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Одной из основных систем космического аппарата (КА) является система электропитания 

(СЭП). Основу СЭП составляют вторичные источники питания (ВИП), использующие различные 
способы управления и преобразования электроэнергии, что приводит к существенным отличиям их 
динамических свойств. Со стороны бортовых потребителей динамика СЭП определяется полным 
внутренним сопротивлением (импедансом) ВИП.  

При проведении наземных электрических испытаний электротехнических систем (ЭТС) КА, 
вследствие сложности применения систем электропитания, применяют испытательные комплек-
сы, основу которых составляют имитаторы электрических характеристик СЭП (ИСЭП).  

Современные ИСЭП используют модульный принцип конфигурирования, что позволяет произво-
дить ИСЭП разной мощности, но энергетические модули имеют фиксированные или регулируемые 
в узком диапазоне частот импедансные частотные характеристики, что приводит к ограничению 
типов имитируемых СЭП. Снабжение ИСЭП свойством регулирования частотных характеристик 
в широком диапазоне частот расширяет функциональные возможности ИСЭП, так как позволяет 
имитировать динамические свойства СЭП, содержащих ВИП разных типов. 

Целью работы является исследование и сравнительный анализ трёх способов регулирования им-
педансных частотных характеристик (ИЧХ) модуля ИСЭП. 

Способы регулирования ИЧХ ИСЭП рассматриваются на основе его обобщённой функциональ-
ной схемы, содержащей математические модели усилителя-сумматора (УС), последовательного 
корректирующего устройства (КУ), усилителя мощности (УМ), делителя напряжения (ДН) и на-
грузки (Н). В статье проведен анализ вариантов регулирования импедансных частотных характе-
ристик ИСЭП, рассмотрены три способа регулирования ИЧХ: два с пассивным корректирующим 
устройством и один с активным КУ. 

В работе приведена имитационная модель в пакете MicroCap электрической схемы модуля 
ИСЭП, проведены вычислительные эксперименты по каждому способу регулирования ИЧХ ИСЭП. 

По результатам исследования рекомендован способ коррекции и регулирования ИЧХ ИСЭП, по-
зволяющий раздельно регулировать низкочастотную и среднечастотную области ИЧХ, что позво-
ляет существенно упростить настройку и обеспечение ИЧХ ИСЭП в соответствии с заданными 
требованиями. 

 
Ключевые слова: система электропитания, имитатор, импеданс, частотная характеристика, 

регулирование, моделирование. 
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One of the main systems of a spacecraft (SC) is a power supply system (PSS). The basis of a PSS are secon-
dary power sources (SPSs), which use various methods of controlling and converting electricity, which leads to 
significant differences in their dynamic properties.  On the onboard consumer side, the dynamics of the PSS is 
determined by the total internal resistance (impedance) of the SPSs.  

When conducting ground electrical tests of spacecraft EES (electrical engineering systems), due to the 
complexity of using power supply systems, test complexes are used, the basis of which is simulators of elec-
trical characteristics of the PSS (PSSS).  

Modern PSSSs use a modular configuration principle, which makes it possible to produce PSSSs of dif-
ferent powers, but energy modules have fixed or adjustable impedance frequency response over a narrow 
frequency range, which leads to the limitation of the types of PSS being simulated. Equipping the PSSS with 
the property of regulating frequency response in a wide frequency range expands the functionality  
of the PSSS, as it allows simulating the dynamic properties of the PSS containing different types  
of SPSs. 

The purpose of the work is to study and carry out the comparative analysis of three methods for regulat-
ing the impedance frequency response (IFR) of the PSSS module. 

The methods for regulating the frequency response of a PSSS are being considered on the basis of its 
generalized functional diagram containing mathematical models: adder amplifier (AA), feedforward com-
pensator (FC), power amplifier (PA), voltage divider (VD) and load (L). The article analyzes options for 
regulating the impedance frequency response of PSSS, and considers three methods for regulating the IFR: 
two with a passive FC and one with an active FC. 

The paper presents a simulation model in the MicroCap package of the electrical circuit of the PSSS 
module, and computational experiments have been carried out on each method of regulating the IFR  
of the PSSS. 

