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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.

L4 R6
1143mH 2.74Q

X1 F1 F2

N | I N | I

1 I
i

12 " |
e i L

I
\ I
I : |
\ ! |
| 2puH I <1SpuH I 5 TpuH | |
I I I
\ I I
I I
'HORuf Re gy R OIEEHE
o076 [} 0260 L] 005 || |
\ I R3 |
‘ I I 1
I
\ — I
\ ‘ [
\
\

e >

. 2w

P

@" ——
Y

Loet | e oup g g7 2°
‘ 243 puF H 90 uF “Tmsgmm}#l (;6de I_L14(()J4mF :_l_ C5 |
45.36 mF |
0 O il H Gl
oal
L GIcA 1| GID gy j GICB ) Glect | ,GEC,C,J

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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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)
Tek - I [F] Ready M Pos: 2000005 CURSOR

Cursor 1
0.00%

Cursar 2
-a.08y

CH EvR R RS —E
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

1T
L

IN N

(1

1¢ 1
— 15

[
l
| K 7 d 13
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. =

T R ad| el

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.

Acknowledgment. The work was carried out with
the support of the Ministry of Education and Science of
Ukraine (project DB No. 0123U101704).

Conflict of interest. The authors declare no conflict
of interest.

REFERENCES
1. Uman M.A. Natural and artificially-initiated lightning and
lightning test standards. Proceedings of the IEEE, 1988, vol. 76,
no. 12, pp. 1548-1565. doi: https://doi.org/10.1109/5.16349.
2. Uman M.A., Rakov V.A. A critical review of
nonconventional approaches to lightning protection. Bulletin of
the American Meteorological Society, 2002, vol. 83, no. 12, pp.
1809-1820. doi: https://doi.org/10.1175/BAMS-83-12-1809.
3. Kravchenko V.I. Lightning. Electromagnetic factors and
their damaging effects on technical equipment. Kharkiv, NTMT
Publ., 2010. 292 p. (Rus).
4. MIL-STD-464A. Department of Defense Interface Standard:
Electromagnetic  Environmental Effects, Requirements for
Systems. 19 December 2002, 162 p.
5. Uman M.A. Lightning. Moscow, Mir Publ., 1972. 327 p.
(Rus).

6. DO-160G. Environmental Conditions and Test Procedures
for Airborne Equipment. USA, 2011. 438 p.

7. AECTP-500. NATO Standard Electromagnetic
Environmental Effects Tests and Verification. Edition E Version
1. Brussels, NSO Publ., 2016. 1125 p.

8. IEC 62305-1: 2010. Protection against Lightning. Part 1:
General Principles. Geneva, IEC Publ., 2010. 72 p.

9. Baranov M.IL., Buriakovskyi S.G., Kniaziev V.V., Rudenko
S.S. 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.
Electrical Engineering & Electromechanics, 2020, no. 4, pp. 37-
53. doi: https://doi.org/10.20998/2074-272X.2020.4.06.

10. Piantini A., Janiszewski J.M. The influence of the upward
leader on lightning induced voltages. Proceedings of the 23"
International Conference on Lightning Protection (ICLP), 1996,
vol. 1, pp. 352-357.

11. Guerrieri S., Nucci C.A., Rachidi F., Rubinstein M. On the
influence of elevated strike objects on directly measured and
indirectly estimated lightning currents. /EEE Transactions on
Power Delivery, 1998, vol. 13, no. 4, pp. 1543-1555. doi:
https://doi.org/10.1109/61.714865.

12. SAE ARP 5412: 2013. Aircraft Lightning Environment and
Ralated Test Waveforms. SAE Aerospace. USA, 2013. 56 p.

13. SAE ARP 5414: 2013. Aircraft Lightning Zoning. SAE
Aerospace. USA, 2013, 33 p.

14. SAE ARP 5416: 2013. Aircraft Lightning Test Methods.
SAE Aerospace. USA, 2013, 145 p.

15. Baranov M.I.,, Koliushko G.M., Kravchenko V.1,
Nedzel’skii O.S., Dnyshchenko V.N. A current generator of the
artificial lightning for full-scale tests of engineering objects.
Instruments and Experimental Techniques, 2008, vol. 51, no. 3,
pp. 401-405. doi: https://doi.org/10.1134/S0020441208030123.
16. Baranov M.I. Selected topics of Electrophysics. Monograph
in 4 vols. Vol. 4. Effects of interaction of physical bodies with
fields and currents. Kharkiv, FOP Panov A.N. Publ., 2023. 552
p- (Ukr).

17. Baranov M.I., Buriakovskyi S.G., Hrytsenko A.S., Kostiuk
V.A. Results of investigations of thermal resistibility of
prototypes of aluminum alloy panels of fuel tank of airplane to
direct action of normalized components of artificial lightning
current. Electrical Engineering & Electromechanics, 2019, no.
6, pp- 29-38. doi: https://doi.org/10.20998/2074-
272X.2019.6.04.

