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Modern spacecraft consists of structural materials with different electro-physical characteristics, and it causes the
occurrence of charge-discharge processes on the spacecraft during interaction with the magnetospheric plasma. The
study of this phenomena arising during the natural spacecraft charging and its influence on the onboard systems func-
tioning is of great interest in the field of ensuring the stability of spacecraft under the space factors influence.

The paper presents the experimental results of charge-discharge processes occurring in detachable connectors dur-
ing in-space exploitation after undocking the separating device and placing the spacecraft onto the orbital slot. For the
determination of impact factors characteristics of electrostatic discharge and its potential effect on spacecraft board
equipment the charge-discharge processes research methods with account of spacecraft equipment interfaces were de-
signed. For modeling of electrostatic discharge in detachable connectors and its effects in technological circuits of
spacecraft equipment the imitation loads were applied. These loads include input interface elements of spacecraft
power convectors and onboard control complex.

The results show that the dielectric material of connector contact field can accumulate a charge to the value limited
by the discharge on it. Discharge processes on the dielectric material induce interfering pulses in onboard cable har-
ness and can have a significant impact on the work of onboard equipment. The obtained results are useful in spacecraft
equipment designing in the sphere of interference immunity.
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B cuny moeo, umo cogpemenHwiii KocMuyecKutl annapam coCmoum u3 KOHCMpPYKYUOHHBIX MAMepUaios ¢ pasiui-
HbIMU 2NeKMPOPUIUYECKUMU XAPAKMEPUCTIUKAMU, IO NPUBOOUM K BO3ZHUKHOBEHUIO 3APAOHO-PAPAOHLIX NPOUECCO8
HA KOCMUYECKOM annapame Npu 63aumoOeiicmeuu ¢ MazHumocgeproi niasmoul. H3yuenue aeneHutl, 803HUKAIOUWUX
6 X00e HamypHOU 2NeKMPU3AYUY KOCMUYECKUX annapamos, u ux e1usHus Ha pabomy OOpmMoGuIX cucmem npeocmasis-
em wupoKull uHmepec 8 obracmu obecnedeHus CMOUKOCMU KOCMUYECKUX annapamos npu 6030eucmeul (haxmopos
KOCMUYeCK020 NPOCMPAHCMEA.

Ipedcmaenenvl pesyivmamol UCCICO08AHUS 3APAOHO-PA3PAOHBIX NPOYECCO8, BOSHUKAIOWUX 8 X00e HAMYPHOU IKC-
nayamayuy KOCMu4ecko2o annapama Ha OmMpuleHbIX COeOUHUMENAX NOCTe PACCBIKOBKU C YCMPOUCHEOM OMOeleHUs U
8616000 HA OPOUMANBLHYIO NO3UYWIO. [l OnpedeneHus 8eIUUUHbL 6030CUCMEYIOUUX PAKMOPO8 INEKMPOCMAMULECKO20
Paspsoa u ux NOMeHYUaIbHo20 GIUAHUS HA GOPMOGyIo annapamypy oviia paspabomana Memoouxa Ucciedo8anull 3a-
PAOHO-PA3PAOHBIX NPOYECCO8 HA OMPBIBHBIX COEOUHUMENAX C YUemoM pedlbHbIX uHmepgelicoe bopmosoli annapamy-
Ppbl KOCMUYeCK020 annapama. Aemopamu ucnoib308aHbl UMUMAYUOHHBIE HASPY3KU 051 MOOEIUPOBAHUSL 8030eliCBUs]
INEKMPOCMAMUYECKO20 paA3pA0d HA MEXHON02UYEeCKUe Yenu OMPbIBHO20 cOeOunumens, sedyuue Kk 60pmosoil annapa-
mype. Hcnonv3o6ansl 21emMenmsl 6X00H020 unmepgetica sHep2onpeodbpazoeamesia KOCMU4ECK020 annapama u 6opmo-
8020 KOMNAEKCA YIPAsieHus. YcmanoeieHo, ymo KOHMAaKkmHuoe noje OudNeKmpuyecKko20 Mamepuana npu 030etcmeuu
MASHUMOCHEpHOU Naa3Mbl CNOCOOHO IPPDEKMUSHO HAKANIUBAMb INEKMPUYECKUL NOMEHYUAI, OZPAHUYEHHbII npome-
KaHuem paspaoHuix npoyeccos. Paspsaousie npoyeccsl, npomekaoujue Ha OUINEKMpUKe OMPbIBHO20 COeOUHUMeNs, UH-
Oyyupyrom nomexoguvle UMNYIbCbl 8 HOPMOBYI0 KabeNbHYI0 cemb U CHOCOOHbI OKA3AMb CYUjeCmBeHHoe 6IUAHUe HA pa-
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b6omy 6opmosoil annapamypsl U cmams RPUYUHOU aHomaaull 8 ee pabome. OnpedeneHvl napamempsbl NOMEX08bIX UM-
NYIbCO8 U UX BIUAHUE HA UMUMAYUOHHbIE HAZPY3KU, COOmMBemcmayoujue 60pmosot annapamype.

