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The aim of this work is to consider solving complex of tasks focused on fulfilling the complicated tactical and tech-
nical requirements for regulation and monitoring equipment (RME) of electric power supply system (EPS) for a pro-
spective spacecraft. These requirements are imposed due to the need to ensure high reliability of the equipment during
operation under the influence of external factors (vacuum, vibro-impact loads, radiation, absence of convective cool-
ing), as well as to achieve high mass-dimensional parameters of the equipment and its high functionality

The complexity of problem solving lies in the need to ensure conflicting requirements — high levels of energy density,
weight and size characteristics, reliability and durability.

These problems fully apply to the RME of the EPS for a prospective piloted transport system (PPTS) which design
example shows ways of solving abovementioned problems.

The most rational way of solving these contradictions is to increase the specific energy indicators of the main com-
ponents of the RME devices — power converters, which can be achieved by using modern power electronic elements,
using new materials and semi-finished products, for example, printed circuit boards with a metal heat sink, as well as
increasing the layout density design.

Determining solution is to select an optimal structure of the power converter, which provides the best efficiency.

An additional way to reduce the mass-dimensional indicators of the RME is the use of a digital control method, the
collection of telemetric information, and the receiving and processing of commands.

At the same time, on the contrary, to ensure the specified reliability of the equipment, it is necessary to use excess
reservation at the element level — for power components, and the principles of majority reservation at the functional
block level — for control and telemetry schemes.

Using the example of RME, developed by CJSC “Orbita”, the main EPS parameters of a new generation spacecraft
are shown and most important power supply subsystems are considered in the article: the solar energy control subsys-
tem and the power storage subsystem, ways to build them for meeting specified requirements, taking into account the
proposed solutions.

As a result of this work, the optimal structures of power converters — the current regulator of the solar battery and
the current regulator of the battery — were selected, the basic principles of power components reservation ensuring the
operability of the equipment in case of a single failure of any component without loss of performance and deterioration
of RME parameters as a whole are shown.

Block-modular construction method is used for optimal layout and high reliability of the RME, it ensures uniform
heat removal from electronic components, which is especially important in vacuum conditions, minimum dimensions
and mass optimization of the RME, as well as high mechanical strength of the structure.

The implemented principles of building the RME for PPTS using this approach will allow to increase the active life-
time (ALT) and reliability of the spacecraft with a simultaneous decrease in mass and dimension parameters.

Keywords: prospective transport spacecraft, regulation and control equipment, power supply system.
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HNEPCIIEKTUBHOI'O IMJIOTUPYEMOI'O TPAHCHHOPTHOI'O KOPABJIA
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Lenvio pabomvl sasnsemcs peuieHue KOMHAEKCA 3a0ad, HANPABIEHHLIX HA BbINOJIHEHUE CHONCHbIX MAKMUKO-
MeXHUYeCKux mpebosanuil, npeodvsasIseMblX K annapamype pe2yiupoganus u konmposs (APK) cucmem snexmponuma-
nus (COII) nepcnekmugubix KOCMUYECKUX annapamos, 00yCio81eHHbIX He0OX00UMOCMbIO 0DecneyeHUsl GbICOKUX NOKA-
3ameneil HA0eICHOCMU annapamypbl npu SKCALYAmayuu 8 YCio8Uusx G030€UCmEUsl GHEWHUX B030€LliCMBYIOWUX PaKmMopos
(6axyym, eubpoyoapuvie HASPY3KU, PAOUAYUS, OMCYMCMEUe KOHBEKMUBHO20 OXNANCOEHUs), A MaKdiIce O0CMUNCEHUS
BbICOKUX MACCO2aOAPUMHbBIX NOKA3ameell annapamypbl U ee blCOKOU (DYHKYUOHANIbHOCHIU.

Crooicnocmy pewenus 3a0ay 06yClo61eHaA He0OXOOUMOCMbIO 0Decneyenus NPOMUEOPeHUsblx No PUIUYECKOU Cymu
mpeboBaHUll — 8bICOKUX NOKa3amenel SHep2emudeckoll nIOMHOCIMU, MACCo2abapumHbIX Xapakmepucmux, HaoeicHo-
cmu U 001208€4HOCMU.