18. Kuhling H. Handbook of Physics. Moscow, Mir Publ., 1982.
520 p. (Rus).

19. Berzan V.P., Gelikman B.Yu., Guraevskyi M.N.,,
Ermuratskyi V.V., Kuchinskyi G.S., Mezenin O.L., Nazarov
N.L, Peregudova E.N., Rud’ V.I., Sadovnikov A.l., Smirnov
B.K., Stepina K.I. The Electrical capacitors and capacitor units.
Reference Book. Moscow, Energoatomizdat Publ., 1987. 656 p.
(Rus).

20. Knopfel' G. Ultra strong pulsed magnetic fields. Moscow,
Mir Publ., 1972. 391 p. (Rus).

21. Dashuk P.N., Zayents S.L., Komel’kov V.S., Kuchinskiy
G.S., Nikolayevskaya N.N., Shkuropat P.I., Shneerson G.A. The
technique of large pulsed currents and magnetic fields.
Moscow, Atomizdat Publ., 1970. 472 p. (Rus).

22. Vovchenko A.lL, Bohuslavsky L.Z., Myroshnychenko L.N.
Trends in development of high-powered high-voltage pulse
current generators in the Institute of Pulse Processes and
Technology of Ukraine (review). Technical electrodynamics,
2010, no. 5, pp. 69-74. (Rus).

23. Baranov M.I., Rudakov S.V. Development of new charts of
capacitance-resistance defense of high-voltage capacitors of
powerful capacity stores of energy from emergency currents.

64

Electrical Engineering & Electromechanics, 2024, no. 3



Electrical Engineering & Electromechanics, 2015, no. 6, pp. 47-
52. (Rus). doi: https:/doi.org/10.20998/2074-272X.2015.6.08.
24. Baranov M.I, Bocharov V.A., Nosenko M.A. Limit
characteristics of the scattered pulse power and high-power
ceramic resistors bulk type TVO-60. Bulletin of NTU «KhPI».
Series: Technique and electrophysics of high voltage, 2007, no.
20, pp. 45-56. (Rus).

25. Shwab A. High voltage measurements. Moscow, Energy
Publ., 1973. 233 p. (Rus).

26. Kuzhekin L.P. Test facilities and measurements on high
voltage. Moscow, Energy Publ., 1980. 136 p. (Rus).

27. Wada A., Horii K. Measurement of Lightning Current by
Magnetizing Effect of Magnetic Tape. IEEJ Transactions on
Power and Energy, 1991, vol. 111, no. 1, pp. 45-50. doi:
https://doi.org/10.1541/ieejpes1990.111.1_45.

28. Hussein A.M., Janischewskyj W., Chang J.-S., Shostak V.,
Chisholm W.A., Dzurevych P., Kawasaki Z.-I. Simultaneous
measurement of lightning parameters for strokes to the Toronto
Canadian National Tower. Journal of Geophysical Research:
Atmospheres, 1995, vol. 100, no. D5, pp. 8853-8861. doi:
https://doi.org/10.1029/95JD00543.

29. Baranov M.I., Kniaziev V.V., Rudakov S.V. The Coaxial
Shunt for Measurement of Current Pulses of Artificial Lightning

How to cite this article:

with the Amplitude up to +220 kA. Instruments and
Experimental Techniques, 2018, vol. 61, no. 4, pp. 501-505. doi:
https://doi.org/10.1134/80020441218030156.

30. Baranov M.I., Buriakovskyi S.G., Rudakov S.V. The
metrology support in Ukraine of tests of objects of energy,
aviation and space-rocket engineering on resistibility to action
of pulses of current (voltage) of artificial lightning and
commutation pulses of voltage. Electrical Engineering &
Electromechanics, 2018, mno. 5, pp. 44-53. doi:
https://doi.org/10.20998/2074-272X.2018.5.08.

Received 16.11.2023
Accepted 08.01.2024
Published 01.05.2024

M.I. Baranov', Doctor of Technical Science, Professor,

S.G. Buriakovskyi', Doctor of Technical Science, Professor,
!'Research and Design Institute «Molniya»

of National Technical University «Kharkiv Polytechnic Institutey,
47, Shevchenko Str., Kharkiv, 61013, Ukraine,

e-mail: baranovmi49@gmail.com (Corresponding Author);
sergbyr@i.ua

Baranov M.I., Buriakovskyi S.G. Electrical engineering equipment for generating and measuring of complete pulse current of
artificial lightning in the conditions of high-voltage electrophysics laboratory. Electrical Engineering & Electromechanics, 2024,
no. 3, pp. 55-65. doi: https://doi.org/10.20998/2074-272X.2024.3.08

Electrical Engineering & Electromechanics, 2024, no. 3

65