Based on the results of the study, a method for correcting and regulating the IFR of the PSSS is recom-
mended, which makes it possible to separately regulate the low-frequency and mid-frequency regions of the 
IFR, which allows us to significantly simplify the configuration and provision of the IFR of the PSSS in ac-
cordance with the specified requirements. 

 
Keywords: power supply system, simulator, impedance, frequency response, regulation, modeling. 
 
 
Introduction 
One of the main systems of a spacecraft (SC) is a power supply system (PSS) [1–3]. Secondary 

power sources (SPSs) are the basis of the PSS, using different methods of control and power conver-
sion [4–7], which leads to significant differences in their dynamic properties. On the side of onboard 
consumers, the dynamics of the PSS is determined by the total internal impedance of the SPSs. 

During ground tests, the consumers being connected to the spacecraft PSS shall be checked for op-
erability and resistance to electromagnetic interference of permissible amplitude (GOST R51317.4.11-
2007). 

The onboard PSS in this case does not meet the test conditions for the following reasons: 
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– to simulate the deterioration of the supply voltage quality due to emergency modes and gradual 
degradation of the electrical equipment of the onboard PSS, it is required to vary the voltage in a wide 
range at the inputs of consumers (loads); 

– the spacecraft PSS cannot reproduce interference on the power buses with specified parameters, 
which does not allow simulating the interference situation and testing the performance and resistance 
to electromagnetic interference of permissible amplitude of spacecraft electrical engineering systems 
(EESs), such as repeaters, on the power buses; 

– it is better to avoid using spacecraft onboard PSSs during the input control of electrical equipment 
of energy consumers due to the possibility of abnormal situations or failures of the equipment being 
tested, which may lead to failure of low-power consumers. 

During ground electrical tests of spacecraft EES, due to the complexity of power supply systems, 
automated test complexes are used [8–11], which include simulators of the electrical characteristics of 
the main PSS subsystems, including power supply systems simulators (PSSSs). 

Modern PSSSs [12; 13] use a modular principle of configuration, which allows to produce PSSSs 
of different power, but power modules have fixed or adjustable in a narrow frequency range imped-
ance frequency response, which leads to the limitation of types of simulated PSSs. Providing PSSSs 
with the property of frequency response regulation in a wide range of frequencies expands their func-
tionality, as it allows simulating the dynamic properties of different types of PSSs. 

The aim of the work is to study and and conduct the comparative analysis of three methods of im-
pedance frequency response (IFR) regulation of the PSSS module, which was developed by the au-
thors. 

 

Methods of solving the problem 
The ways of regulating the IFR of the PSSS are considered on the basis of its generalised func-

tional scheme (Fig. 1), containing mathematical models of the adder amplifier (AA), feedforward 
compensator (FC), power amplifier (PA), voltage divider (VD) and load (L). 

 

 
 

Рис. 1. Функциональная схема модуля ИСЭП:  
WУС(s) – передаточная функция (ПФ) усилителя-сумматора; WКУ(s) – ПФ корректирующего устройства (КУ), 
обеспечивающего устойчивость и требуемое качество переходных процессов системы управления ИСЭП; 

WДН(s) – ПФ цепи обратной связи; WХХ(s) – ПФ УМ в режиме холостого хода; Z(s) – внутренний импеданс УМ; 
YН(s) – адмитанс нагрузки 

 

Fig. 1. Functional diagram of the PSSS module: 
WAA(s) – transfer function (TF) of the adder amplifier (AA); WFC(s) – TF of the feedforward compensator (FC), ensur-

ing stability and the required quality of transient processes of the PSSS control system; WVD (s) – TF of a feedback 
circuit; 

WХХ(s) – PF of the PA in idle mode; Z(s) – internal impedance of the PA; YL(s) – load admittance 

 
PSSS impedance is described using the following expression:  

 

   
 

 
 

,
1PSSS

р

Uout s Z s
Z s = =

Iout s +W s
                                                  (1) 
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where TF of WР(s) is the TF of the open loop of the PSSS, according to Fig. 1, at excluded YL(s) has 
the following form 

