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POWERFUL HIGH-CURRENT GENERATOR OF MICROSECOND VOLTAGE PULSES
WITH VOLTAGE AMPLITUDE UP TO £2 MV AND CURRENT AMPLITUDE UP TO
+150 KA WITH ELECTRIC ENERGY STORED IN CAPACITORS UP TO 1 MJ

Purpose. Development and evaluation, on the basis of existing ultra-high-voltage generator of pulsed voltages and currents of
GINT-4 type, of the new scheme of design of its charging-discharging circuit (CDC), and creation of modernized powerful ultra-
high-voltage high-current generator of GINT-2 type to form microsecond voltage pulses with amplitudes up to £2 MV and
current with amplitude up to £150 kA in the electrical load, with electrical energy stored in its capacitive energy storage (CES) up
to 1 MJ. Methodology. Fundamentals of theoretical and applied electrical engineering, electrical power engineering,
electrophysical principles of high-voltage and high pulsed current engineering, fundamentals of electromagnetic compatibility
(EMC), instrument engineering, high-voltage instrumentation and standardization. Results. The new scheme of design of CDC of
the modernized powerful ultra-high-voltage, heavy-current generator of GINT-2 type of outdoor placement, that allows obtaining,
with preservation of the main electrotechnical elemental base of existing powerful prototype generator GINT-4 (rated output
voltage +4 MV with rated electrical energy stored in CES of 1 MJ and maximal amplitude of output current pulse in electrical
load up to £75 kA) pulses of current of microsecond duration with doubled amplitude (up to £150 kA) in the long (from 1 to 4 m
length) air gap of standard two-electrode discharging «needle-plane» system, in comparison with parameters of current pulses
with amplitudes up to 75 kA that are formed in the discharging circuit of generator of GINT-4 type with the use of the
analogous air discharging system, has been developed. Experimental evaluations of the developed new discharging circuit in
CDC of the modernized generator of GINT-4 type has been performed in field conditions, and its advantages over the old
discharging circuit in composition of CDC of generator of GINT-4 type have been shown. Calculated evaluations of rise rates of
high pulsed current (HPC) in plasma channel of air spark discharge of CES with energy up to 1 MJ of generator of GINT-2 type,
and strength of electric and magnetic field that are formed around this high-current channel of spark discharge and are powerful
electromagnetic interference (PEMI) for objects of armaments and military equipment (OAME) were performed. It was shown
that rise rates of HPC obtained for generator GINT-2 in the channel of long air spark discharge (of artificial lightning) and
PEMI around this channel practically satisfy strict requirements of the NATO Standards AESTP-250: 2014 and USA MIL-STD-
464C: 2010. Originality. The new scheme of design of CDC in composition of the modernized powerful ultra-high-voltage high-
current generator of GINT-2 type (developer — Research and Design Institute «Molniyay of NTU «KhPI»), satisfying
requirements of the mentioned standards for full-scale tests of OAME for EMC and immunity to action on them of PEMI from
long atmospheric spark electric discharges (lightning) was developed for the first time. Practical value. Application of the created
ultra-high-voltage high-current generator of GINT-2 type in tests of OAME for EMC and immunity to action on them of PEMI
firom artificial lightning will assist increase in reliability of OAME functioning in conditions of damaging (destabilizing) action
on them HPC and PEMI of natural and artificial origin. References 19, figures 6.

Key words: ultra-high-voltage high-current generator of voltage and current pulses, technical objects of military use,
standards of tests for electromagnetic compatibility and lightning resistance.

