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AJI'OPUTMbBI YHHPABJIEHUSA PE3SEPBUPOBAHUEM
JUTUN-UOHHBIX BATAPEH KOCMUYECKHUX
IKCIIEPUMEHTAJIBHBIX KOMIIVIEKCOB

[pomomxeno omucanune pazpadoranHoit B USMUPAH apXuTeKTypbl TIOCTPOCHUS BHICOKOHAICKHOMN CHCTEMBI DJICK-
TpocHaOXeHUsI Ha 0a3e JIMTHH-MOHHBIX aKKyMYJIATOPHBIX Oarapei, MpeAaHa3HaYeHHON JUIS MPOBEICHUS HAYyJHBIX
9KCTIEPUMEHTOB Ha OOPTYy KOCMHUYECKHX ammapaToB. PacCMOTPEHBI BOIIPOCH! TIOCTPOCHHUS alTOPUTMOB yIIPABICHUS
JIByMs aKKyMYJISATOPHBIMU OaTapesiMM C y4€TOM BOIPOCOB OOILIEH HaleKHOCTH CUCTEMBI B LIEJIOM. YKa3aHHBIE aJl-
TOPUTMBI IPEHA3HAYCHBI I peaan3aluyd B 60PTOBOM MHKPOIPOLECCOPHOM OJIOKE YMpPaBICHUS CHUCTEMOH 3JIeK-
TPOCHAOXKEHUsI KOCMUYECKOT0 arnmapara ¢ JByMs 1 0oJiee TUTHIH-UOHHBIMU aKKyMYJISTOPHBIMU OaTapessMu U B OIH-
CBIBAEMOM BHJE IPEAHA3HAYCHBI JUIS peajHu3allii PYYHOTO YIPaBJICHUsS IepeKoMMyTalueil 0opToBbIX Oarapeit

B 0e30MmacHOM JJIsL anrapara pexXnume.

Kniouegvie cnosa: cucreMa 31€KTpOCHA0XKEHUS], INTHH-NOHHAS aKKyMYJISITOpHAasA OaTapest, KOCMHYECKUI
3KCIIEPUMEHT, YIPABICHUE PE3EPBUPOBAHUEM, AITOPUTMBbI

BBEJEHUE

JIuTHii-nOHHBIE aKKyMYJISITOPHBIE OaTapen MMEIT
BECbMa MHOT000EHIalone BO3MOXHOCTU JIsi TpH-
MCHCHUSA B YCIOBHUAX IMPOBECACHUSA PA3HOTO poaa IKC-
MEPUMEHTOB Ha opOuTe 3eMiH, Kacarolluecs B OC-
HOBHOM HUX OYCHb XOpOIIHX MaCCOI‘a6apI/ITHI)IX Xa-
pakrepuctuk [1, 2]. Hapsamy ¢ 3TuM maHHasi TEXHOJO-
rust 001aaeT psioM MPUHIUIIAATBHBIX HEIOCTATKOB,
K KOTOPBIM MOKHO OTHECTH: MaJIblii TeMIEpaTypHBINA
Auanas’oH TPHUMCHCHHA, IMOBBINICHHAA B3PBIBOOIIAC-
HOCTb M YCKOpPEHHas Aerpajauusi NpH OTKIOHEHUH
PEXUMOB 3apsiia/paspsga OT ONTUMAalbHBIX, MaJbIil
CPOK CIyObI 10 CpaBHEHHIO ¢ OaTapesMu Jpyrux
TUIOB. YKa3aHHbIE HEJAOCTATKH MOTYT OBITh BO MHO-
I'OM IIPEOAOJIEHBI IIPU YCIIOBUU NPUMEHEHHUS HUHTEN-
JIEKTYQJIBHBIX CHCTEM YIpaBieHHS MOJOOHBIMH OaTa-
peiMn, B TOM YHUCJIC BCTpaMBa€MbIMHU B CaMy Oata-
pero, a TaKke IPUMEHEHHEM OCOOBIX HOAXOJ0B K Op-
TaHW3alMM CHUCTEM 3JIEKTPOCHAOKEHUS] M METOIOB
YIPaBJICHUs UMU. B TaHHOH cTaTbe pacCMaTpUBAOTCS
BOIIPOCHI, CBSI3aHHBIE C AITOPUTMAMU YIPaBICHUS
IByMsi Wik Oosiee OaTapesiMU ¢ OCHOBHOHM LENBbIO HX
B3aMMHOI'0 PE3E€PBUPOBAHUS B APXUTEKTYPE CHCTEMBI
yIOpaBlIeHUs, OMUCaHHOM B [3].

APXUTEKTYPA CUCTEMBI U ITOJIMTHUKA
PE3EPBMPOBAHUA BATAPEU

Tunuyaas apxUTEKTypa OpPraHM3alUM CHCTEMBI
AIIEKTPOCHAOKEHHS JKCIEPUMEHTAIBHOTO KOCMHUYe-
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CKOTO ammapara, B KOTOPYIO € IeJbI0 pe3epBUPOBAHHS
BXOZAT [JBE JIMTHH-MOHHBIE aKKyMYJIATOpHBIE Oara-
peu, Moka3aHa Ha puc. Bompochl, CBsi3aHHBIE C ee
(hYHKIIMOHUPOBAHUEM, TOCTATOYHO MOJPOOHO OmFHca-
HEI B [3], OTHAKO MPUBEJACHHAS HA PUC. CX€Ma UMEET
NPUHLUIIMAIBHOE — OTIMYHE OT paccMaTpUBaeMoil
B [3] — ¢ menbio obecnedeHus] BOZMOKHOCTH YIpaB-
JIeHUs] KOMMYyTallneil OCHOBHOW M pe3epBHON OaTapeit
B HEE BBEJCHO [[BA NOJSIPU30BAHHBIX peJie OTKIIOUe-
Hus Oatapen. llpuMeHeHHe NOJSPU3OBAHHBIX pelie
MO3BOJISIET O0ECHEeYUTh SHEPrOHE3aBUCUMOCTD BbI-
OpaHHOI KOH(HTYpaluH, a caMO UX HallMuue — BO3-
MOKHOCTb ~PEaJIN30BBIBATh PA3IUYHbIE IOJUTHKH
yTpaBiieHHUS Pe3epPBUPOBAHUEM, HATIPHMED:

1) obe Oartapem Bcerjma COSOMHEHBI MApPAIIIEIHEHO
IUIl  YBENWYEHHUS OOLIed eMKOCTH; OJHAKO IpH
06Hapy)KeHI/II/I B JaHHBIX TCICMETPUU TMPU3HAKOB
OIMaCHOW Jerpajaliii, B YaCTHOCTH HEOOpaTHMOI
pa30aJlaHCUPOBKH DJIEMEHTOB [4], Oarapes MOXKeET

OBITh  OTKIIIOYEHAa OT CHJIOBOW  IIMHBI  Kak
aBTOMAaTHYECKH, TaK U TI0 KOMaH/Ie Ha3eMHOTO [IEHTpPa
ynpasnenwns (L[VII);

2) omHa w3 Oartapedl HaxoAuTcs "B XOJOJHOM
pesepBe", T.e. OTKIIOYEHA OT CHJIOBOM IIWHBI
W3HAYAIIbHO W MOJIKII0YAeTCS K Hel TOJIBKO B CIydasix
OOHApY)KCHUST KPUTHYECKOTO pa3psiia OCHOBHOH
Oarapen — aBTOMATUYECKH WU 1o KoMane LIVIL;”

* IIpumeuanue. Ha puc. moapasymMeBaeTcs, 4To IeMH 3apsi-
Jla Bcex Oartapeil MOJIKIIOYEHBI K HUM ITIOCTOSIHHO, YIIpaB-
JISIFOTCSI aBTOMAaTUYECKU U Ha PUCYHKE HE MOKA3aHBI, T.K. HE
OTHOCATCSI K PACCMOTPEHHIO
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anmaparypa

3) B KaXIbli MOMEHT BPEMCHM NUTAHUE Ha-
TPY3KH OCYILECTBISICTCS TONBKO OT OJHOW Oata-
peH, BBIOOP KOTOPOU IUKIMYECKA MEHSETCS C He-
KOTOPO# MEePHOAMYHOCTEIO (TAKKE aBTOMATHYCCKH
unu o komange [[YII).

