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Paccmompenwt gonpocwl obecneuenusi cmoukocmu 8blCOKO80IbMHbIX coneunblx bamapei (BC) kocmu-
yeckux annapamos (KA) k eosoeticmeuro smopuunvix 0y208uix pazpsa0os. Hcciedosanus 6 smoti ooracmu
npoooicaromes yoce bonee 50 nem, Ho omeema Ha 6ce 803HUKATOWUE 80NPOCHL NoKaA He HatioeHo. lIpedic-
0e 8ce20, MO CEAZAHO CO CLOHCHOCMBIO INEKMPOPUIUYECKUX NPOYECCOB, NPOMEKAIOWUX HA NOBEPXHOCU
bC KA 6 xocmoce u 6 nabopamopuvix yciosusx. Bmopas npuuuna — cayyaiinwtii xapaxmep 6mopudHbix
0y208bIX pa3ps008, KOMopulil mpebyem NpuUMeHeHUs: CReYUANbHbIX Memo008 UCHbIMAHUL, NO380JAI0UWUX
noomeepoums dPHeKmueHOCms U HAOEHCHOCHD 8bIOPAHHBIX KOHCMPYKMOPCKO-MEXHOIO0SUYECKUX pelie-
Hul. Mcnvimanus 8 yciosusx, npUubUdiCeHHblX K HAMYPHbIM, He N0360AI0M peuums dmy 3aoavy. B cma-
move npusedeH pempocneKmueHulll 0030p nyoauKayul no Gu3uvecKum 0CoOEHHOCMAM MOPULHBIX 0Y208bIX
paspaoos, eosnuxarowux Ha BC KA, mexanuzmam ux uHuyuupo8anus, dKCNepuUMeHmanibHblM Memooam
uccnedosanull u ucnvimanull. 3HauumenvHoe GHUMAHUE YOENeHO 8ONPOCAM BO3HUKHOBEHUS GMOPUYHBIX
0yeosvix pazpsaoos na BC KA 6 ycrnogusax uonocgepnoti niasmol u nia3msl, 2eHepUpyemMotl 21eKmpoparKem-
HbiMu Ogueamenamu. Iloxkazano, umo, HecmMomps Ha OONBLULON 00beM HAKONIEHHbIX OAHHLIX U 3HAHUL, ne-
pexoo om nuskoeorbmublx BC K 8b1COKOBONLIMHBIM OCMACMCSA CONHCHOU HAYYHO-MEXHUYECKOU NpooaeMol,
0J1s peutenus Komopou HeobX00umo nposedeHue ONOIHUMENbHbIX uccaedosanull. Kpome moeo, yoice celi-
4ac HA0o0 HAYUHAMb 20MOBUMb KAOpbl, 81A0eIOWUe WUPOKUM CREeKMPOM 3HAHULL U CNOCOOHbIe pabomamb
no O0anHou memamuxe. /[ 5mMo20 npedcmasisiemcs yenecooopasHoll opeanuzayus ompaciesor HUP,
a maxoice Bvloesenue Yeneblx cpeocms Ha NOO20MOBKY 6blCOKOKBANUDUYUPOBAHHBIX CREYUATUCIIO8 U
nposedeHue UMU CAMOCMOSIMENbHbIX UCCAed08anuil. Taxkot nodxo0 no3eonum 6 Kpamuanuuiue cpoxu pe-
wums npobaemy co30auus vicokogonvmuvix bC u nodcomosums Kadpvl 011 OanbHeluwe20 pa3eumus
9MOLL MEXHONIO2UM.

