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Annomayus. Cucmema snexkmponumanust (COI1) kocmuueckoeo annapama (KA) siensemcs 00not uz nau-
bonee sanxcuvix eco cucmem. [enepayus snexkmpuyeckoii snepeuu 8 cogpemenuvix COIl KA, xkax npasuio,
ocyuwecmensiemes connednvimu bamapesmu (Ch). B cmyuae omcymemeus eenepayuu suepeuu Cb unu npu
HU3ZKOM YPOBHE 2eHEPUPyeMoli JHepUl, He0OXO0UMAsL INEKMPUUecKas dHepaus nepedaémcs 6 Hazpy3Ky om
AKKyMynsmopHulx 6amapeti (Ab) uepes 3apaono-paspaonoe ycmpoiicmeo (3PY). Kax npasuno, 3PY nooxkuio-
yaemcs napaieibHo 8bixoonvim wiunam COIT u ¢ pesxcume paspsioa Ab obecnewusaem cmadbunvioe Hanpsi-
JrceHue Ha Haepyske. Bocnonnenue suepeuu AB — eé 3aps0 npoucxooum Ha 6pemMeHHbIX UHMEP8anax, Ko2od
onepeus, cenepupyemas CB, npeeviuiaem suepeuro, nompeobnsemyro uaepyskou. llpu smom 3PY moocem
obecneyusams u CMadUIUZAYUIO HANPAICEHUS HA HASPY3Ke.

B cmamve npugedena cunosas yenv umMnyibCHo20 npeobpasosamens, 001adarowas CnocoOHOCHbIO
K pegepcy NOMOKA 3HepeUut U 03MONCHOCIbIO PAOOMbL 8 NOHUICATOUe-NOBLLUUATOUEM PEdCUME C BbICOKUM
KIIJ]. Ilokazaro, umo ucnonb3o8anue CUui080U yenu 3mo2o UMnNyabCHo2o npeobpazoeamens 6 3PY cucmem
anekmponumanusa KA nozeonum ynyuuums psao ux Xapaxmepucmux, a UMEeHHO IHEP2OMACCO8ble U HAOEMHC-
HocmHuwle, nosvicums KIIJ] u xawecmeo manpsocenus va vixooe COII, cHusumv yposeHb eeHepupyemvix
INEKMPOMASHUMHBIX NOMEX.

B cmamve npusedenvr pesynomamul uccredosanuti 3PY ¢ cunosoii uacmuio, 8bINOIHEHHOU NO NEPCNeK-
MUBHOU CcXeme, NOMYYEHHbIE C UCHOIb308AHUEM UMUMAYUOHHOU MOOenu U Qu3uiecKkoeo Makemd.
Ilokazano, umo CuHmMe3UpOBAHHBIL 3AKOH YNPAGLEHU NO360Jsem 0becnedums acmamusm GbIXOOHO20
HANpAXCeHus U MAyio OIUmenbHoCmy nepexoonslx npoyeccos. OOHAKO YCMAHOBIEHO, YMO UMUMAYUOH-
Has modenv 3PY obecneuusaem menvutyro OnumenbHOCHb NEPeXoOHbIX NPOYECCo8 8 CPABHEeHUU ¢ (u3uye-
CKUM MAKemMoM. Mo 00bACHAEMCSA meM, Ymo Nno NpuduHe MAai020 8PEMEHH020 UHMEPBANd, 8 meyeHUe
KOMOpo2o ynpasusiowull MUKPOKOHMPOIIED OOJINHCEH GbINOJHAMb ONEpayul no GblYUCIeHUI) MOMEHMO8
NEePEeKTOYEHUL CULOBBIX MPAH3UCTHOPOS, NPUULTIOCH YIPOCTUMb MAMEMAMUYecKue SblpadceHus, no Komo-
DPbIM BPOBOOAMCS BbIYUCTICHUS.

