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Аннотация. Система электропитания (СЭП) космического аппарата (КА) является одной из наи-

более важных его систем. Генерация электрической энергии в современных СЭП КА, как правило, 

осуществляется солнечными батареями (СБ). В случае отсутствия генерации энергии СБ или при 

низком уровне генерируемой энергии, необходимая электрическая энергия передаётся в нагрузку от 

аккумуляторных батарей (АБ) через зарядно-разрядное устройство (ЗРУ). Как правило, ЗРУ подклю-

чается параллельно выходным шинам СЭП и в режиме разряда АБ обеспечивает стабильное напря-

жение на нагрузке. Восполнение энергии АБ – её заряд происходит на временных интервалах, когда 

энергия, генерируемая СБ, превышает энергию, потребляемую нагрузкой. При этом ЗРУ может 

обеспечивать и стабилизацию напряжения на нагрузке.  

В статье приведена силовая цепь импульсного преобразователя, обладающая способностью  

к реверсу потока энергии и возможностью работы в понижающе-повышающем режиме с высоким 

КПД. Показано, что использование силовой цепи этого импульсного преобразователя в ЗРУ систем 

электропитания КА позволит улучшить ряд их характеристик, а именно энергомассовые и надёж-

ностные, повысить КПД и качество напряжения на выходе СЭП, снизить уровень генерируемых 

электромагнитных помех.   

В статье приведены результаты исследований ЗРУ с силовой частью, выполненной по перспек-

тивной схеме, полученные с использованием имитационной модели и физического макета.  

Показано, что синтезированный закон управления позволяет обеспечить астатизм выходного  

напряжения и малую длительность переходных процессов. Однако установлено, что имитацион-

ная модель ЗРУ обеспечивает меньшую длительность переходных процессов в сравнении с физиче-

ским макетом. Это объясняется тем, что по причине малого временного интервала, в течение 

которого управляющий микроконтроллер должен выполнять операции по вычислению моментов 

переключения силовых транзисторов, пришлось упростить математические выражения, по кото-

рым проводятся вычисления.   

Целью работы является поиск технического решения формирования сигналов управления, позво-

ляющего отказаться от сложных математических вычислений моментов переключения силовых 

транзисторов в режиме реального времени. Для этого предложено предварительно произвести 

вычисления моментов переключения силовых транзисторов для всего диапазона передаваемой через 

ЗРУ мощности и для всего диапазона возможных напряжения на АБ. Полученные значения момен-

тов переключения силовых транзисторов в виде таблиц записать в память микроконтроллера, 

управляющего силовой цепью ЗРУ, и использовать для целей управления.  
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В статье рассмотрена методика получения таблиц моментов переключения силовых транзисто-

ров ЗРУ, которые, по сути, являются цифровым двойником ЗРУ, и приведён пример таких таблиц. 

 

Ключевые слова: система электропитания, аккумуляторная батарея, импульсный преобразова-

тель напряжения, зарядно-разрядное устройство, цифровой двойник.  
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Abstract. The power supply system (PSS) of a spacecraft (SC) is one of its most critical systems. The 

generation of electrical energy in modern SC PSS is typically carried out by solar panels (SP). In the ab-

sence of energy generation from the SP or during periods of low energy output, the necessary electrical 

energy is supplied to the load from battery packs (BP) through a charge-discharge device (CDD). Usually, 

the CDD is connected in parallel to the output buses of the PSS and, in battery discharge mode, provides 

stable voltage to the load. The replenishment of energy in the BP—its charging—occurs during time inter-

vals when the energy generated by the SP exceeds the energy consumed by the load. Additionally, the CDD 

can provide voltage stabilization at the load. 

The article presents the power circuit of a pulse converter capable of reversing the flow of energy and 

operating in a buck-boost mode with high efficiency. It is shown that using the power circuit of this pulse 

converter in the CDD of SC power supply systems can improve several of their characteristics, namely, 

energy-mass and reliability metrics, enhance efficiency, and improve the quality of the output voltage of the 

PSS while reducing the level of generated electromagnetic interference. 