Kaxnas w3 BbIICNIEPEUNCICHHBIX MOJUTHK
UMeeT CBOM JIOCTOMHCTBA M HEAOCTATKHU, O0CYXKe-
HHUE KOTOPBIX BBIXOAWT 32 PAaMKH HACTOALICH CTa-
ThH, IPU3BAHHON OCBETHUTH JIMIIb aITOPUTMBI pea-
JU3alMd CTOJIb OTBETCTBEHHOI'O JEHCTBHUS, Kak
KOMMYTAaIlUsl CHJIOBBIX IIMH OOPTOBBIX aKKyMYJIsi-
TOpPHBIX OaTapell KOCMHYECKOIrO ammapara B Ipo-
Hecce peam3aliy BBIICTICPEYHCICHHBIX W Ka-
KHUX-TH00 UHBIX MOJIUTHK YIPABJICHUS UX PE3EPBU-
POBaHHUEM.

HJOCTOMHCTBA M HEJOCTATKHU
NPENJIATAEMOU APXHUTEKTVYPbI

[IpumeneHnne ymnpaBisieMbIX KITFO4el (TONspu-
30BaHHBIX pejie) B CHIIOBBIX LIETSIX 00EUX pe3epBH-
pyeMbIX Oarapeil OTKpBIBAET IIMPOKUE BO3MOMKHO-
CTM B peaqu3alliid pa3n4HbIX BAaPHAHTOB HX
B3aMMHOTO PE3ePBHPOBAHUSI, OCOOEHHO C Y4eTOM
JOCTaTOYHO CHENM(UYECKUX XapaKTEPUCTHUK JIHU-
TUM-UOHHBIX AJIEMEHTOB [1], 0OlHAKO MpeACTaBIsIeT
co00i Ype3BBIYAHO OIACHOE pEelIeHHE C TOYKH
3peHUs yNpaBJICHUs MOJA00HON cuctemoii. OCHOB-
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Has ONACHOCTh — MOJIaTh OMIMOOYHYIO IOCIIeI0Ba-
TEJBHOCTh KOMaH/, KOTOpas IPUBEIET K OTKIFOYe-
HUIO o0eux Oartapeid, YTO paBHO3HAYHO IOTEPE
KOCMHMYECKOI0 amnmapara. TeM He MEHee BO3MOXK-
HOCTH (haKTUYECKH 3aMEHUTHh HEHCIPaBHYIO Oara-
pero BO BpeMsi OpOUTAIBHOTO MOJIETa, B TOM YHCIe
B AaBTOMAaTHYECKOM PEXHME, 3a4acTyI0 MOKET JaTh
BE€CbMa 3HAYUTCJIBHBIC PE3YJIbTAThl C YUYCTOM CY-
LIECTBEHHOT'O MPOJUICHUS BpEeMEHU pabOThI CIIOXK-
HOTO U JIOPOTOCTOSIIIETO KOMIUIEKCa IKCIIEPUMEH-
TaJIbHOH anmnapaTtypbl, KOTOPBIA MUTAETCS OT HEE.
B ciydae mpuHATHS OOCTaTOYHBIX CHUCTEMHBIX
Mep JUIS 3aIIUThI OT ONIMOOYHOTO HEOOPATHMOTO
oTKIItoUeHMsI 00enx Oarapeil mpearaemasi apXu-
TEKTypa MOXeET OBITh UCTIOJB30BaHA C COXPAaHEHH-
€M JOCTaTOYHOI'O YPOBHS HAAEKHOCTH KOMIUIEKCA
anmaparypsl B 1eJoM. Takue Mepbl MOXHO KJlac-
cupULIUPOBaTh MO TPEM OCHOBHBIM IpyIIaM: af-
rmapaTHble, HOpOrpaMMHBIE W IIPOTPAMMHO-
armnapaTHbIC 3alluThI. B xauectBe alfrapaTHbIX
Mep MOKET OBITh MPEAYCMOTPEHO, HAIIpUMEp, UC-
I10JIb30BaHHUEC JOITOJIHUTCIIbHBIX KOHTAaKTHBIX
IPYII TOJIIPU30BAHHBIX peJie, KOTOPbIE CIIY>KUIH
6I>I JaTduKaMHu HX COCTOAHUA A aHHapaTHOﬁ
CXeMbl OJIOKMPOBAHUS MOJAYU HMILYJIbCHBIX KO-
MaHJl Ha OTKJIIOUEHHE O0OMX peie OJHOBPEMEHHO.
Bo3MOXHBI ¥ MHBIE BapUaHThI allapaTHOW opra-
HU3AIMH CXEeMbl KOMMYyTaluu OaTapeil, KoTopas
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UCKITIoYana Obl UX OJHOBPEMEHHOE OTKIIIOYCHHE,
OJIHAKO HMX PACCMOTPEHHE BBIXOIWT 3a PAMKH Ha-
crosmiert crateu. [Ipu pazpaboTke mpemaraeMoro
MOJX0/1a K PEUIEHNUIO OMMCAHHOM BbIILIE OCHOBHOM
1po0seMbl ObLT BBIIBUHYT IPUHIUIT MUHUMHU3ALUN
WCIIOJIb30BAHUS alllapaTHBIX LIeTel B y3Jie KOMMY-
Taluy, T.K. HaJEKHOCTb NPABWIBHO CIPOEKTHPO-
BaHHOTO aJIrOpUTMa BCErJa BBIIIE HAaJAEKHOCTH
KOHTAaKTOB peJie U APYTUX aMMapaTHbIX KOMIIOHEH-
TOB.

JIOTUKA VIIPABJIEHM: KJIIOYAMUA
CWJIOBBIX IIIMH BATAPEUN

Paccmotpum 00mIyI0 JOTHKY pabOTHI MONSPH-
30BaHHBIX pelie OTKJIIOYEHHUs OaTapell Ha puc., KO-
TOpBIE UL KPaTKOCTU OyJeM Ha3bIBaTh KIHOUaMH
HUX CHJIOBBIX HIWH. CnenyeT MNOAYCPKHYTh, UTO O3THU
KJIIIOYW NPE€AHA3HAYCHBI HC IJid YIIPABJICHUSA KOM-
MyTalnel Harpy3oK (Ciry>ke0HbIe CHCTEMBI KOCMU-
4YeCcKOro ammapara, IpuOopsl KOMIUIEKca HayqdHOU
anmnaparypsl U T.J.), @ ICKIIOUUTEIbHO IJIs1 yIIpaB-
JIEHUsT KOMMYyTanueld OOpTOBBIX aKKYMYJSTOPHBIX
Oarapeil. DTa KOMMYTalns MOXXET BBITIONHATHCS
B JIBYX OCHOBHBLIX COCTOAHUAX KOCMHYCCKOI'O ari-
napata: Mpyu Ha3eMHOW OTpabdOTKE W B X0Jlie OpOH-
TaJBHOTO MOJIETA.