         р ХХ VD .AA FCW s =W s W s W s W s                                             (2) 
 

Turning to the impedance frequency response (IFR), we obtain for the IFR of the PSSS: 
 

   
     
ω 1

ω ω .
1 ω 1 ωPSSS

р р

Z j
Z = = Z

+W j +W j
                                        (3) 

 

In the low frequency (LF) region at ω → 0, in order to ensure the required accuracy of stabilisation 
of the output voltage Uout, the static loop gain is much greater than 1, i.e. the condition ǀWP(j0)ǀ » 1 is 
satisfied, therefore we can write: 

 

     
1

ω ω .
0PSSS

р

Z Z
W j

                                                       (4) 

 

Since the adjustment of the internal impedance Z(ω) of the PA is difficult, and often impossible, it 
follows from (4) that the adjustment of the active part of the PSSS impedance frequency response 
ZPSSS(ω) in the low-frequency region is possible only due to the static gain WP(j0). 

In the high frequency (HF) region at ω → ∞, in order to ensure the required filtering properties of 
the PSSS, the condition: ǀWP(ω)ǀ « 1 is satisfied, therefore we can write: 

 

       1
ω ω ω ,

1PSSS
р

Z = Z Z
+W jω

                                              (5) 

 

since the impedance frequency response of  PSSS (5) in the HF region coincides with the impedance 
frequency response of the PA, it cannot be controlled. 

In the mid-frequency (MF) region, where the TF modulus WP (ω) of the open loop is commensura-
ble with 1, the control of the IFR ZPSS(ω)  (ω) is possible mainly by changing the parameters of the FC 
TF WFC(s), which, according to (2), is included in the WP(ω) expression. 

Let us consider three methods to regulate the low- and mid-frequency IFR of the PSSS. 
Fig. 2 shows a simulation model in MicroCap package of the electrical circuit of the PSSS module 

with a passive correction device containing resistors RFC1, RFC2 and capacitor С1. Fig. 3 shows the fre-
quency response data of the open loop of the corrected system corresponding to (2). 

 

 
Рис. 2. Имитационная модель разомкнутого контура скорректированной  

системы управления модуля ИСЭП 
 

Fig. 2. The open-loop simulation model of the adjusted control system of the PSSS module 



 
 
 

Aviation and spacecraft engineering 
 

 341

 
 

Рис. 3. ЛЧХ разомкнутой скорректированной системы управления модуля ИСЭП 
 

Fig. 3. The LFC of the open-loop adjusted control system of the PSSS module 

 
The system is stable. It complies with stability margin and bandwidth requirements.  
The first method to regulate the IFR of the PSSS consists in changing the AA transmission gain 

by means of the RAA2 resistor and changing the FC parameters by means of the RFC1 resistor [14]. 
The TF of the AA has the following form 

   
 

 
 

AA OA
AA

AA4VD
OA

AA4 AA2

,
1

U s W s
W s = =

RU s W s +
R + R




                                      (6) 

 

where WOA(s) is a TF of an open operational amplifier. 
The TF of the FC, according to the electrical diagram (Fig. 2), is 

 

   
FC2 1

FC1 FC2 1

1
.

1FC
R C s +

W s =
R + R C s +

 
 

                                             (7) 

 
Рис. 4. ЛЧХ скоректированной системы управления модуля ИСЭП при изменении сопротивления RУС2 
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Fig. 4. The LFC of the adjusted control system of the PSSS module when changing the RAA2 resistance  

 
 

Рис. 5. ЛЧХ скоректированной системы управления модуля ИСЭП  
при изменении сопротивления RКУ1 (способ 1) 

 

Fig. 5. The LFC of the adjusted control system of the PSSS module  
when changing the RFC1 resistance (method 1) 

 
The analysis of the LFC (Fig. 4 and 5) of the open-loop control system of the PSSS module with 

varying resistances of resistors shows that the system remains stable at changing the resistance ratings, 
the cut-off frequency and phase margin do not change significantly. 

The IFR of the PSSS measured on the simulation model (Fig. 2) according to (3), with the variation 
of the resistances of the same resistors in similar ranges as in the previous case, are shown in Fig. 6 
and 7. 