The article includes research results on the CDD, with the power section designed according to a prom-

ising scheme obtained using a simulation model and a physical prototype. It is demonstrated that the syn-

thesized control law allows for maintaining the astatism of the output voltage and a short duration of tran-

sient processes. However, it was found that the simulation model of the CDD provides a shorter duration of 

transient processes compared to the physical prototype. This is explained by the fact that due to the short 

time interval during which the controlling microcontroller must perform calculations for switching mo-

ments of the power transistors, the mathematical expressions used for calculations had to be simplified. 

The aim of the work is to find a technical solution for generating control signals that allows for the eli-

mination of complex mathematical calculations of the switching moments of the power transistors in real-

time. To achieve this, it is proposed to pre-calculate the switching moments of the power transistors for the 

entire range of power transmitted through the CDD and for the entire range of possible voltages on the BP. 

The obtained values of the switching moments of the power transistors in the form of tables should be re-

corded in the memory of the microcontroller controlling the power circuit of the CDD and used for control 

purposes. 

The article discusses the methodology for obtaining tables of switching moments for the power transis-

tors of the CDD, which essentially serve as a digital twin of the CDD, and provides an example of such 

tables. 

 

Keywords: power supply system, battery pack, pulse voltage converter, charge-discharge device, digital 

twin. 
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Introduction 

The most important service system of a spacecraft (SC) is a power supply system (PSS). It is de-

signed to generate electrical energy, its storage and the supply of electrical energy of a given quality to 

target energy consumers and other service systems of a spacecraft during its entire active life [1]. The 

generation of electrical energy in modern PSSs of a SC is usually carried out by battery packs (BP); 

and specified voltage quality on the load is provided by pulse voltage stabilizers (PVS). If there is no 

generation of energy from BPs or if the level of generated energy is low, the required electrical energy 

is transferred to the load from storage batteries (SB) through a charge-discharge device (CDD). Nor-

mally, a CDD is connected in parallel to the output busses of a PSS and in the discharge mode of a BP 

it provides stable tension on the load. BP energy replenishment is when its charge occurs at time inter-

vals when the energy being generated by a BP exceeds the energy being consumed by the load. In this 

case a CDD can also provide voltage stabilization on load [2-4]. 

 

Advanced charge-discharge device 

A charge-discharge device is by definition a pulse voltage converter and it has a set of requirements 

for energy mass characteristics, performance, reliability, ability to provide the required quality of volt-

age at the output of a PSS, low level of generated electromagnetic interference and a number of other 

characteristics. A buck-boost reversible pulse converter (RPC) [5-8] has the ability to provide the best 

performance for all the above-mentioned set of requirements. Its circuit diagram is shown in Figure 1. 

The power chain of an RPC can be connected by side 1 to a BP, and by side 2 to the output busses 

of a PSS. The symmetry of an RPC power chain makes it possible to reverse the energy flow with the 

corresponding change in the switching algorithm of the RPC power keys executed on VT1 – VT4 tran-

sistors, and to ensure both the PB charge and the stabilization of the PSS output voltage at the BP dis-

charge. Thus, one set of electrical radio elements provides both modes of operation of a CDD and sig-

nificantly increases the energy mass characteristics of a CDD [7; 8]. In addition, the small number of 

electrical radioelements in an RPC improves its reliability. 

High performance of this converter, in a number of modes exceeding 99%, is ensured by the me-

thod of control of power transitors [5; 6] called by its authors ‘new strategy of modulation.’ 