Lenvio pabomul s16151emMCsi NOUCK MEXHUYECKO20 PeUeHUst hOPMUPOBAHUSL CUCHALO8 YNPAGLEeHUsl, NO360-
JAOWE20 OMKAZAMBCS OM CLONCHBIX MAMEMAMUYECKUX BbIYUCTEHUN MOMEHMO8 NEPEKTIOYEHUS CUTOBIX
MPAH3UCTIOPO8 8 PeNCUME PeanrbHO20 epeMenu. [ 9mo2o npednoAHceHO Nnped8apumenbHo Npou3secmu
BLIYUCTEHUS MOMEHMO8 NEPEKNIOUEHUS CUNOBbIX MPAHIUCMOPOS OJIA 8Ce20 OUANA30HA nepedasaemou uepes
3PY mowHocmu u 015 8ceco 0uanazoHa 803MONCHbIX Hanpsxcenus Ha AB. [lonyyennvle 3Hauenus MoMeH-
MO8 NEPeKIIOYeHUsl CULOBbIX MPAHIUCMOPOS 8 ude Mabauy 3anucamv 6 Namsams MUKPOKOHMPOLLEpd,
ynpasnaoue2o cunosol yenvio 3PY, u ucnonvzosamse 0ns yeneu ynpasieHusl.
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B ecmamve paccmompena memoouxa nonyuenust mabnauy MOMEHMO8 NEPEKIIOUEHUsL CUTOBbIX MPAH3UCTO-
pos 3PV, komopuie, no cymu, signisiiomces yughposwvim 0gotinuxkom 3PY, u npueedén npumep makux mabnuy.

Kniouesvie cnoga: cucmema snexmponumanust, akKymyisamopnas bamapes, UMNYIbCHbIU Npeodpazoea-
mejib HanpsdiceHus, 3apsiOHO-paspsaoHoe YCmpoucmeo, Yughposou OBOHUK.
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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 / 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 VT, — VT, 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.’
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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 VT, — VT, and VT; — VT, forms some delay of the transistor activation relative to
the moment of the pair’s transistor activation by #4,. 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 C, of the power tran-
sistors. After the 7, time expires, the parasitic capacitance C,, 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 C, 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 i, current of the L throttle of the RPC and the control
signals Ucone.yr1 — Uconer. y4 Dy the transitors VT, — VT, 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 ¢; time is modi-
fied by the synthesized law of PAM, the ¢, time is calculated in mathematical terms, and the ¢ time is
set by a comparator, which actuates at the moment when the i, current of the L throttle is equal to the
Iy value of the reverse current of the L throttle. This reverse current /, of the throttle has a negative val-
ue and is closed through the open transistors VT, and VT, on the time interval ¢ - 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 C,, of the transistors and exclude dynamic losses. The value of this current is determined
by the condition [5; 6]:

|IO|ZmaX(Ul.max’UZ.max)\]Coss/L’ (1)

where U nax and U, nax are maximum possible stress values on side / 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 ¢, time changes according to the synthesized law of PWM, the ¢, time is calculated by mathematical
expressions using a graph-analytical method for solving equations, and the #; time is set by a comparator,
which actuates at the moment of equality of the i; current of the L throttle to the /, 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 pF, and its internal active resistance is 0.006 Ohm. The voltage on AB
(side 7) 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 U, voltage at the output of the voltage pulse con-
verter, i, current of the throttle of the voltage pulse converter and i; 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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Fig. 2. Timing diagrams of the inductor current i; of the RPC and control signals
for the transistors in high power transfer mode
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Fig. 3. Timing diagrams of the inductor current i; of the RPC and control signals
for the transistors in low power transfer mode
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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 puH,
capacitance of the output capacitor C = 1000 pF, conversion period 7= 20 ms. The voltage at the output
of the RPC U,,= 50 V and the voltage at the input U;, =45 V. In the RPC prototype, the microcontroller
calculates the ¢, time (it changes according to the synthesized law of PWM) and the ¢, time (it is calcu-
lated mathematically using equations describing the trajectory of the current change of the L throttle
[14]). The £ time is set by a comparator and actuates at the moment of equality of the i; current of the L
throttle to the 7, 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 U, voltage at
the output of the voltage pulse converter (scale - 500 mV/div.), i, current of the RPC throttle (scale - 10
A/div.) and i} 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 55 it is 25 ms/div.
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Fig. 5. Oscillograms illustrating the operation of the RPC 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 #; max time to the 7 time (see Figure 2) in the RPC model is taken to perform the computational pro-
cedures. This time interval, at the selected conversion period 7= 20 ms and ;3 . = 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 # and ¢, 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 ¢, and #, 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 ¢, — #;, where some P power averaged over the T 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 ¢, — #; 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 / 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 ¢, #, and ¢ is
made for the parameters of the power chain of the RPC, namely the inductance of the L throttle, 7
conversion period and the accepted value [, 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 i; 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';, I'; and I'; of changes in the i; current of the RPC throttle for the time intervals
to—t, t — t and t, — £; are found respectively by the following expressions [14]:

