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PROSPECTS FOR THE DEVELOPMENT OF HIGH-VOLTAGE POWER SUPPLY SYSTEMS
OF SPACECRAFT WITH A CHARGE-DISCHARGE REGULATOR
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Changing the low-voltage level of the output load power bus (27-28 V) in the power supply system (PSS) of the
spacecraft (SC) to a high-voltage (100 V) allowed us to significantly reduce the SC mass in connection with the reduc-
tion in the mass of cables and energy converting equipment (ECE). However, a number of problems have arisen related
to the difficulty of matching the increased voltage levels of energy sources and loads, taking into account the necessary
level of reliability of the PSS. Therefore, the issues of choosing the PSS structure and methods for developing ECE are
relevant and priority task facing their developers. To date, in the field of development and creation of high-voltage
high-power PSS of SC, a promising direction is their design based on integrated ECE modules, in particular, on the
basis of modules of charge-discharge regulators (CDR) of accumulator batteries (AB).

In the article, a calculation and comparative analysis of the SC PSS structures with the connection of the CDR mod-
ule to the solar battery (SB) bus and with the connection of the CDR module to the output load power bus is performed.
In the course of analysis of the results obtained, it was found that both options for the PSS implementation can be opti-
mal depending on the given curve of the SC load and the requirements for the PSS for specific energy, weight-
dimension and other characteristics. The final choice of the SC PSS structure should be made subject to the specific
power of the ECE and the subsequent calculation of the weight-dimension characteristics of the alternative PSS. Simu-
lation of two options for the implementation of the AB CDR module was carried out: a push-pull converter with one
inductor and a Weinberg converter with a magnetically coupled inductor and an additional power diode. It is estab-
lished that both investigated options can be used in the development and creation of the CDR module of the high-
voltage PSS of spacecraft. However, the design of CDR module based on the Weinberg converter can significantly
reduce the values of the used inductors and output capacitors subject to the required levels of output voltage ripple.

Keywords: spacecraft, power supply system, maximum power point tracking mode, battery charge-discharge regu-
lator, Weinberg converter.
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Hszmenenue HUZKOBOIbMHO20 YPOBHS HANPANCEHUS. 8bIXOOHOU WUHbL numarnus Hazpysku (27—28 B) 6 cucmeme snex-
mponumanus (COIl) kocmuueckozo annapama (KA) uma evicoxkogonvmmuviti (100 B) no3eonuno cywecmeeHHo ymeHb-
wumov maccy KA 6 céa3u co cHudceHuem maccel kabenetl u 3uepeonpeobpasyoujett annapamypsl (I11A4). Oonaxo 803-
HUK psi0 npobiieM, C8A3aHHbIX CO CILOJICHOCHbIO CO2NACOBAHUSL B03POCULUX YPOBHEL HANPSINCEHUI UCTNOYHUKOG IHEP2UU
U Hazpy3Ku c yuyemom obecneuenus HeobXxoo0umoeo yposHa Haodexcnocmu CIII. I[loamomy evibop cmpykmypsr CIII
u cnocobog cxemomexnuyeckoil pearusayuu 1A aenaemcs akmyanvHoll u nepeooyepedHoli 3a0auet, cmosujell nepeo
paspabomuuxamu. Ha cecoouswunuil denv 8 obaacmu pazpabomku u cozoanus evicokogoabmuvix COII KA nepcnek-
MUBHbIM HANPAGIEHUEM CUUMAEmCsl UX NPOeKmuposanue Ha ocHoge 0b6vedunéunvix mooyiaeu IIIA, 6 wacmnocmu,
Ha 0CHO8e MOOYel 3apsA0HO-paspsoHbix yempoiicme (3PY) axkymynamoprolx 6amapeti (AB).
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B cmamve npogeden pacuem u conocmasumenvuvii anaruz cmpykmyp COII KA ¢ nodkmouenuem mooyns 3PY
K wune coaneynot 6amapeu (bC) u 6bix00HOU wune numanusa Hazpysku. B xo0e ananusa noayuyeHHvix pe3ynbmamos
yemanosieno, umo oba eapuanma peanuzayuu COII mozym 6vlmb ONMUMAIbHBL 8 3AUCUMOCIIU OM 3A0AHHOU YUKTIO-
epammol Haepysku KA u npedwsisnsemvix k COIl mpebosanusim no yoeibHbiM IHEPLeMUYeckKuUM, 2a0apumHo-macco8bim
u uHvlm xapakmepucmuxam. Oxonuamenvhusiti gvloop cmpykmypor CIII Oondicen nposooumcs npu yciosuu yyema
yoenvrot mownocmu DIIA u nocnedyrowezo paciema 2abapumHO-MAaCcO8bIX XAPAKMEPUCMUK ANbMEPHAMUBHBIX
sapuanmos CIII. IIpogedeno umumayuonHoe mooeruposanue 08yx 8apuanmos peanusayuu mooyas 3PY AB: osyx-
MaKkmuo2o npeobpazosameins ¢ 0OHUM opoccenem u npeobpazosamens Beiinbepea ¢ macHumocesasanHvim opoccenem u
OONONIHUMENbHBIM CUTIOBBIM OUOOOM. Ycmanosneno, umo 0b6a ucciedo8anHublX 6apuanma mMo2ym 6vims UCHOb3068AHbL
npu paspabomxe u cozoanuu Mmooy 3PY evicokosonvmmuou CIOII KA. Oounaxo npoexmuposanue 3PY na ocrnose npe-
obpasosamens Betinbepea nozeonsiem 3Ha4UMeNbHO YMEHbUUMD HOMUHALLI UCHONb3YEMbIX Opoccenel U 8bIXOOHbIX
KOHOEHCAmopos npu yciosuu obecnederuss mpeoyemvix ypogHetl nyibcayuli 6biXOOHbIX HANPSCEHUU.