 

 
 

Рис. 6. ИЧХ замкнутой системы управления модуля ИСЭП  
при изменении сопротивления RУС2 (способ 1) 

 

Fig. 6. The IFR of the closed-loop control system of the PSSS module  
when changing resistance RAA2 (method 1) 

 
The increase of the feedback RAA2 resistance (see Fig. 6) leads to increase of the AA gain and in-

crease of its time constant. As a result, all this leads to decrease of the active component of the IFR of 
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the PSSS in the low-frequency region and deformation of the inductive component of the IFR in the 
mid-frequency region.  

From Fig. 7 it can be seen that when changing the RFC1 resistance, the active component of the IFR 
of the PSSS remains constant, and only the mid-frequency (MF) region of the IFR is regulated. 

 

 
 

Рис. 7. ИЧХ замкнутой системы управления модуля ИСЭП при изменении сопротивления RКУ1 (способ 1) 
 

Fig. 7. The IFR of the closed-loop control system of the PSSS module when changing the RFC1 resistance (method 1) 
 

Thus, it is possible to recommend the following procedure of providing the required parameters of 
the IFR of the PSSS: a) by choosing the value of feedback resistance RAA2 the required value of the 
active component of the IFR of the PSSS is provided; b) by choosing the value of resistance RFC1 the 
required type of IFR in the mid-frequency (MF) region is provided. 

The disadvantage of this method is that when changing the feedback resistance RAA2, the MF region 
of the IFR is deformed, which complicates the selection of the value of resistance RFC1 of the FC. 

 
The second method to regulate the IFR of the PSSS [15] also consists in changing the AA trans-

mission gain by means of the RAA2 resistor and changing the FC parameters by means of the RFC1 re-
sistor, but differs in the electrical scheme of connecting the FC and the AA. In this case, the negative 
feedback in the AA is initiated not from the AA output, but from the output of the FC (Fig. 8), i.e. the 
FC enters the control loop of the OA, forming a second-type FC. The simulation model of the open 
loop of the corrected control system of the PSSS module differs from Fig. 2 in that the OA and the FC 
are replaced by the scheme of the second-type FC (Fig. 8).  

 
 

Рис. 8. Электрическая схема КУ второго типа 
 

Fig. 8. The electrical diagram of the second type FC 
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Transfer function of the second type FC scheme: 
 

   
 

   

   

FC2 1

FC1 FC2 1

FC2 1AA4VD

AA4 AA2 FC1 FC2 1

1

1
,

1
1

1

OA
PA

FC

OA

R C s +
W s

R + R C s +U s
W s = =

R C s +RU s W s +
R + R R + R C s +

 


 


 
 

 

                  (8) 

 

where WOA(s) is a TF of an open loop operating amplifier. 
To match the LFC of the corrected system with the LFC of the previous case, the capacitance of the 

С1 capacitor was recalculated. The values of resistances of the resistors remained unchanged. 
The results of measuring the LFC of the open loop system when the feedback RAA2 resistance and 

the RFC1 resistance are changed are shown in Fig. 9 and 10, respectively. 
 

 
 

Рис. 9. ЛЧХ скоректированной системы управления модуля ИСЭП при изменении сопротивления RУС2 (способ 2) 
 

Fig. 9. The LFC of the adjusted control system of the PSSS module when changing the RAA2 resistance (method 2) 
 

 
 

Рис. 10. ЛЧХ скоректированной системы управления модуля ИСЭП  
при изменении сопротивления RКУ1 (способ 2) 

 

Fig. 10. The LFC of the adjusted control system of the PSSS module  
when changing the RFC1 resistance (method 2) 
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Fig. 9 and 10 show that the control system remains stable when the resistance values are changed, 
and the cut-off frequency and phase margin change insignificantly. 

The IFR of the PSSS measured on the simulation model with the correction made according to the 
second method at variation of resistances of the same resistors in the similar ranges as in in the previ-
ous case, are shown in Fig. 11 and 12. 