Kniouesvle cnosa: 6bicokosoibmuas connedwnas damapesi, KOCMUYECKUN annapam, MacHumocpepnas
nAazMa, UOHOCHEPHAs NAA3MA, NAAZMA INEKMPOPAKEMHbIX Osu2amenetl, dINeKMmpu3ayus, 31eKmpoCcmamu-
yeckuli paspao, nepsuunHas dyad, 8mopudHbslll 0y2080U pa3pso, MOKU YmeuKu, no020moeKad 6blCOKOKEAU-
GuyuposanHvix Kaopos.
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We have considered the issues of ensuring the resistance of high-voltage solar battery (SB) of space-
craft to the effects of secondary arc discharges. Research in this area has been going on for more than 50
years, but the answer to all the questions has not yet been found. First of all, this is due to the complexity of
the electrophysical processes occurring on the surface of the spacecraft in space and in laboratory condi-
tions. The second reason is the random nature of secondary vacuum arc discharges, which requires the use
of special test methods to confirm the effectiveness and reliability of selected design and technological so-
lutions. Tests in conditions close to full-scale conditions do not allow us to solve this problem. We have
given a retrospective review of publications on the physical features of secondary arcs arising on SB of
spacecraft, the mechanisms of their initiation, experimental research and testing methods. We paid consid-
erable attention to the issues of the occurrence of secondary arc discharges SB of the spacecraft in the
conditions of ionospheric plasma and plasma generated by electric propulsion thrusters. We have shown
that despite the large amount of accumulated data and knowledge, the transition from low-voltage SB to
high-voltage SB remains a difficult scientific and technical problem, which requires additional research to
solve. In addition, it is already necessary to start training personnel who possess a wide range of knowl-
edge and are able to work on this topic. To do this, it seems advisable to organize sectoral research, as
well as the allocation of targeted funds for the training of highly qualified specialists and their independent
research. This approach will make it possible to solve the problem of creating high-voltage SB in the short-
est possible time and prepare personnel for the development of this technology.

Kniouesvie crosa na anenutickom sizvixe: high voltage solar battery, spacecrafi, magnetospheric plasma,
ionospheric plasma, plasma of electric propulsion thruster, charging, electrostatic discharge, primary arc,
secondary arc, leakage currents, training of highly qualified personnel.

Introduction

One of the trends in the development of solar power in space is to increase the operating voltage of
solar battery (SB) to 100 volts or more. This allows to significantly reduce the mass of the cable net-
work and voltage converters and, accordingly, increase the mass of the payload of the spacecraft (SC)
[1; 2]. A striking illustration of this trend is the three-year NASA program (2001-2003) to develop the
Hall-effect thruster system with the so-called “direct drive” - D2HET [3; 4]. This program was aimed
at significantly reducing the complexity, weight and cost of the power system compared to conven-
tional low-voltage systems through the use of solar panels operating at a voltage of 300 V. The results
of this program served as the basis for creating the next-generation power systems, the research of
which is currently carried out [5-7].

It should be noted that such significant achievements were the result of many years of work by re-
searchers, designers and technologists over more than the last 50 years. The first publications on high-
voltage solar batteries appeared in the early 70s. [8; 9]. In the following years, up to several hundred
publications were published per year, which in total amounted to more than 5 thousand works. In this
regard, a legitimate question arises: what were such large-scale research aimed at and what prevented
us from simply increasing the battery voltage from the previously used 27 to 100 V or more?
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The answer is simple. The fact is that at voltages above 40-70 V, powerful arc discharges (AD) can
occur in the SB circuits of the spacecraft, which can lead to the destruction of the SB elements and a
significant reduction in their output power. To ensure reliable operation of the SB, it is necessary to
create effective means of protection against arc discharges, which is a very complex scientific, techni-
cal and technological challenge.

The danger of arc discharges to SB of the spacecraft is evident from Fig. 1, showing a SB fragment
of the low-orbit spacecraft EURECA after a powerful arc discharge [10]. The damaged spacecraft was
returned to Earth using the U.S. Space Shuttle.
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Puc.1. Bo3ppamieHHslit o6pasel conneunoit 6arapeu KA EURECA
rocyie BO3AEUCTBHA MOLIHOTO qyroBoro paspsaa [10]

Fig. 1. Sample of Flight Array from ESA EURECA Mission
after Sustained Arcing [10]

A section of the solar cell array of the spacecraft's SB was “short-circuited” to the spacecraft's body
as a result of occurrence of a secondary stable arc [10].