3anpononosana i anpobosana H08a cxema NOOGYOOSU ROMYHCHOZ0 HAOBUCOKOBOILIMHOZ0 CULHOCHMPYMHOZ0 2eHepamopa
imnynbcnux nanpye ma cmpymie I'THC-2 306HiuHb0I ycmanogKku, w0 opmye Ha aKmugHO-iHOYKMUGHOMY HABAHMANCEHHI
MIKPOCeKyHOHI imnynbcu Hanpyzu amniimyoor 0o 2 MB i cmpymy amninimyoor 0o 150 kA npu enexkmpuuniii enepeii, wio
3anacaemoca, 00 1 M/Duc. Januit zenepamop nodyooeanuii Ha OCHOGI POIMIWEHO20 6 NONLOBUX YMOBAX MOOEPHI308AHO20
cmayionapnozo zenepamopa I'IHC-4 na nominanvny nanpyzy +4 MB i nominanvnuit cmpym amniimyoorw +75 kA 3
eNIeKMPUYHOI0 eHepieln, W0 3ANacacmuvca 6 1020 GUCOKOGOJIbMHUX KOHOEHCAmopax, HOMiHanvHum 3Hauyenuam 1 M/l
Ilpueeoeni onucu cxemnux i koncmpykmuenux eupiwiens cenepamopa I'HC-2, wyo 0o36o0nsa10ms 3a6e3neuumu npu 30epexncenui
OCHOBHOI enekmpomexniunoi enemenmnoi 6azu zenepamopa I'THC-4 ompumanna Ha 00620My pPO3PAOHOMY NOGIMPAHOMY
RPOMIIICKY 060€/1eKIMPOOHOT cucmemu «20JKa-na0CKiCmy» IMRYAbCcie CMPYyMy MIKPOCEKYHOHOT mpueanocmi 3 NOOBOEHOIO
amnaimyooio 6 nopieHAHHI 3 napamempamu iIMRYIbCI6 cmpymy, wio gopmyromsca é po3paonomy koni zenepamopa I'NHC-4 3
GUKOPUCMAHHAM AHANO2IYNOT 080eneKkmpoonoi cucmemu. Ilepesedennsn zenepamopa I'NHC-4 ¢ pesxicum pobomu cenepamopa
T'THC-2 i3 3menwenum yogiui pienem euxionoi imnynbcnoi nanpyzau i 30inouieHum y08iui pienem UXiono20 iMnyavcHozo cmpymy
o6ymoeneno eumozamu cmanoapmie HATO AECTP-250: 2014 i CIIIA MIL-STD-464C: 2010 npu eunpodysannuax mexuiunux
00'ckmie na enexmpomazHimuy cymicuicmsy i HecnpuiiHAMHICMb 00 Ol HA HUX ROMYMHCHIX eNeKMPOMAZHIMHUX 3A6a0 6i0
AMMOChepHux 2po306uUx CUIbHOCMPYMHUX eIeKMPUYLHUX PO3Padis (Oauckaesok). bion. 19, puc. 6.

Kniouoei cnosa: HaABHCOKOBOJLTHHMI CHJIBHOCTPYMHMii reHepaTop iMmyJbciB HAmpyru i cTpymy, TexHiuHi 00'€KTH
BiliCbKOBOIr0 NPU3HAYCHHS, CTAHJAAPTH BUIIPOOYBaHb HA €JIEKTPOMATHITHY CYMICHICTB i 0JIMCKABKOCTIKICTD.

Ilpeonosicena u anpobuposana HOGAs cXeMa NOCMPOCHUSA MOWIHO20 CBEPXELICOKOBOILINHOZO CUNbHOMOYHO20 2eHEPAmopa
umnynscuvlx nanpaxcenuit u moxoe 'MHT-2 napysycnoin ycmanogku, popmupyrouieco na aKkmugHo-uHOYKmMUGHOU Hazpy3Ke
MUKDPOCEKYHOHblEe UMNYIbCbl HANPAXHCEHUA amnaumyoou 00 +2 MB u moka amnaumyooit 0o +£150 kA npu 3anacaemoii
anekmpuueckoii nepeuu 0o 1 Muc. Jdaunwiii zemepamop nocmpoen Ha 0CHO8E PA3MEU{EHHO20 6 NONEGHIX YCOBUAX
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MoOepnu3zuposannozo cmauuonapnozo zenepamopa I'MHT-4 na nomunanvnoe nanpsycenue +4 MB u HOMUHAIbHBLL MOK
amnaumyoou +75 KA ¢ 3anacaemoil 6 €20 6bICOKOBOIbMHBIX KOHOEHCAMOPAX INNEKMPUYECKOU IHepzuell HOMUHATbHBIM
snauenuem 1 M/uc. Ilpusedenvl onucanus cxemuvlx U Koncmpykmuenwvix peuienuil zenepamopa I'HHT-2, nozeonawouwux
obecneuumsv npu COXpaHeHUU OCHOBHOI INEKMPOMEXHUUECKOU InemeHmHol 6azvl 2enepamopa I'MHT-4 nonyuenue na
OJIUHHOM  PA3PAOHOM  GO30YUIHOM RPOMENCYMKe O08YXINEeKMPOOHOU CUCMeEMbl «U2NA-HI0CKOCMb) UMNYIbCO6 MOKA
MUKPOCEKYHOHOU OTUMETbHOCHU C YOGOCHHOU AMRIUMYO0l RO CPAGHEHUIO C RAPAMEMPAMU UMNYILCO8 MOKA, opMupyemblx
6 paspaonoi yenu zenepamopa 'HHT-4 ¢ ucnonv3oeanuem ananozuynoil 08yxinekmpoonoi cucmemsl. Ilepeeod zenepamopa
T'HHT-4 ¢ pesxcum pabomur zenepamopa 'HHT-2 ¢ ymenvuiennsim 8060€ ypoGHEM GbIXOOHO20 UMNYAbCHO20 HANPANCEHUS U
Y6enNUuUueHHbIM 6060€ YPOGHEM GbIXOOHO20 UMNYIAbCHO20 MOKA 00ycnognen mpebdosanuamu cmanoapmose HATO AECTP-250:
2014 u CLIA MIL-STD-464C: 2010 npu ucnstmanusx mexHu4eckux o0beKmoe Ha INEeKMPOMAZHUMHYI) COBMECHUMOCHIb U
HEeGOCNPUUMYUGOCHb K 8030€lCMEUI0 HA HUX MOWHBIX INEKMPOMAZHUMHBIX NOMEX Om aAMmMOCHEPHbIX 2P0306bIX
CUIbHOMOYHBIX INEKMPUYECKUX Pa3paooe (moanuit). bubin. 19, puc. 6.