 

 
 

Рис. 1. Схема силовой цепи реверсивного импульсного преобразователя (РИП) 
 

Fig. 1. Circuit diagram of the reversible pulse converter (RPC) 

 

A new transistor switching strategy proposed in [5; 6] allows combining the advantages of convert-

ers with pulse-width modulation (PWM) in terms of good adjustment characteristics, and resonant 

converters in terms of providing high performance. The new switching strategy is that each of the 

pairs of transistors VT1 – VT2 and VT3 – VT4 forms some delay of the transistor activation relative to 

the moment of the pair’s transistor activation by tdel. This delay in the activation of a pair transistor 
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looks like «dead» time needed to eliminate through currents in similar transistor inverters [9], but its 

purpose is different. After switching off one of the pair transistors, an oscillatory process begins in the 

LC-circuit formed by the inductance of the L throttle and parasitic capacitances Coss of the power tran-

sistors. After the tdel time expires, the parasitic capacitance Coss of the switched-off transistor is dis-

charged; the voltage sign on this transistor changes and the technological diode of the transistor is un-

blanked. In this case, the voltage on the transistor is equal to the voltage on an open technological di-

ode and does not exceed one volt. At this voltage, the transistor is switched on without dynamic losses 

in «soft switching» mode. Switching off the transistor at a voltage close to zero in the ‘soft switching’ 

mode is provided by the discharged parasitic capacitance Coss of the switched transistor [10]. Providing 

«soft switching» modes for transistors allows reducing the level of electromagnetic interference gener-

ated by RPCs and improving reliability by decreasing the thermal loads on the transistors. 

The required quality of the voltage at the RPC output, namely the short duration of the transition 

processes and the astatism of the output voltage, is provided by the synthesis of the pulse duration law 

of controlling the power transitors of an RPC using the developed method of bringing the system with 

a PWM to the system with a pulse-amplitude modulation (PAM) [11]. This method makes it possible 

to apply polynomial equations of synthesis and to provide the minimum possible duration of transition 

processes and astatism of output voltage in an RPC [12; 13]. 

Figures 2 and 3 show timing diagrams of the iL current of the L throttle of the RPC and the control 

signals Ucontr.VT1 – Ucontr.VT4 by the transitors VT1 – VT4, respectively. The difference between the fig-

ures is that in Figure 2 the timing diagrams are shown when the RPC works in high power transfer 

mode, and in Figure 3 it works in low power transfer mode. When the RPC works, the t1 time is modi-

fied by the synthesized law of PAM, the t2 time is calculated in mathematical terms, and the t3 time is 

set by a comparator, which actuates at the moment when the iL current of the L throttle is equal to the 

I0 value of the reverse current of the L throttle. This reverse current I0 of the throttle has a negative val-

ue and is closed through the open transistors VT2 and VT4 on the time interval t3 - T. This current of 

the L throttle of reverse direction slightly reduces the performance of the RPC because of static losses 

in the transistors and the throttle itself, but it allows ensuring the process of recharging the parasitic 

capacitances Coss of the transistors and exclude dynamic losses. The value of this current is determined 

by the condition [5; 6]: 

0 1.max 2.max ossI max( , ) ,U U С L

                                                   

(1) 

where U1.max and U2.max are maximum possible stress values on side 1 and side 2 of the CDD respec-

tively, and L is the inductance of the L  throttle. 

To test the synthesized control law, an RPC simulation model has been developed. In the RPC model 

the t1 time changes according to the synthesized law of PWM, the t2 time is calculated by mathematical 

expressions using a graph-analytical method for solving equations, and the t3 time is set by a comparator, 

which actuates at the moment of equality of the iL current of the L throttle to the I0 value of reverse cur-

rent of the L throttle. 

The timing diagrams illustrating the transient processes in the RPC obtained by computer model-

ling are shown in Figure 4. The conversion frequency in the RPC is chosen to be 50 kHz; the capaci-

tance of the output filter is 500 μF, and its internal active resistance is 0.006 Ohm. The voltage on AB 

(side 1) is assumed to be 65 V, and at the output of the voltage pulse converter (side 2) it is 100 V. The 

timing diagrams (from top downward) show the Uout voltage at the output of the voltage pulse con-

verter, iL current of the throttle of the voltage pulse converter and iL load current. 