Figure 2 shows a photo obtained during ground tests of a SB with a voltage of 127 V by the
TERRA remote sensing satellite flagship [10].
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Puc. 2. Kanp u3 Buaeosamnucu (a) U y4acTOK, IOBPEKACHHBII TYyroBbIM paspsiaom (6),
Ha o6pasie BC KA TERRA [10]

Fig. 2. Video Frame from EOS-AM1 Sustained Arc Test (a) and Arc Site of Sustained Arc on EOS-AM1
Sample Array. Cells are 2x4 ¢cm (6). EOS-AM1 — Earth Observing System — Morningside 1 (now Terra) [10]
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At the place where a stable arc occurred, the solar battery circuit was completely short-circuited.
This test led to the redesign of all solar array circuits on the TERRA satellite to prevent arcing in orbit.
The satellite with the modified SB was launched on December 18, 1999 into a sun-synchronous polar
orbit at an altitude of 705 km and successfully completed its assigned service life. However, these
modifications cost several million dollars [3].

In geostationary orbit, the first anomalies in the operation of the SB associated with electric dis-
charge phenomena were recorded in 1997. 32 failures were recorded due to arc discharges in the pe-
riod from 1997 to 2002 [11; 12]. Damage to solar panels on commercial telecommunications satellites
due to arcing during this period cost more than $100 million in damages and redesign costs. NASA
programs were also affected [3].

In Russia, vacuum arc discharges between sections of the SB were first observed long before these
events back in 1987 at the Institute of Nuclear Physics of Moscow State University together with the
NPO “Kvant” when testing a fragment of the SB of a telecommunication spacecraft in a vacuum
chamber under conditions simulating the flight of geostationary communication satellites [13— 15]. A
vacuum arc discharge was recorded between two fragments of the SB at a voltage of 40 V. The dis-
tance between the fragments was 3 mm. In places where the vacuum arc formed, contact sputtering
and melting of the protective glass were observed. However, due to the collapse of the USSR in 1991,
research in this direction stopped. Some work was carried out at the Tomsk Polytechnic University
and TsNIIMash [16; 17]. Research resumed after 1995-2000 [17-20].

Already in the early 2000s it became clear that laboratory tests do not always provide a guaranteed
result. The conditions for the occurrence of arc discharges in space are so complex and diverse that
simulating them on Earth is an extremely difficult task, requiring expensive experimental equipment
and a deep understanding of the physics of the processes occurring on the surface of the SB in space
and during laboratory experiments.

This became the reason for a new round of research, which was aimed at building complex physi-
cal and mathematical models of electrophysical processes on high-voltage spacecraft’s SB, as well as
testing selected methods of protection against arc discharges on special technological satellites.

One of these satellites was ETS-VIII, which was launched on December 18, 2006 and successfully
operated until January 10, 2017. No anomalies in the operation of the SB were observed, which con-
firmed the effectiveness of the protection measures chosen at the stage of ground-based experimental
testing [21].

Another example is the 30 cm cube nanosatellite HORYU-II, launched on May 18, 2012. It was
developed at the Kyushu Institute of Technology in Japan. HORYU-II is a demonstration satellite for
high-voltage technologies, the main advantages of which are low cost and short development time.
The satellite was supposed to demonstrate the ability to generate 300 V in orbit using spherical solar
cells connected in series. However, during data collection, many problems were discovered, which are
discussed in [22].

Preliminary data obtained on the HORYU-IV satellite were published in [23]. A video camera was
installed on the satellite, which made it possible to obtain a photograph of the discharge from space
(Fig. 3).

Thus, the world experience in the development of high-voltage spacecraft’s SB shows that for a
technological leap from low-voltage SB to high-voltage it is necessary to solve a wide range of prob-
lematic issues related to the development of physical and mathematical models of electric discharge
processes occurring on the surface of the SB, the creation of experimental equipment and testing
methods, as well as the development of effective methods for protecting high-voltage spacecraft’s SB
from arc discharges.
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Puc. 3. ®ororpadus paspsaa Ha BC texnonorudeckoro criyriuka HORYU-IV [23]

Fig. 3. Photo of the discharge on the solar battery of the HORYU-IV technological satellite [23]

Arc discharges between solar cell sections

The most destructive for the spacecraft’s SB are the so-called permanent sustained arcs that arise
between SB sections. These arcs can last for a few or tens of seconds, destroying conductors and adja-
cent dielectrics. Examples of such categories were given above. But if the duration of the arc is short,
then even with a large discharge current, the released energy will not be enough to destroy the struc-
tural elements of the SB. Such arcs are classified as non-sustained arcs and, according to [24], are con-
sidered not dangerous for the SB.

