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Bce 6onvuee pacnpocmpanenue noayuarom neKmpopeakmughovle (nida3meHHble Ul UoHHble) 08ueamenu
07151 Kopperyuu opoumel Kocmuyeckoeo annapama (KA) u e2o dogvieedenus na 2eocmayuoHaphyio opoumy.
Omo o6ycnogieno boavuieli IKOHOMUYHOCIBIO NIA3MEHHLIX 08ueameneli o CPAgHeHUIo ¢ 08ueamensimy Ha
XUMUYECKOM MONuee.

Ilpu paspabomke naamgopmer KA 6adcnoe mecmo 3anumaem Co2NACOBAHUE DNIEKMPUUECKUX
xapaxmepucmux cucmemol snexkmponumanus (CIIl) u 6opmosvix nompebdbumenei. Imom 6onpoc
ABNAEMCS NO CBOEMY COOEPICAHUIO MedHCCUCEMHOU npobaemoti. Omcymcemeaue 00MHCHO20 BHUMAHUS K ee
CBOEBPEMEHHOMY U NPABUILHOMY DEUEHUIO MOdCem 3ampyOHums pabomy cucmembvl 31eKmponumanus
Kocmuyeckozo annapama. Haubonee eadicHoti nodcucmemotl, KOMOpds OKAa3bleaem CyuecimseeHHoe
enusinue Ha pabomy COIl KA, sensemcs snekmpopeakmusHas 08ueamenvtas NOOCUCHeMd, MAK KaK OHd
a8ngemcsi Hauboniee MOWHOU eOUHOBPEMEHHO KOMMYMUPYeMOU HA2pY3KOU cpedu Opy2ux O0pmoebix
nompebumeneii. [lepexoonvle npoyeccol 8 yensx NUMAHUs, CONPoOBodCcOalouUe KII0YeHUe U OMKIIOYeHUe
ogueamens, Mo2ym OOCMU2AMb 3HAYUMENbHBIX GeUUUH. DIeKmpopeaxmugHslli dgueamens pabomaem
MONLKO 8 C8A3KE CO CAOJICHBIM DNeKMPOHHBIM NPUOOPOM — CUCIEMOl NpeoOpa308aHus U YNpaeieHus
(CI1Y), xomopas npeobpazosvisaem HanpsdjiceHue 6GOPMOBO20 NUMAHUA 6 HAOOp HANPAdICEeHU,
HeobxXooumMblx 01 pabomwl dnemenmos osucamens. [losmomy npu npedsapumenbHOM NPOCKMUPOSAHUU
08UcamenbHoll  NOOCUCMeMbl  HeoOXo0uMO 3HAMb  dAEKMpUHecKue XapaKkmepucmuky nepexoOHblX
npoyeccog u nyavcayuli 8 yensx numanus ceasku ogueamenv — CI1Y kax snexmpuyeckoii naepysku COI1.
Honyuumo pacuemmuvim MemoooMm XapaKmepucmuky maxkoz2o pooa npoyeccos sampyonumenvro. [losmomy
Haubonee pacnpoCMpaHeHHbIM U 0ObEKMUBHbIM MemO0OM NONYYeHUs OAHHOU UHGOpMayuu sIAemcs
akcnepumenmanvhviii. B AO «HUCCy 6vinu npogedenvl UCHbIMAHUS, KOMOPble NO360IUIU UBMEPUMD
XapakmepucmuKu nepexooHbix NPoyeccos u NyIbCcayull npu 3anycke, pabome u OMKIIOYEHUY NIA3MEHHbIX
odgueameneti pasiuyHbIX MUnos, 3anumeisaemvix om coomsemcmeyiowux CIIY. Pabomul npogodunuce na
saxyymuom cmende I'BY-60. B kauecmee ucmounuxa numanus, umumupyioweeo COIII, ucnonvzosancs
MEeXHOI02UYeCKUll UCTMOYHUK. B nacmoswell cmamve npugoosamcs pe3yibmamol uUsMepeHull U aHanusa
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napamempos nepexoOHbIxX npoyeccog u nyavbcayuil
Ha wunax numanuss CIIY Ona Osueameneil u npubopos mpex munos. Dmu pe3yibmamvl ciedyem
paccmampugams Kax npeosapumenvHvie. 1lokazano, umo HaubOIbUUEe CROHCHOCU MO2YM B03HUKHYb
npu SKCNIYyamayuu 8blCOKOMOWHbIX 0gueameneu. Coenan 8b1800 0 MoM, Ymo OJisl KAxicO020 HOB020 MUuna
osueameneti u CIIY yenecoobpasno npoeooumv CMulKOBOUHbIE UCHLIMAHUA 08UAMETLHOU NOOCUCTIEMbL
u cucmemul snekmponumarusi KA.