From the analysis of the timing diagrams it follows that the new steady state mode occurs after 100 

ms and there is no static voltage stabilization error. 
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Рис. 2. Временные диаграммы тока iL дросселя РИП и сигналов управления транзисторами  

в режиме передачи большой мощности 
 

Fig. 2. Timing diagrams of the inductor current iL of the RPC and control signals  

for the transistors in high power transfer mode 

 

 
 

Рис. 3. Временные диаграммы тока iL дросселя РИП и сигналов управления транзисторами  

в режиме передачи малой мощности 
 

Fig. 3. Timing diagrams of the inductor current iL of the RPC and control signals  

for the transistors in low power transfer mode 
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Рис. 4. Временные диаграммы, иллюстрирующие переходные процессы в РИП 
 

Fig. 4. Timing diagrams illustrating the transient processes in the RPC 

 
To check the feasibility of implementating the RPC being considered, its physical prototype with con-

trol from a microcontroller has been made. The power part of the RPC prototype is made according to 

the diagram shown in Figure 1, and has the following parameters: inductance of the throttle L = 8 µH, 

capacitance of the output capacitor C = 1000 µF, conversion period T = 20 ms. The voltage at the output 

of the RPC Uout = 50 V and the voltage at the input Uin = 45 V. In the RPC prototype, the microcontroller 

calculates the t1 time (it changes according to the synthesized law of PWM) and the t2 time (it is calcu-

lated mathematically using equations describing the trajectory of the current change of the L throttle 

[14]). The t3 time is set by a comparator and actuates at the moment of equality of the iL current of the L 

throttle to the I0 value of reverse current of the L throttle. The oscillograms illustrating the work of the 

RPC model are presented in Figure 5. The oscillograms (from top downward) show the Uout voltage at 

the output of the voltage pulse converter (scale - 500 mV/div.), iL current of the RPC throttle (scale - 10 

A/div.) and iL load current (2 A/div.) with step increase in load current.  In Figure 5a the selected scale 

on the time axis is 250 ms/div.; in Figure 5b it is 25 ms/div. 

 

 
 

                                               а                                                                                         б 
  

Рис. 5. Осциллограммы, иллюстрирующие работу макета РИП 
 

Fig. 5. Oscillograms illustrating the operation of the RPС prototype 
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The comparison of the results of simulating transient processes in the RPC model shown  

in Figure 4 and the results of the experimental studies of transient processes in the RPC prototype 

showed that in both cases the astatism of the RPC output voltage is ensured. Nevertheless, the duration 

of the transient process from the moment of resentment to the moment of transition to the steady state 

mode in the RPC model is significantly longer. This is due to the fact that the time interval from 

the t3.max time to the T time (see Figure 2) in the RPC model is taken to perform the computational pro-

cedures. This time interval, at the selected conversion period T = 20 ms and t3.max = 0.9 T, equals 2 ms. 

Because of the short duration of this time interval, it is necessary to simplify mathematical expressions 

according to which the times t1 and t2 are calculated. This has led to an increase in the duration of the 

transient process and the amplitude of the RPC output voltage deviation.   

Therefore, it can be considered relevant to find a solution that allows determining the exact values 

of the times t1 and t2 during small time intervals, in accordance with which switching transistors are 

supposed to be made [15]. An alternative solution to this problem can be the preliminary calculation of 

the times t1 – t3, where some P power averaged over the Т conversion period is transmitted to the out-

put of the RPC. In this case, a system of tables should be obtained, where the value of P changes with 

some step and for each of its values the times t1 – t3 are given in the table. In addition to the step-by-

step change of the P power value, the tables should show a step-by-step change of the voltage on the 

AB, i.e. on the side 1 of the RPC. The step-by-step voltage change on the AB shall cover the entire 

allowable range of the AB voltage change. The calculation of the values of the times t1, t2 and t3 is 

made for the parameters of the power chain of the RPC, namely the inductance of the L throttle, T 

conversion period and the accepted value I0 of the reverse current of the L throttle. This tabular data 

system reflects the processes in the RPC and is essentially a digital twin of the RPC. Since this digital 

twin (DT) is planned to be entered into the memory of the microcontroller controlling the RPC, it can 

be defined as an aggregatable digital twin. The method of obtaining a digital twin of the RPC and the 

example of the DT are presented below. 