Tonyuennvie pesyromamol npedCcmMagiAOm 3HAYUMENbHbLI UHMepec U 0Y0ym UCNOb3068AHbl NPU NPOEKMUPOBAHUU
60pmMo6OT annapamypsl KOCMUYECKO20 annapama 6 yacmu obecneyenus ee NOMexo3auueHHOCmU.

Knoueswvie cnosa: JleKmpu3ayusl KocCmuvecKux annapamoe, njiasma, aﬂeKmpocmamuquKuﬁ pa3pﬂ0, ompwaozZ

pasvem.

Doi: 10.31772/2587-6066-2018-19-2-325-331

Introduction. During the interaction of a spacecraft
with the magnetosperic plasma operating on the final orbit
many physical phenomena occur which particular charac-
teristics depend on both plasma parameters and the space-
craft performance. First of all they depend on electro-
physical properties of materials on the spacecraft surface
as well as on its configuration. The discharge [1-4] on the
spacecraft surface is able to exert the most significant
influence on its operation. This process is due to the
spacecraft charging [5; 6].

During the final orbit insertion after undocking the
separating device contact surfaces of the detachable
connectors (OCMPC5039, OCM PC50AD plugs) remain
non-shielded and are exposed to the magnetosperic
plasma with the following characteristics (in the worst
case) [7]:

— electron density is 1.12 cm™;

— electron energy is 1.2x10% eV;

— ion concentration is 0.236 cm ;

— ion energy is 2.95x10* eV.

By the impact of the magnetosperic plasma on detach-
able connectors the outer non-shielded dielectric material
(a dielectric contacting substance) can accumulate a
charge and it causes discharging processes and interfer-
ence current pulses injection in the circuits of the docked
cable harness.

In the modern research and technical literature the
problem of contacting surface charging in the detachable
connectors as well as the impact of inducted interference
pulses in circuits of the spacecraft board equipment
plugged to these connectors is not investigated. Neverthe-
less, the problem of the board equipment and spacecraft
charging effects immunity is one of the most important
one. The interfering pulses in board cable harness in-
ducted by discharging processes on the spacecraft dielec-
tric materials may cause the essential abnormality of the
equipment operation [8—11] and this is the reason how
important the investigation in this field is.

Experimental method. The aim of testing the detach-
able connectors for charging factors impact is:

— to determine the charge-discharge process
characteristics appearing on the connectors contact surface;

— to determine the interfering pulses characteristics
in circuits of cable harness plugged to the connectors on
one side and to the elements of a board equipment front-
end module on the other side.

There were the following testing samples:

1. Cable harness “Ne 17 with the length of 500 mm
including relays RPS45 (modification $1J10.452.081TY)
as a load (imitation of technological circuits linking the
detachable connector and the spacecraft control unit).

2. Cable assembly “Ne 2” with the length of
500 mm including relays REKS81 (modification
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NAAY.647611.002TY) as a load (imitation of technologi-
cal circuits linking the detachable connector and the
spacecraft control unit).

3. Cable assembly “Ne 3” with the length of 500 mm
including elements of a power board equipment front-end
module of spacecraft power system as a load;

The test was carried out at the engineered workstation
(fig. 1) including a vacuum unit, an E-beam emitter, a
discharge parameter measuring system and a discharge
process video registration system.