However, such a criterion is very conditional. Experimental studies [25] and many other authors
show that the burning duration of a vacuum arc t, is a random variable subject to a distribution of the

form

T
N = Nexp -4 s (1)
To
where N, — total number of discharges; N — number of discharges with a burning time longer than
T, T, —average vacuum arc burning time.
In this case, the average burning time of a vacuum arc 7z, increases exponentially with increasing

discharge current [25]:

To = TzheXp{‘I/'(Id -1, )}, (2)
where [, — vacuum arc current; /,, — vacuum arc threshold current (cutoff current [25]); t,, — aver-
age duration of vacuum arc burning while /, =1,, ; y — a constant numerically equal to the tangent of
the slope of the dependence 1, (7).

A convincing theoretical justification for dependencies (1) and (2) based on the ectonic model of a
vacuum arc discharge [26-28] is given in [29]. The physical reason for the instability of a vacuum arc
is the finite lifetime of an ecton and the associated cyclicity of processes in the cathode spot of a vac-
uum arc. According to the ectonic model, the cathode spot of a vacuum arc consists of many individ-
ual cells, the lifetime of which is measured in nanoseconds. Each cell carries a current that does not
exceed twice the threshold vacuum arc current 7, . The process of self-sustaining vacuum arc dis-
charge is ensured by the go-ahead mode of functioning of ectons. If for some reason the go-ahead
mode is not passed on, spontaneous extinction of the vacuum arc is observed. As the discharge current

decreases, the number of cells and, consequently, the probability of successful transmission of the “re-
lay” decreases.
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Detailed studies regarding the definition of 7,, and dependencies 1, (/,) of various materials were
carried out by many authors [25; 30-32]. Typical dependencies 1, (/,) for a number of materials are

shown in Fig. 4 [30], and the cutoff current values /7, depending on the parameter T,,JI , where T,

is the melting temperature of the material; A is the thermal conductivity coefficient (Fig. 5) [25].

The data presented show that the short vacuum arcs observed in the experiment do not guarantee
the absence of destruction, since there is always some probability (even a very small) of the occur-
rence of a long vacuum arc, the energy of which will be sufficient to melt the electrodes and pyrolyze
the dielectrics adjacent to them.

At the same time, dependence (2) suggests that if the discharge current is limited, the vacuum arc
does not ignite. Moreover, the threshold value of the discharge current, depending on the material of
the electrodes, is in the range of 0.2-2 A, which is comparable to the characteristic current of a line of
solar elements.

It should be noted that relations (1), (2) and the corresponding experimental data were obtained for
ideal electrodes that do not contain contamination and adjacent dielectrics. In a real SB, the situation is
different, so we cannot exclude the participation of films of contaminants and dielectrics in contact
with heated electrodes in the discharge of gas release products.
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1 — muuK; 2 — cepebpo; 3 — Menn; 4 — Boasdpam [30 ) )
peop dpant [30] Fig. 5. Threshold currents of vacuum arc discharges

Fig. 4. The average duration of the vacuum arc for various cathode materials [25]
for various metals:
1 — zinc; 2 — silver; 3 — copper; 4 — tungsten [30]

The random nature of 7, value significantly complicates the procedure for testing the spacecraft’s
SB samples for resistance to the effects of arc discharges. To assess the probability of occurrence of a
destructive arc discharges, it is necessary to determine the parameters N, and t,. This is a challenging
task that requires collecting a large volume of statistical data. Therefore, when testing timeframes are
tight, solving it in full scope is not always possible.

A detailed description of the measure procedures of t, is given in [33—-35]. The results of these
works are included in the standard [24] and are used when testing the high-voltage spacecraft’s SB for
resistance to the effects of arc discharges.

N, parameter can be considered as the number of arc discharges occurring in all discharge gaps of

the SB during the entire period of active existence of the spacecraft. In ground tests, this is the total
number of arc discharges that occurred on the SB sample during the tests.
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It is obvious that if a discharge with a duration exceeding the critical value occurs in at least one
gap, the structure will be destroyed. On a real SB there are tens of thousands of such gaps, on a proto-
type SB there are several dozen. Therefore, in terms of statistics, the duration of testing a sample (un-
der conditions simulating full-scale operating conditions) should exceed the active life of the space-
craft by thousands of times. Obviously, this condition is impossible and the tests must be carried out at
an accelerated rate, which is achieved by increasing the frequency of events that initiate the arc dis-
charge.

