of the generator TI-CS115
(NCSO08) are given in Table 4. The generator of pulsed
currents of the type CS115 [9] and NCS08 [7] does not
have known foreign analogues according to ATPs of
special shaped test current pulses (see Fig. 17-19).

Fig. 17. Typical oscillogram of a test current pulse of the form
CS115 with amplitude of 5 A of positive polarity generated by a
generator of the type
TI-CS115 (NCSO08)

Fig. 18. Typical oscillogram of a test
current pulse of the form CS115 with amplitude of 5 A of
negative polarity generated by a generator of the type
TI-CS115 (NCS08)

i ms —Fe | 0219
Fig. 19. Typical oscillogram of the repetition rate fr =30 Hz of a
test current pulse of the form CS115 generated by a generator of
the type TI-CS115 (NCS08)
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Table 4

Results of determining the characteristics of the generator TI-CS115 (NCS08) in the mode of measuring its current pulses

Technical characteristics of the output Current /,, T.ns Tp s Ty, ns £ Hz Pulse

current pulse shape

Requirements of regulatory documents [7, 9] 5+1 not less 1o more 110 more 30 Hz Trapezoid
’ than 30 ns than 2 ns than 2 ns +3 Hz

Actual values for positive pulse 5+0.06 32.8 1.92 1.92 29.94+0.27 |Trapezoid

Actual values for negative pulse 54+0.07 32.6 1.96 1.84 29.94+0.36 |Trapezoid

Conclusion of compliance meet meet meet meet meet meet

Note: T is the duration of the horizontal part of the current pulse; 77 is the rise time of the front of the current pulse; 7 is the decay

time of the current pulse; fr is the repetition rate of current pulses.

5. A generator TI-CS116 (NCS09). This high-
frequency generator is designed to test the components of
the OAMT for conductive susceptibility to pulsed
currents of the type CS116 [9] and NCS09 [7] also by the
method of feeding test current pulses formed by it into the
bundles of their cables through injectors. In this case, the
current pulses have the shape of a damped sine wave, the
frequency fy of which varies in the range from 10 kHz to
80 MHz. The current values are set depending on the
frequency fy of the sinusoidal oscillations of the pulse
current. The decrement of current oscillations is also
regulated by the requirements of [7, 9]. The external view
of the TI-CS116 (NCS09) type generator is shown in
Fig. 20.

Fig. 20. General view of a high-frequency generator of the type
TI-CS116 (NCS09) (1 —block F1; 2 — injector IG-3; 3 — power
supply unit DP; 4 — block F2 with an inserted module M10)

The block diagram of the construction of this
generator is shown in Fig. 21, and the main technical data
on the parameters of the pulse current generated by it are
given in Table 5, 6.

DP . » F1 IG-3
I
i
i
Lemee- » 2 »| IG-80
v A Y
M10 M30 Moo MS80

Fig. 21. Block diagram of the construction of a high-frequency
generator of the TI-CS116 (NCS09) type (DP — power supply
and switch control unit; F1 — frequency generation unit from
10 kHz to 3 MHz; F2 — frequency generation unit from 10 MHz
to 80 MHz; M 10 — replaceable module with frequency of
10 MHz; M30 — replaceable module with frequency of 30 MHz;
M60 — replaceable module with frequency of 60 MHz;
MB80 — replaceable module with frequency of 80 MHz;
IG-3 — injector for frequencies from 10 kHz to 3 MHz;
1G-80 — injector for frequencies from 10 MHz to 80 MHz)