Kntouesvie cnoéa: CBepXBBICOKOBOJIBTHBIH CHJIBHOTOYHBI TreHEPATOP HMIYJbCOB HANPSKEHUS W TOKA, TeXHHYECKHe

00beKThI BOEHHOTO Ha3HAYCHUSHA, CTAHAAPTHI HCIBLITAHU HA JJICEKTPOMATHUTHYI0 COBMECTUMOCTDb U MOJTHHECTOHKOCTD.

Problem definition. In accordance with the
requirements of the current Standards of the NATO
AECTP-250: 2014 [1] and the USA MIL-STD-464C:
2010 [2] when testing various objects of armaments and
military equipment (OAME) for electromagnetic
compatibility (EMC) and resistance to direct (indirect) the
action on them of powerful electromagnetic interference
(PEMI) caused by atmospheric thunderstorm high-current
spark electric discharges (lightning) [3-5], it is required in
the area of placement on the test site of the mentioned
OAME to form such high electric and magnetic fields in
the surrounding airspace due to the flow of a spark
channel of artificial lightning with high pulses current
(HPC) which should be characterized by the rate of
lightning HPC rise of the order of 10'' A/s with its
amplitude up to (100-200) kA. The rate of increase in the
strengths of the electric and magnetic fields in the near
circular zone with radius r, up to (3-10) m from the spark
channel of artificial lightning should be, respectively,
about 10"" V/(m-s) and 10° A/(m-s) [1, 2]. To ensure the
fulfillment of such stringent requirements for the
amplitude-temporal parameters (ATP) of the HPC of
artificial lightning and the PEMI, appropriate powerful
ultra-high-voltage high-current test electrical installations
are required that can simulate in the open air near or far
from the tested OAME long (1 m and more length) spark
electric discharges (lightning) with HPC of the specified
ATPs. The development and creation of such an ultra-
high-voltage (for output pulse voltage with amplitude of 1
MYV or more) high-current (for output pulse current with
amplitude of 100 kA or more) test electrical equipment is
associated with large financial and material and labor
costs. It is known that the cost of constructing such a
special test electrical equipment operating in the
microsecond time range of generated on an electrical load
pulses of voltage and current, is about USD 1000 per 1 kJ
of electrical energy stored in its capacitive energy storage
(CES) [6]. Therefore, with the energy intensity required
by [1, 2] of ultra-high-voltage high-current test electrical
equipment of the order of 1 MJ for its construction in
Ukraine, funds are required of at least USD 1 million. In
this regard, an appropriate technical solution for its
developers is the appropriate modernization of the
existing generators of pulse voltages and currents (GINT),

which ensures compliance with the requirements of
regulatory documents [1, 2].