B nepBoM citydae Bbljaua UMITYJIbCHBIX KOMaH]
Ha MEPEeKIII0UYEeHUE KITI0UEH BBIIOIHACTCS B PyYHOM
pEeXUMeE OT KOHTPOJIBHO-TIOBEPOYHON armapaTyphbl
(KITA), xoTopasi OOBIYHO TIOJKITIOYAETCS K CIICIHU-
aJIbHO BBIACJICHHBIM [JI1I HEEC COCAUHUTCIISAM.
Kaxk mpaBwo, 310 OymyT criermanbHO 0003HAUSHHBIE
KHONKUA ¢ HamMmeHoBaHusamu tumna "BKIL AB-1",
"OTKIJL. AB-1" u T.m. ¢ COOTBETCTBYIOIICH HUHIU-
Kamueld b0 COOTBETCTBYIOIINE PEEHHBIE BBIXO-
Jbl HEKOTOPOH aBTOMAaTHU3UPOBAHHOW CUCTEMBI,
MIPUMEHSIEMOM TIPY Ha3eMHOH 0TpabOTKe KOMILIEK-
ca. B aTom cnydyae mepekitoueHHE KOHTAKTHBIX
rpynn (pekoHpUTypanus aKKyMYJSITOPHBIX Oara-
peil anmapara) JOJDKHO NPOUCXOAUTH IPU OTCYT-
CTBHUHM TOKa Harpy3ku (KOHTakT OTHAEJECHHS, €ro
HMHUTATOPbl U CXEMbl €ro OJOKHPOBKHM Ha pHC.
JIOJKHBI OBITH PAa30MKHYTHI). B aTOM ciydae mpak-
THYECKU HE OYZeT NPOUCXOANUTh U3HOCA KOHTAKTOB
npu JItoOOM 00BbEeMEe IKCHEPUMEHTAILHOW OTpa-
00TkH. DOTO TpebOBaHWE JOCTATOYHO HECIIOKHO
00ECTeYnTh  COOTBETCTBYIOIIUM  ITOCTPOSCHHEM
MporpaMM Ha3eMHOM SKCIEPUMEHTAIbHON OTpa-
6otku (ITH20) xomrutekca.

Bo BTOpPOM CJIy4da€ 3TH HMMITYJILCHBIC KOMaH/bI
TEHEPUPYIOTCSI KaKk aBTOMAaTHYECKH  JEHCTBYIO-
muMu Ha 0asze Mojysedl nudpoBoro/aBapuitHOTO
ynpasnenuss (MLIY/MAY) anroputmamu, Tax
" MIIpAMBIMHA KOMaHAaMH, IOJIy4a€MbIMU 10 60pT0-
BOM  paJuOJIMHUM  KOCMHYECKOrO  ammnapaTa
ot LIVIL

Hanpumep, TUNWYHBINA clieHapUil TPOBEAECHUSA
Ha3€MHBIX HCIBITAHUH C IOCJIENOBaTEIbHBIM HC-
MOJIb30BaHUEM O0eMX OaTapeil MOXKET BBHITIISIIIETh
Tak:

® HaXaTUIMHU KHOIIOK "BKJI. Ab-1",
"OTKJL. AB-2" ®©a myapTe KOHTPOIBHO-TIOBE-
pounoii ammapatypel (KITA) Oarapes Nel

MOJKJIIOYaeTCss K CUIIOBOW ImHe, a Oarapes No 2
OTKJIFOYAETCS OT HEeE;

e HaxarneM kHonku "BKJI" mpoucxomut
IOYHTUPOBAHUC KOHTAKTa OTACJICHUA, IUTAHUC
nojaercss Ha MOIyidb HU(GPOBOTO yNpaBicHHS
(MI1Y), xoTOpBIii HaYMHAET OTPAOOTKY IITATHOM
IMUKJIOTpaMMBbI BKJIFOUCHU U BKIIIOYACT HATI'PY3KY,

e 1ocie OTpabOTKH IHUKJIOTPaMMBbl MPOBEPOK
c nmutanueM ot Oatapen Ne 1 na mynsre KIIA Ha-
xumaerca kHomka "OTKIJI", dro Bo3melcTByeT
Ha CXeMy YyIepXaHusd M paspbelBacT LENb
LIYHTHPOBAHMUA KOHTAKTa OTHEJICHHs, OTKIIOYas

HarpysKy;
® HaXaTUIMHU KHOIIOK "OTKJL. AB-1",
"BKJI. Ab-2" na mnynere KIIA Oarapes Ne 1

oTKIIto4YaeTcs, a 6arapess Ne 2 moakiIr0O9aeTcs K CH-
JIOBOM  IIMHE, M  [HKJIOTpaMMa  IPOBEPOK
MOBTOPSIETCA C TUTaHHueM OT Oatapen Ne 2;

e Harpy3ka oTkimouaetcs kHomkod "OTKII",
NOJSIPU30BaHHBIE peJe  OTKIYeHHs Oarapei
komannamMu oT KIIA mepeBomsTcs B HCXOTHOE
COCTOSIHHE, COOTBETCTBYIOLLIEE n30paHHON
MOJIMTHUKE pPe3epPBUPOBaHMS OaTapei.

B sToM citydae oTkimoueHHe 00eHMX aKKyMyJs-
TOPHBIX OaTapeil B Ipolecce Ha3eMHOU 0TPabOTKU
BITOJTHE BO3MOXKHO M MOKET OBITH B psilie clydaeB
Jaxe >KelTaTeJbHBIM BAapHaHTOM OTIAIAKH KOM-
wiekca. PaccmarpuBaeMasi apxuTeKTypa aJropurma
yIIpaBJIeHNs] BKIJIFOYAaeT B ceOsi 1Ba HE3aBUCHUMBIX
KOHTypa 3alllUThl, COBMECTHas paboTa KOTOPBIX
NPE/ICTAaBISIeTCS JIOCTATOYHOM ISl NPUMEHEHHS
B paccmartpuBaeMoil obiactu. Ilpu ympaBieHnn
M0 BTOPOMY KOHTYpY (aBTOMAaTH4EeCKUMH ajro-
putMamu win o komaraam L[YII) Bo3mMokHOCTB
OTKJIIOUEHMsI O0EMX aKKyMYJISITOPHBIX OaTapei
JOJDKHA OBITH TIOJIHOCTBIO HCKITFOYEHA.

Crneyer OTMETUTSH, YTO JaJIbHEHINIEe N3JI0KEHUE
HpeAroIaraeT ynpaBleHHe MOayJeM Lu(poBOro
ynpasnenus (MLY) cuctemsl 35eKkTpocHAOKEHHS
oT OOPTOBOI CHCTEMBI YIPaBICHNS KOCMUYECKOTO
ammapara MO CTaHAApPTHOMY MYJBTHIUICKCHOMY
kaHaimy oomena (MKO), uro, onHako, He CHIXKaeT
OOITHOCTH M3NIOKEHHS, T.K. YIPABICHHE 110 HHBIM
MPOTOKOJIaM TaK WM WHade OyJeT UCIOJIb30BaTh
NPUHIMUIT TIAKeTHOM Tepenayn Habopa KOMaHI.
ITpu sTOoM, 6€3ycI0BHO, OAPAa3yMEBACTCS U Aajnee
HE OroBapWBaeTCs HaJMYHE BBICOKOHAIEKHBIX
CPEIICTB MPOBEPKH JTOCTOBEPHOCTH TEPeIaBaeMbIX
KOMaH/IHBIX [TAKETOB Ha BCEX dTarax — oT (HopMu-
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poBanus ux B LIYII no nepenaun 8 MLLY no Gop-
TOBOMY KaHally, 0OecCIleYnBaeMbIX INPUMEHEHHEM
X3II-CyMM, KOPPEKTHPYIOIIMX KOJIOB M JPYTHX
cnoco00B 0OHapyKEHHS OJMHOYHBIX U TPYIOBBIX
OLIMOOK.

