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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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Изменение низковольтного уровня напряжения выходной шины питания нагрузки (27–28 В) в системе элек-
тропитания (СЭП) космического аппарата (КА) на высоковольтный (100 В) позволило существенно умень-
шить массу КА в связи со снижением массы кабелей и энергопреобразующей аппаратуры (ЭПА). Однако воз-
ник ряд проблем, связанных со сложностью согласования возросших уровней напряжений источников энергии  
и нагрузки с учетом обеспечения необходимого уровня надежности СЭП. Поэтому выбор структуры СЭП  
и способов схемотехнической реализации ЭПА является актуальной и первоочередной задачей, стоящей перед 
разработчиками. На сегодняшний день в области разработки и создания высоковольтных СЭП КА перспек-
тивным направлением считается их проектирование на основе объединённых модулей ЭПА, в частности,  
на основе модулей зарядно-разрядных устройств (ЗРУ) аккумуляторных батарей (АБ). 
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В статье проведен расчет и сопоставительный анализ структур СЭП КА с подключением модуля ЗРУ  
к шине солнечной батареи (БС) и выходной шине питания нагрузки. В ходе анализа полученных результатов 
установлено, что оба варианта реализации СЭП могут быть оптимальны в зависимости от заданной цикло-
граммы нагрузки КА и предъявляемых к СЭП требованиям по удельным энергетическим, габаритно-массовым 
и иным характеристикам. Окончательный выбор структуры СЭП должен проводится при условии учета 
удельной мощности ЭПА и последующего расчета габаритно-массовых характеристик альтернативных  
вариантов СЭП. Проведено имитационное моделирование двух вариантов реализации модуля ЗРУ АБ: двух-
тактного преобразователя c одним дросселем и преобразователя Вейнберга с магнитосвязанным дросселем и 
дополнительным силовым диодом. Установлено, что оба исследованных варианта могут быть использованы 
при разработке и создании модуля ЗРУ высоковольтной СЭП КА. Однако проектирование ЗРУ на основе пре-
образователя Вейнберга позволяет значительно уменьшить номиналы используемых дросселей и выходных 
конденсаторов при условии обеспечения требуемых уровней пульсаций выходных напряжений. 

 
Ключевые слова: космический аппарат, система электропитания, энергопреобразующая аппаратура, мо-

дуль зарядно-разрядного устройства, преобразователь Вейнберга. 
 
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 

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: PБС(τ) – current value of SB power 
BS, PН(τ) – current value of load power, PАБ_ЗУ(τ) – cur-
rent value of the AB power charge, PАБ_РУ(τ) – current 
value of the AB discharge power, ηРН(τ) – the efficiency 
coefficient PH, ηЗУ(τ) – efficiency coefficient of CDR 
module in AB charging process, ηРУ(τ) is the efficiency 
coefficient of the CDR in the discharging of AB, ηАБ(τ)  – 
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]. 

 
 

 
 

а                                                      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) 

 
Рис. 1. Структуры высоковольтных СЭП КА с подключением модуля ЗРУ  

к шине питания нагрузки (а) и шине солнечной батареи (б) 
 
 

Table 1 
Current values of SB, AB and load capacities in the PSS 

 

Mode of energy 
supply loads: 

PSS with connection of the CDR module to the 
load bus 

PSS with connection of the CDR module  
to the SB bus 

From SB 
Н БС РН( ) ( ) ( )    P P  

Н БС РН( ) ( ) ( )    P P  

From SB and charge 
of AB 

АБ_ ЗУН
БС

РН ЗУ

( )( )
( )

( ) ( )


  

   

PP
P  АБ_ ЗУН

БС
РН ЗУ

( )( )
( )

( ) ( )


  

   

PP
P  

From SB and dis-
charge AB 

Н БС РН

АБ_РУ РУ АБ

( ) ( ) ( )

( ) ( ) ( )

     
    

P P

+P
 Н БС РН

АБ_РУ РУ РН АБ

( ) ( ) ( )

( ) ( ) ( ) ( )

     
      

P P

+P
 

From AB 
Н АБ_РУ РУ АБ( ) ( ) ( ) ( )      P P  

Н АБ_РУ РУ РН АБ( ) ( ) ( ) ( ) ( )        P P  

 
 
 

 

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

 
Рис. 2. Циклограмма нагрузки 1 и график генерируемой БС мощности в СЭП 
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Fig. 3. Load cyclogram 2 and graph of the SB generated power in the PSS 
 

Рис. 3. Циклограмма нагрузки 2 и график генерируемой БС мощности в СЭП 
 
 

Table 2 
Calculated values of the mass of energy sources and ECE capacities in the PSS 

 