In the 1970s, for testing the electrical strength of the
external (internal) insulation of electric power and OAME
facilities for EMC and lightning resistance at the
experimental testing ground of the Research and Design
Institute  «Molniya» of NTU «KhPI» (urban-type
settlement Andreevka, Kharkiv region) a powerful
generator of the GINT-4 type of stacked type was created,
characterized by rated output voltage U,=+t4 MV with
rated electrical energy stored in its high-voltage
capacitors equal to 1 MJ [7]. The insulating support
structure (INS) of this generator was made on the basis of
576 porcelain support insulators of the KO-400S type,
beams and braces made of wood laminated plastic of the
DSPB-E-40 type, and its insulating protective (enclosing)
structure is based on fiberglass pipes of the TSPO type
and fiberglass roll electrical material of the REM-0,8 type
[6, 7]. The scheme for constructing its charge-discharge
circuit (CDC) adopted in the design of GINT-4, shown
and described in [8, Fig. 12], provided a damped
sinusoidal current pulse with amplitude of its first half-
wave with duration of up to 11 ps no more 7,,;~+75 kA in
a two-electrode system «needle-planey [7, 9]. It should be
noted that the CDC of the GINT-4 generator was made
according to the classic bipolar Arkadiev-Marx circuit,
containing 16 electrical cascades and, accordingly, 32
oppositely charged stages of it up to constant rated
voltage Uc~=125 kV, separated by 16 two-electrode
uncontrolled air switches made in the form of standard
ball arresters (BA) with diameter of 125 mm [7]. Each
stage of electrical cascades consisted of 4 high-voltage
capacitors in a metal case of the type KBMG-125/1 (rated
charging voltage U~*125 kV; electric capacitance
C=1 pF) developed by the Research and Design Institute
«Molniya» of NTU «KhPI». As a result, the CDC of the
GINT-4 generator had 128 capacitors of the
KBMG-125/1 type. In this regard, the capacity «in the
discharge» C, of this generator was about 0.125 pF, and
the rated value of the electric energy stored in its
capacitors Wg:O,SCdU,gx2 was equal to 1 MJ. In bipolar
charging circuits (two for each electric polarity of the
capacitors C of its CDC) of the indicated capacitors of the
GINT-4 generator, single-section high-voltage charging
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resistors R with nominal value of 500 Q were installed in
an amount of 32 (8 for each of the four charging legs of
the stages of its cascades), made on the basis of nichrome
wire wound on a long fiberglass pipe and filled with
epoxy compound [7, 9] were installed.

The CDC of the GINT-4 generator contained 16
discharging single-section resistors R, (8 for each of the
two oppositely charged branches of the stages of its
cascades) with nominal value of 110 kQ, each of which
was made on the basis of a series fixed on a rectangular
getinax plate of zigzag-shaped 50 constant ceramic
volume resistors of the TVO-10-2,2 kQ type and is
designed for voltage of £500 kV [7, 9]. All stages of the
GINT-4 generator in the area of their BAs were equipped
with damping resistors R, with nominal value of 0.5 Q,
made by winding nichrome wire on short fiberglass pipes
and filling it with epoxy compound [7, 9]. In the
discharge mode of the CDC capacitors of the GINT-4
generator to the electrical load due to nine damping
resistors R¢,, a total active resistance equal to Rs~4.5 Q
is connected to its discharge circuit. ATPs of voltage
(current) pulses formed on an electrical load were
determined by the choice in the CDC of this generator of
the level and polarity of the charging voltage Uc of the
steps of its electrical cascades, as well as the circuits used
at its output for generating the required electrical signals.
The CDC design circuit adopted in the construction of the
GINT-4 generator led to the obtaining of a sufficiently
high level of the specific self-inductance of this type of
generator at the output of its ultra-high-voltage discharge
circuit, amounting to 20 puH/MV [7, 9]. In this regard, the
own inductance L, of the discharge circuit of the
generator of the GINT-4 type at U,=+4 MV was about
80 pH [7-10]. The relatively small value of the
capacitance «in the discharge» C; =0.125 pF and the
relatively large value of its own inductance L,~80 uH of
the generator of the GINT-4 type, in principle, do not
allow it to fulfill the considered requirements of the
NATO AECTP-250: 2014 [1] and the USA MIL-STD-
464C: 2010 Standards [2] when testing OAME for EMC,
the effect of PEMI on them as wells lightning resistance.
From the given technical characteristics of the GINT-4
type generator, it can be seen that in relation to the
requirements presented in [1, 2], its main disadvantage is
the relatively low level of artificial lightning HPC
(no more than 7,,~+75 kA) formed by it on an electrical
load (for example, on a long air discharge gap). In this
regard, an urgent applied problem is one that is aimed at
modernizing the CDC of the ultra-high-voltage generator
of the GINT-4 type with the goal of real approximation
with its help to the fulfillment of the basic requirements of
regulatory documents [1, 2] at the Research and Design
Institute «Molniya» of NTU «KhPI» when testing OAME
on EMC, the impact on them of the corresponding HPC,
PEMI as well as lightning resistance.