In space, arc discharges can be initiated by electrostatic discharges arising as a result of differential
charging of spacecraft structural elements [36], primary (trigger) arcs [11; 21; 37], formed under con-
ditions of an inverse potential gradient [38; 39], as well as impacts from meteorite particles [40]. In
laboratory conditions, as a rule, this are electrostatic discharges, arising when a SB sample is irradiated
with a flow of high-energy electrons [17; 36]. But not every such event causes arc discharges. Depend-
ing on its intensity and localization, the probability of arc discharges initiation can vary within very
wide limits. Therefore, in laboratory studies, special devices are sometimes used that generate plasma,
which initiates secondary arc discharges [18; 20; 41; 42].

It should be noted that a very large number of national [17; 36; 43] and foreign [42; 44; 45] works
are devoted to electrostatic discharges research. This is due not only to the ability of electrostatic dis-
charges to initiate secondary arc discharges, but also to the ability to cause degradation of the proper-
ties of functional surfaces and materials of the spacecraft. For example, in [46], protrusions were dis-
covered on the surface of protective glass samples of solar cells (Fig. 6), which are directly involved in
electrostatic discharges and can lead to degradation of the optical properties of the glass.

Puc. 6. BoicTynbl Ha IOBEPXHOCTH 3aIUTHOIO CTEKJIA B MeCTaX BO3HUKHOBeHUs DCP [46]

Fig. 6. Protrusions on the surface of the protective glass in places
of occurrence of electrostatic discharges [46]

In works [47; 48], a hypothesis was put forward and investigated that the anomalous (non-
radiation) power losses of the GPS satellite system were caused by contamination resulting from the
deposition of silver electrode evaporation products on the protective glass of the SB during electro-
static discharges. There is also data on the pyrolysis of dielectric materials in the region where electro-
static discharges occur [21].

Although it should be noted that on domestic satellites operating in medium-high circular orbits,
degradation of SB of a non-radiation nature was observed [49]. Moreover, the levels of additional
power losses of the various spacecraft’s SB are approximately the same, amounting to about 1.5% per
year. It is unlikely that SB of various designs will be affected by electrostatic discharges or arc dis-
charges will be the same, so the hypothesis mentioned above requires additional confirmation.

The frequency of occurrence of electrostatic discharges in space depends mainly on the parameters
of the plasma surrounding the spacecraft, the illumination of the spacecraft and the temperature of its
surface. All other things being equal, the frequency of electrostatic discharges is proportional to the
electron current density [36], although sometimes this dependence is violated [17].
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The electron current density in orbit can vary by several orders of magnitude depending on the ac-
tivity of the Sun and the position of the spacecraft in orbit (Fig. 7). In addition to the electron current
density, the energy spectrum of the surrounding plasma also changes.
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Puc. 7. BeposTHOCTb NPEBBIICHUS 33aHHOM TNIOTHOCTH TOKa MarHUTOC(EPHBIX IJIEKTPOHOB
¢ sneprueii 30 3B — 45 k3B Ha reocTanmoHapHO OpOUTE MTPU MECTHOM BPEMEHH:
LT (Local Time) — mectHOe Bpemsi; Eclipse — nepuon conuednoro 3atmenus [50]

Fig. 7. The probability of exceeding the specified current density of magnetospheric electrons
with an energy of 30 eV — 45 keV in a geostationary orbit at local time:
LT (Local Time) — local time; Eclipse — the period of a solar eclipse [50]

Such significant variations in operating conditions lead to the fact that it is only possible to estimate
the parameter N,, during the active existence of the spacecraft in orbit very approximately. Of course,

similar assessments have been carried out [51], but the question arises whether they have practical sig-
nificance. Indeed, with significant variability in the operating conditions of the spacecraft and uncer-
tainty in the initial data, the error in determining N, may be too large. Accordingly, the accuracy of
forecasting the risk of occurrence of destructive arc discharges under spacecraft flight operation condi-
tions will not be high enough.