Table 5
Dependence of the peak value of the pulse current /p on its frequency fq
Frequency i, 0.01 0.03 0.1 0.3 3 10 30 60 80
MHz
Current /p in
accordance with| 0.1+0.02 | 0.3+0.06 1+0.2 | 3+0.6 10+2 10+2 10+2 10+2 5+1 3.8+0.8
RD[7,9], A
positive polarity of pulse current
Current I, [0.10120.002|0.3+£0.001{1.01+0.013|{3+0.08/10.08+0.05|10.08+0.009{10.08+0.05| 10.08+0.11 |5.04+0.04|3.84+0.02
according to the
results of negative polarity of pulse current
verification, A
0.101+0.002]0.3+0.003{1.01£0.007|3+0.08{10.08+0.04|10.08+0.009{10.08+0.05|10.08+0.008|5.04+0.04|3.84+0.03
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Table 6
Dependence of the pulse current /» by cycles on frequency fy

I\/Ip in accordance Frequency fo, MHz
N (cycle number)| ™" 0y o (7.9] |_0.01 [ 003 ] 01 [ 03 | 1 [ 3 ] 10 ] 30 | 6 | 80
Iy/Ip according to the results of verification (I/y — current of the N-th cycle; I — rated current)

positive polarity of pulse current

1 from 0730085 | 085 | 0.80 | 0.81 [ 0.83 [ 073 [ 073 | 073 | 073 | 0.75 [ 0.74
negative polarity of pulse current

085 ] 080 [ 081 | 083 | 073 [ 073 | 073 ] 073 [ 075 | 0.74
positive polarity of pulse current

2 from 0530073 |_ 059 | 0.60 | 0.58 [ 0.65 [ 059 [ 054 | 059 | 055 | 054 [ 0.54
negative polarity of pulse current

059 | 060 | 058 | 065 | 059 [ 054 | 059 | 055 [ 054 | 0.54
positive polarity of pulse current

3 from 039 t00.62 | 040 | 043 | 043 [ 049 | 048 | 044 [ 044 | 039 [ 039 | 040
negative polarity of pulse current

040 | 043 [ 043 | 049 | 048 [ 044 | 044 | 039 [ 039 | 040
positive polarity of pulse current

4 from 0.28 t00.53 |_030 | 028 | 029 [ 037 | 037 [ 037 [ 035 | 029 [ 029 | 0.28

negative polarity of pulse current
030 | 028 [ 029 | 037 | 037 [ 037 | 035 ] 029 | 029 | 0.8

Oscillograms of the current I, for several Tek +.J‘L.. ® /cq Complete M Pos: 35.20ns CURSOR

frequencies f; from their above range are presented in Type
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b

Fig. 22. Typical oscillograms of a test pulse current of the form
CS116 with frequency f;=1 MHz and amplitude of 10 A
(a — positive, b — negative polarity)

A comparison of the technical requirements of
regulatory documents (RD) according to [7, 9] for the
generated current pulses, with the ATPs generated by this
electrical installation of current pulses, obtained by us in
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the process of verification of test electrical equipment,
clearly indicates their full compliance. We point out that
today the TI-CS116 (NCS09) high-frequency generator
according to ATPs of generated test current pulses also
has no foreign analogues.
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Fig. 24. Typical oscillograms of a test pulse current of the form
CS116 with frequency f,=80 MHz and amplitude of 3.8 A
(a — positive, b — negative polarity)

6. A generator G-NCS10. This current pulse
generator is designed to test the components of the
OAMT for lightning resistance in the form of NCS10
according to section 3.25 of the NATO Standard AESTR-
500: 2016 [7]. A general view of the high-voltage
generator G-NCS10 is shown in Fig. 25. This generator
allows to generate a powerful aperiodic current pulse of a
temporary shape of 50 us/500 ps at current of up to 10 kA
with charge voltage of its capacitor bank up to 2 kV. The
G-NCS10 generator differs from the schemes of foreign
electrical appliances of a similar class [7] by the original
design of its charge-discharge circuits and high specific
technical characteristics at the output. Today, this
generator has no analogues in foreign countries according
to the schemes for constructing its forming electric
circuits and has a relatively low cost.