PSS with connection of the 
CDR module to the load bus 

PSS with connection of the 
CDR module to the SB bus 

Parameter 

Cyclogram load 1 

SB mass, kg 39.57 39.57 
AB mass, kg 46.65 49.11 
Maximum calculated capacity of CDR 
in CR mode, W 

1835.4 1932.0 

Maximum calculated capacity of CDR 
in DR mode, W 

3157.9 3324.1 

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 
in CR mode, W 

848.8 893.4 

Maximum calculated capacity of CDR 
in DR mode, W 

1421.1 1495.8 

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 UАБ_РАЗ is equal to 55 V; 
the voltage of the output power bus load UН is 100 V; the 

inductance of each winding of the transformer TV1.1 and 
TV1.2 is equal to 35 µH; inductance of the inductor L4 is 
9.4 µH; frequency f is equal to 100 kHz for model transis-
tor IRFP4668; diode model Mbr20200ct; the capacitor of 
7.4 µF and 32 µF. 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.  

 
 

 
 

Fig. 4. Simulation model of CDR in AB discharge mode 
 

Рис. 4. Имитационная модель ЗРУ в режиме разряда АБ 
 
 

 
 

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

Рис. 5. Имитационная модель ЗРУ в режиме заряда АБ 
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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, Uvt1) are the voltages on the diodes VD3 and 

VD2; V (Uvt2) and V (Uvt1) – voltage on transistors VT2 and VT1; V (Uvt2, N002) 
and V (N001, Uvt1) – voltage on the transformer windings TV1.2 and TV1.1;  

V (N001, N002) – voltage at the inductor L4 
 

Рис. 6. Осциллограммы напряжений ЗРУ в режиме разряда АБ: V(out) –  
напряжение на выходной шине питания нагрузки; V(out, Uvt2) и V(out, Uvt1) – 
напряжения на диодах VD3 и VD2; V (Uvt2) и V (Uvt1) – напряжения на транзи-
сторах VT2 и VT1; V(Uvt2, N002) и V(N002, Uvt1) – напряжение на обмотках 
трансформатора TV1.2 и TV1.1; V (N001, N002) – напряжение на дросселе L4 

 
 
 

 
 

Fig. 7. Waveforms of CDR voltages in the AB charge mode: V (N002, Us) – voltage 
on the transistor VT3; V (Us) – voltage of diode VD0; V (Us, N001) – voltage at the 

inductor L4; V (n001) – AB charge voltage 
 

Рис. 7. Осциллограммы напряжений ЗРУ в режиме заряда АБ: V (N002, Us) – 
напряжение на транзисторе VT3; V (Us) – напряжение на диоде VD0;  

V (Us, N001) – напряжение на дросселе L4; V (n001) – напряжение заряда АБ 
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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 UАБ_РАЗ equal to 55 V, the voltage of the 
output power bus load UН is 100 V, the inductance of 

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

Converter capacity in the discharge mode is equal  
to 1500 W (when UН = 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. 

 
 

 
 

Fig. 8. Simulation model of CDR  in AB discharge mode 
 

Рис. 8. Имитационная модель ЗРУ в режиме разряда АБ 
 
 

 
 

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

Рис. 9. Имитационная модель ЗРУ в режиме заряда АБ 
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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, Uvt1) are the voltages on the diodes VD3 and VD2; V (Uvt2)  

and V (Uvt1) – voltage on transistors VT2 and VT1; V (Uvt2, N002) and V (N002, Uvt1) –  
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 
 

Рис. 10. Осциллограммы напряжений ЗРУ в режиме разряда АБ: V (out) – напряжение 
на выходной шине питания нагрузки; V (out, Uvt2) и V (out, Uvt1) – напряжения  

на диодах VD3 и VD2; V (Uvt2) и V (Uvt1) – напряжения на транзисторах VT2 и VT1;  
V (Uvt2, N002) и V (N002, Uvt1) – напряжение на обмотках трансформатора TV1.2  

и TV1.1; V (N002, N001) и V (Us, N002)  – напряжения на магнитосвязанном дросселе; 
V (Us, Uout) – напряжение на транзисторе VT3 

 
 

 
 

Fig. 11. Waveforms of CDR voltages in the AB charge mode: V (N002, Us) – voltage  
on the transistor VT3; V (Us) – voltage of diode VD0; V (Us, N002) and V (N002, N001) – 

voltage at the magnetically coupled inductor; V (n001) – AB charge voltage 
 

Рис. 11. Осциллограммы напряжений ЗРУ в режиме заряда АБ: V (N002, Us) – напря-
жение на транзисторе VT3; V (Us) – напряжение на диоде VD0; V (Us, N002) и V (N002, 
N001)  – напряжение на магнитосвязанном дросселе; V (n001) – напряжение заряда АБ   
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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. 
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