The goal of the paper is the development and
testing on the basis of the existing super-high-voltage

generator of the GINT-4 type of a new scheme for
constructing its CDC and the creation of a modernized
powerful ultra-high-voltage high-current generator of the
GINT-2 type for the formation on an electrical load of
microsecond voltage pulses with amplitude of up
to +2 MV and current with amplitude of up to +150 kA
with stored electrical energy in its CES up to 1 MJ.

1. Results of the development of a new CDC
scheme of the modernized powerful ultra-high-voltage
high-current generator GINT-2. When modernizing the
CDC of the powerful ultra-high-voltage high-current
generator of the GINT-4 type, our main attention was
directed to increasing the capacity «in the discharge» C,
and decreasing own inductance L, of this generator. Due
to such measures, it becomes real for us to achieve the
goal defined for the tested OAME by regulatory
documents [1, 2]. In this case, an indispensable condition
was the preservation in its CDC of the main electrical
element base of the generator of the GINT-4 type.

Figure 1 shows a circuit diagram of a modernized
powerful ultra-high-voltage high-current generator of the
GINT-2 type, containing in its CDC, with its capacity
«in the discharge» C,~0.5 pF, eight electrical stages, eight
uncontrolled air BAs with diameter 125 mm, one
controlled BA of the trigatron type and 128 high-voltage
capacitors of the KBMG-125/1 type.

In the CDC of the generator of the GINT-2 type,
single-section discharge resistors R, with nominal value
of 110 kQ (4 for each polarity of its two branches of the
charge of high-voltage capacitors C of the sections of all
cascades) remained the same from the CDC of the
generator type GINT-4.

Figure 2 shows a general view of the GINT-2
generator.

In Fig. 1, the test object (TO) is a two-electrode
discharge system «needle-plane», the length /, of the air
gap in which can vary from 1 to 4 m. It can be seen that,
in contrast to the scheme for constructing the generator of
the GINT-4 type, the new CDC o the generator of the
GINT-2 type in each stage of its electrical cascades
contains eight capacitors of the KBMG-125/1 type. With
parallel charging up to voltage U¢ of the corresponding
polarity of these capacitors through charging resistors R¢
with nominal value of 30 kQ, the stages of all stages are
galvanically interconnected by means of charging-
separating resistors Rco with nominal value of 180 Q
borrowed from the CDC of the GINT-4, which do not
participate in the high-current discharge circuit of the
generator of the GINT-2 type (see Fig. 1) [11]. In the
discharge mode through air BAs F,—Fs with damping
resistors R¢, with nominal value of 0.5 Q, the steps of all
stages are connected in series with each other, which
determines the capacity «in the discharge» of each stage,
equal to C¢ =4 pF. Taking into account the fact that when
the generator of the GINT-2 type is discharged on the TO,
all of its eight electrical cascades are connected in a series
circuit ascending to the steel shield-roof (see Fig. 1), then
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Fig. 1. Circuit diagram of the modernized powerful generator of
pulse voltages and currents GINT-2 for rated voltage of £2 MV,
rated current of £150 kA and rated electrical energy stored in its
capacitors of 1 MJ, assembled on the basis of the generator of
pulse voltages and currents GINT-4 for rated voltage of £4 MV,
rated current of £75 kA and rated electrical energy stored in its
CES of 1 MJ (the bold line shows a new discharge circuit of the
ultra-high-voltage high-current generator)
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Fig. 2. External view of the modernized powerful ultra-high-
voltage high-current generator of the GINT-2 type, containing a
flat steel shield-roof with slope of rectangular shape with area of
60 m” with round edges (in the foreground, to measure the ATPs

of voltage pulses formed at the test object, an ohmic voltage

divider is installed on 2.5 MV of the ODN-2 type)

the value of the capacitance «in the discharge» C, of such
a generator becomes equal to 0.5 uF. It can be seen that
the value of this capacitance of the GINT-2 generator has
become four times greater than the capacitance «in the
discharge» C, of the generator of the GINT-4 type. It is
important to point out that in the CDC of the generator of
the GINT-4 type, the discharge circuit of its 16 electrical
cascades occurred along a spiral of relatively large
diameter (up to 6 m) ascending from the bottom up to the
shield-roof [7, 9].