[IEPBBII KOHTYP AJITOPUTMUYECKOM
3AILUTBI

Juia oTkmoyeHns O0aTapen ¢ HHISKCOM 1 Mo Ko-
MaHZIe Ha3eMHOTO IIEHTpa YIpaBJIeHUS HEOOXOIn-
MO BBIIIOJIHUTH CJICAYIOIIUC ILGI\/'ICTBI/I}I:

1. Tlomath komaHmy "Pa3pemmTs OTKITIOYEHHE
Ab-". Drta komaHma pa3pemaeTr ITPOXOKICHUE
JanbHeien KoMaHapl OTKItoueHust Ab-i B Te-
YeHHe S5 C, Tocie 4Yero peXHM pa3perieHHs
aBTOMaTu4ecku oTMensercs. O0s3arenpHOe Tpedo-
BaHMWE: 3Ta KOMaHAa JOJKHA OBITH €IMHCTBEHHOU
B komMaHaHOM makete MKQO, B mpoTHUBHOM clly4dae
OHa BBITIOJTHEHA HE Oy/IeT.

2. Ilogate xomanay "Otxmounts Ab-i". Ecmu
HU OjHa OJOKHpPOBKa ATOMY HE TPENSTCTBYET,
pene Ab-i Oymer orkiaoueno. OOs3aTenbHOE
TpeOoBaHMe: 3Ta KOMaHJA [OJDKHA OBITh EIHH-
cTBeHHON B komaHaHoM makete MKO, B mpo-
THBHOM CJIy4ae OHa BBITIOJHEHA HE Oy/IeT.

TpeOoBanne €OMHCTBEHHOCTH KPUTHUYECKON
KOMaHJIbl B MakeTe OOYCIIOBICHO HEO0OXOIUMO-
CTBIO TOJATBEPXKIEHUS HAMEPEHMs LIEHTpa yIpaBs-
JICHHSI OCYIIECTBUTh MOTEHLHAIBHO ONACHOE JEi-
CTBHe 0e3 OopraHu3alui IMOJHOIIEHHOW OOpaTHOM
nerm Tuna "3anpoc — oteer". B maHHOM ciydae
JIOTMKA 3alUThl NPOCTUpPAeTCs B TOM YHUCIE M HA
BO3MOXXHBIE BAPUAHTHI COOEB aBTOMATH3MPOBAHHBIX
CHUCTEM (I)OpMI/IpOBaHI/Iﬂ KOMaHAHBIX IIOCJIC€A0Ba-
TEJBHOCTEH, INPOKO MPUMEHSEMBIX B COBPEMEH-
HbIX [{VII, koTOpbIE IO KAKUM-TO THIIOTETUYECKUM
OpUYMHAM MOTYT CcGOPMHUPOBATh IPABUIIBHBIN
(hopMaT KPUTUYECKON KOMAH/IBI.

Ecnmu nonobHass komMaHzga B pe3yJsibTare Ipo-
TrpaMMHOTO, anmmapaTHOTO cOOS MW OIMMOOYHBIX
JIeWCTBUI omepaTopa OyIeT co3laHa M BCTaBlicHA
B OOLIyI0 MOCJIEIOBATENFHOCTh KOMAaHHA, TO OHA
OyJeT TpPOUTHOPUPOBaHA B CHIY TpeOOBaHHS
€IMHCTBEHHOCTH B IIaKeTe.

Ecnu mo momoOHBIM mpuunHaM OyaeT co3jaH
MaKeT, COAEp>KaILMil €ANHCTBEHHYIO OJHY U3 IBYX
KPUTHYECKHX KOMaHJI, TO OHa TakxKe OyJeT Mpour-
HOpPHpOBaHA B CHJIYy TpeOOBaHUS HMX TOCIEAOBa-
TEJIBHOMN MOJAa4’ B TEUEHHE 5 C.

Bo Bcex ocTanpHBIX CIydasx pPa3HOPOIHBIX
TEXHHYECKUX cOOeB B KaHajlax Mepenadd, alro-
pUTMax XEeHMpPOBaHHA U T.I. 3TOT YpOBEHb 00Oec-
MIEYUT JIOTIOJIHUTENBHYIO CTPAaXOBKY HMMEIOIINXCS
CpeACTB O0HAPYKEHUS U KOPPEKIIUHU OIHNOOK.

[lpr HEOOXOAMMOCTH KOJNUYECTBO TOCIIEAOBA-
TEJNBHBIX Pa3pelieHuH I CHATUS OJIOKMPOBKH
OTKJIFOYEHUSI MOXET OBITh YBEIMYEHO, OJHAKO
[peAJIaraéMblii  BapUaHT IPEACTABIISECTCS BIIOJIHE
JOCTaTOYHBIM B NPAKTHYECKUX MPUMEHEHHSX.
Bpemsi nmelicTBUsS KOMaHIIbI CHSATHUS OJOKHPOBKH
B 5 ¢ Takke BHIOpaHO Ha KOMITPOMHUCCHOW OCHOBE
MyTEM aHalHu3a OMbITa PabOThl C PA3TUYHBIMHU Ka-
HaJlaMH YTIPaBJICHUS KOCMHYECKHMH aIlapaTaMu
U MOXKET OBITh IPH HEOOXOIUMOCTH U3MEHEHO.

BTOPOU KOHTYP AJITOPUTMUUYECKOM
3ALLMTHI

Bropoit ypoBeHb 3amuThl paboTaeT aBTOMAaTH-
YECKU MyTeM ydeTa 3HaueHuit "butoB biokupoBku
Otxmouenus" (bbO-i, i = 1, 2) nnsa xaxaoi Oara-
peu i. CocrosiHHE 3TUX OHMTOB JOJKHO OTOOpa-
KaTbCsi B TEIEMETPUM KOCMHYECKOTO allnapara
Y UMEET CIEIYIOUINI CMBICI:

— ecnu 6ut "BBO-i" ycranosnen B "0", TO mpo-
XOXKJICHHE KOMAaHAbl OTKJIIOYEHHs Ha pene i
pa3pelieHo;

— ecimm 6ut "BBO-i" ycranoBnen B "1", To mpo-
XO0XJIeHHE KOMaH]Ibl OTKJIIOYECHHUS Ha perie i Oe3yc-
JIOBHO 3ampenieHo. B atom ciydae MILY B mpus-
LUIIEe HE JOJDKEH MMETh BO3MOXHOCTH BBIIATh KO-
MaHIy Ha OTKIIIOYEHHE COOTBETCTBYIOLIETO peie
Ha anmnapaTHOM YpPOBHE, a COOTBETCTBYIOLIMH
TPUITEP JOJDKEH UMETh YCTOWUYUBYIO K OJHOKpAT-
HBIM COOSIM amlmapaTHYIO apXUTEKTypy (TpoupoBa-
HUE C aBTOKOPPEKIIHNEH).

[Ipy HavanbHOM 3arpy3ke Bbrumciautenas MIY
(BKIIOUEHHE MUTAHUS, Iepe3arpy3ka Mo CTOpoXKe-
BOMY TaliMepy U II0 aBAPUWHOMY CHIKECHHUIO Ha-
MpsDKEHUsT THUTaHus mpoueccopa) Ooutel "BBO-i"
yCcTaHaBIMBarOTCS B cocrosHue "0", T.e. OJOKH-
pPOBKa OTKIIOYeHHS OaTapeil HeakTHBHA. JTOMY
JIOJDKHA COOTBETCTBOBATh CHUTYallMsl, KOI/Ia BcCe
Oarapen H3HAYAJIbHO IIOJAKJIIOYEHBl K CHJIOBBIM
LIMHAM NUTaHMS B XO/€ Ha3eMHOM OTpaboTKH Iie-
pen 3amycKoM, 4YTO SBJISIETCS KPUTHUYECKHUM MO-
MEHTOM M JOJDKHO OBITb YEeTKO IPONHCAHO
B [IHD3O. [ns ympoieHus gaiee TpUBOJUTCS aj-
TOPUTM JUIS CITy4as IBYX OOpTOBBIX OaTapei.