A 70 keV monoenergetic beam with current density
1 nA/cm? was used for the imitation of magnetospheric
plasma electron effect [9]. The impact was conducted in
vacuum (chamber pressure is < 10°° torr). For the “worst-
case” charging effect [3; 12—15] the sample was cooled
off to —60 °C which corresponds the natural operating
conditions. The further chilldown of the sample to lower
temperatures makes no physical sense because of small
changes of connector dielectric resistance and, as a con-
sequence, their minimal influence on the charging process
[3; 4].

The following parameters of charge-discharge proc-
esses on the sample were controlled in operation:

a) maximum integral potential of the insulating con-
tact surface of the detachable connector;

b) peak amplitude, duration, building-up time, inter-
fering pulse frequency in circuits of cable harness;

¢) peak amplitude, duration, building-up time, volt-
age interfering pulse frequency in circuits cable harness;

d) peak amplitude, duration, building-up time, inter-
fering current pulse frequency in circuits of the harness
external shield.

Measurements of parameters ”b”, ’c” and “’d” were
taken simultaneously. The testing scheme is displayed
on fig. 2 and 3.

During the test performance for the samples Ne 1 and
2 detachable connector contact leads were linked to the
relay winding leads. For the samples 1 and 2 the test was
carried out for two modes of switched relay circuit con-
tacts — normally closed and normally opened ones. During
the circuit adjustment for the samples 1 and 2 operational
changes of switched relay circuit contacts were conducted
by means of the pulse voltage injection whose value met
the stated requirements for a relay.

During the test performance for the samples Ne 1
and 2 the relay contacts switching and the contact bounce
potential were controlled. At the moment of electron
beam impact on the detachable connector the constant
voltage was applied at the switched relay circuit input
and the measurement of the voltage magnitude at relay
output dependence on time was taken by means of oscil-
lograph. The contact bounce or switching mode changes
were estimated in real time with help of oscillograph
readings.
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Test based results. The attained results of the detach-
able connector charging test show that the insulating ma-
terial of the connector contact field can effectively accu-
mulate a charge due to electrojet current impact. The
maximum value of insulating material electrostatic poten-

tial attained during the test procedure was 1.6 kV and was
limited by discharging processes which were the source
of interfering current pulses in circuits linked to the de-
tachable connector. Such discharging processes are shown
on fig. 4.
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Fig. 2. The testing scheme for samples Ne 1 and 2
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Fig. 4. Image of discharge pulses on the surface of connector isolation
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Fig. 5. Characteristic shapes of inducted pulses in samples electrical circuits:
a — shapes of current pulses; b — shapes of voltage pulses

Puc. 5. XapakrepHast popma HHIYITHPOBAHHBIX IOMEXOBBIX MMITYJIECOB B IIETISIX 00OPa3IoOB:
a — OCIMJIIOrPaMMbl IMITYJIBCOB 110 HAMPSKEHUIO; 6 — OCIMIIIOrPaMMBbl HMITYJIBCOB MO TOKY

Discharge pulses characteristics in circuits linked to
the connector depend on the loads (board equipment ele-
ments and devices).

By imitation of technological circuits linking the de-
tachable connector and the spacecraft power conditioning
unit (fig. 3) the voltage values of interfering current
pulses varied from 10 to 80 V and current value varied
from 160 mA to 6.5 A. Pulse duration time was within
the range from 300 ns to 1.1 ps. Based on the obtained
characteristics interfering pulse energy values vary from
0.5 nJ to 0.57 mJ.

The obtained voltage values of interfered pulses in
circuits of RPS45 relay winding were from 120 to 138 V
and the current values were from 1.2 to 3 A. Cable har-
ness pulses duration time was less than 1 ps. Pulse energy
was no more than 0.4 mJ. Pulse voltage characteristics for
REKS8I1 relay were from 30 to 138 V and current ones
were from 4.6 to 9 A. Pulse duration time was no more
than 500 ns. Pulse energy was no more than 0.62 mJ. Dis-
tinctive pulse forms are shown on fig. 5.

During the relay commutation control mode (for both
RPS45 and REKS81) it was estimated that interfering
pulses in circuits can induce interference in the normally
opened relay contact. The shape and duration time of this
interference correlate to the pulses detected in winding
contacts. In this case directed pulse amplitude in normally
opened contacts is not higher than 10 % of inducted pulse
amplitude in the circuit of relay winding. During the test
operation the impact of interfering pulses on the recorded
values in normally closed contacts was not found.