 

 
 

Рис. 11. ИЧХ замкнутой системы управления модуля ИСЭП при изменении сопротивления RУС2 (способ 2) 
 

Fig. 11. The IFR of the closed-loop control system of the PSSS module when changing the RAA2 resistance (method 2) 
 

 
 

Рис. 12. ИЧХ замкнутой системы управления модуля ИСЭП при изменении сопротивления RКУ1 (способ 2) 
 

Fig. 12. The IFR of the closed-loop control system of the PSSS module when changing the RFC1 resistance (method 2) 

 
Fig. 11 shows that increasing the RAA2 resistance decreases the active component of the IFR of the 

PSSS, while the inductive component remains practically unchanged. Fig. 12 shows that varying the 
RFC1 resistance changes the mid-frequency region of the IFR and keeps constant the active component 
of the IFR. 
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Conclusion: in this method it is possible to independently regulate the low-frequency and mid-
frequency regions of the IFR of the PSSS by varying the value of the RAA2 resistance and RFC1 resistance, 
respectively. 

The third method of regulating the IFR of the PSSS is based on changing the RFC1 and RAA2 resis-
tances of the third type of the AA – active, made on the summing operational amplifier (Fig. 13). 

 

 
 

Рис. 13. Электрическая схема КУ третьего типа 
 

Fig. 13. The electrical diagram of the third type FC 

 
The transfer function of the scheme is: 

 

   
FC1 1AA2

AA4 FC1 AA2 1

1
.

1
PA

FC
OA

R C s +U R
W s = =

U R R + R C s +

 


 
                                      (9) 

 

The FC parameters are calculated in such a way that the logarithmic gain of the FC of the first and 
third type coincide, and the values of the RAA1 and RAA2 resistances remain unchanged. 

The IFR of the PSSS measured on the simulation model with the correction made by the third me-
thod, with the variation of the resistances of the same resistors in similar ranges as in the previous cas-
es, are shown in Fig. 14 and 15. 

 

 
 

Рис. 14. ЛЧХ скоректированной системы управления модуля ИСЭП при изменении сопротивления RУС2 (способ 3) 
 

Fig. 14. LFC of the adjusted control system of the PSSS module when changing the RAA2 resistance (method 3) 
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Рис. 15. ЛЧХ скоректированной системы управления модуля ИСЭП при изменении  
сопротивления RКУ1 (способ 3) 

 

Fig. 15. The LFC of the adjusted control system of the PSSS module when changing the RFC1 resistance (method 3) 

 
Fig. 14 and 15 show that the control system remains stable when the impedance values are 

changed, and the cut-off frequency and phase margin change only slightly. 
The IFR of the PSSS measured on the simulation model according to (3), when the RAA2 and RFC1 

resistances of resistors are varied in similar ranges as in the previous cases, are shown in Fig. 16 and 
17. 

 

 
 

Рис. 16. ИЧХ замкнутой системы управления модуля ИСЭП при изменении сопротивления RУС2 (способ 3) 
 

Fig. 16. The IFR of the closed-loop control system of the PSSS module when changing the RAA2 resistance (method 3) 
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It can be seen from Fig. 16 that varying the feedback RAA2 resistance of the OA changes the active 
component of the IFR of the PSSS without changing the inductive component of the IFR. 

 

 
 

Рис. 17. ИЧХ замкнутой системы управления модуля ИСЭП при изменении сопротивления RКУ1 (способ 3) 
 

Fig. 17. The IFR of the closed-loop control system of the PSSS module when changing the RFC1 resistance (method 3) 

 
When varying the RFC1 resistance of the FC, the active and inductive components of the IFR are 

changed simultaneously, which complicates the control of the IFR of the PSSS. 
 

Conclusion 
The comparative analysis of the results of simulation modelling of three methods of correction and 

regulation of the IFR of the PSSS has shown: 
1. All three methods make it possible to adjust the IFR of the PSSS in the low-frequency and mid-

frequency region of the IFR without deteriorating the stability of the PSSS control system. 
2. For practical application it is necessary to recommend the second method of correction and regu-

lation of the IFR of the PSSS, which allows us to regulate separately the low-frequency and medium-
frequency regions of the IFR, that makes it possible to simplify considerably the adjustment of the IFR 
of the PSSS in accordance with the given requirements. 
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