Ilocne evinonnenus komanowvt "OTKIIOYATH
ABb-1":

— owur "BbO-2" ycranasnuBaercsi B "'1", 6e3yc-
JIOBHO 3ampeniasi B AajbHENIEeM OTKIIOUCHHUE peie
AB-2;

— paboTa anropuT™Ma yHpaBIE€HUS HUBEIUPOM
MOAJIEMEHTHBIX HanpsbkeHuit Ab-1 Onokupyertcs
YCTaHOBKOM COOTBETCTBYIOLIET0 OUTa YIpPaBICHUs,
OTKJIFOYAETCs TAKKe caM HuBenup [4];
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— paboTa aJropuT™Ma IMO3JIEMEHTHOTO KOHTPO-
ns Ab-1 [4] OGmokupyeTrcsi yCTaHOBKOW COOTBET-
CTBYIOILErO OWTa yNpaBieHHUS;

— MIIY BBIJAET UMIIYJIBCHYI0 KOMaHIY
Ha IOJIpU30BaHHOE pejie oTkiaoueHuss Ab-1,
KOTOpasd OTKJIFOYACT €€ OT CHJIOBOM IIMHBI TUTAHUS
HarpysKu.

Ilocne evinonnenus xomanowvt "OTKIIOUYUTH
AB-2":

— owur "BbO-1" ycranasnuBaercsi B "1", 6e3yc-
JIOBHO 3arpelas B JajbHEeNIIeM OTKIIOUeHHE pelle
Ab-1;

— paboTa anropuT™Ma yHpaBICHUS HUBEIUPOM
MO3JIEMEHTHBIX HamnpsokeHnid Ab-2 Omokupyercs
YCTaHOBKO# COOTBETCTBYIOLIETO OWTA YIpaBICHUS,
OTKJIIOYAETCS TaK)KE CaM HUBEJIHP;

— paboTta anroputMa MO3JIEMEHTHOTO KOHTPO-
s AB-2 Onokupyercs YCTaHOBKOW COOTBETCT-
BYIOILIETO OUTa YIIPaBJICHNUS;

— MILY BblIaECT UMITYJIBCHYHO KOMAaHIy Ha IIO-
JISIpU30BaHHOE perie oTKIoueHust Ab-2, koropas o1-
KJIIOYAET €€ OT CWIOBOM IINHBI IUTAHUS HATPY3KH.

Ilocne evinonnenus Komanowvl "BKITIOYNTH
AB-1":

— our "BbO-2" ycranaBnuBaetcs B "0", me-
J1ast BO3MOXKHBIM B JTaJIbHEHMIIIEM OTKIIIOUEHHE pelie
AB-2;

— paboTa anropuTMOB YNpaBJICHHs HUBEIH-
POM U TO3JEMEHTHBIM KOHTpOJIEM HAaNpsKeHUH
AB-1 pa3zpemaercs;

— MIIY BbljaeT UMIYJbCHYH) KOMaHJIy
Ha MOJIIpU30BaHHOE penie oTkiroueHus Ab-1, xo-
TOpasi MOJKJIIOYACT €€ K CHUJIOBOW IIMHE MUTAHUS
Harpysku.

Ilocne evinonnenusa Komanowl '"BriIrounTth
AB-2":

— our "BbO-1" ycranaBnuBaetcs B "0", me-
J1as BO3MOXKHBIM B JajibHEHIIEM OTKIIIOYEHHE pe-
e Ab-1;

— paboTa anropuTMOB YNpaBJICHHUs] HUBEIH-
POM U TO3JEMEHTHBIM KOHTpOJIEM HAaNpsKeHUH
AB-2 pa3zpemaercs;

— MIIY BblJaeT UMIYJBCHYD) KOMaHJIY
Ha MNOJIIPU30BaHHOE pefie oTkioueHus Ab-2, xo-
TOopas MOJKIIOYaeT €€ K CHJIOBOW IIMHE MUTAHUA
Harpys3KH.

IIpy BBINOJIHEHUU YCIIOBUS, YTO IEPEX 3aILyc-
KoM anmapara oba pene Ab-1 u Ab-2 OynyTt Haxo-
TUTHCSI B 3aMKHYTOM cocTosiHIH (00e Ab mokito-
YeHbl K [IMHE TMHUTaHus), cocTosiHue O0utoB "BBO-
1/2" 6ynet mpaBUIBHO OTpaXkaTh TEKYIIEE COCTOS-
HUeE OJIOKMPOBOK M caMUX OaTapeii:

— 3Havenns "bbO-2"=0 wum "BBO-1"=0
("00") Oymyr mnoka3biBaTh, 4YTO 00€¢ Oarapeu
MOKJTIOYEHBI K CHJIOBOH IIIMHE;

A. B. JIUCNH

— 3"auenus "BBO-2"=1 u "BBO-1"=0
("10") 6ynyT nokassiBath, uTo Ab-1 oTKIIFOUEHA;
— 3Hawenns "bbO-2"=0 wu "BBO-1"=1

("01") OynyT noka3siBath, uTo AB-2 OTKIIIOUEHA;
— xomOmuaima "BBO-2"=1 u "BBO-1"=1
("11") OymeT HEBO3MOKHOM.

OpnHako ciexyeT UMETh B BUIY, YTO B Clydae
nepesarpysku Beraucautesss MIY B npouecce mo-
neta (BO3AEWCTBHE TSDKENON 3apsHKEHHOW YacTH-
IIbI, IIPOCAJKa MUTAHUS, BBI3BABIINUE IIEPE3Arpy3Ky
OT BCTPOEHHBIX CPEACTB MAPUPOBAaHHUSI OJHOKpAT-
HBIX cOoeB) 3HadeHns 6utoB bBO OyxyT ycTaHOB-
nensl B ucxoansle coctosiHug (00) m mepectaHyT
MPaBUIBHO OTOOpaXKaTh (PAKTHUECKOE COCTOSHHUE
pene otkmodenus Ab. Ilpu stom B ciyuae, eciu
omHa w3 Ab oTkimrodeHa, (QYHKIUS OJOKHPOBKH
OJTHOBPEMEHHOT0 OTKIIo4YeHus: oboux AbB pabo-
TaTh He OyJeT — CHMMAETCsl BTOPOH YPOBEHb 3a-
mUITEL. OTOT (pakT MoxeT OBITh 3aUKCHPOBaH
MO TeJeMETPUU KOCMUYECKOro ammapara, T.K. Ou-
161 BbO u3MeHAT cBoe 3HaueHWe, a B MPU3HAKAX
cpabaThIBaHUs 3alIUT JOJDKHA OBITh IMOKa3aHA WH-
¢dbopmarust o (axTe mepe3arpy3Kd BBIYHCITHTENS
MIY. Ilpu 3TOM nepBBIN YPOBEHH 3alUTHI OyJeT
paboTaTh Mpu THOOBIX YCIOBHSIX.

Jls1s1 BOCCTaHOBJIEHHSI BTOPOT'O YPOBHS 3aLUTHI
OT HeoOpaTUMOro COOBITHSI (OTKIFOUEHHUS 000MX
AbB) wmMeercss BO3MOXXHOCTH BOCCTaHOBUTH TIpa-
BUIBHBIE 3HaueHus OutoB BBO crnenuaibHbIMH
komangamu tuna "Ycradouts bBO 01" u "Ycra-
HoButh O 10":

— ecnu 3apuKcuUpoBaH (aKT mepe3arpy3Ku
6oproBoro Beramciurens MLY u m3BecTHO, 49TO
Ab-1 oTkiIOYEHA OT IIWMHBI, TO CIEAYET MOAAaTh
koMaHay "YcramoButp bbO 10" w mpo-
KOHTPOJIMPOBaTh MO MOCIEAYIOUIel TeleMeTpHU
(hakT MpPaBUIBLHON YCTAaHOBKH 3THUX OUTOB;

— ecnu 3aduKCHpoBaH (akT Mepe3arpy3Ku
BBIYMCIUTENIS M H3BeCTHO, 4yTo AbB-2 oTkiaroueHa
OT IIMWHBL, TO CileAyeT [OoJAaTb KOMaHIy
"VcranoBute BBO 01" u Takxke TPOKOH-
TPONHUPOBaTh (HAKT NMPABHIBHOH YCTAaHOBKH 3THX
OUTOB;

— ecmu 3aduKCcHpoBaH (DaKT mepe3arpy3Ku
BBIUMCINTEIS W  HU3BECTHO, 4Yro o00e Ab
MOAKIIOYEHBI K IIMHE, TO NCHCTBHHA HUKAKHX HE
Tpedyetcst, T.K. outel BBO OymyT ycTaHOBJIEHBI
B npaBujibHbIE cocTostHUS 00.