B noanoii mepe yxasannvie npobiemvi OMHOCAMCA U K annapamype pezyiuposanus U KOHMPOIs CUCTeMbl dJieK-
MPORUMAHUSL NEPCREKMUBHO20 NUTOMUPYeMo20 mparncnopmnozo kopabas (APK IIIITK) noozo nokonenus, Ha npume-
pe npoeKmupoBanUs KOMOPO20 NOKA3AH BaAPUAHIN PeUeHUsl YKA3AHHbIX 3a0a.

Haubonee payuonanshoim cnocobom yCmpanenust YKa3aHHbIX HPOMUGOPEUUL MONCHO HA36aNb NOBbIUEHUE YOCTbHbIX
9Hepeemu4ecKux nokazameiel 0CHO8HbIX cocmasisiiowux ycmpoticme APK — cunosvix npeobpasoeameneil, Komopozo
603MOINCHO OOCUYL NYMeM UCNONb308AHUL COBPEMEHHOU CUNOBOU INEKMPOHHOU KOMNOHEHMHOU 6a3bl, NPUMEHEeHUs
HOBbIX MaAmMepuaios u norypabpuxamos, Hanpumep, NeYamHvlx niam ¢ Memaiuyeckum menioomeo0oM, a Maxice
NOBbIUEHUS] NIOMHOCHU KOMROHOBKU NPU NPOEKMUPOBAHUL.

B c6010 ouepeon, onpedensiowum pewieHuem aeisemcst 6bl00p ONMUMAILHOU CIPYKMYPbL CUI08020 NPeobpazosa-
mes, 00ecnevusanweco HauLyyuylo IHepeemudeckyIo d3QPhexmuerHocme.

Hononrnumenvuvim nymem ymenvulenus maccozabapumuulx nokazameneti APK siensemes npumenenue yugpogozo
cnocoba ynpasnenus, coopa menemempuyeckoll uHgopmayuu, npuema u 00padomKu KOMaHo.

B mo orce spems, nanpomus, 015 obecneuenus 3a0anublx nokazamenei HA0eHCHOCMU annapamypusl HeoOXo0uMo uc-
HOIb308aMb U3DBIMOUHOE PE3EPEUPOBAHUE HA YPOBHE INEMEHMOE (015l CULOBBIX KOMNOHEHMOB) U NPUHYUNL MAHCOPU-
MApHO20 pe3epeuposanus Ha yposHe PYHKYUOHAIbHBIX OI0KO08 (051 CXeM YRPAGIeHUs U meleMempul).

Ha npumepe paspabomannoii npeonpusmuem 340 «Opbumar APK npeocmasnenvt ochosnvle napamempor COIT
KOCMUYECK020 KOpablisi HO8020 NOKONEHUsl, PACCMOMPENbL GANCHENUUE NOOCUCMEMbL DIEKMPONUMAHUSL: HOOCUCmeMa
PeYIUPOBAHUSL COIHEYHOU IHEP2UL U NOOCUCIEMA XPAHEHUS DNIeKMPOIHEPSUU, CHOCOObL UX NOCMPOEHUsL OISl Peanu3d-
Yuu 3a0aHHbIX MPeDOBAHULL C YUEeMOM NPEOTONCEHHBIX PEULeHUL.

B pezynbmame nposedennoii pabomvl 6bl6pansl ONMUMALbHbIE CIPYKMYPbL CULOSbIX Npeodpazosamenel — pe2yis-
mMopa moka COAHeyHol bamapeu u pe2yisimopa moxka akKymMyIsimopHou bamapeu, npedcmasnenbl OCHOGHbLE NPUHYUNbL
Pe3epeupoBanUsl CUIOBbIX KOMNOHEHIMOS, 00eCneyusarnyux pabomocnocooHoCmy annapamypsl 6 ciyyae eOUHUYHO20
omkasa 1106020 Komnonenma 6e3 nomepu pabomocnocobrocmu u yxyouienus: napamempos APK 6 yenom.