At the Institute, a mathematical model was
developed to assess the distribution of the probability of
lightning striking the surface of an aircraft. An
experimental testing of a computer code for this scientific

R

Fig. 25. General view of a high-voltage current pulse generator
of the G-NCS10 type, which implements the requirements of the
NATO AESTR-500: 2016 Standard when testing OAMT in the
form of NCS10 (Scientific-&-Research Planning-&-Design
Institute «Molniya» of NTU «KhPI», Kharkiv, 2018)

direction was carried out on the model of an A320
airplane. The frames of the process of such high-voltage
tests of aircraft using the G-NCS10 generator and other
generators are presented in Fig. 26.

Fig. 26. Frames from the process of experimental determination
of the likely places of a lightning strike in an airplane model

In the course of these tests, it was found that the
recommendations of US documents SAE ARP 5414 [30]
and SAE ARP 5416 [14] require clarification due to the
difference between streamer-leader processes on real and
large-scale TOs. The solution to this problem is important
not only for aircrafts, but also for other samples of
OAMT.

Table 7 presents a list of the main types of tests that
are regulated by the NATO Standard according to [7], and
the possibility of their implementation at our Institute,
taking into account promising developments, the
completion of which is scheduled for the end of 2020.
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Table 7

Nomenclature of tests and measurements (sample from
Table 501-6, 501-7 of AECTP-500: 2016 Standard [7])

electrical and technological parameters of the GDs of the
required energy objects are determined. These parameters
include: GD resistance; voltage on the GD; touch voltage
and GD design. The analysis by the Institute staff on the
results of diagnostics of the GDs of more than
1200 power facilities in Ukraine (including four NPPs,
15 TPPs, 4 HPPs, 100 substations with voltage class of
220-750 kV, 900 substations with voltage class of
35-150 kV, etc.) showed that during SC in the power
system, exceeding the permissible value of touch voltage
at power facilities is fixed at more than 75 % of
substations with voltage class of 110-750 kV. The most
widespread in the world practice of monitoring the safe
operation of electrical installations and during
experimental measurement of touch voltage at power
facilities is a method based on the use of the «low current
method» followed by reduction of the measured touch
voltage in direct proportion to the ratio of the actual SC
current to the measuring current at the facility [31, 32].
A method based on the application of direct SC current
for these purposes is extremely dangerous both for
electrical equipment and for technical personnel
serving it.

Today, at the Scientific-&-Research Planning-&-
Design Institute «Molniya» of NTU «KhPI», electrical
engineering works are successfully carried out aimed at
improving the reliability of operation of industrial
enterprises, energy facilities and transport infrastructure
by developing optimal recommendations for the
modernization of their GDs based on electromagnetic
diagnostics at power facilities operating in Ukraine. For
this purpose, at our Institute in the 1990s, a measuring
complex was developed and created for diagnosing the
state of GDs of power facilities of the KDZ-1 type, the
main technical characteristics of which are given in [33].
In 2019, we created a new MV 1000 device, the
characteristics of which (Table 8) correspond to the world
level in terms of completeness of covering the
requirements of IEC standards in terms of ensuring the
safe operation of electrical installations [34]. It allows to
determine the resistance of contact joints and GDs;
voltage on the GD; step voltage; touch voltage and
topology of the location of the GDs in the ground.

Table 8
Instrument specifications of the device type MV 1000
Parameter name Value
Frequency of generated alternating 57+1;263+2;