BBuay noreHuuanbHOW ONACHOCTH HEMPABUIIb-
HO¥ ycraHoBkU OuToB BBO komanmamu tuna "Yc-
taHoBUTh BBO 01/10" Ha KaXJIyr0 M3 HUX IEJIeCO-
00pa3HO yCTaHOBHUTH 3aIlUTY TIPEABAPUTEIBHOM
MoJJayell COOTBETCTBYIOLICH pa3permarone Ko-
MaHZbl, aHAJOTHYHO TEPBOMY KOHTYPY 3aIllHTHI
oT oTKiItoueHUsS 00oux Ab.
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AJITOPUTMBI YIIPABJIEHUS PE3EPBUPOBAHUEM JIMTHUI-MOHHBIX BATAPEM

Jis monkirodeHuss Oataped ¢ UHACKCOM
M0 KOMaH/Ie Ha3eMHOTO IIEHTpa YIIpaBIEHUs HE00-
XOJUMO BBITIOJIHUTH CJIEMYIOIINAe IEHCTBHUS TaKKe
B COOTBECTCTBUH C HCpBI)IM KOHTypOM 3alllUTHI:

1. Tlogate komanmy "Pa3pemmuTh BKIIIOYEHHE
Ab-i". DTa KOMaHIa pasperiaeT IPOXOXKICHUE
JIanbHEHIIe KoMaHabl BKIFoueHUS Ab-i B Teuenme
5 ¢, TIOCTIe Yero PeKUM pasperieHus: aBToMaTH4e-
CKM OTMEHSETCA. OJTa KOMaHaa J[OJDKHA OBITh
eIMHCTBEHHOUW B KoMaHAHOM nakere MKO, B mpo-
THBHOM CJIy4ae OHa BBITIOJTHCHA He Oy/IeT.

2. llomates xomangy "Bxmrounts Ab-i". Ecnm
OJIOKUPOBKA IO MPEIBIIYIICH KOMaHJIE pa3pele-
HUS 3TOMY HE MpersarcTByer, pene Ab-i Oymer
BKJIIOUYEHO. DTa KOMAaHJa TaKKe JO/KHA OBITh
eMHCTBEHHOW B KoMaHAHOM nakete MKO, B mipo-
THBHOM CITy4dae OHa BBITIOJTHEHA He Oy/IeT.

OmnucaHnHas BBIIIE JIOTHKA 3alllUThI 110 IIOHMAT-
HBIM TNpPUYMHAM OYIET MMETh CMBICT HCKIIIOYH-
TCJIBHO NPU YCJIOBHHU PYYHOI'O pEKMMa YIIpaBlie-
HUS TIepeKOMMYyTaluel OOpTOBBIX OaTtapei co cTo-
poubl L[VII. C ydeTroM HOBH3HBI TpejTaraeMoin
APXHUTEKTYPBl CHUCTEMBI 3JEKTPOCHAOXKEHHUS 3TO
MPEICTABIISIETCS BIIOJIHE IOCTATOYHBIM Ha MEPBBIX
JTanax ee BHEAPEHUS W BO3MOXKHOW JOPaOOTKH.
Jns  peanu3alquy NOTEHLUUAIBHO 3aJ0)KEHHBIX
B HEe BO3MOXKHOCTEH 6€30MacHON aBTOMAaTHIECKOH
NEpeKOMMYyTalluu B aBapHﬁHLIX CiydasaXx, Io-BUON-
MOMY, €IMHCTBEHHBIM BapHAaHTOM €€ peasIn3aliu
CJICAYCT NPU3HATH BBCACHUEC B CUCTEMY HOIIOJIHU-
TEJNBHBIX JaTYMKOB COCTOSHHS MOJISIPU30BAHHBIX
pelie oTKIIIoUeHus Oatapei B mpoliecce HadaabHOM
3arpy3ku Bberunciurenass MILY B ciydae pazHopon-
HBIX cOOEB IIpU SKCIUTyaTalluv, IPpUBOAAIIUX K €ro
nepesarpyske.

BbIBOJbI

OnucaHHble aNTOPUTMBI YIPABIEHUS pe3epBU-
pPOBaHHWEM JIMTHH-WOHHBIX AKKyMYJSTOPHBIX Oa-
Tapeil OTKPHIBAIOT BO3MOKHOCTH PACCMOTPEHHS
3THX CHENU(PUUECKUX ITEMEHTOB CHCTEM DIIEKTPO-
CHAOXEHUSI KOCMHYECKHX OKCIIEPUMECHTATBHBIX
KOMILIEKCOB KaK 0OBEKTOB MPUMEHEHHS KIacCHue-
CKHX METOJIOB PE3ePBHPOBAHUS. DTO IO3BOJISIET
CHATb HECKOTOPLIC OTPaHUYCHUS, IMTPCIIATCTBYIONIUC
NPUMEHCHUIO OaTapeil 3TOro THIAa B YCIOBHSX
KOCMHYECKOTO MPOCTPAHCTBA, KaK yXKe OTMeda-
JIOCh paHee B padore [3].

CretyeT MOAYEPKHYTh, YTO MpeiaraeMble aj-
TOPUTMbBI HMMCIKOT OCHOBHBIM IPEAHA3HAUYCHUEM

101

3alUTy OT HEOOpaTUMOro OTKJIIOYCHHUs OaTtapei
B PEXXHME PYYHOTO yIpaBieHUs co cTopoHsl LIYII
UCKITIOUYNTEIBHO B PE3yNbTaTe pPa3sHOPOIHBIX He-
npeoHamepeHHblX OIMOOK M cOOCB, BKJIOYAs Ta-
KH€e, BEPOITHOCTH KOTOPBIX 3a4acTyI0 HEBO3MOKHO
AOCTOBEPHO YCTAHOBUTH B YUCJICHHOM BBIPAKCHUHU
AHAINTHYECKH WIM TO0 Pa3IMYHOTO poOAa HOpMa-
THUBHOW JOKYMEHTallUH. B OCHOBHOM 3TO Kacaercs
OImuOOK, OOYCIIOBJIEHHBIX YEIOBEYECKNM (HaKTo-
POM, KOTOPBIii, KaK MOKa3bIBaeT MPaKTHKA Pa3iIny-
HOTO poJia aBapHil ¥ TEXHOTEHHBIX KaTtacTpod, HU-
KOT/Ia HeJb3s MCKIIF0YaTh M3 PACCMOTPEHHSL.
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The article continues the description of the architecture developed at IZMIRAN for building a highly reliable
power supply system based on lithium-ion batteries designed for conducting scientific experiments on board
spacecraft. The issues of constructing algorithms for controlling two batteries are considered, taking into ac-
count the issues of overall reliability of the system as a whole. These algorithms are designed to be implemented
in an on-board microprocessor control unit for the power supply system of a spacecraft with two or more
lithium-ion batteries.
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INTRODUCTION

Lithium-ion batteries hold great promise for use in
various types of experiments in Earth orbit, primarily
due to their excellent weight-to-size characteristics [1,
2]. However, this technology has a number of funda-
mental drawbacks, including a narrow operating tem-
perature range, increased explosion hazard, accele-
rated degradation when charge/discharge conditions
deviate from optimal values, and a short service life
compared to other types of batteries. These drawbacks
can be largely overcome by using intelligent battery
management systems, including those built into the
battery itself, as well as by employing special ap-
proaches to organizing power supply systems and
control methods. This article examines issues related
to control algorithms for two or more batteries, pri-
marily for their mutual redundancy, within the control
system architecture described in [3].