Knouesvle cnosa: xocmuueckuti annapam, cucmema d1eKmponumanus, 3Hep2onpeoopasyiowds annapamypa, mo-
0Y/ib 3apAOHO-PA3PAOH020 YCmpolicmaa, npeodopaszogamens Beilinbepea.

Introduction. For the purpose of high-quality and
timely performance of tasks implemented by spacecraft, it
is necessary to develop their reliable power supply sys-
tems (PSS) with the most improved specific energy and
dimensional mass characteristics. One of the first and
main tasks that arise during the development and creation
of PSS SC is the choice of their structure. The PSS must
implement a reasonable consumption of the capacity gen-
erated by solar and accumulator batteries (SB and AB) in
order to provide consumers with the required types of
electric energy with the specified quality indicators. The
problem is solved by calculation and comparative analysis
of options for the PSS structures, followed by selection of
the most optimal one from the point of view of the ac-
cepted criteria for system efficiency (weight, dimensions,
energy characteristics, etc.) [1].

Since the 70s of the 20th century, the development of
PSS is based on structural schemes with serial or parallel
voltage regulators (VR) of the SB [2; 3]. The output volt-
age of the stabilized load supply bus was mainly 27-28 V.
The most widely used parallel-serial structure in Russia
allows implementing the extreme power control mode of
the SB and its maximum usage [4; 5]. Such PSS are im-
plemented on SC developed by the leading companies of
the Russian space Agency: JSC “Academician M. F. Re-
shetnev “Information Satellite Systems” (Zheleznogorsk),
JSC “NPO n.a. S.A. Lavochkin” (Khimki), JSC “RCC
“Progress” (Samara). They are widely used as at a low
voltage output of the PSS the maximum value of open
circuit voltage of SB at the moment of exit from the Earth
shadow does not exceed 80 V. That allows to easily com-
piling a list of used power items and materials. However,
the schemes designed by traditional methods and worked
out over many years of operation do not allow obtaining
the necessary high quality indicators, taking into account
the constantly increasing requirements for improving the
characteristics of the PSS.

The creation of a high-voltage (100 V) PSS for auto-
mated SC allows significant reducing of the mass of SC
in connection with the reduction of the mass of cables and
energy converting equipment (ECE). However, there is a
number of issues appeared due to the rise of higher volt-
age power sources and their correlation with the necessary
level of reliability of PSS SC. The main problem is an
increase in the SB voltage when the SC leaves the Earth's
shadow, which is unacceptable because of the possibility
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of electrostatic discharges between the SB photodiode
chains and current-collecting elements and the occurrence
of an emergency mode of the PSS [6; 7]. To limit
the voltage on the SB, it is necessary to use special
devices or implement the modes of operation of the PSS
that do not allow increasing the voltage on the SB more
than 180V [8].

The developers of high-voltage PSS for large space
platforms (up to 20 kW) for geostationary orbit solved the
problem by selecting the optimal shunt structure at that
time, in which the output voltage on the load is stabilized
by limiting the voltage on the SB during the entire service
life. Examples of such space platforms are Express-2000,
Spacebus 4000, etc. [5]. The use of shunt PSS is optimal
for achieving high energy characteristics in the case of
geostationary orbits with constant illumination and a uni-
form cyclogram of the SC load. However, the calculation
of the PSS is performed at the end of the service life un-
der conditions of degradation of energy sources, which
negatively affects its characteristics. Until the SB reaches
the characteristics corresponding to the degradation state
and the worst operating conditions in this structure, it will
be significantly underutilized in capacity.