It is necessary to point out that the shapes of inducted
pulses in electrical circuits of two examined relay types
are various. For RPS45 the pulses are splashes of positive
polarity following by attenuation. For REK81 the directed
impulse in winding circuits is a damped sinusoid. This
characteristic may be caused by various relay physical
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parameters having an effect on the discharge current flow
process. Nevertheless, the amplitude and the energy of the
interfering pulse is virtually the same for both types.

It is arguable that the detected interference in normally
opened contacts of two relay types is an electromagnetic
pickup and the change arrangement of relay contacts
(closing and opening) by the interfering pulses impact in
circuits of the winding is not available.

During the test performance the impact of electron
flux density on charge-discharge processes in cable har-
ness was estimated. For this purpose an impact was con-
ducted by electron beam density 0.1 nA/cm” (by electron
energy 70 keV). It is found that the change of this beam
characteristic has an impact only on charge-discharge
processes intensity. With increase of beam density the
charge-discharge processes intensity grows. An impact on
the maximum potential of connector surface isolation and
interfering pulse characteristics in circuits of cable har-
ness by various types of loads is not available.

The obtained results correspond to the “worst case” of
the charging factors impact in the circuit of onboard
equipment linked to the detachable connector. For the test
a cable of length 500 mm (standard cable length varies
from 2 to 5 m) was used. The increase of cable length can
cause interference reduction.

Conclusion. The connector contact field isolation ac-
cumulates an electrostatic charge effectively by the im-
pact of an electrojet current and its value is limited by
charge processes on the isolation surface.

Charging processes on the connector contact field iso-
lation induce interfering pulses in circuits of cable harness
linked to the various types of loads which are appropriate
to spacecraft onboard equipment. The maximum interfer-
ing pulse for the spacecraft power conditioning unit ele-
ments was 80 V (voltage value) and 6.5 A (current value).
The pulse energy is 0.6 mJ by the duration time 1.1 ps.
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By imitation of technological circuits of the spacecraft
control unit two relay types (RPS45 and REKS81) were
used as loads. The maximum levels of interfering pulses
in circuits of relay winding were 138 V (voltage value)
and 3 A (current value) for RPS45 and 138 V (voltage
value) and 9 A (current value) for REK81. By the pulse
duration time 1 ps and 500 ns the energy was 0.4 mJ for
RPS45 and 0.62 mJ for REKS81.

The relay commutation control showed that interfering
pulses in the circuit of the relay winding can induce pick-
ups with the voltage amplitude from 7 to 25 V and with
the duration time less than 1 ps on normally opened relay
contacts. In this case changes of the contacts switching
state of both types are not available.

The obtained results are of significant interest and can
be used in spacecraft equipment designing in the sphere
of interference immunity and proper functioning.

References

1. Maksimov I. A., Kochura S. G. Issledovaniye vli-
yaniya faktorov kosmicheskogo prostranstva i tekhnogen-
nykh faktorov na kosmicheskiye apparaty, razrabotka
metodov i sredstv zashchity [Research of influence of
factors of space and technogenic factors on spacecrafts,
development of methods and means of protection]. Kras-
noyarsk, SibSAU Publ., 2011, 182 p.

2. ECSS-E-ST-20-06C, Space engineering, Space-
craft charging, 2008, ESA Standart, 120 p.

3. Model kosmosa T. 2. Vozdeistvie kosmicheskoi
sredy na materialy i oborudovanie kosmicheskikh appara-
tov [Space model. Vol. 2. Space environment influence on
spacecraft materials and equipment]. Ed. M. 1. Panashuka,
L. S. Novikova. Moscow, CDU Publ., 2007, 1144 p.

4. Grafodatskiy O. S., Babkin G. V., Belinskiy V. N.
et al. Nazemnyye stendovyye ispytaniya kosmicheskikh
apparatov na stoykost’ k vozdeystviyu radiatsionnoy elek-
trizatsii [Ground-based bench tests of space vehicles for
resistance to radiation radiation]. Korolev, TSNIIMash,
GONTI-1 Publ., 1992, 157 p.

5. NASA-HDBK-4002A, Mitigating in-space charg-
ing effects — a guideline, 2011, NASA, 181 p.

6. MIL-STD-461, “Requirements for the control of
electromagnetic interference characteristics of subsystems
and equipment”, 1999, US Department of Defense.