The timing diagrams of the iL current of the RPC throttle and its transient control signals in modes 

when large and small power is transmitted through the RPC are shown in Figure 2 and Figure 3 re-

spectively. The rates I′1, I′2 and I′3 of changes in the iL current of the RPC throttle for the time intervals 

t0 – t1, t1 – t2 and t2 – t3 are found respectively by the following expressions [14]: 
 

I′1 = UL.1 / L = U1 / L,                                                            (2) 
 

I′2 = UL.2 = (U1 – U2) / L,                                                         (3) 
 

I′3 = UL.3 / L = –U2 / L,                                                           (4) 
 

where U1 and U2 is voltage on the sides 1 and 2 of the RPC respectively and L is RPC throttle induc-

tance. In [14] using the expressions (2)–(4), the currents I1, I2 and I3 of the L  throttle are determined 

for the times t1, t2 and t3 respectively: 
 

I1 = I′1t1 = U1t1 / L,                                                               (5) 
 

I2 = I1 + I′2(t2 – t1) = I1 + (U1 – U2)(t2 – t1) / L,                                           (6) 
 

I3 = I2 + I′3(t3 – t2) = I2 – U2(t3 – t2) / L.                                                (7) 
 

The t2 time, which ensures that the iL current of the throttle is equal to the I0 current at the time 

t3.max, is determined by the expression 
 

t2 = U2(t3.max – t1) / U1,                                                            (8) 
 

and the tb time, in which the iL current of the throttle is equal to zero, is determined as  
 

tb = t3 + I0 / I′3 = t3 + I0U2 / L.                                                 (9) 
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The energy transfer onto side 2 occurs in the time interval from t1 to t3.max. The areas of the figures 

shown in Figure 2 as Q2 and Q3 correspond to the charge transmitted during the T period onto side 2; 

and the area of the figure indicated in Figure 2 as Q4 corresponds to the charge taken for the T period 

from side 2. The charges Q2, Q3 and Q4 obtained using the expressions (5)-(9) are determined as 
 

Q2 = (I1 + I2)(t2 – t1) / 2,                                                        (10) 
 

Q3 = (tb – t2)I2 / 2,                                                            (11) 
 

Q4 = (t3 – tb)I0 / 2.                                                            (12) 
 

The net charge being transmitted by the RPC onto side 2 during the T period is determined as 
 

Qtrans.2 = Q2 + Q3 – Q4.                                                           (13) 

 

The energy being transmitted by the RPC during the T period onto side 2 is defined by the expres-

sion 
 

WT = Qtrans.2U2,                                                                (14) 
 

and the power on side 2 of the RPC is defined as 
 

P2 = WT / T.                                                                 (15) 
 

In low power transfer mode (see Figure 3) the t2 time depends on the t1 time and corresponds to the 

moment when the I2 current is equal to the I0 current. In this mode, the throttle current changes accord-

ing to the timing diagrams shown in Figure 3а, the rate of rise and fall of the throttle current is deter-

mined by the expressions (2), (3) and (4). This moment is calculated according to the expression: 

t2 = (2I0L – t1U2) / (U1 – U2).                                                     (16) 
 

In these conditions, the regulation of the power transmitted by the CDD to the BP charge is carried 

out only by the displacement of the t1 time of switching the right pair of the transistors. 

When the throttle current changes in accordance with the timing diagrams shown in Figure 3, the 

rate of rise and fall of the throttle current is defined by the expressions (2) and (4), respectively; and 

the net charge Qtrans.2 transmitted over the T period onto side 2 is determined in the same way as in 

high power transfer mode using the formulae (10) - (13). 

To determine the times t1, t2 and t3 for switching RPC transistors, an algorithm has been developed 

using the expressions (10)-(16). The block diagram of this algorithm is shown in Figures 6 and 7.   