s onmumanbHoll KOMNOHOBKU U 6bicOKOU Hadexchocmu APK ucnonv3068ansi 6104HO-MOOYIbHBI CROCOO nOCMpOoe-
HUsl, 06ecnequsarowuti paeHOMEPHbIL 0ME00 Menid Om INEKMPOHHBIX KOMNOHEHMOB8, YMO 0COOEHHO BANCHO 8 YCIOBUSX
saxkyyma, Munumuzayus 2abapumos u maccol APK, a makoice blcoxas mexanuueckasi Bpo4HOCMb KOHCMPYKYUU.

Peanuzosannvie npunyunevr nocmpoenusi APK ons IIIITK ¢ ucnonv3osanuem yKa3aHHo2o nooxo0a no3e0sm yeeu-
yume cpox akmusHo2o cyuecmeosanusi (CAC), nosvicums nadescnocms KA ¢ 00no8peMmenHbiM CHUdICEHUEM Maccoza-
bapumnwix noxazameineu.

Kniouegvie cnosa: nepcnekmushwiil mpaHcnopmmublii Kopabib, annapamypa pe2yiupoeanus U KOHMpos, Cucmema
NEeKMPORUMAHUSL.

Introduction. The development of the RME for a As a rule, the RME of the piloted SC provides with
spacecraft (SC) is a multicriteria task, the successful solu-  electric power EPS of the SC with a low voltage of 28.5
tion of which depends on many factors. At the same time, 'V or 32.5 V, which is due to the high safety requirements
at this stage of development of the converter and digital of the crew during the flight, maintenance and repair
circuitry, it is almost impossible to build a single univer-  work, and scheduled tasks carried out with the RME in
sal design of the RME, which would be easily integrated  full-scale space flight. On the other hand, the ARK of the
into the EPS of the SC for various purposes, due to the piloted spacecraft is subjected to strict requirements for
fact that the EPS of the SC has different voltage levels mass and size, which forms the problem of improving the
(EPS with low voltage — up to 50 V, EPS with high volt-  energy performance of RME power converters, first of all,
age — over 100 V) and power levels of the payload (from increasing their efficiency.

hundreds of watts to tens of kW). The RME is the main link in the electrical power sup-
These factors largely determine the structure, man- ply system of a prospective reusable piloted transport
agement methods and design features of the RME. spacecraft [1], which should replace the piloted space-
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ships of the Soyuz series and automatic cargo ships of the
Progress series.

Big active lifetime (SAS) (up to 1.5 years), high re-
quirements for reliability (probability of trouble-free op-
eration of the RME is not less than 0.998), multifunction-
ality, determined the need to choose the optimal structure
of the RME for the PPTS and implement unique design
solutions in it.

Application of the RME. Together with rechargeable
batteries (AB), solar batteries (SB), and onboard cable
network the system must provide [2]:

— joint work of SB and AB on the total load;

— power supply of onboard equipment of the PPTS
with a constant voltage of 32.5 V of the required quality;

— autonomous charge of each battery with a charging
current of a value corresponding to the levels of charge
current settings generated by the commands of on-board
computer systems (OCS);

— alignment of discharge currents to the total load of
parallel operating ABs, with limited discharge current
levels;

— the exchange of information with the OCS in terms
of receiving and processing commands and transmitting
telemetric information via the serial interface bus (SIB)
GOST R 52070;

— information exchange via the CAN interface with
the AB control module in terms of receiving commands
for switching on / off the charge of the battery and transmit-
ting telemetry information from the battery to the RME.

The structure and basic parameters of the RME.
The period of active existence of a PPTS is within the
limits of 1-1.5 years, while the resource of PPTS must
provide its operation both in near-earth orbit and as a part
of the near-moon infrastructure.

In this regard, the peculiarities of the operation of
PPTS determine rather strict technical requirements for
PPTS subsystems, including the RME for:

— weight and size indicators;

— reliability;

— radiation resistance;

— effectiveness;

— energy density.

