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Oonoii us ocHogubix cucmeM Kocmuueckoco annapama (KA) saensemca cucmema s1exkmponumanus
(C3I1). Ocrnosy CIII cocmasasarom emopuynvie ucmounuxu numarnus (BUII), ucnonvsyrowue pasiuutvie
Cnocobbl ynpasnenus u npeoopasz0eans S1eKmpoIHeP2UlL, Ymo NPpUGOOUM K CYUjeCmEeHHbIM OMAUYUIM UX
ounamuyecxux ceoticmg. Co cmopornsl bopmoswix nompeoumenei ounamuxa CIII onpedensiemcest noaHbim
BHYMPEHHUM conpomuegieruem (umneoarcom) BUIL

Ilpu nposedenuu Hazemuvix 31exmpudeckux ucnvimanuil snexmpomexnuuveckux cucmem (OTC) KA,
6cneocmeue ClOACHOCMU NPUMEHEHUS. CUCTNEM DTIEKMPONUMANUS, NPUMEHAIOM UCNbIMAmenbHble KOMNIeK-
Cbl, OCHOBY KOMOPHIX COCMAGAAIOM UMUMAmMopwl d1ekmpudeckux xapakmepucmux COI (MCIII).

Cospemennvie UCIII ucnonvzyrom mooynbHulil RPUHYUN KOHDUSYDPUPOBAHUS, YMO NO3B0Jisen NPOU360-
oumv UCIII pa3znoii mownocmu, HO dHepeemuyecKkue Mooyau UMeom QUKCUPOBAHHbLE ULU pe2yaupyemble
8 Y3KOM OUAna3oHe 4acmom UMneOaHCHble YacmomHble Xapakmepucmuki, 4mo npueoounm K 0epaHudeHuio
munog umumupyemvix CIOI1. Cnabocenue UCIII ceoticmeom pe2yruposanust YaCmMomHvIX XApaKmepucmux
8 WUPOKOM dUanasone yacmom pacuupsem Qynxkyuonansvusie gosmodxcnocmu MCOII, max xax nosgonsem
umumuposamsv ounamuyecxue ceovicmea COII, cooepocawyux BUII pasnvix munos.

Lenvio pabomul s615emes ucciedo8anue u CPABHUMENbHBII AHATU3 MPEX CNOCOO08 Pe2yIUPOBaAHUs UM-
nedaucHuix vacmomuuix xapaxmepucmux (M4X) mooyrna UCOIIL

Cnocobwl peeyruposanus H9X UCIII paccmampusaromes Ha ocHoge e20 0000uénHoll pyHKYUOHATb-
HOU cxeMbl, codepoicawell mamemamuyeckue mooenu yceunumens-cymmamopa (YC), nocredosamenbnozo
Koppexmupyiowezo ycmpoticmea (KY), ycurumens mownocmu (YM), denumens nanpascenus ([H) u na-
epysku (H). B cmamve npogeden ananus apuanmos pecyiuposaHiss UMNReOdHCHbIX YaACMOMHbIX XapaKme-
pucmux UCOII, paccmompenvl mpu cnocoba pezynuposanus H4X: 0sa ¢ naccughvim Koppekxmupyouum
yempoucmeom u 00ut ¢ akmuenvim KY.

B pabome npugeoena umumayuonnas mooenv 8 naxeme MicroCap snexmpuyeckou cxemvl MO0V
HCIII, nposedenvl gb1uuciumenbHule IKCREPUMEHMbL NO KANCOOMY cnocody peeyauposanus MYX UCIII

Ilo pesynvmamam uccredo8anuss peKoMeH008an cnocob koppexyuu u pecyrupoganus U9X UCIII, no-
38ONAIOUWUT PAZOETLHO PeSYIUPO8AMb HUZKOYACMOMHYIO U cpeoHeuacmomuyio obnacmu M4X, umo nosso-
JISlem CYWecmeeHHO YNnpocmums Hacmpouxy u obecnevenue U9IX UCOII ¢ coomeemcmeuu ¢ 3a0anHbIMU
mpebo8aHusMU.