An urgent task for today, the solution of which will al-
low to achieve a significant improvement in the character-
istics of high-voltage PSS of SC, taking into account the
non-simultaneous processes of charge and discharge of
AB, is the development of PSS with modules of battery
charging and discharge devices [9].

Structures of a high-voltage PSS with a battery
charge-discharge regulator. Fig. 1 shows the options
for implementing the structures of high-voltage PSS with
the CDR module of AB, where L is the load.

Tab. 1 shows the ratio for determining required levels
of current values generated by the SB and AB capacities,
taking into account the efficiency of PSS in accordance
with the operation modes of the alternative variants of
PSS and graphs of SC load.

Tab. 1 symbols: Pgc(7) — current value of SB power
BS, Py(r) — current value of load power, Pag 3y(7) — cur-
rent value of the AB power charge, P py(r) — current
value of the AB discharge power, npu(z) — the efficiency
coefficient PH, mzy(7) — efficiency coefficient of CDR
module in AB charging process, npy(7) is the efficiency
coefficient of the CDR in the discharging of AB, nas(r) —
the rate of AB.
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For arbitrarily composed abruptly variable cyclograms
of the SC load and the graph of the generated SB power
(fig. 2, 3) the processes of energy flows in the PSS and
the calculation taken at the same values of the efficiency

of ECE (95 %) were investigated with objective of com-
parative analysis of alternative structures of PSS and de-
termination its optimal structure, subject to minimizing
the overall power of ECE [1].

100V Usb
VR T T VR
COR (OR
SB | Load SB | Load
AB AB
a b
Fig. 1. The structure of the high voltage SC PSS with the connection of the battery
charge-discharge regulator to the load output bus (a), to the solar battery bus (b)
Puc. 1. Ctpyxryps! BeicokoBoabTHRIX COII KA ¢ moakmouennem moxayis 3PY
K [IMHE IUTaHus Harpy3KH (a) U MIHE CONMHEYHOH OaTapen (6)
Table 1
Current values of SB, AB and load capacities in the PSS
Mode of energy PSS with connection of the CDR module to the PSS with connection of the CDR module
supply loads: load bus to the SB bus
From SB Fi(1) = By (1) - pyy (7) Fi (1) = Bic (1) Mpyy (T)
From SB and charge P (T P (1) P(t P (1)
of AB P.(1)= (D) 4 AB3Y Po(1)= (1) AR Y
e (D) M3y (D) M (1) My (D)
Flrlom SE and dis- By (1) = B (D) Mpy (D) + By (1) = e (D) Mpy (D) +
charge AB
TP py (1) Mpy (1) - M5 (1) TP py (T) Mpy (1) My (T) - M35 (T)
From AB Fy(v)= PABny (1) Mpy (1) M5 (D) Fi(1)= PABfPY(T)'nPV (D) Npr (1) - M5 (7)
P, W
2.62540°
Psp(1), W —l
1.75x10° Pioad D). W L
— —
875
00 8 16 24 32 40 48 36 64 72 80 88 9% 1. min

Fig. 2. Load cyclogram 1 and graph of the SB generated power in the PSS
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Fig. 3. Load cyclogram 2 and graph of the SB generated power in the PSS

Puc. 3. lluxnorpamma Harpysku 2 u rpadux renepupyemoit BC momuoctu B COI1

Table 2

Calculated values of the mass of energy sources and ECE capacities in the PSS

Parameter PSS with connection of the PSS with connection of the
CDR module to the load bus CDR module to the SB bus
Cyclogram load 1
SB mass, kg 39.57 39.57
AB mass, kg 46.65 49.11
Maximum calculated capacity of CDR 1835.4 1932.0
in CR mode, W
Maximum calculated capacity of CDR 3157.9 3324.1
in DR mode, W
Maximum calculated capacity PH, W 3195.1 3157.9
Cyclogram load 2
SB mass, kg 23.78 23.78
AB mass, kg 36.32 38.23
Maximum calculated capacity of CDR 848.8 893.4
in CR mode, W
Maximum calculated capacity of CDR 1421.1 1495.8
in DR mode, W
Maximum calculated capacity PH, W 1920 1421.1

Tab. 2 shows the main design parameters for alterna-
tive versions of the EPA for different cyclograms of the
SC load.

Within the cyclogram load 1 of the SC, the mass of
the SB in the alternative versions of the PSS is the same.
The mass of the AB in the PSS with the connection of the
CDR module to the SB bus is greater by 2.46 kg. How-
ever, given that in practice the AB are selected with a
certain margin, the mass of the AB for both versions of
the PSS can be equal.