As a rule, to implement high technical requirements
for the RME, the developer of the equipment has to solve
many contradictory tasks. For example, increasing of reli-
ability of the RME by reducing the load factor of elec-
tronic components (ERI) and redundancy of nodes lead to
increase in mass, and increase in efficiency and radiation
resistance reduce the energy density and, consequently,
worsens mass and dimension parameters of the RME [2—4].

The electrical power supply of the onboard equipment
in the PPTS should be provided by a low-voltage EPS
with a voltage in the range from 28 V to 32.5 V and with
a total power of up to 4000 W.

The implementation of the requirements of the techni-
cal specifications in terms of ensuring high reliability and
energy density of the RME for the PPTS is performed by
applying a block-modular method of building, backup of
power elements and nodes, microcontrollers, digital logic.
At the same time, the national radiation-resistant element
base is used in the construction of the RME for the PPTS
[2; 5]
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The block diagram of the RME for the PPTS and its
connection with the EPS of the PPTS is shown in fig. 1.

The block diagram of the ARK for the PPTS contains:
4 current regulators RT1 ... RT4, 4 charge-discharge de-
vices ZRU1 ... ZRU4 (AB current regulators), a voltage
regulator SN 32.5 V, 2 filters (one for each independent
power bus), a controller.

Subsystem for regulating solar energy. To ensure
high energy efficiency requirements, a gallium-arsenide
solar battery was used as the primary source of energy
with the following main characteristics: the power of one
SB at the beginning of a flight is 1800 W, the open-circuit
voltage is 100 V, and the short-circuit current is 37 A.

To regulate the current of the solar battery, a parallel
type regulator is used, and since a special feature of the
chosen type of solar battery compared to silicon-based
batteries is an increased electrical capacitance (up
to 1 pF), current-limiting circuits are used in the power
switch to ensure a smooth current rise trajectory.

The block diagram of the SB current regulator is
shown in fig. 2

The current regulator contains: a sensitive element, a
feedback signal adder (OS), a PWM signal comparator,
a 25 kHz sawtooth voltage generator, a current limiting
throttle, a current shunt for measuring the current teleme-
try signal of the SB, PWM signal drivers (PWM signal
amplifiers), the power elements of the regulator presented
by field-effect transistors (with series-parallel redun-
dancy) and Schottky diodes.

The regulators are structurally combined by 2 items
in 2 power modules with a capacity of 1800 W each, with
each current controller having a series-parallel redun-
dancy of the most critical power and control elements.
The specific power of each module is 703 W/kg. Each
module contains a regulator capable of switching the en-
ergy of the SB to two independent power supply buses
with the help of switching elements SE (see fig. 1).

The power delivered to the load by each SB current
regulator is 900 W.

Energy storage subsystem. The lithium-ion re-
chargeable battery with the following parameters was
used in the energy storage subsystem: operating voltage
range — (16.2... 29.5) V; maximum discharge current —
45 A; charging current is steppable, reduced during charg-
ing, having six setting levels (20.0; 10.0; 5.0; 2.5; 1.0; 0 A).

The AB current regulator is a charge-discharge device
based on direct converters of the raising and lowering
types with PWM regulation [6—-12].

The block diagram of the AB current regulator is
shown in fig. 3

The AB current regulator is a charge-discharge device
that contains: a sensitive element, a feedback (OS) adder,
a current regulator with current limit, a voltage and cur-
rent feedback (OS) signals adder, a PWM “CHARGE”
comparator, a PWM “DISCHARGE” comparator, a
sawtooth voltage generator for PWM — “CHARGE” and
PWM - “DISCHARGE” comparators, an electronic fuse
on the power field-effect transistor, PWM-signal drivers
(PWM-signal amplifiers), power elements of the regulator
— field-effect transistors (with parallel redundancy) and
Schottky diodes, a current shunt for measuring the current
of the AB.
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Fig. 1. Block diagram of the RME for the PPTS and its connection with the EPS of the PPTS:
ABI...AB4 rechargeable batteries; SB1, SB2 — solar batteries; G1...G4 — solar generators, SUBK —onboard
complex control system of PPTS; MKU LIAB — lithium-ion battery monitoring and control module; SH1,
SH2 —independent power lines of PPTS; ELOI —lunar orbital infrastructure elements; EZOI — Earth orbital
infrastructure elements; SNE — ground power system