I,IZUL'l/L:Ul/L, (2)
I=U=U-U) /L, (3)
1’3:ULA3/L:*U2/L, (4)

where U, and U, is voltage on the sides / and 2 of the RPC respectively and L is RPC throttle induc-
tance. In [14] using the expressions (2)—(4), the currents /;, [, and /; of the L throttle are determined
for the times ¢y, t, and #; respectively:

11:1'1l‘1:U1l‘1/L, (5)
L=L+1t-t)=1+ U -U)t,-t)/L, (6)
L=5L+1t:—t)=5L—-Uxlt: -1, /L. (7

The ¢, time, which ensures that the i; current of the throttle is equal to the [, current at the time
t3.max» 18 determined by the expression

t2 = UZ(t34max - tl) / Ulv (8)
and the 7, time, in which the i; current of the throttle is equal to zero, is determined as

tb:l‘3+10/]’3:t3+10U2/L. (9)
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The energy transfer onto side 2 occurs in the time interval from ¢, to #; ... The areas of the figures
shown in Figure 2 as O, and Q; correspond to the charge transmitted during the 7 period onto side 2;
and the area of the figure indicated in Figure 2 as O, corresponds to the charge taken for the 7 period
from side 2. The charges Q0,, O; and O, obtained using the expressions (5)-(9) are determined as

O =1 +h)(t,—1)/2, (10)
Os=t,—t)h /2, (11)
Os=(t:—tp)y/ 2. (12)
The net charge being transmitted by the RPC onto side 2 during the 7 period is determined as
Ouans2= 02+ O3 = O (13)

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

WT: QtranslUZs (14)
and the power on side 2 of the RPC is defined as
P,=Wwy/T. (15)

In low power transfer mode (see Figure 3) the 7, time depends on the # time and corresponds to the
moment when the /, current is equal to the /, current. In this mode, the throttle current changes accord-
ing to the timing diagrams shown in Figure 3a, 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:

b= Q2LL-1,U,) / (U, - U). (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 #, 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 Qi.ns» 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 ¢, #, and #; 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 /, the source data 7, U,, U,,
Iy, t1, L, Ugep are introduced. Further the condition that the voltage on side / 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: /0 and //. In
block 710 the switching moments of the RPC transistors, intermediate and net charges, energy and
power being transmitted to side 2 are calculated. In block // the values obtained are written to a .csv.
table. After completing block 2, it is checked that the switching time #; is less than the maximum
switching time #;.max. If this condition is true, the calculation of output parameters for low-power
mode is repeated cyclically with an increase in the ¢, time after each cycle iteration. Once the condition
is no longer valid, block 5 returns to the original ¢, and sets the maximum difference module between
the times ¢, and . The program then cyclically calculates output parameters already for high-power
transfer mode (blocks 7, 12, 13), also increasing ¢, after each iteration. Blocks /2 and /3 are similar to
blocks /1 and 12 except that the time of switching #; is selected fixed. Once the maximum modulus of
the difference between the times ¢ and ¢, is reached, we believe that the digital twin table for the cur-
rent U is obtained and in block 9 there is an increase in voltage on side / at a given step, after which
the algorithm of the table is repeated, but already for the new U;.
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As a result of the multiple program launch for different U, voltage values on side / of the RPC,
which change with a given step, the values of the moments ¢#,, ¢, and #; of switching the transistors of
the RPC and the values of the corresponding to them QO charge transmitted to side 2 of the RPC for the
T period and P power on side 2 of the RPC are obtained. The obtained values of the moments ¢, #, and
t; of the QO charge and P power are combined into a set of tables, an example of which fragmentarily
for the voltage U, = 100 ¥ on side 2 of the conversion period T = 20 ms and the inductance of the
throttle L = 20 puH 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 ¢, £, and #;,in which RPC transistors are switched. These DTs
are called aggregatable.
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T, U1, U2, 10, t1, L, Ustep Setting the maximum m odulus of the
difference between t1 and 12