The maximum calculated power of the CDR in the CR
mode and in the DR mode in the PSS with the connection
of the CDR module to the SB bus is greater by 166 W and
97 W, respectively, compared to the maximum calculated
power of the CDR of the alternative implementation of
the PSS. However, in the PSS with the connection of
CDR to SB bus maximum design capacity of WL is 37 W
less because some part of SB generated power is con-
sumed by CR to provide AB charging.

Within the cyclogram load 2 of the SC, the mass of
the SB in the alternative versions of the PSS is the same.
The mass of the AB in a PSS with the CDR module con-

nected to the SB bus is greater by 1.91 kg. However, as
described above, in practice, the mass of the AB for both
versions of the PSS may be equal.

The maximum calculated capacity of the CDR in the
CR mode and in the DR mode in the PSS with the con-
nection of CDR to the SB is 44.6 and 74.7 W more re-
spectively, compared to maximum calculated capacity of
CDR in alternative PSS. However, in a PSS with the CDR
module connected to the SB bus, the maximum calculated
power of the WL is less by 498.9 W.

In the course of studying the processes of distribution
of energy flows in the PSS from tab. 2 it can be seen that
the SC PSS with a sharply variable load cyclogram 1 is
advisable to design according to the implementation op-
tion of the PSS with the connection of the CDR module to
the output bus of the load power supply. However, when
the load cyclogram is 2, it is advisable to design the SC
PSS according to the implementation option of the PSS
with the connection of the CDR module to the SB bus.
The final choice of the PSS structure should be made
subject to taking into account the specific power of the
energy-generating equipment used and the subsequent
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calculation of the dimensional and mass characteristics of
alternative PSS options.

Simulation of CDR module of the accumulator bat-
tery. One of the options for the schematic implementation
of the CDR module is its development based on a push-
pull converter with a single inductor [10].

In the LTspice IV environment, simulation models of
the CDR based on a push-pull converter with a single
inductor for the charge and discharge modes of the AB
were developed (fig. 4, 5). The parameters of the elements
of the simulation model of CDR: accumulator battery
voltage in the discharge mode U, pa3 is equal to 55 V;
the voltage of the output power bus load Uy is 100 V; the

inductance of each winding of the transformer TV1.1 and
TV1.2 is equal to 35 pH; inductance of the inductor L4 is
9.4 uH; frequency fis equal to 100 kHz for model transis-
tor IRFP4668; diode model Mbr20200ct; the capacitor of
7.4 pF and 32 pF. It is accepted that the output voltage
ripple should not exceed 1 %. Converter capacity in the
discharge mode is equal to 1500 W at a voltage level of
the output power bus load of 100 V. The converter capac-
ity in the charge mode is 900 W at a voltage level of
charging AB equal to 60 V.

Fig. 6, 7 show the waveforms of the voltages flowing
in the converter in the discharge and charge mode
of the AB.

L4
Lary
V14 ™.2
V1
T L] L]
C) {Ltr} {Ltr}
55 oz
LA
Mbr20200ct
Uout
L-1
o vz Mbr20200ct
— —
R4 = v R7 = ME
UgsVT1 i UgsvT2 IRFP4GES
5
IRFP4668
c2 § R1
7] RS V3 __?.4u 6.7
10k
=~ = = =~
Fig. 4. Simulation model of CDR in AB discharge mode
Puc. 4. Umuranuonnas moneins 3PY B pexume paspsga Ab
IRFP4668 ug s
L4 . VT3 R3
s
fLary Til X
5
™11 ™v1.2 Ug va
R1 : ;
4 {Ltr} Lt} VD2
L°1 )
sy Abr20200ct
VD3
-
—Uvt1 Uvt2—3 T
UgsVTi— - Mbr20200ct
— VT UgsVT2 — VT2
R4 b= RS b= v
| IRFP4g88 || IRFP4s68 C)
5 Rs 5 Rr7 VDO =
100
10K 10k P
Mbr20200ct
< ~ ~ ~ N ~ -

Fig. 5. Simulation model of CDR in AB charge mode

Puc. 5. Umuranuonnas mogens 3PY B pexume 3apsina Ab
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Fig. 6. Waveforms of CDR voltages in the AB discharge mode: V (out) — output
voltage; V (out, Uvt2) and V (out, Uvtl) are the voltages on the diodes VD3 and
VD2; V (Uvt2) and V (Uvtl) — voltage on transistors VT2 and VT1; V (Uvt2, N002)
and V (N0O1, Uvtl) — voltage on the transformer windings TV1.2 and TV1.1;