Puc. 1. Ctpykrypnas cxema APK IIIITK u e€ ces3u ¢ COII TIIITK:
AB1...Ab4 akkymynsaropusie 6atapen; Cb1, CB2 — conneunsie 6atapen; G1...G4 — conHeuHble reHepaTo-
po1; CYBK — cuctema ynpasnenus 6oprossiM kommuiekcoM [TIITK; MKY JIMAB — Moy KOHTpOILs
U yIIpaBlIeHus! TUTUH-HOHHOH akKyMyJsiTopHo# 6atapen; 1111, 1112 — He3aBUCHMBIE IIMHBI AIEKTPOIUTAHUS
MIITK; 3JIOU — snemeHTHI JTyHHO#H opOuTanbHON HHPpacTpyKTyphl; 30U — ameMeHThI 3eMHOIT 0pou-
TaneHOI nHPpacTpykTypsl; CHD — cucTemMa Ha3eMHOT0 AJIEKTPOIUTAHHS
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The design contains 4 pieces of charge-discharge
power module, by 2 pcs. of charge-discharge devices
each. The module provides 700 W of power, while one
device is redundant in each module. The specific power of
each charge-discharge module is 284 W/kg.

Control of current power converters of SB and AB is
carried out automatically depending on the energy bal-
ance on board in accordance with the description given in
[13-17].

Constructive and functional features of the RME,
ensuring high reliability of the EPS. To increase the
reliability of the EPS for the PPTS two independent
power supply buses are provided in the RME. In case of
failure of any device connected to one bus (for example,
as a result of a short circuit), the second bus remains op-
erational, providing power to onboard critical loads up to
2800 W, while part of the solar battery powering the
failed bus is switched by one of the current regulators
using the SE for a working bus.

The high reliability of the RME for the PPTS is also
provided by the use of high-speed electronic short-circuit
protection (SC), which may occur in power supply buses
described in [12]. In case of a short circuit in the bus, the
protection acts in less than 10 ps. In this case, the protec-
tion remains active until the cause of the short-circuit
fault is completely eliminated.

The use of a digital information transmission channel
based on CAN and MPI protocols for transmitting tele-
metric and control information has significantly reduced
the number of electrical connections between the RME
and the OCS, on the one hand, and the RME and the AB
control module, on the other.

To increase the energy density in the RME, the opti-
mal configuration of power ERI was implemented on the
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basis of printed circuit boards with a metal base and ERIs
were applied, including power, surface mounted ones.

The applied modern electronic component base, the
developed constructive and circuit solutions have pro-
vided the optimal operational, energy and mass-
dimensional characteristics of the RME. The mass of the
RME is 25 kg.

Fig. 4 shows a general view of the ARP for the PPTS.

Conclusion. When constructing the RME for the
PPTS of a new generation, the main criteria were consid-
ered, allowing to realize the specified characteristics of
the EPS for the PPTS. It has been demonstrated that the
main points in ensuring the specified technical require-
ments of the Customer in the development of the RME
are: the choice of the optimal structure and circuit design
of the RME power converters, the use of modern radia-
tion-resistant components, excessive redundancy of indi-
vidual elements and majorization of the main functions,
active protection from dangerous states (for example, a
short circuit in power circuits), a block-modular method
of construction of the RME.

As a result, to meet the needs of the development re-
quirements specification, based on many years of experi-
ence in creating equipment for regulation and control of
EPS systems of spacecraft for various purposes, the de-
sign of the ARP for the PPTS was developed, featuring
unique circuit design and construction solutions that sig-
nificantly improved mass and dimensional characteristics
of the equipment and increased energy density and effi-
ciency of power converters, ensure good heat dissipation
at the same time ensuring high reliability.

The development and application of innovative solu-
tions in building the structure of the ARP for the PPTS
allowed to ensure the specified requirements in full measure.
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