Knmiouesvle cnosa. nnazmernmwiil ()eueameﬂb, osuzamenvHas nodcucmema, cucmema npeo6pa306anz
Uu ynpaeJjiernusi, nepexodeZe npoyeccosl, mok, Hanpsatcenue, KonebanusL.
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of a spacecraft’s power condition system

Yu. M. Ermoshkin®, Yu. V. Kochev, A. V. Nikihelov, A. V. Pervukhin, R. S. Simanov

JSC Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
“E-mail: erm@iss-reshetnev.ru

Electro-jet (plasma or ion) thrusters are becoming increasingly common to correct a satellite orbit and
perform orbit raising maneuvers to achieve the geostationary orbit. This is due to the greater efficiency of
plasma thrusters compared to chemical ones.

When developing a satellite platform, an important place is the matching up of the electrical character-
istics of the electric power subsystem (EPS) and on-board consumers. Intrinsically, this issue is an intersys-
tem problem. The lack of proper attention paid to find the timely and correct solution of this problem can
complicate the operation of the satellite electric power subsystem. The most important subsystem, which
has a significant impact on the operation of the satellite EPS, is the electric-jet propulsion subsystem, since
among on-board consumers, this one is the most powerful consumer being switched simultaneously. Tran-
sients occurred in the power supply circuits following thruster firing and shut down processes can reach
significant values. An electric jet thruster only runs in conjunction with a complex electronic unit — a power
processing unit (PPU), which converts the voltage of the on-board power supply into a set of voltages nec-
essary for thruster components to run. Therefore, in the preliminary design of the propulsion subsystem, it
is necessary to know the electrical characteristics of transients and ripples in the power supply circuits of
the thruster / PPU combination being an electrical load of the Electric power subsystem. It is difficult to
obtain the characteristics of such processes by the calculation method. Therefore, an experimental method
is the most common and objective method to obtain this information. JSC ISS carried out tests allowing to
measure characteristics of transients and ripples under firing, running and shut down of plasma thrusters
of different types powered by corresponding PPU'’s. These tests were conducted using a vacuum chamber
GVU-60. A test power supply was used to simulate EPS operation. This paper presents the results of meas-
urements and analysis of parameters of transients and ripples on PPU power buses used for thrusters and
devices of three types. These results are considered to be preliminary. It is shown that the greatest difficul-
ties can arise when operating high-power thrusters. It is concluded that for each new type of thrusters and
PPU’s it is advisable to conduct interface tests of the propulsion subsystem and the satellite electric power
subsystem.
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Introduction. At present, electric propulsion (plasma or ion) thrusters for spacecraft orbit correc-
tion and its geostationary orbit before launching it are becoming more widespread in practical cosmo-
nautics. This is due to the greater efficiency of plasma thrusters compared to engines powered by
chemical fuel. Various versions of propulsion subsystems based on propulsion thrusters are being de-
veloped [1-5].

When developing a platform for a spacecraft (SC), coordination of electrical characteristics of the
electric power supply system (EPS) and onboard consumers with significant power is important [6].
Lack of due attention to timely and correct solution of this intersystem problem can create problems
for ensuring the normal operation of the SEP and, as a consequence, the spacecraft as a whole. The
most significant influence on the operation of the SCS is made by the electric propulsion subsystem,
since among all other consumers it is the most powerful one-time switched load.

An electric propulsion thruster works only in conjunction with a complex electronic device - a
Power processing unit (PPU), which converts the onboard power supply voltage into a set of voltages
required for the operation of the engine elements [7—9]. In stationary operation of the thruster and dur-
ing transient processes, there are consumption current ripples caused by the peculiarities of working
process, both in the plasma discharge of thruster and in the PPU [10]. This issue is of particular rele-
vance in connection with the introduction into operation of powerful thrusters intended for additional
launching of satellites from a geo-transfer orbit to a geostationary one [11], since with an increase in
consumption power, influence of propulsion subsystem on the power parameters of onboard Power
System (PS) increases.

Therefore, in the preliminary design of thruster subsystem, it is necessary to know the electrical
characteristics of transient processes and ripplings in the power supply circuits of the thruster - PPU
bundle as an electrical load of the EPS. However, the characteristics of an engine subsystem as an
electrical load have not yet been investigated enough. It is difficult to obtain the characteristics of such
processes by a calculation method. Theoretical studies are hampered by the lack of models that ade-
quately describe the behavior of the thruster - PPU combination. Therefore, the most common and ob-
jective method for obtaining information about the real properties of thruster system is experimental
[12; 13]. Taking into account the significance and relevance of the indicated problem, JSC "ISS" car-
ried out tests that made it possible to measure the characteristics of transient processes and pulsations
during starting, operation and shutdown of plasma engines of several types, powered by the corre-
sponding PPU. The work was carried out vacuum test bench of GVU-60. This article provides the re-
sults of measurements and preliminary analysis of the parameters of transient processes, obtained dur-
ing firing tests of thrusters of different power, used for the tasks of correcting the orbit and additional
launching of spacecraft.