V (NOO1, N002) — voltage at the inductor L4

Puc. 6. Ocumnorpammsl Hanipsbxenuit 3PY B pesxume paspsina Ab: V(out) —
HanpspKEHHE Ha BBIXOAHOW IWHE MUTaHuA Harpy3ku; V(out, Uvt2) u V(out, Uvtl) —
HanpspxeHns Ha quonax VD3 u VD2; V (Uvt2) u V (Uvtl) — HanpspkeHns Ha TPaH3H-
cropax VT2 n VT1; V(Uvt2, N002) u V(N002, Uvtl) — HanpsbxeHre Ha 0OMOTKaxX
tpanchopmaropa TV1.2 u TV1.1; V (NOO1, N002) — nHanpspkenue Ha apoccene L4

55V

oy

100V

V(us)

45Y=1

v

20v-
-10v
-40v-

T Y{n001
0.6 [n001)

59.5V,
29.98ms 30.00ms

V(Us,NOO1)

Fig. 7. Waveforms of CDR voltages in the AB charge mode: V (N002, Us) — voltage
on the transistor VT3; V (Us) — voltage of diode VDO; V (Us, N0O1) — voltage at the
inductor L4; V (n001) — AB charge voltage

Puc. 7. Ocumnmnorpammel Hanpsbkenuit 3PY B pexxume 3apsina Ab: V (N002, Us) —

HanpspbxeHue Ha tpansuctope VT3; V (Us) — nanpspkenue Ha quone VDO;
V (Us, NOO1) — nampspxenue Ha npoccene L4; V (n001) — nanpspkenue 3apsna Ab
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Another promising option for implementing CDR
model is its circuit design based on a Weinberg converter
with a magnetically coupled inductor and an additional
power diode [11-15].

In the LTspice IV environment, simulation models of
the CDR based on the Weinberg converter with a mag-
netically coupled inductor for the charge and discharge
modes of the AB were developed (fig. 8, 9).

The parameters of the elements of the simulation
model of CDR: accumulator battery voltage in the dis-
charge mode U,g pa3 equal to 55 V, the voltage of the
output power bus load Uy is 100 V, the inductance of

each winding of the transformer TV1.1 and TVI1.2 is
equal to 35 pH, inductance of inductors L1.1 and L1.2
equal to 2.36 pH, the frequency f is equal to 100 kHz for
transistor model IRFP4668, diode model Mbr20200ct, the
capacitor is 2 uF and 32 pF.

Converter capacity in the discharge mode is equal
to 1500 W (when Uy = 100 V). Converter capacity in the
in charge mode is 900 W (when the charge voltage of AB
is 60 V).

Fig. 10, 11 show the waveforms of the voltages flow-
ing in the converter in the discharge and charge mode
of the AB.

IRFP4668
ot _ L2 VT3
Us Ug —Us
Lary (Ldry L1l R3
Ju 10k
Vi VA V1.2 g R2
C) ’ ’ 5
— {Ltr} (Lt} VD2 va
55 (=
LT
Mbr20200ct
VD3
[~ Uout
1 1%
Vit Uvtz—s Mbr20200ct
L |
—vm —yr2
R4 = ==
UgsVT1 — || IRFP4668
5
IRFP4668
c2 R1
V2 RS Tau 6.7
10k
v v N v
Fig. 8. Simulation model of CDR in AB discharge mode
Puc. 8. Umutaunonnas moaens 3PY B pexxume paspsna Ab
IRFP4668
_oua Ltz VT3
Us Ug —Us
{Ldry (Ldry 11l R3
J— 10k
VI V1.2 Ug R2
R1 . A 5
4 1 {Ltr} {Ltr} VD2 v
= ]
32u Mbr20200ct
VD3
[
—Uvt1 Uvt2—s L1
UgsVT1—— Mbr20200ct
gs — gy UgsvT2— — 2
R4 b= R6 V1
|| IRFP4668 || IRFP4668 C)
5 5 —
RS R7 VDO 100
10k 10k AN
Mbr20200ct
4 v v 7 7 v Ve

Fig. 9. Simulation model of CDR in AB charge mode

Puc. 9. Umurtanmonnas mozens 3PY B pexume 3apsaa Ab
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Fig. 10. Waveforms of CDR voltages in the AB discharge mode: V (out) — output voltage;
V (out, Uvt2) and V (out, Uvtl) are the voltages on the diodes VD3 and VD2; V (Uvt2)
and V (Uvtl) — voltage on transistors VT2 and VT1; V (Uvt2, N002) and V (N002, Uvtl) —
voltage on the transformer windings TV1.2 and TV1.1; V(N001, N002) and V (Us, N002) —
voltage at the magnetically coupled inductor; V (Us, Uout) — voltage of transistor VT3