Kniouegvle cnosa: cucmema snekmponumanusl, UMUmamop, UMneoanc, Yacmomudas XapaKmepucmuxa,
pezynuposanue, MOOeIUposaHue.
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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).
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Fig. 1. Functional diagram of the PSSS module:

Wa(s) — transfer function (TF) of the adder amplifier (AA); Wec(s) — TF of the feedforward compensator (FC), ensur-
ing stability and the required quality of transient processes of the PSSS control system; Wyp (s) — TF of a feedback
circuit;

Wxx(s) — PF of the PA in idle mode; Z(s) — internal impedance of the PA; Y;(s) — load admittance

PSSS impedance is described using the following expression:

:Uout(s): Z(s)
Iout(s) 1+Wp(s)’

(1)

Z psss (S )
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where TF of Wp(s) is the TF of the open loop of the PSSS, according to Fig. 1, at excluded Y (s) has
the following form

Wy () =W4(5) Wec (s) Wy () Wyp (s)- ()

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

Z(jo)
1+W, (jo)

1
A

=7Z(o)- 3)

Zpgss (‘0) =

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

1

Zpsss (@)= Z(o)- w,(j0)

: “)

Since the adjustment of the internal impedance Z(w) 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(@) in the low-frequency region is possible only due to the static gain Wp(j0).

In the high frequency (HF) region at ® — oo, in order to ensure the required filtering properties of
the PSSS, the condition: |Wp(w)! « 1 is satisfied, therefore we can write:

1

W zZ((D), (5)

Zpgss (0) = Z(o)-

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 W5 () of the open loop is commensura-
ble with 1, the control of the IFR Zpss(w) (w) is possible mainly by changing the parameters of the FC
TF Wec(s), which, according to (2), is included in the Wp(w) 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 Rgc;, Rrcp and capacitor Cy. Fig. 3 shows the fre-
quency response data of the open loop of the corrected system corresponding to (2).

Puc. 2. IMuTanuoHHas MOJIENb Pa30MKHYTOIO KOHTYpa CKOPPEKTUPOBAHHOM
cucTeMsl ynpasieHus Monyns MCOII

Fig. 2. The open-loop simulation model of the adjusted control system of the PSSS module
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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 Rc1 resistor [14].

The TF of the AA has the following form

(6)

Woa (s)

Upa(5)

where Woa(s) is a TF of an open operational amplifier.

The TF of the FC, according to the electrical diagram (Fig. 2), is

(7
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Fig. 4. The LFC of the adjusted control system of the PSSS module when changing the R 52 resistance
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Fig. 5. The LFC of the adjusted control system of the PSSS module
when changing the Rgc1 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.
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Puc. 6. UUX 3amkryTON cucTeMbI yrpaBneHus moayist MCIII
IIPU U3MEHEHUHU CONPOTUBNIEHUS Ryc2 (criocob 1)

Fig. 6. The IFR of the closed-loop control system of the PSSS module
when changing resistance R,2 (method 1)

The increase of the feedback Ras2 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 Rgc1 resistance, the active component of the IFR
of the PSSS remains constant, and only the mid-frequency (MF) region of the IFR is regulated.

ngfﬂ:, Ohm

100

1K 10K 100K ™
[vioutyi{Ral f, Hz

Puc. 7. T4YX 3amkHyTOM cuctemsl ynpasinenus Moy MCOII npu u3sMeHeHNH COnpoTHBIEHUS Ryl (crocob 1)

Fig. 7. The IFR of the closed-loop control system of the PSSS module when changing the Rgc1 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 Rxs2 the required value of the
active component of the IFR of the PSSS is provided; b) by choosing the value of resistance Rgcl 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 Ra52, the MF region
of the IFR is deformed, which complicates the selection of the value of resistance Rrcl 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 Ras2 resistor and changing the FC parameters by means of the Rgc1 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).