There were four electrical stages of this generator
per one turn of this spiral. In the modernized CDC of the
GINT-2 generator (Fig. 3), the discharge circuit of its
eight electrical cascades is carried out along a linear-
bifilar loop path of relatively small width (up to 3 m)
ascending from the bottom up to the shield-roof. As a
result of this proposed design of the new CDC, the
specific own inductance of the ultra-high-voltage
generator of the GINT-2 type began to be up to
10 uH/MV. At rated output voltage U, =+2 MV, the own
inductance L, of this generator decreased four times
compared to the own inductance L,~80 pH of the
generator of the GINT-4 type and began to not exceed
20 puH (with the INS height of the considered powerful
generators up to 12 m [7, 97).

[\Fy

N

FPTR

BN AR

Fig. 3. External view of the main elements of the modernized
CDC of the generator of the GINT-2 type, which were
previously electrical element base of the GINT-4 generator

For technological and technical reasons (for the
possibility of using the CDC of the GINT-4 and GINT-2
generators in the future when creating an ultra-high-
voltage generator of aperiodic switching voltage pulses of
the standard 250 ps/2500 ps [12]), Rc charging resistors
in the CDC of the GINT-2 generator were replaced with
«new» two-section resistors with nominal value of 30 kQ
and length of about 1500 mm (Fig. 4).

Each section of the «new» charging resistors Rc in
the CDC of the GINT-2 generator was made of 50
connected in series and zigzag connected ceramic bulk
resistors TVO-5-300 Q, placed on a flat rectangular
getinax plate and filled with epoxy compound [12].
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Fig. 4. General view of round cylindrical «old» (bottom) and flat
rectangular «new» (top) charging resistors Rc, respectively, with
nominal value of 500 Q2 and 30 kQ, which are part of the CDC,
respectively, of powerful ultra-high-voltage generators of the
GINT-4 type and GINT-2 type

We point out that when the CDC capacitors C of the
GINT-2 type generator (see Fig. 1) reaches the specified
level of charging voltage +U. from the starting pulse
generator (SPG), a triggering microsecond voltage pulse
with amplitude of =10 kV (the polarity of this pulse is
determined by the polarity of the charge of the first
electrical section of the generator stage from the ground)
is fed to the trigatron-type controlled air arrester Fo [13].
After the actuation of the controlled BA Fy with diameter
of 125 mm due to the sequential occurrence of
overvoltages in the discharge circuit of the CDC of the
GINT-2 generator, the air BAs F|—Fy of all stages are
triggered along its height, which leads to the formation of
the required voltage and current pulses on the TO. The
polarity of the output voltage pulse U, of the GINT-2
generator will be of the opposite polarity of the charge of
its first section of the electric cascade from the ground,
connected directly to the BA Fy.

2. Results of calculation and experimental testing
of the new CDC circuit of the powerful ultra-high-
voltage high-current generator GINT-2.

According to the laws of theoretical electrical
engineering, it is known that in the RLC-circuit as applied
to the CDC of the modernized generator of the GINT-2
type, which is characterized by a halved level of the rated
output voltage U,, (up to £ 2 MV) and a fourfold reduced
own inductance L, (up to 20 pH) compared with the CDC
of the generator of the GINT-4 type [7], provided
Res<2(L/C,)"?, the amplitude 1,, of the sinusoidal
discharge current at its output will be directly proportional
to the value (C,)"? [14]. Since the capacity «in the
discharge» C, of the generator of the GINT-2 type has
become four times higher than the corresponding
capacitance C, of the generator of the GINT-4 type, the
considered amplitude 7, of the rated discharge current at
the output of the CDC of the modernized generator of the
GINT-2 type should double with the corresponding
amplitude 7,,~+75 kA of the current [7, 9] in the
discharge circuit of the generator of the GINT-4 type and
amount to approximately =150 kA. A characteristic
feature of the CDC of the modernized generator of the
GINT-2 type is that the period T, of oscillations of the
discharge current in it in accordance with Thomson
formula 7, gZZE(Lng)” %21 us [14] remains practically
unchanged in comparison with the value of T, in the CDC
of the generator of the GINT-4 type.