Puc. 10. Ocumnorpammsl Hanpsbxenuid 3PY B pexunme paspsaa Ab: V (out) — HanpsbkeHue
Ha BBIXOJHOH IMHe nuTaHus Harpy3ky; V (out, Uvt2) n V (out, Uvt]) — HanpspkeHUst
Ha quoxax VD3 u VD2; V (Uvt2) u V (Uvtl) — HanpspkeHus Ha TpaHsuctopax VI2 u VT1;
V (Uvt2, N002) u V (N002, Uvtl) — Hanpspkenue Ha ooOMoTkax Tpanchopmaropa TV1.2
nTV1.1; V (N002, N0O1) m V (Us, N002) — HampspKeHHsI HA MaTHUTOCBSI3aHHOM JIPOCCEIIE;
V (Us, Uout) — HanpspkeHue Ha Tpansucrope VI3

100V-

45V I

e
. V[Us,ND02)

]

my
. Y(NDO2,NO01)

- l |

60.6V:

595V,
29.98ms 30.00ms

Fig. 11. Waveforms of CDR voltages in the AB charge mode: V (N002, Us) — voltage
on the transistor VT3; V (Us) — voltage of diode VDO; V (Us, N002) and V (N002, N001) —
voltage at the magnetically coupled inductor; V (n001) — AB charge voltage

Puc. 11. Ocumnorpammsl Hanpsbxenuid 3PY B pexume 3apsna AB: V (N002, Us) — nanpsi-

skenue Ha Tpanzuctope VT3; V (Us) — nanpsokenue Ha auone VDO; V (Us, N002) u V (N002,
NO01) — HanpspkeHHe Ha MarHUTOCBSI3aHHOM Jpoccene; V (n001) — nanpsbxenue 3apsga Ab

103



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 21, Ne ]

The implementation of the SRU module based on a
Weinberg converter with a magnetically coupled choke
and an additional diode makes it possible to reduce the
nominal value of the choke inductance by 2 times and the
output capacitor (in the AB discharge mode) by 3.7 times
compared to a two-stroke Converter with a single choke,
subject to the condition of ensuring an equal level of
output voltage ripples (no more than 1 %) in the matched
converters.

Conclusion. Nowadays, in the field of development
and creation of high-voltage high-power SC PSS, a prom-
ising direction is the design based on combined modules
of energy-generating equipment, in particular, taking into
account the non-simultaneous processes of charging and
discharging AB on the basis of combined CDR modules
of accumulator batteries.

The study of the processes of energy flows in the PSS
and of the comparative analysis found that both imple-
mentations of PSS can be optimal depending on the speci-
fied cyclogram of SC load and requirements for the spe-
cific energy and the weight dimension characteristics of
PSS, as well as, for example, according to the require-
ments of restriction of currents of charge-discharge of
AB, etc., which affects the redistribution of energy in
PSS. In addition, the choice of the PSS structure should
be made subject to taking into account the specific capac-
ity of the energy-generating equipment used and the sub-
sequent calculation of the weight dimension characteris-
tics of PSS alternative options.

Based on the results of simulation of two variants of
implementation of CDR module of AB, it was revealed
that both studied variants can be used in the development
and creation of the ECE of the high-voltage power supply
system of the spacecraft. However, the development of a
CDR based on the Weinberg converter allows reducing
the ratings of the used inductors and output capacitors
under the required levels of output voltage ripples.

References

1. Chernaya M. M. Method for calculating the energy
characteristics and solar battery parameters of high-
voltage power supply systems. Siberian Journal of Sci-
ence and Technology. 2018, Vol. 19, No. 4, P. 651-657.

2. Soustin B. P., Ivanchura V. 1., Chernyshev A. L.,
Islyaev Sh. N. Sistemy elektropitaniya kosmicheskikh ap-
paratov [Power supply systems of space crafts]. Novosi-
birsk, Nauka Publ., 1994, 318 p.

3. Nesterishin M. V., Kozlov R. V., Zhuravlev A. V.
[Comparative analysis of energy efficiency of energy
converting equipment with parallel and serial solar battery
power controller]. Doklady TUSURa. 2018, Vol. 21.
No. 3. P. 98-102 (In Russ.).

4. Chebotaev V. E., Kosenko V. E. Osnovy proektiro-
vaniya kosmicheskikh apparatov informatsionnogo obe-
specheniya [Basics of design of information space vehi-
cles]. Krasnoyarsk, Sib. State Aerokos. Univ. Publ., 2011,
515 p.

5. Shinyakov Yu. A., Gurtov A. S., Gordeev K. G.
at al. [The choice of the structure of power supply sys-
tems for low-orbit spacecraft]. Vestnik Samarskogo gosu-
darstvennogo  aerokosmicheskogo  universiteta  im.

akademika S. P. Koroleva. 2010, No. 1(21), P. 103—113
(In Russ.).