voltage and current, Hz 523+3;993+3

Measuring range of generated alternating

voltage, V from 0.5 to 45

Measuring range of generated alternating

current, A from 0.05 to 8.0

Type of] Platform Degree of
test Name type implementation
1 2 3 4
Conducted Emissions, | Submarine
NCEO1 |Power Leads, 30 Hz to and Air Full
10 kHz Force only
Conducted Emissions,
NCEO02 |Power Leads, 10 kHz All types Full
to 10 MHz
Conducted Emissions, Excluding
NCEO04 |[Exported Transients on Full
Power Leads space
Conducted Emissions,
Power, Control & Excluding
NCE05 Signal Leads, 30 Hz to space Full
150 MHz
Conducted
Susceptibility, Power
Nesor | ds% ol i 150 All types Full
kHz
Conducted
Susceptibility, Control | Excluding
NCS02 & Signal Leads, 20 Hz space Full
to 50 kHz
Conducted
Susceptibility, Bulk
NCS07 Cable Injection, 10 kHz All types Full
to 200 MHz
Conducted .
NCsog |Susceptibility, Bulk Eﬁf;lsliﬁlf Full
Cable Injection, .
. submarines
Impulse Excitation
Conducted
Susceptibility, Damped
NCS09 Sinusoidal Transients, Al types Full
Cables and Power
Leads, 10 kHz to 100
MHz
Conducted
Susceptibility, Air Force
NCS10 Imported Lighting only Full
Transients
Conducted Ground and
NCS12 |Susceptibility, Air Force Full
Electrostatic Discharge only
Radiated Emissions, Excludin
NREO1 [Magnetic Field, 30 Hz & Full
to 100 kHz space
Radiated Emissions,
NREO2 |Electric Field, 10 kHz All types Up to 6 GHz
to 18 GHz
Radiated Susceptibility, .
NRSO1 [Magnetic Field, 30 Hz | Cxcluding Full
to 100 kHz space
Radiated Susceptibility, .
NRS02 |Electric Field, 50 kHz | All types | P 10 GHz up
t0 40 GHz to 50 V/m

Note: All types — including surface ships, submarines; ground
forces, air force; space systems and launch complexes.

7. An installation for monitoring the state of

Relative error of voltage (current)

0, + 4
measurement, %, no more

electrical safety and grounding systems of electric
power facilities. When performing this control, the

Figure 27 shows a scheme for measuring touch
voltage using this installation. According to this scheme,
the potential electrode P must simulate two human feet.
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To do this, they use a special electrode-plate with contact
surface of size (25 x 25) cm’. To create reliable contact of
this electrode with the ground, a load weighing at least
25 kg is installed on it. The voltmeter is shunted by a
resistor with resistance Rp, which should be equal to the
resistance of the human body (as a rule, it is taken equal
to about 1000 Q). The horizontal distance from the place
of contact of the human feet to the plate to the metal
structure of the object is assumed to be from 0.8 m to
1 m[32].

......

/2
“_/_T Ry = 1000 Q

)
Lp=0.8m E !

Fig. 27. Touch voltage measurement scheme

Lc=@2+3)D ‘

MB1000

The current electrode C (see Fig. 27) is located from
the place of measuring the touch voltage at a distance
equal to (2-3)D, where D is the diagonal of the GD. Such
a distance was accepted for equivalent homogeneous soil
according to [31]. The generator is connected to the
equipment and electrode C, and a voltmeter is connected
between the potential electrode and the equipment. To
simulate the most adverse seasonal conditions, the
installation site of potential electrode P is wetted. They
lead the measured values of the touch voltage to a real SC
current and compare the result with a known acceptable
normalized voltage value.

It should be noted that the specified MV 1000 type
electrical appliance allows to determine the topology of
the GD location without revealing the soil at the place of
work on its (this GD) diagnosis (Fig. 28).

H,=837 H=1674 H:=1872 H~936
Hy=Hy /2 Hy=Hs/2

Fig. 28. Scheme for determining the topology of the location of
the object’s GD using an electrical installation of type MV 1000

Using a new electric device of type MV 1000 for
diagnosing the state of the GDs allows:

e increase the accuracy of determining the
parameters of the GDs (error — up to 4 %, for analogues
—up to 10 %);

o finally move in Ukraine to the European model for
determining the normalized parameters of the GDs of
power facilities, where the main parameters are touch
voltage and step voltage;

e increase the reliability and operation safety of
existing domestic power plants (TPPs, NPPs, HPPs) and
substations;

e increase the competitiveness of the Scientific-&-
Research Planning-&-Design Institute «Molniya» of NTU
«KhPI» in Ukraine and enter the European electrical
engineering market regarding diagnostics of GDs (the
first step to achieve such a commercial goal was the
presentation of the MV 1000 device at the International
technical exhibition ENERGETAB, Biclsko-Biala,
Poland, September 17-19, 2019).