In this regard, a more rational approach seems to be when the absence of the possibility of the oc-
currence  of  destructive  arc  discharges is  confirmed by  laboratory  tests.
However, even in these cases, the probabilistic nature of arc occurrence plays a decisive role. If tests
are carried out under conditions corresponding to flight operation conditions, the number of observed
arc discharges during the experiment may be insufficient to identify destructive arcs. Simply increas-
ing the intensity of testing does not solve the problem. Therefore, the only way is to theoretically
prove that there are no destructive arcs. But how to do this with limited testing time is not yet entirely
clear.

Influence of ionospheric plasma and plasma of electric rocket engines

The SB electrodes and the spacecraft body in the ionospheric plasma or in the plasma formed dur-
ing the operation of electric rocket engines acquire a certain equilibrium potential, at which a balance
of electronic and ion currents is achieved (Fig. 8). The issues of determining the potential of SB elec-
trodes for spacecraft operating in low and high orbits are widely covered in the literature [52-54].
Sometimes, for these cases, the classical double probe theory is applied [55]. Some estimates of the
potential values of the SB electrodes and leakage currents are given in [56]. Let us immediately note
that the magnitude of leakage currents and the resulting power losses of the SB, as a rule, turn out to
be small [57]. But this does not mean that this factor can be neglected. In some cases, for example,
when gas engines are turned on, current leakage can increase significantly.
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Fig. 8. Current distribution scheme on the surfaces of the solar battery
and the spacecraft body in plasma

Depending on the ratio of areas and parameters of the plasma, the SB electrodes of the spacecraft
can be biased both in the positive and negative directions [54; 56]. In terms of the occurrence of of arc
discharge, these are two fundamentally different situations.

Positively biased electrodes collect electrons intensively, which always leads to current leakage
[57]. In some cases, a glow discharge and glow occur [58]. As an illustration of this effect, Figure 9
shows photographs of the glow on a positively biased electrode, obtained by the authors [58] and in
the MAI laboratory.

a b
Puc. 9. CBedeHue Ha MOJIOKUTEIBHO CMEIIEHHOM 3JIeKTpo/Ie, onydeHHoe B [58] (a)
u B 1aboparopuu MAU (6)

Fig. 9. Glow on a positively biased electrode obtained in [58] (a) and in our laboratory (b)

At sufficiently high values of the potential of the electrodes and the leakage current flowing
through them, heating of the electrodes to high temperatures is possible [56], which can lead to intense
gas evolution of dielectric materials adjacent to the electrodes and even to melting electrodes.

It is evident that all these effects are highly undesirable and should be eliminated at the design
stage. Otherwise, emergency measures will be required to mitigate the impact or withdraw the space-
craft from operation.

For example, the potential bias of International Space Station (ISS) SB relative to the ionospheric
plasma caused, as is known, serious problems that required research [59—61] and the installation of a
special plasma contactor at the station [62], which eliminates negative electric discharge phenomena.

On negatively biased electrodes, triggered arc microdischarges can occur, initiating secondary arcs
[21]. The physical mechanism for the formation of trigger arcs is associated with an avalanche-like
increase in the current of electron emission from microscopic protrusions on the surface of a nega-
tively biased electrode surrounded by a fairly dense low-temperature plasma (ecton generation occurs
at this point). Visually, this looks like the formation of small short-lived luminous points on the sur-
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face of the electrode (cathode). The probability of occurrence of trigger arcs depends on the magnitude
of the displacement and the concentration of the surrounding plasma [21].

Thus, both considered cases are dangerous for the SB and should be carefully examined at the de-
sign stage. Plasma concentration values and electrode potentials realized under flight operating condi-
tions can only be determined by calculation methods, which requires appropriate mathematical models
and software. An example of such calculations can be the assessment of the parameters of the plasma
formed by a Hall thruster of the PPS-1350G type in the vicinity of the SMART-1 SB [63].

Arc discharges in the power cable network

Arc discharges in the power cable network of spacecraft’s SB have a number of specific features
that should be considered separately. First of all, such discharges usually occur in places of mechani-
cal damage to cables. These damages may be of a technological nature, or may occur during operation
as a result of prolonged thermal cycling, vibrations, or the impact of meteoric particles. If such an arc
occurs, it can cause very serious damage, since the current in power circuits is tens and hundreds of
amperes, which significantly exceeds the threshold values. The burning of the arc is supported not
only by the evaporation products of the cathode, but also by the gases released when the insulating
materials are heated, so the arc burning time can be very long, and the consequences can be destruc-
tive. As an example, photographs of the cable are given (with artificially introduced defect) before and
after the arc discharge (Fig. 10) [64].