7. Garret H. B. The geosynchronous plasma envi-
ronment, AIAA Paper 90-0289, 1999, 16 p.

8. Tikhomirov R. E., Maximov I. A., Trofimchuk D. A.,
Ivanov V. V., Balashov S. V. [Investigation of character-
istics of electric field arising from electrostatic discharge].
Vestnik SibGAU. Vol. 17, No. 4, P. 1015-1019
(In Russ.).

9. Tikhomirov R. E., Trofimchuk D. A. et al. [Model-
ing of radiation electrization of spacecraft construction
materials] Trudy  Vserossiyskoy  konferentsii  stu-
dencheskikh  nauchno-issledovatel’skikh  inkubatorov.
[Proceedings of the All-Russian conference of student
research incubators]. Tomsk, 2014, 180 p.

10. Trofimchuk D. A., Yermoshkin Y. M., Kochev Y. V.
et al. [Electrostatic discharge problem in geostationary
spacecraft electrojet propulsion subsystem]. Vestnik Sib-
GAU. 2015, Vol. 16, No. 2, P. 404410 (In Russ.).

330

11. Novikov L. S., Babkin G. V. et al. Kompleksnaya
metodologiya  opredeleniya  parametrov  elektro-
staticheskoy zaryadki, elektricheskikh poley i proboyev na
kosmicheskikh apparatakh v usloviyakh ikh radiatsionnoy
elektrizatsii. [Complex methodology of determination of
parameters electrostatic charging, electric fields and dis-
charges on space craft in radiation electrization condi-
tions], Moscov, 1zd-vo TsNIImash Publ., 1995, 160 p.

12. Purvis C. K., Garret H. B. et al. Design guidelines
for assessing and controlling spacecraft charging effects,
NASA-T3-2361, 1984, 44 p.

13. Maximov I. A., Grafodatsky O. S. et al. [Results
of research of spacecraft interference immunity during
spacecraft charging impact and protection methods].
Nauchno-tekhnicheskiy otchet NTO 434-3645-89. [Scien-
tific and Technical Report]. Krasnoyarsk, NPO PM Publ.,
1989, 210 p.

14. Mileev V. N., Novikov L. S. [Physico-
mathematical model of spacecraft charging on GEO and
HEO. Research on geomagnetism]. Issledovaniya po
geomagnetizmu, aeronomii i fizike Solntsa. 1989, Iss. 86,
P. 64-98 (In Russ.).

15. Garret H. B., Spitale Guy C. Magnetospheric
Plasma Modeling (0-100 keV). Journal of Spacecraft and
Rockets. 1985, Vol. 22, No. 3, P. 231-244.

bu6auorpaguyeckue cCblIKM

1. Makcumo U. A., Kouypa C. I'. HccnenoBanue
BIUsIHASA (DAKTOPOB KOCMHYECKOI'O TMPOCTPAHCTBA H
TEXHOTEHHBIX ()aKTOPOB Ha KOCMHYECKHE almapaTl,
pa3paboTka METOJIOB M CPEACTB 3aIIHUTHI : MOHOTpadus /
Cu0. roc. aspokocmud. yH-T. KpacHospck, 2011. 182 c.

2. ECSS-E-ST-20-06C. Kocmudeckoe MpOeKTHPOBa-
HUE. DJIeKTpHU3aIsa KOCMUUeCKuX anmnaparoB. Ctanaapt /
EBpormetickoe kocmuueckoe arenTcTBo. 2008. 120 c.

3. Mogens xocmoca. B 2 1. T. 2. BozgeiictBue
KOCMHYECKOW Cpelbl Ha MaTepHanbl ¥ O00OpYHIOBaHHE
KoCcMHYeCKHX ammapaTtoB / moj pen. M. U. Ianacroka,
JI. C. HoBukosa. M. : KI1V, 2007. 1144 c.

4. Ha3zeMHbIC CTCHIOBBIC HUCIBITAHUS KOCMHYCCKUX
amnmapaToB Ha CTOMKOCTH K BO3JICHCTBHUIO PagHallMOHHON
anektpuzammu / O. C. I'padonarckuii [u np.] / PykoBo-
nctBo g koHctpyktopoB / ITHMMMam, TTOHTH-I1.
1992. 157 c.