The calculation process using this algorithm is the following: in block 1, the source data T, U1, U2, 

I0, t1, L, Ustep are introduced. Further the condition that the voltage on side 1 is less than the voltage on 

side 2 is checked. If it is true, the program proceeds to block 2 where the output parameter calculation 

subroutine for low power mode is called once. The subroutine consists of two blocks: 10 and 11. In 

block 10 the switching moments of the RPC transistors, intermediate and net charges, energy and 

power being transmitted to side 2 are calculated. In block 11 the values obtained are written to a .csv. 

table. After completing block 2, it is checked that the switching time t3 is less than the maximum 

switching time t3.max. If this condition is true, the calculation of output parameters for low-power 

mode is repeated cyclically with an increase in the t1 time after each cycle iteration. Once the condition 

is no longer valid, block 5 returns to the original t1 and sets the maximum difference module between 

the times t1 and t2. The program then cyclically calculates output parameters already for high-power 

transfer mode (blocks 7, 12, 13), also increasing t1 after each iteration. Blocks 12 and 13 are similar to 

blocks 11 and 12 except that the time of switching t3 is selected fixed. Once the maximum modulus of 

the difference between the times t1 and t2 is reached, we believe that the digital twin table for the cur-

rent U1 is obtained and in block 9 there is an increase in voltage on side 1 at a given step, after which 

the algorithm of the table is repeated, but already for the new U1. 
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As a result of the multiple program launch for different U1 voltage values on side 1 of the RPC, 

which change with a given step, the values of the moments t1, t2 and t3 of switching the transistors of 

the RPC and the values of the corresponding to them Q charge transmitted to side 2 of the RPC for the 

T period and Р power on side 2 of the RPC are obtained. The obtained values of the moments t1, t2 and 

t3 of the Q charge and Р power are combined into a set of tables, an example of which fragmentarily 

for the voltage U2 = 100 V on side 2 of the conversion period T = 20 ms and the inductance of the 

throttle L = 20 μH is shown in Figure 8. The complete set of such tables reflects energy conversion 

processes in the RPC, and is essentially a DT of the RPC. This DT can be used for modelling and 

process studies in the RPC, but its main purpose is to be integrated into an RPC feedback circuit in 

order to exclude calculations of the times t1, t2 and t3, in which RPC transistors are switched. These DTs 

are called aggregatable. 

 

 

 
 

Рис. 6. Алгоритм получения таблиц для цифрового двойника 
 

Fig. 6. Algorithm for generating tables for the digital twin 
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                                             а                                                                                                   б 

Рис. 7. Подпрограммы расчета данных при малой (а) и большой (б) передаваемой мощности 
 

Fig. 7. Subroutines for data calculatiоn at low (a) and high (b) transmitted power 

 
In addition to the times t1, t2, t3 and the Q charge and Р power corresponding to them transmitted 

during the T period onto side 2, the first table shows the length of the delays tdel of the activation of the 

corresponding pair transistors in the vicinity of the times t1, t2 and t3. The calculations are performed 

for the IRFB4227 transistor parameters according to the methodology described in [10]. 

 

 
 

Рис. 8. Набор таблиц цифрового двойника РИП (фрагментарно) 
 

Fig. 8. Set of tables for the digital twin of the RPC (fragmentary) 

 
Conclusion 

The paper describes the results of studying the operation of a reversible pulse energy converter, 

promising for use as a charge-discharge device in the electrical power supply systems of spacecraft. 

Using process modelling on a digital computer system and with the use of a physical prototype of the 



 

 
 

Aviation and spacecraft engineering 
 

 249 

RPC, the performance of the RPC has been confirmed and high quality of the stabilized voltage at the 

RPC output has been achieved. 

Herewith it has been discovered that the physical prototype of an RPC has a longer duration of 

transient processes with stabilization of the output voltage compared to the model of the RPC. This is 

due to the large number of calculations on part of the conversion period and the insufficient speed of 

the control microcontroller. 

It has been proposed to solve the problem of insufficient speed of control microcontroller using the 

preliminary calculations of switching moments of RPC transistors for possible modes of operation and 

saving the results of calculations in the form of a system of tables, which are a digital twin of the RPC 

from the point of view of power control and transfer. 

An algorithm for calculating switching times of transistors and an example of the resulting table 

system have been presented. 
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