SYSTEM ARCHITECTURE
AND BATTERY REDUNDANCY POLICY

A typical architecture for the experimental space-
craft's power supply system, which includes two li-
thium-ion batteries for redundancy, is shown in Fig.
The operating aspects of this system are described in
detail in [3], but the circuit shown in Fig. differs fun-
damentally from that discussed in [3]: to control the
switching of the primary and backup batteries, it in-
corporates two polarized battery disconnect relays.
The use of polarized relays ensures the energy inde-
pendence of the selected configuration, and their pres-
ence allows for the implementation of various redun-
dancy management policies, for example:

1) both batteries are always connected in parallel to
increase the total capacity; however, if signs of dan-
gerous degradation are detected in the telemetry data,
in particular irreversible imbalance of the elements
[4], the battery can be disconnected from the power
bus either automatically or by command from the
ground control center (GCC);

2) one of the batteries is in "cold reserve", i.e., in-
itially disconnected from the power bus and is con-
nected to it only in cases where a critical discharge of
the main battery is detected — automatically or by
command from the GCC;"

3) at any given time, the load is powered by only
one battery, the selection of which changes cyclically
at regular intervals (either automatically or by com-
mand from the GCC).

* Note: The figure assumes that the charging circuits of all
batteries are connected to them constantly, are controlled
automatically and are not shown in the figure, since they
are not relevant to the consideration

Fig. Spacecraft power supply system architecture.
BUIT — secondary power source, PK — radio com-
mand, KITA — ground test equipment

Each of the above policies has its own advantages
and disadvantages, a discussion of which is beyond
the scope of this article, which is intended only to
highlight the algorithms for implementing such a crit-
ical action as switching the power buses of the space-
craft's onboard batteries during the implementation of
the above or any other redundancy management poli-
cies.

ADVANTAGES AND DISADVANTAGES
OF THE PROPOSED ARCHITECTURE

The use of controlled switches (polarized relays) in
the power circuits of both redundant batteries opens
up wide possibilities for implementing various options
for their mutual redundancy, especially given the ra-
ther specific characteristics of lithium-ion cells [1].
However, it represents an extremely dangerous solu-
tion in terms of controlling such a system. The main
danger is sending an erroneous sequence of com-
mands, which would lead to the shutdown of both bat-
teries, which would be tantamount to the loss of the
spacecraft. Nevertheless, the ability to effectively re-
place a faulty battery during orbital flight, including in
automatic mode, can often yield very significant re-
sults, considering the significant extension of the op-
erating time of the complex and expensive experimen-
tal equipment powered by it.

If sufficient systemic measures are taken to protect
against erroneous irreversible disconnection of both
batteries, the proposed architecture can be used while
maintaining a sufficient level of reliability of the
equipment complex as a whole. Such measures can be
classified into three main groups: hardware, software,
and software-hardware protection. Hardware meas-
ures can include, for example, the use of additional
contact groups of polarized relays, which would serve
as state sensors for the hardware circuit blocking the
sending of pulse commands to disconnect both relays
simultaneously. Other hardware options for organiz-
ing the battery switching circuit, which would exclude
their simultaneous disconnection, are also possible;
however, their consideration is beyond the scope of
this article. In developing the proposed approach to
solving the main problem described above, the prin-
ciple of minimizing the use of hardware circuits in the
switching node was put forward, since the reliability
of a properly designed algorithm is always higher than
the reliability of relay contacts and other hardware
components.



CONTROL LOGIC FOR BATTERY BUS KEYS

Let's consider the general operating logic of the
polarized battery disconnect relays shown in the fig-
ure, which for brevity we will refer to as their power
bus keys. It should be emphasized that these keys are
not intended to control load switching (spacecraft ser-
vice systems, scientific equipment, etc.), but exclu-
sively to control onboard battery switching. This
switching can be performed in two main spacecraft
states: during ground testing and during orbital flight.

In the first case, pulse commands for switching the
keys are issued manually from the test equipment,
which is usually connected to dedicated connectors.
Typically, these will be specially designated buttons
with names such as "AB-1 ON," "AB-1 OFFE," etc.,
with corresponding indication, or corresponding relay
outputs of some automated system used during ground
testing of the complex. In this case, switching of con-
tact groups (reconfiguration of the apparatus's batte-
ries) should occur in the absence of load current (the
compartment contact, its simulators, and its blocking
circuits in the figure should be open). In this case,
there will be virtually no contact wear during any
amount of experimental testing. This requirement is
quite easily met by appropriately designing the ground
experimental testing (GET) programs for the complex.

In the second case, these pulse commands are gen-
erated both by algorithms automatically operating
within the digital/emergency control modules
(DCM/EMC) and by direct commands received via
the spacecraft's onboard radio link from the GCC.

For example, a typical scenario for conducting
ground tests with sequential use of both batteries
might look like this:

* by pressing the "AB-1 ON" and "AB-2 OFF" but-
tons on the test equipment console, battery No. 1 is
connected to the power bus, and battery No. 2 is dis-
connected from it;

* by pressing the "ON" button, the compartment
contact is bypassed, power is supplied to the digital
control module (DCM), which begins processing the
standard power-up sequence and turns on the load;

* after completing the test sequence with power
from battery No. 1, the "OFF" button is pressed on the
test equipment console, which activates the holdover
circuit and breaks the bypass circuit of the compart-
ment contact, disconnecting the load;

* by pressing the "OFF AB-1" and "ON AB-2" but-
tons on the control panel, battery No. 1 is discon-
nected and battery No. 2 is connected to the power
bus, and the test sequence is repeated with power from
battery No. 2;

* the load is disconnected using the "OFF" button,
and the polarized battery disconnect relays are reset
by commands from the control panel to their initial

state, corresponding to the selected battery backup
policy.

In this case, disconnecting both batteries during
ground testing is entirely possible and may even be
a desirable option for debugging the system in some
cases. The control algorithm architecture under con-
sideration includes two independent protection loops,
the combined operation of which appears sufficient
for application in the area under consideration. When
controlled by the second loop (either by automatic
algorithms or by GCC commands), the possibility of
disconnecting both batteries should be completely
eliminated.

It should be noted that the following discussion as-
sumes control of the digital control module (DCM) of
the power supply system from the spacecraft's on-
board control system via a standard multiplex com-
munication channel (SMC). This, however, does not
reduce the generality of the presentation, as control
using other protocols will, in one way or another, util-
ize the principle of packet transmission of a set of
commands. In this case, it is certainly implied and is
not further specified that there are highly reliable
means of checking the authenticity of command pack-
ets at all stages transmitted from their formation in the
GCC to their transmission to the DCM via the on-
board channel, and ensured by the use of hash sums,
correcting codes and other methods of detecting single
and group errors.

FIRST ALGORITHMIC PROTECTION CIRCUIT

To disconnect battery with index i upon command
from the ground control center, the following steps
must be performed:

1. Issue the "Allow AB-i Shutdown" command.
This command allows further Ab-i shutdown com-
mands to proceed for 5 s, after which the permission
mode is automatically canceled. Mandatory require-
ment: this command must be the only one in the SMC
command package; otherwise, it will not be executed.

2. Issue the "Disable Ab-i" command. If no inter-
locks prevent this, the AB-i relay will be deactivated.
Mandatory requirement: this command must be the
only one in the MKO command packet; otherwise, it
will not be executed.