8. An installation for determining the pulse
resistance of lightning rods and supports of power
lines. In the domestic document [35] there is no concept
of pulse resistance of a GD. However, in international
requirements, in particular, according to [15, 36], the
resistance of the GDs of lightning rods and the supports of
overhead power transmission lines (PTLs) is determined
at the action on them of a current pulse with specified
ATPs as the ratio of the peak voltage value on the GD to
the peak value of the current flowing through GD. In the
world there are a number of devices that allow to
determine the pulse resistance of the GD. A detailed
analysis of existing portable devices for this purpose is
presented in [37], among which there are Polish WG-407,
WG-507 and MRU-200, Japanese PET-7, ZED-meter
manufactured in the USA, Ukrainian IK-1U and Russian
impedance meter. It should be noted that only three of
these devices allow measurements to be made when
simulating the impact on power objects of lightning
voltage (current) pulses, namely: WG-507 with a voltage
(current) pulse of 4/10 us, MRU-200 with voltage pulses
(current) 4/10 ps and 10/350 ps, and IK-1U with voltage
pulses (current) of a temporary shape of 1.2/50 ps and
8/20 ps.

In this regard, the staff of the Scientific-&-Research
Planning-&-Design Institute «Molniya» of NTU «KhPI»
improved the existing measuring complex of the type
IK-1U due to «stretching» the duration of the required
current pulse 10/350 ps in the mode of generating a
current pulse 8/20 us with a decrease in its amplitude
[37]. This was achieved by developing a new forming unit
and expanding the measuring range of a pulse voltmeter.
In addition, this made it possible to minimize costs by
preserving the basic circuitry solutions of the IK-1U
generator. The choice of elements for a new set-top box
for the device was determined using the MicroCap
computer code in the Transient Analysis mode taking into
account the existing values of active and reactive
elements. The simulation results of the operation of the
IK-1U complex with the forming unit in the 10/350 ps
mode (Fig. 29,a,h) show the compliance of the temporal
parameters of the current pulse formed in it with a
normative document [15].
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Fig. 29. Simulation results for the IK-1U generator of the front
of an aperiodic current pulse (@) and its duration (b)
in MicroCap code [37]

Based on the results of the simulation, a mock-up of
the forming unit for the new device was created in the
form of a set-top box to the existing IK-1U complex.
Figure 30 shows oscillograms of the front and duration of
a thundering aperiodic current pulse of 10/350 ps
obtained in IK-1U [37].
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Fig. 30. Oscillograms of the front of the current pulse (a) and its
duration (b) in the mode of formation of the temporary shape
10/350 ps by the modernized IK-1U complex [37]

Table 9 shows the main technical characteristics of
the advanced measuring complex IK-1U with a new
forming unit. After modernization, the IK-1U electrical
installation allows the electrical diagnostics of the GD and
PTL supports to be performed using three temporary
shapes of voltage (current) pulses (1.2/50 ps, 8/20 ps and
10/350 ps), which significantly distinguishes it from
foreign analogues [37] .

Table 9
Technical characteristics of the complex IK-1U [37]
Parameter name Value
Fronts of voltage and current pulses (at 1.2+£0.1;8%+0.8;
levels of 0.1-0.9 from its amplitude), ps 10+2.0
Duration of voltage and current pulses (at 50£5;20+4;
the level of 0.5 of their amplitude), ps 350 + 35
Maximum amplitude of voltage pulses
generated for the shapes 1.2/50 ps and 8/20 1000 (600)

ps (in the 10/350 ps mode), V

Range of measurements of the amplitude of
voltage pulses, V

Maximum amplitude of current pulses
generated for the shapes 1.2/50 ps and 8/20
s (in the 10/350 ps mode), A

Range of measurements of the amplitude of
current pulses, A

Relative error of voltage (current)
measurement %, no more

from 0.5 to 200

2545 (1 +0.05)

from 0.1 to 25

10

The modernized complex IK-1U successfully passed
testing when performing electromagnetic diagnostics of
the state of the GDs at more than 100 operating electrical
substations in Ukraine.