Puc. 10. Cnenpl ayrosoro paspsja Ha CUJIOBOM Ka0elle ¢ HapyLeHHOH uzomsnuei [64]

Fig. 10. Traces of arc discharge on a power cable with broken insulation [64]

Puc. 11. O6pas3ers i UCTIbITaHUS HA 00pa30BaHUE JYTH NIPU yaape TBEPIOW YaCTHIIBI.
Paccrosinue mexay kabensmu 1,8 mm [65]

Fig. 11. Secondary arcing test sample. The stripped cables are separated by 1.8 mm [65]
The research results on secondary arcs initiated by meteoric particle impact and laser beam (Figure
11), obtained in [65], are highly interesting.
Secondary arcs began to arise at a voltage of 100 V and a current of 1 A. The work measured the
parameters of the plasma generated during a high-speed impact of solid particles, which can be used in
assessing the conditions for the occurrence of secondary arcs in orbit.

Protection of high-voltage spacecraft’s SB from secondary arc discharges
The most reliable way to protect spacecraft’s high-voltage SB from secondary arc discharges is a

complete multilayer insulation of all electrodes. However, this approach is not suitable for space, since
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it is associated with a sharp increase in the mass of the SB and a decrease in its specific characteristics,
which cancels out all the benefits from increasing the voltage. Therefore, the difficulty of the task is to
provide reliable protection against arc discharges with a minimal increase in the mass of the SB. To
solve this problem, it is necessary to understand the physics of arc formation processes, degradation of
material properties in space, as well as to know existing technological and design limitations.

Among the possible protection methods being considered are insulation of switching buses, optimi-
zation of the arrangement of elements on SB panels, increasing the gap between elements, the use of
filling gaps between solar cells, the use of isolating diodes, selection of materials and design of the
substrate, grounding method, the use of large protective glasses for several elements, the use of flexi-
ble solar cells and concentrators [3; 11; 66]. There may be other methods as well.

Testing facilities and personnel

Considering the complexity of creating highly effective protection of spacecraft’s high-voltage SB
from secondary arc discharges, the role of the testing base and highly qualified personnel with the nec-
essary knowledge and ability to work on unique test equipment becomes decisive. There is no other
way to confirm the reliability of the selected protection method other than a laboratory experiment.

Currently, in Russia there are several scientific groups with equipment and personnel capable of
solving these problems. Among them is the Institute of High Current Electronics SB RAS [18; 19],
Tomsk Polytechnic University [17; 36; 38], JSC “TsNIIMash” [43; 16], JSC “Composite” [46; 67], as
well as MAI (Department 208 “Electric rocket engines, power and energy-physical installations”).

The MAI experimental base is represented by the “PP-2” stand [68], which is included in the regis-
ter of unique stands and installations of the Russian Federation. The stand includes three vacuum
chambers PP-2 (2 m®), ELU-8 (2 m’) and U3V (12 m®) (Fig. 12).

All chambers are fitted with oil-free pumping facilities, equipment and measuring instruments nec-
essary for testing. There are electron guns (electron energy from 5 to 100 keV), plasma sources (Hall
thrusters SPD-50, SPD-70, VP-30), electric field strength sensors developed by NSU [36], electrical
probes of various types, video cameras, a solar simulator radiation, thermally stabilized plates and
cryogenic shields.

It should be noted that the experimental base of Moscow Aviation Institute (MAI) was created
starting in 1984, in close cooperation with NPO PM, now JSC RESHETNEV. Work was carried out
on a wide range of problems, including the electrification of spacecraft, the effect of its own external
atmosphere on the spacecraft, the effect of plasma jets of electric propulsion on the elements and sys-
tems of the spacecraft. One of the most important areas of research was the effect of electric propul-
sion plasma on the operation of high-voltage spacecraft equipment. The results of these studies played
a major role in the creation of the SESAT spacecraft. The methodology developed on their basis [69]
is successfully used in spacecraft design and included in a number of regulatory documents.