5. NASA-HDBK-4002A. Mitigating in-space charg-
ing effects — a guideline. NASA, 2011. 181 p.

6. MIL-STD-461. Requirements for the control of
electromagnetic interference characteristics of subsystems
and equipment. US Department of Defense. 1999.

7. Garret H. B. The geosynchronous plasma envi-
ronment. AIAA Paper 90-0289, 1999. 16 p.

8. HccrnemoBaHue XapakTEPUCTHUK — DIICKTPUYCCKHX
MoJIel OT ANMeKTpocTaTndeckux pa3psinos / P. E. Tuxomu-
poB [u np.] // Becrnuk Cubl'AY. 2016. T. 17,
Ne 4. C. 1015-1019.

9. MopenupoBaHue pagUaOHHON JJIEKTPU3AIIN
KOHCTPYKIIMOHHBIX MaTEpHAIOB KOCMHUYECKHX alapaToB /
P. E. Tuxomupos [u ap.] // Tp. Bcepoc. koH}. cTyneHdIe-
CKUX HAYYHO-HCCIICIOBATEIECKUAX WHKY0aTOpOB
(15-17 mas 2014, r. Tomck) / mon pex. B. B. Jlemuna.
Tomck : U3n-so HTJI, 2014. 180 c.



ASMLZL;MOHHCI}I U paKkemHo-KoCmMu4ecKas mexnuxKka

10. TIpoGmemMa  INEKTPOCTATHYECKUX  Pa3psioB B
JIEKTPOPEAKTUBHOMW JIBUTaTEJIbHOW MOJCHCTEME IeocTa-
LIMOHApHOTo KocMuueckoro anmnapara / [I. A. Tpopumuyx
[n np.] / AxryanbHble BOIPOCHI MPOEKTUPOBAHUS aBTO-
MAaTHYECKUX KOCMHYCCKHX amlapartoB s (yHIaMeH-
TaJIBHBIX U MPUKJIATHBIX HAYYHBIX UCCICAOBAHUMA / COCT.
B. B. EdanoB. Xumku : Uzn-so ®I'VII «HIIO umenu
C. A. JlaBoukunay, 2015. C. 285-289.

11. KommiekcHass METOMOJIOTHS OMpENEICHHs Tapa-
METPOB 3JIEKTPOCTATUIECKON 3apsiiKd, SJICKTPHUUECKUX
moJie ¥ mpo0oeB Ha KOCMHYECKHX ammaparax B YCIOBH-
sIX WX paamanmuoHHoW snekTpuzammu / JI. C. HoBukos
[m np.]. M. : U3n-Bo [IHWWmam, 1995. 160 c.

12. Iypeuc K. K., I'apper I'. b. Yka3anus no npoek-
TupoBaHmio KA 1uis oueHKH 1 KOHTPOIIs 3 PEKTOB 3JIeK-
tpuzanuu // NASA-T3-2361, 1984, mepeBon per. HOM.
0450924310 1986. 47 c.

13. Pe3ynbTaThl UCCIETOBAHUS TTOMEXOYCTOWIUBOCTH
KA x Bo3zmeiicTBuIO (pakTOpPOB 3JIEKTPHU3ALMK M OTPAOOT-
ku cpeacts 3auuThl / . A. Makcumos [u ap.] // Hayuso-
texuuueckuit oruer HTO 434-3645-89. Kpacnosipck :
HIIO I1M, 1989. 210 c.

14. Munees B. H., HosukoB JI. C. ®wusuko-
MaTeMaTuueckas Mojenb Aekrpusanmu MC3 Ha reocra-
IIMOHAPHOW M BBICOKOAJLTUNITHIECKOH opOutax // Uccie-
JIOBaHHS TI0 TEOMAarHeTH3MY, Aa’>pPOHOMHH M (QU3HKE
Comama. M. : Hayka, 1989. Beim. 86. C. 64-98.

15. Magnetospheric Plasma Modeling (0-100 keV) /
H. B. Garret, Guy C. Spitale // Journal of Spacecraft and
Rockets. 1985. Vol. 22, No. 3. P. 231-244.

© Tikhomirov R. E., Maximov 1. A., Trofimchuk D. A.,
Ivanov V. V., Balashov S. V., 2018