9. Electric drive and field characteristics to solve
the problems of ensuring its EMC. A new scientific and
technical direction was developed at the Institute related
to the development and research of electric drives based
on linear motors (LMs) of electromagnetic and inductor
types, as well as switched reluctance machines (SRMs)
[38, 39]. In the practical application of such LDs and
SRMs as part of electric drives of various devices and
systems, one of the most important tasks is to ensure their
EMC. In this regard, work on the study of transient
electromagnetic processes and calculation of magnetic
fields in LDs and SRMs has come to the fore. For
mathematical modelling of these electromechanical
systems, we have applied:

e modelling based on the solution of differential
equations of electrical phase circuits;

e modelling based on the well-known circuit-field
mathematical models of LDs and SRMs;

e modelling based on the approach of a generalized
electromechanical energy converter.

When determining the field characteristics of LDs of
electromagnetic and inductor types, the staff of the
Institute used the well-known Finite Element Method —
the basis of the FEMM computer code. The results of
these field calculations became a guideline in assessing
their EMC as part of a turnout drive for railway transport
[39]. The practical application of the results of these
studies will allow to develop measures to reduce the level
of emission of radio interference generated by the LDs
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and bring them into line with the requirements of UN
Regulation No. 10.

An inductor-type LD magnetic field was also
calculated [39]. The developed mathematical models
using the FEMM code became the basis for the calculated
assessment of the EMC of this type of LD.

From the above review of domestic powerful high-
voltage test electrical equipment designed to solve
problems in the field of electrical safety, EMC and the
resistance of power facilities, OAMT, AT and SRT to the
damaging effects of standard aperiodic lightning current
pulses, switching voltage pulses and other special shapes
of current pulses (voltage ), it follows that the considered
individual electrical installations of the Scientific-&-
Research Planning-&-Design Institute «Molniya» of NTU
«KhPI», which implement the requirements of
International and national regulatory documents [4-10,
13-16, 36], are characterized by a relatively low cost in
general, a high unification of components and applied
materials, the originality of the construction of high-
current discharge circuits of their high-voltage current
(voltage) generators and their synchronous parallel
electrical start circuits.

Conclusions. Designed and created as part of a
single electrical complex of the Scientific-&-Research
Planning-&-Design Institute «Molniya» of NTU «KhPI»
high-voltage test installations of the type UITOM-I1,
GTM-10/350, GKIN-2, TI-CS115 (NCSO08), TI-CS116
(NCS09), G- NCS10, MV 1000 and IK-1U are capable in
accordance with the requirements of US regulatory
documents SAE ARP 5412: 2013, SAE ARP 5414: 2013,
SAE ARP 5416: 2013, RTCA DO-160G: 2011, US
military Standards MIL-STD-464C: 2010, MIL-STD-
461G: 2015, NATO Standards AECTP-500: 2016,
AECTP-250: 2014, International Standards IEC 62305-1:
2010, IEC 61024-1: 1990 and Interstate Standard GOST
1516.2-97 to conduct field tests of objects of industrial
energy on electrical safety and resistance to standard
aperiodic lightning and switching voltage (current) pulses
in order to really determine the stability of their electrical
components and the electrical strength of their insulation,
as well as weapons and military equipment, aircraft and
rocket and space technology to electromagnetic
compatibility and resistance when exposed to them in
accordance with current international requirements of
normalized high-voltage current pulses of artificial
lightning, as well as other special temporary shapes of
current pulses (voltage).
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