The calculation estimate of the maximum value of
the rate of rise of the discharge current i¢ in the CDC of
the modernized generator of the GINT-2 type with TO in
the form of an air «needle-plane» system can be
performed according to the following approximate
relation:

dic/dt ~ 27T, 1, . (1)

At T,=21 ps and 7,,=150 kA, according to (1), the
sought-for calculation value of the maximum rate of rise
of the sinusoidal discharge current ic in the CDC of the
GINT-2 generator will be about 0.45:10"" A/s. It can be
seen that the obtained numerical value of diJ/dt
approaches the requirements of regulatory documents
[1, 2]. The calculation value of the maximum rate of rise
in the air of the magnetic field strength Hc around the
zone of flow of the high-current discharge channel from
the GINT-2 generator with TO in the form of a «needle-
plane» discharge system, taking into account the law of
total current, can be determined by the following
approximate formula:

dHcldt ~ 2m,) \dicldt =T Ly . ()

From (2) at r.~4.46 m, T,=21 ps and 7,,=150 kA it
follows that the numerical value of dH/dt turns out to be
approximately equal to 1,6:10° A/(m's). The obtained
dH¢/dt value fully meets the requirements from [1, 2].

As for the calculation estimate of the maximum rate
of rise in the air of the electric field strength Ec around
the cylindrical zone of the long spark discharge channel
from the GINT-2 ultra-high-voltage generator with TO in
the form of a standard «needle-plane» air discharge
system, on the one hand, it can be estimated by the
following approximate expression:

dEc/dleCU/(Tcla), (3)

where Ucy is the cutoff voltage for the output pulse U,
in the discharge circuit of the GINT-2 generator with the
specified TO in the form of a «needle-plane» system;
T¢ is the pre-discharge time in the «needle-plane» system;
I, is the length of the air gap in the «needle-plane»
system.

We point out that the parameters Ucy and T¢
included in (3) must be determined in accordance with the
requirements of the current interstate standard
GOST 1516.2-97 [15]. With the experimental data
obtained for the high-current circuit of the ultra-high-
voltage generator of the GINT-2 type with the considered
discharge system «needle-plane» having numerical values
Ucy=1180 kV, Te=1.7 ps and [,=2 m, from (3) we obtain
that in this case, the sought value of dE /dt takes on a
numerical value equal to about 3.47-10" V/(m-s).
It is seen that the obtained calculated value of dE /dt
approaches the value required by [1, 2].

Figure 5 shows a typical oscillogram of a
microsecond voltage pulse U,(f) obtained in the high-
current discharge circuit of this generator (Uc = £100 kV)
during an electric breakdown at the TO of a long air gap
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(172 m) in the «needle-plane» discharge system for the
case of experimental testing of the new CDC of the
modernized powerful generator of the GINT-2 type. It is
seen that the spark breakdown of this air gap occurs on
the growing part of the ultra-high voltage pulse formed
and applied to it. In this case, the pulsed cutoff voltage
Ucy is ~1180 kV, and the pre-discharge time T is
about 1.7 ps.

On the other hand, taking into account the classical
electrodynamic ratio in air between the strengths of the
electric £¢ and magnetic Hc fields in the electromagnetic
wave formed for testing the OAME (E/H=377 Q in the
far circular zone from the source of electromagnetic
radiation [6]) for the dE/dt value at the front of the first
half-wave of the E-field strength in the near air circular
zone with radius of 7.<10 m from the spark discharge
channel of artificial lightning in the considered high-
current discharge circuit of the generator of the GINT-2
type, the following approximate expression can be
written:

dEc /dt ~377dH¢ | dt . (4)
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Fig. 5. Oscillogram of the voltage pulse cut off on the rising part
applied to a long air gap (/,=2 m) connected to the high-current
circuit of the ultra-high-voltage generator GINT-2 of the
two-electrode discharge system «needle-planex»
(U~£100 kV; Uc=1180 kV; T=1.7 ps; vertical scale —
268.2 kV/cell; horizontal scale — 2.5 ps/cell)

The possibility of using formula (4) in the carried
out approximate calculation estimate of the value of
dE/dt is indicated by the fact that the distance from the
center of the spark discharge channel of the simulated
lightning, to which the first half-wave of the Ec-field
strength propagates through the air with an electric
breakdown of an air gap of length /,<(1-4) m in a two-
electrode system «needle-plane» for T¢<2 ps (see Fig. 5),
numerically does not exceed 600 m. Such an approach in
the calculation estimation of dE /dt does not contradict
the requirements of the above documents [1, 2]. In
addition, a similar approach is used to assess the ATPs of
formed in the near air zones of artificially generated high-
power electromagnetic pulses (EMPs) simulators (for
example, micro- and nanosecond EMPs of nuclear
explosions) [16].