The requirement for a single critical command in
the packet is due to the need to confirm the control
center's intention to perform a potentially dangerous
action without establishing a full-fledged request-
response feedback loop. In this case, the protection
logic also covers possible failures of automated com-
mand sequence generation systems, widely used in
modern GCC, which, for some hypothetical reason,
could fail to generate the correct format for a critical
command.



If such a command is created and inserted into the
general command sequence as a result of a software or
hardware failure or operator error, it will be ignored
due to the requirement for uniqueness in a package.

If, for similar reasons, a packet is created contain-
ing only one of two critical commands, the latter will
also be ignored due to the requirement for their se-
quential transmission within 5 s.

In all other cases of heterogeneous technical fail-
ures in transmission channels, hashing algorithms,
etc., this level will provide additional insurance for
existing error detection and correction tools.

If necessary, the number of consecutive permis-
sions for unlocking the shutdown lock can be in-
creased; however, the proposed option appears to be
sufficient for practical applications. The lock/unlock
command duration of 5 s was also chosen as a com-
promise based on an analysis of experience with vari-
ous spacecraft control channels and can be changed if
necessary.

SECOND LOOP
OF ALGORITHMIC PROTECTION

The second level of protection operates automati-
cally by taking into account the values of the "Shut-
down Lockout Bits" (SLI-i, i = 1, 2) for each battery i.
The state of these bits must be reflected in the space-
craft telemetry and has the following meaning:

— if bit "SLI-" is set to "0", then the shutdown
command to relay i is permitted;

— if bit "SLI-" is set to "1", then the shutdown
command to relay i is unconditionally prohibited. In
this case, the DCM should not be able to issue
a command to disable the corresponding relay at the
hardware level, and the corresponding trigger should
have a hardware architecture that is resilient to single-
shot failures (tripled with autocorrection).

During the initial bootup of the DCM calculator
(power-up, reset by the watchdog timer, and by an
emergency reduction in the processor supply voltage),
the " SLI-i" bits are set to "0," i.e., the battery discon-
nect interlock is inactive. This should correspond to
the situation when all batteries are initially connected
to the power buses during ground testing before
launch, which is a critical point and should be clearly
specified in the GET. For simplicity, the algorithm for
the case of two onboard batteries is provided below.

After executing the "Disable AB-1" command:

— the "SLI-2" bit is set to "1," unconditionally pro-
hibiting further disabling of the AB-2 relay;

— the operation of the AB-1 element-by-element
voltage level control algorithm is blocked by setting
the corresponding control bit, and the level itself is
also disabled [4];

— the operation of the AB-1 element-by-element
monitoring algorithm [4] is blocked by setting the cor-
responding control bit;

— the DCM issues a pulse command to the AB-1
polarized shutdown relay, which disconnects it from
the load power bus.

After executing the ""Disable AB-2" command.

— the "SLI-1" bit is set to "1", unconditionally pro-
hibiting further disabling of the AB-1 relay;

— the operation of the AB-2 element-by-element
voltage level control algorithm is blocked by setting
the corresponding control bit, the level itself is also
disabled;

— the operation of the AB-2 element-by-element
monitoring algorithm is blocked by setting the corres-
ponding control bit;

— the DCM issues a pulse command to the AB-2
polarized shutdown relay, which disconnects it from
the load power bus.

After executing the "Enable AB-1" command.:

— the "SLI-2" bit is set to "0", allowing further dis-
abling of the AB-2 relay;

— the operation of the level control algorithms and
the AB-1 element-by-element voltage monitoring al-
gorithm are enabled;

— the DCM issues a pulse command to the pola-
rized trip relay AB-1, which connects it to the load
power bus.

After executing the "' Enable AB-2"" command:

— the "SLI-1" bit is set to "0", enabling further trip-
ping of the AB-1 relay;

— operation of the leveling and element-by-element
voltage monitoring algorithms for AB-2 is enabled;

— the DCM issues a pulse command to the pola-
rized trip relay AB-2, which connects it to the load
power bus.

Provided that both relays AB-1 and AB-2 are
closed before the device starts (both AB are connected
to the power bus), the state of the "BBO-1/2" bits will
correctly reflect the current state of the interlocks and
the batteries themselves:

— values "SLI-2" = 0 and "SLI-1" = 0 ("00") will
indicate that both batteries are connected to the power
bus;

— values "SLI-2" =1 and "SLI-1" = 0 ("10") will
indicate that AB-1 is disconnected;

— values "SLI-2" = 0 and "SLI-1" =1 ("01") will
indicate that AB-2 is disconnected;

— the combination "SLI-2" = 1 and "SLI-1" =1
("11") will be impossible.

However, it should be kept in mind that if the
DCM calculator is rebooted during flight (due to the
impact of a heavy charged particle, a power failure, or
a reboot caused by the built-in single-shot fault miti-
gation system), the SLI bit values will be reset to their



initial values (00) and will no longer correctly reflect
the actual state of the AB shutdown relay. Further-
more, if one AB is disconnected, the function that
blocks simultaneous shutdown of both AB will not
function—the second level of protection is disabled.
This can be recorded via spacecraft telemetry, as the
SLI bits will change their values, and the protection
activation indicators should record a reboot of the
MCC computer. However, the first level of protection
will operate under any conditions.

To restore the second level of protection against an
irreversible event (disconnection of both AB), it is
possible to restore the correct values of the onboard
computer bits using special commands such as "Set
SLIO01" and "Set SLI 10":

— If a reboot of the DCM onboard calculator is de-
tected and it is known that AB-1 is disconnected from
the bus, then the "Set SLI 10" command should be
issued and the correct setting of these bits should be
verified using subsequent telemetry;

— If a reboot of the calculator is detected and it is
known that AB-2 is disconnected from the bus, then
the "Set SLI 01" command should be issued and the
correct setting of these bits should be verified,

— If a reboot of the calculator is detected and it is
known that both AB are connected to the bus, then no
action is required, since the SLI bits will be set to the
correct values of 00.

Due to the potential danger of incorrectly setting
the SLI bits with commands like "Set SLI 01/10," it is
advisable to set protection for each of them by first
sending the appropriate enabling command, similar to
the primary protection circuit against disconnection of
both AB.

To connect the battery with index i, following a
command from the ground control center, the next
steps must be performed, also in accordance with the
primary protection circuit:

1. Send the "Allow AB-i to turn on" command.
This command allows further AB-i turn-on commands
for 5 seconds, after which the enable mode is automat-
ically canceled. This command must be the only one

in the SMC command packet; otherwise, it will not be
executed.

2. Send the "Turn on AB-i" command. If the pre-
vious enable command does not prevent this, the AB-i
relay will be activated. This command must also be
the only one in the SMC command packet; otherwise,
it will not be executed.

The protection logic described above, for obvious
reasons, will only make sense if the onboard battery
switching mode is manually controlled by the GCC.
Given the novelty of the proposed power supply sys-
tem architecture, this seems entirely sufficient for the
initial stages of its implementation and possible re-
finement. To realize the potential for safe automatic
reconnection in emergency situations, the only im-
plementation option seems to be the introduction of
additional polarized battery disconnect relay state sen-
sors during the initial boot process of the DCM com-
puter in the event of various operational failures lead-
ing to its reboot.

CONCLUSIONS

The described algorithms for managing the redun-
dancy of lithium-ion batteries open the possibility of
considering these specific elements of the power
supply systems of space experimental complexes as
objects for the application of classical redundancy
methods. This makes it possible to remove some of
the limitations that hinder the use of batteries of this
type in space conditions, as previously noted in [3].

It should be emphasized that the proposed algo-
rithms are primarily designed to protect against irre-
versible battery shutdowns under manual control by
the GCC solely as a result of various unintentional
errors and failures, including those whose probability
is often impossible to reliably quantify analytically or
using various regulatory documentation. This primari-
ly concerns errors caused by human error, which, as
experience with various types of accidents and man-
made disasters shows, can never be ruled out.