6. Akishin A. I. [Impact of electrical discharges on so-
lar panels]. Nauchno-issledovatel'skii institut yadernoi
fiziki imeni D. V. Skobel'tsyna MGU. 2008, No. 4,
P. 68-71 (In Russ.).

7. Lesnykh A. N., Sarychev V. A. [The research of
high-voltage power supply systems for space crafts with
boost converter]. Vestnik SibGAU. 2006, No. 6 (13),
P. 63—66 (In Russ.).

8. Chernaya M. M., Shinyakov Yu. A. [Research and
development of energy-converting equipment for high-
voltage power supply systems for low-Earth orbit space
remote sensing devices]. Sbornik materialov VII Mezhdu-
narodnoi nauchnotekhnicheskoi konferentsii K. E. Tsiolk-
ovskii — 160 let so dnya rozhdeniya. Kosmonavtika.
Radioelektronika. Geoinformatika. [Proc. of the VII In-
ternational Scientific and Technical Conference named
K. E. Tsiolkovsky]. Ryazan', 2017, P. 134-136
(In Russ.).

9. Chernaya M. M. [Spacecraft Power Systems with
Charger-Discharge Module]. Sbornik izbrannykh statey
nauchnoy sessii TUSUR. 2018, Vol.1, No. 2, P. 163-166
(In Russ.).

10. Yan Li, Trillion Q. Zheng, Qian Chen. Research
on High Efficiency Non-Isolated Push-Pull Converters
with Continuous Current in Solar-Battery Systems.
Journal of Power Electronics. 2014, Vol. 14, No. 3,
P. 432-443.

11. Maset E., Ferreres A., Ejea J. B. et al. [High Effi-
ciency Weinberg Converter for Battery Discharging in
Aerospace Applications]. [EEE PESC Conf. 2006,
P. 1510-1516.

12. Chen W., Rong P., Lu Z. Y. [Snubberless bidirec-
tional DC-DC converter with new CLLC resonant tank
featuring minimized switching loss]. /EEE Trans. Ind.
Electron. 2010, Vol. 57, No. 9, P. 3075-3086.

13. Borodin D. B., Tyunin S. S., Kabirov V. A., Se-
menov V. D. [Weinberg Bidirectional Converter for
spacecraft’s charge-discharge device]. XIII Mezhdu-
narodnaya nauchno-prakticheskaya konferentsiya,
posvyashchennaya 55-letiyu  TUSURa. Tomsk, 2017,
P.204-207 (In Russ.).

14. Weinberg A. K., Rueda Boldo P. [A High Power,
High Frequency, DC to DC Converter for Space Applica-
tions]. Power Electronics Specialists Conference. 1992,
Vol. 2, P. 1140-1147.

15. Maset E., Ferreres A., Ejea J. B. et al. [SkW
Weinberg Converter for Battery Dischargingin High-
Power Communications Satellites]. /EEE PESC Conf.
2005, P. 69-75.

Bubaunorpaguyeckue ccblIKM

1. Chernaya M. M. Method for calculating the energy
characteristics and solar battery parameters of high-
voltage power supply systems // CuOupcKuii KypHAaI
Hayku U TexHonoruit. 2018. T. 19, Ne 4. C. 651-657.

2. CucTeMBl NIEKTPONUTAHUS KOCMHUYECKHX ammapa-
toB / B. II. Coycrun, B. 1. Banuypa, A. . UepHslies,
1. H. HUcnses. HoBocubupck : BO «Haykay». Cubupckas
n3narensckas ¢pupma, 1994. 318 c.

104



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

3. Hecrepumun M. B., Ko3znos P. B., Kypasnes A. B.
CpaBHUTENBHBINA aHANIM3 DHEPreTHUECKOH 3(hHEKTHBHO-
CTH 3HepromnpeoOpas3yromiei anmapaTypsl C Iapajuieib-
HBIM U ITOCJIEIOBATEIbHBIM PErYISATOPOM MOIIHOCTH COJI-
HeuHoH Oatapeu // Jokmansr TYCVYPa. 2018. T. 21, Ne 3.
C.98-102.

4. Yeboraer B. E., Kocerko B. E. OcHOBBI TTpoeKTH-
pOBaHHS KOCMHYECKHX aIMapaToB HH(OOPMAIIMOHHOTO
obecneuenus. Kpacuosipck, 2011. 515 c.