Puc. 12. DkcnepumenTtanbHas 6a3za MAW nns ucnbitanuii bC:
BakyyMmHble kamepsl [111-2 (a), DJIY-8 (6), Y3B (s)

Fig. 12. MAI experimental base for testing a solar battery:
vacuum chambers PP-2 (a), ELU-8 (b), U3V (c¢)
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Currently, as part of the “Priority 2030” program, the stand is being upgraded with a large vacuum
chamber U3V to test large-scale space technology facilities, including SB panels, for the combined
effects of electrification and electric propulsion’s plasma. The vacuum chamber has a diameter of 2
meters and a length of 5 meters. It is equipped with a cryogenic shield providing sample temperatures
down to -110°C and allows testing of samples with diagonals up to 1.5 meters.

Between 2019 and 2023 four high-voltage SB of the spacecraft were tested at the stand to assess
their resistance to magnetospheric plasma and SPT (stationary plasma thrusters) plasma, as well as
their resilience to secondary arc discharges. As an illustration, arc discharges resulting from irradiating
the high-energy electron sample of the SB are presented in Figure 13 (a), and in the SPT plasma under
positive (13, b) and negative (13, c¢) electrode displacements.

a b c

Puc. 13. ®ororpaduu BTOPUYHBIX JYTOBBIX pa3ps0B, HHUIIMHMPOBAHHBIX BO3/ICHCTBHEM 3JIEKTPOHHOTO O0IydCHHUS
(a); B mnasme, reaepupyemoi DPJI, mpH Mon0KUTENBHOM (6) U OTPULIATETILHOM (6) CMEIICHUH 3JIEKTPOIOB

Fig. 13. Photographs of secondary arc discharges initiated by exposure to electron irradiation (@); in plasma generated
by an electric propulsion thruster, with positive (») and negative (c) electrode displacement

The test results confirmed the seriousness of the problem and made it possible to formulate a list of
tasks that need to be solved first.

First of all, this is the organization of industry research work, which will be aimed at creating a
methodology for testing spacecraft’s high-voltage SB for resistance to secondary arc discharges. This
work should include the development of physical and mathematical models and software, the creation
of special experimental equipment, development of test methods and methods for protecting space-
craft’s SB from secondary arc discharges. The experience of our work has shown that solving these
problems within the framework of planned development work can take many years.

Equally important is the task to train personnel. If we start from scratch by involving students in
their 3" or 4™ year in research, they will not become professionals in this field until at least 5 to 10
years later. Additionally, to train such personnel, specialists who already possess the necessary knowl-
edge are needed. However, they are few in number, and typically they are so overloaded that they do
not have the opportunity to immerse themselves sufficiently in the problem.

In this situation, it seems most rational to allocate targeted funds for training specialists and con-
ducting independent research within the framework of a postgraduate course and doctoral studies,
which will allow applicants and their supervisors to focus as much as possible on the subject of re-
search. These studies should be aimed at solving specific problems within the specified problem.
Some part of the funds should be allocated for research conducted by young specialists after defending
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their dissertations. Coordination of efforts at the industry level should be carried out by the scientific
community and representatives of industry.

Conclusion

1. The world experience shows that mastering the technology of spacecraft’s high-voltage SB re-
quires solving a wide range of scientific, technical, and technological tasks related to the development
of mathematical models, the creation of experimental equipment and testing methodologies, as well as
the development of effective methods for protecting spacecraft’s high-voltage SB from secondary arc
discharges. In addition, it is necessary to train personnel who will be able to develop this technology in
the future.

2. As a result of long-term of cooperation between JSC RESHETNEV and MALI, a valuable frame-
work has been provided in experimental and theoretical research into the problem of ensuring the re-
sistance of spacecraft’s high-voltage SB to the secondary arc discharges, as well as a unique experi-
mental base has been created. It is shown that to ensure the normal functioning of high-voltage SB in
space, it is necessary to organize industry-wide research aimed at creating a test methodology and de-
veloping methods for protecting high-voltage SB of spacecraft from arc discharges.

3. To train highly qualified personnel in this area, it seems appropriate to allocate targeted funds for
research by senior students, postgraduate students, doctoral students and young specialists. The selec-
tion of the research area and its coordination should be based on scientific community and industry.
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