Raat
Urer Raad OP1
+ Rrct UpA
Raad 1 F *
J—D - Rec?
Uvp c1

Raa2

—1

—

Puc. 8. Dnexrpuueckas cxema KY Broporo tuna

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

Rper - C-s+1
W . Fe2 "G
Upa(s) oa(s) (Rpc1 + Reca) € -5 +1
Wrc(s)= TR Ro -C -5 +1 ’ ®)
Uyp () A (). Fe2 "Gy oS 41
Rans + Rano (Rrci + Ry )Gy o +1

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
C 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 Rxs2 resistance and
the Rec1 resistance are changed are shown in Fig. 9 and 10, respectively.

80.000

©0.000

40,000 F

20.000

0.000

_ED'DDD'IK 10K 100K 1M 10

100.000

0.000

-100.000 -

-200.000

-200.000

-400.000

phivicut)v(in)) (Degrees) - f, Hz

Puc. 9. JIUX ckopekTHpoBaHHOH crcTeMbl yripaBieHus Moayiist UCOIT npu u3aMeHeHnu conpoTuBiieHns: Ryc2 (crnocob 2)

Fig. 9. The LFC of the adjusted control system of the PSSS module when changing the Rx42 resistance (method 2)
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Fig. 10. The LFC of the adjusted control system of the PSSS module
when changing the Rpc1 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.
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Puc. 11. MTYX 3aMkHyTO# cucteMs! ynpasieHus Moayis MMCOII npu u3MeHeHUH conpoTHBIeHUs Ryc2 (criocod 2)
Fig. 11. The IFR of the closed-loop control system of the PSSS module when changing the R,52 resistance (method 2)

100 %‘ﬂ q!?fﬂ

100m

10m

100 1K 10K M

{wloutVI{Rel) f; Hz
F (Hz)

Puc. 12. 49X 3amkHyTOH cucteMsl ynpasieHus Moxyas MCOII npu usmMeHeHuu conpotusieHus Ryyl (cmocob 2)

Fig. 12. The IFR of the closed-loop control system of the PSSS module when changing the Rgc1 resistance (method 2)

Fig. 11 shows that increasing the Rx2 resistance decreases the active component of the IFR of the
PSSS, while the inductive component remains practically unchanged. Fig. 12 shows that varying the
Recl resistance changes the mid-frequency region of the IFR and keeps constant the active component
of the IFR.

345



Siberian Aerospace Journal. Vol. 25, No. 3

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 Ry42 resistance and Rgcl resistance,
respectively.

The third method of regulating the IFR of the PSSS is based on changing the Rgcl and Rxs2 resis-
tances of the third type of the AA — active, made on the summing operational amplifier (Fig. 13).
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Fig. 13. The electrical diagram of the third type FC

The transfer function of the scheme is:

_Upsi _ Rupr Rpcy €5+l
Uos  Rana (Rpci+Rupr) Cos+l

Wrc (s) )

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.
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Fig. 14. LFC of the adjusted control system of the PSSS module when changing the R,,2 resistance (method 3)
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Fig. 15. The LFC of the adjusted control system of the PSSS module when changing the Ryl 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 Rgcl

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

Z(f), Ohm

10

100m

Raa2=357Tk

1om

Raa2=187 5k
Raa2=35Tk

Mk 10K 100K Y
wlout)I{Rol) f; Hz

Puc. 16. UUX 3amkHyTOM crctembl yrpasieHust Moayiisi MCOII npu u3mMeHeHnn conpoTuBieHus Ryc2 (crmocob 3)

Fig. 16. The IFR of the closed-loop control system of the PSSS module when changing the Rx2 resistance (method 3)
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It can be seen from Fig. 16 that varying the feedback Ras2 resistance of the OA changes the active
component of the IFR of the PSSS without changing the inductive component of the IFR.
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WoutVI{Ral) f, Hz

Puc. 17. MYX 3amkHyTO# cucteMsl ynpasieHus Moy MCOII npu usmMeHeHuH conpoTusiaeHus Ryl (crnocod 3)

Fig. 17. The IFR of the closed-loop control system of the PSSS module when changing the Rgc1 resistance (method 3)

When varying the Rpcl 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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