5. BbIOOp CTPYKTYpBI CHCTEM 3JCKTPOCHAOKECHHS
HHU3KOOPOMTAIBHBIX KOCMHUeCKuX ammaparoB / FO. A. I1lu-
msikoB, A. C. I'yptos, K. I'. T'opaeeB u ap. // BectHuk
CaMapcKkoro roc. a’poOKOCMHUY. YH-Ta WM. aKaJeMHKa
C. I1. Kopousera. 2010. Ne 1(21). C. 103-113.

6. AxkumuHa A. U. BoszuelicTBUe 3IEKTPUYECKUX Pa3-
psoB Ha conHeunble Oatapen MC3 // Hayu.-uccaen. uH-T
sinepHort dusuku uM. J[. B. CkoOenbipina MI'Y. 2008.
Ne 4. C. 68-71.

7. Jlecusix A. H., Caprrae B. A. HUccnenoBanne BBI-
COKOBOJIETHBIX CHCTEM OJIIEKTPONHUTAHHS KOCMHYECKUX
amnmaparoB CO CTaOWIM3aTOpaMH HAMPSHKEHUS BOJBTOIO-
6aBounoro tuma // Becrauk Cubl’AY. 2006. Ne 6 (13).
C. 63-66.

8. Uepnas M. M., lllunskos F0. A. UccrnenoBanue u
pa3paboTka 3HeprompeoOpasyIoieii anmapaTypbl BBICO-
KOBOJIbTHBIX CHCTEM OJJICKTPOIMTAHUS HHU3KOOPOUTAIb-
HBIX KOCMHYECKHX aIllapaToB JAWCTAHIMOHHOIO 30HIM-
posanus 3emiu // C6. matepuanos VII MexayHap. Hayd-
Ho-texH. koH(p. K. D. Iuonkosckuit — 160 et co aHs
poxnenus. KocmonaBtuka. Paguosnektponuxa. I'eouns-
¢dopmaruka. Ps3ans, 2017. C. 134-136.

9. Uepnass M. M. CucreMbl 3JIEKTPOTIMTAHUS KOCMH-
YECKHX alapaTroB ¢ MOAYJIEM 3apsiIHO-PA3PSIHOTO YCT-

poiictBa // CO6. m30p. cT. Hayu. ceccun TYCVYP. 2018.
T. 1, Ne 2. C. 163-166.

10. Yan Li, Trillion Q. Zheng, Qian Chen. Research
on High Efficiency Non-Isolated Push-Pull Converters
with Continuous Current in Solar-Battery Systems //
Journal of Power Electronics. 2014. Vol. 14, No. 3.
P.432-443.

11. High Efficiency Weinberg Converter for Battery
Discharging in Aerospace Applications / E. Maset,
A. Ferreres, J. B. Ejea et al. // IEEE PESC Conf. 2006.
P. 1510-1516.

12. Chen W., Rong P., Lu Z. Y. Snubberless bidirec-
tional DC-DC converter with new CLLC resonant tank
featuring minimized switching loss / IEEE Trans. Ind.
Electron. 2010. Vol. 57, No. 9. P. 3075-3086.

13. JIByHampaBieHHBIH mpeoOpa3oBatens BeiinOepra
JUISL 3apsITHO-PA3psSAHOTO YCTPOHCTBA CUCTEMBI HIIEKTPO-
MUTaHus KocMuueckux ammaparoB / JI. Bb. Bopomuw,
C. C. Tronun, B. A. Kabupos, B. JI. Cemenor // XIII Mex-
JyHap. Hay4.-lIPakTU4. KOH(Q., MOCBSILEHHAs 55-JIeTHI0
TYCVYPa. Tomck, 2017. C. 204-207.

14. Weinberg A. K., Rueda Boldo P. A High Power,
High Frequency, DC to DC Converter for Space Applica-
tions // Power Electronics Specialists Conference. 1992.
Vol. 2. P. 1140-1147.

15. 5kW Weinberg Converter for Battery Discharg-
ingin High-Power Communications Satellites / E. Maset,
A. Ferreres, J. B. Ejea et al. / IEEE PESC Conf. 2005.
P. 69-75.

© Filonova M. M., 2020

Filonova Mariya Mikhailovna — Cand. Sc., senior Researcher; Tomsk State University of Control Systems and
Radioelectronics, Department of Radio Engineering Systems. E-mail: cnm91@jinbox.ru.

®unonopa Mapus MuxaijioBHa — KaHIUJIAT TEXHUYECKUX HAYK, CTApLIMA Hay4yHBI COTPYIHUK; ToMmckuil rocy-
JApCTBEHHBIH YHUBEPCUTET CHCTEM YIpaBleHUS M paauodnekTpoHukn, HUW kocmuyecknx TtexHonoruit. E-mail:

cmm91@inbox.ru.