Then from (4) at dH /dt=1.6:10° A/(m's), obtained
above from (2) at r~4.46 m for the case under
consideration (7g=21 ps; 1,,=150 kA) , it follows that
dEJ/dt can take a numerical value equal to approximately
6.03-10"" V/(m's). This slew rate for dE/dt practically
meets the requirements set out in the normative
documents [1, 2].

Figure 6 shows a typical oscillogram of the damped
sinusoidal discharge current i(f) (7z=21 ps) in the CDC
of the generator of the GINT-2 type with an electrical
breakdown of an air gap of length /,=1 m in the «needle-
plane» discharge system. From the data in Fig. 6 it
follows that when the charging voltage Uc of capacitors
in the CDC of the GINT-2 generator increases to the rated
level and equal to +125 kV, it becomes possible to obtain
current pulses in the air discharge system «needle-plane»
with the amplitude of the first half-wave equal to
L1~* 150 kKA.
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Fig. 6. Oscillogram of the pulsed current in the discharge
high-current circuit of the ultra-high-voltage generator of the
GINT-2 type with an electrical breakdown of an air gap of
length /,=1 m in the «needle-plane» discharge system
(Uc~=£50kV; 1,,=62.1 kA; T=21 ps; vertical scale —
22.52 kA/cell; horizontal scale — 10 ps/cell)

When measuring the ATPs of voltage pulses formed
in the discharge circuit of the GINT-2 generator (see
Fig. 5), an ultra-high-voltage ohmic divider of pulsed
voltage for +2.5 MV type ODN-2 (see Fig. 2) with a
division coefficient K,~53.65-10° [17] matched in the
measuring circuit was used. From ODN-2 a shielded
cable communication line with length of up to 60 m was
coordinatedly connected to a Tektronix TDS 1012 digital
storage oscilloscope, placed to reduce electromagnetic
interference in its working channel and to increase the
measurement accuracy of these ATPs far from the
generator of the GINT-2 and the TO type in a buried
shielded measuring bunker.

When registering the ATPs of the discharge current
pulses ic in the CDC of the GINT-2 generator, a coaxial
shunt of the ShK-300 type [18] verified by the State
Metrological Service with a shielded cable communication
line up to 70 m in length, having a conversion coefficient
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numerically equal to K¢=11.26:10° A/V and coordinatedly
connected to the measuring path with a Tektronix TDS
1012 digital storage oscilloscope, placed to reduce the
parasitic influence of external PEMI on it far from the test
site in a buried shielded measuring bunker [19].

Taking into account the absence in the open
literature of data on ultra-high-voltage test installations of
NATO countries that implement the requirements of the
above Standards [1, 2], we can conclude that, in terms of
their technical characteristics (ATPs of voltage, current
and PEMI pulses generated at the TO, the level of electric
energy storage in its CES and a relatively low cost of
development and construction), an ultra-high-voltage
generator of the GINT-2 type meets the high world

requirements in the field of high-voltage pulse
technology.

Conclusions.

A powerful ultra-high-voltage  high-current

generator of pulsed voltages and currents of the GINT-2
type, developed and created at the Research and Design
Institute «Molniya» of NTU «KhPI» which forms
microsecond voltage pulses with amplitude of wup
to £2 MV and current with amplitude of up to £150 kA
with electric energy stored in its high-voltage capacitors
up to 1 MJ on an active-inductive electrical load made in
the form of a standard two-electrode air discharge system
«needle-plane» allows, in accordance with the
requirements of the current Standards of the NATO
AECTP-250: 2014 and the USA MIL-STD-464C: 2010 to
carry out full-scale tests of weapons and military
equipment for electromagnetic compatibility and
resistance to direct (indirect) impact on them of HPC and

powerful electromagnetic interference caused by
atmospheric lightning spark discharges (lightning).
Note.

The work on the development and creation of the
ultra-high-voltage high-current generator of pulsed
voltages and currents of the GINT-2 type at the Research
and Design Institute «Molniya» of NTU «KhPI» was
carried out within the framework of two applied scientific
and technical projects financed by the Ministry of
Education and Science of Ukraine: «Ensuring compliance
of armaments and military equipment of Ukraine with
modern requirements of the NATO Standards on
electromagnetic compatibility» (state registration No.
01170000533); «Development of test systems for
standard weapons and military equipment of Ukraine
according to the NATO Standards on electromagnetic
compatibility» (state registration No. 0119U002571).
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