. O ]

6. Calculat on of output
parameters for high-power
transmission mode

false

2. Calculat on of output
parameters for low-power
transmi ssion mode e

7. Calculati on of output
parameters for high-power
transmission mode

tme v
° f

false

8.Increasing t1 by astep

3_Calculat on of output |
parameters for low-power
transmi ssion mode ¢

l 9 Increasing the time
Ul by a Ustep

4 TIncreasing the
time t1

Puc. 6. AnropuTt™ noirydeHus Tabaun a1 qudpoBoro ABoiHUKA

Fig. 6. Algorithm for generating tables for the digital twin
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&=

Y
10. Calculation of 2 (16), th (9) 12. Calculation of 2 (8), th (9)
Calculation 0f Q2 Q3, Q4 (10-12) Calculation 0£ Q2. Q3, Q4 (10-12)
Calculation of Quep.2 (14) Calculation of Quep.2 (14)
Calculation of W (14), P(15) Calculation of W (14), P (15)
r :
11. Output UL, t1. 2 3. Q. P 13. Qutput U1, t1, 12,13, Q.P
r
exit exit
a 6

Puc. 7. [lonnporpaMmsl pacueTa JaHHBIX IIpU MaJiol (@) u 0oJb1oi (6) epeaaBaeMol MOIIHOCTH

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

In addition to the times #, #,, #; and the O charge and P power corresponding to them transmitted
during the T period onto side 2, the first table shows the length of the delays 7,4 of the activation of the
corresponding pair transistors in the vicinity of the times #, #, and #;. The calculations are performed
for the IRFB4227 transistor parameters according to the methodology described in [10].

" Us, t, t, 13 taer o, taer 1, Paer 2, Lot 3, (23 P,
. v us us us us us us us uC W
. 1 75 1,00 2,40 2.80 0.21 0.18 0.21 0.21 2,63 13.13
2 15 111 2,85 3,25 0,21 0,18 0.21 0.21 3.63 18,15
3 75 1,21 3.25 3,65 0.21 0,18 0,21 0.21 4.64 23.19
s | U 1 78 f Lael o, Laal 1. taal 2, Laui. 3, Q. P, 5,64 2821
. vV s us s us us us us uC W
. 1 66 1.00 1.76 2,16 0.21 0.18 0.21 0.21 1.26 6.31 80.75 403.77
9 T 190 7 24 7 74 na nie nat nA 797 11,32 81.78 408,91
" U t, 53 ts tdel 0, tdel 1, tdei. 2 tdel 3 Q P, 16.35 82,82 414,09
V s s us s us us s ulC W 21.36 " "
1 65 1,00 1,71 2,11 0.21 0,18 0,21 021 1.16 5.80 B 173,96 869,82
2 65 1,21 2,31 2,71 0.21 0.18 0.21 0.21 2,17 10,83 39-5‘32 174,94 874.70
3 65 1,38 2,79 3.19 0.21 0.18 0.21 0.21 3.17 15,86 400.33 175,88 879,39
4 65 1.52 3,21 3,61 021 0,18 0,21 021 4,17 20,86 405.49 176,78 883.89
78 65 5,43 14,38 14,78 0.21 0.11 0.15 0.21 78.96 394,79 -”-2"'43 .
79 | 65 547 1447 14,87 0,21 0.11 0.14 0.21 79.98 399.91 775.32 .
80 | 65 5,50 14,57 14,97 0.21 0.11 0,14 021 81,01 405.07 778.01
ey s ees ey e s e ey Lers Lrrs e ?80‘50
147 | 65 8.09 1525 18.00 0.21 0,09 0.10 0.21 152,35 761.76
148 | 65 8.14 15,18 18.00 0.21 0.08 0.10 0.21 152.86 764.29 .
149 | 65 8,19 15,10 18,00 021 0,08 0,10 021 153,33 766,63 .t

150 | 65 8,24 15,02 18,00 021 0,08 0,09 0.21 153,75 768,77

Puc. 8. Habop tabmun udposoro nsoitauka PUIT (pparmenrapHo)

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
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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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