Research object. As an object of research in this work, the electrical characteristics of the thruster
- PPU unit are taken. Thrusters and devices of three types different in power and operating parameters
are considered. The power consumption of the cluster for engines that participated in the tests is given
in Table 1.
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Table 1

Power consumption of engine- PCS combinations for which electrical characteristics were studied

Type of thruster Total system power consumption (engine and PCS), W
1065
1495
3 5050

Test equipment. Studies of transient processes and ripplings during operation of plasma thrusters
were carried out at ISS JSC on the GVU-60 test bench, the basis of which was a vacuum chamber with
a volume of about 80 m3. The characteristics of the test bench are presented in more detail in [14; 15].
The general view of the test bench is shown in Fig. 1. The measurements were carried out in the
course of certification and acceptance tests of the propulsion subsystems for the spacecraft orbit cor-
rection. When the thrusters were operating in the vacuum chamber, an oil-free vacuum was maintained
at a level of about 10 mm Mercury. A technological source was used as a power source imitating the
PS. Simultaneously with the measurement of transient processes and ripplings, the main operating pa-
rameters of the propulsion subsystem were recorded, such as pressure at the exit from the xenon sup-
ply unit, drive, discharge current and voltage, and cathode heating current.

Puc. 1. Ucnerrarensusiii creng 'BY-60.

Fig. 1. GVU-60 test bench

Recording equipment. A TPS2024 oscilloscope, Rohde-Schwarz FSP3 and Hewlett Packard spec-
trum analyzers, and a current converter with spaceprobes were used as recording equipment for study-
ing the electrical characteristics of the engine - PPU combination during tests at ISS.

The characteristics of this equipment are given in Table 2.
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Measuring equipment used in testing.

Table 2

Name

Designation and type

Measurement limits, accuracy class

Oscilloscope

TektronixTPS2024

Measurement range from 0 to 200 MHz,
Discrepancy 4 %

Spectrum analyzer

Rohde-Schwarz FSP3

Measurement range 20 Hz - 3 GHz,
Discrepancy 0,5 nb

Spectrum analyzer

Hewlett Packard

Measurement range 20 Hz - 40.1 MHz,
Discrepancy 1,5 nb

HF current transducer with
probes

TCPA300, TCP305,
TCP303, TCP312

Measurement range 0-100 MHz,
Discrepancy +3 %

Technological power supplies, measurement scheme. A GEN 100-33-1P230 power source with
a maximum output current of 33 A was used as a power supply device during fire tests of type 1 and
type 2 thrusters at ISS JSC. A GEN-125-120-MD-3p400 power supply with a maximum output cur-

rent of 120 A was used to power the type 3 thruster.

The scheme for measuring transient processes and pulsations is shown in Fig. 2. As a measuring

device, current probes were used, which were installed in electrical circuits between the power source
and PPU. To power the PPU, technological cables up to 15 m long were used, made according to the
standard technology for manufacturing of on-board cables.

Power supply

Puc. 2. Cxema u3MepeHHit IEPEXOIHBIX MPOLIECCOB IBUTATENHHOM MOACUCTEMBI MPU OTHEBBIX UCTIBITAHHSIX :

Feed-throught plate

O\
Terminal + \'~

Terminal -

Vacuum chamber

\

N [Teeu TU

Oscilloscope

TC — mpeobpasoBarens cuibl Toka BY m3Mepurtenshsiii ¢ 3ouaamu; CITY — cucrema npeobpa3zoBaHus

u ynpasieHusi; BK — 0ok xoppexuun

Fig. 2. Scheme of the transient processes measurements at the firing tests:
TS — High frequency measurement transducer of a current intensity with probes;

PPU — Power processing unit; TU — Thruster Unit to orbit correction

103



Cubupckuii aspoxocmuueckuil socyprar. Tom 22, Ne |

Feed-throught plate
K Vacuum chamhber

Power supply

N [peu TU

Spectrum
analyzer

Puc. 3. Cxema I/I3M€peHI/Iﬁ nynbcaunf?l TOKa HBHFaTeHLHOﬁ TIOACUCTEMBI IIPYU OI'HEBLIX UCHBITAHUAX

Fig. 3. Scheme of the current rippling measurements at the propulsion subsystem firing tests

Test procedure. The tests were carried out according to the method providing for starting and
stopping the thrusters according to the standard cyclogram. The thruster was started, as a rule, by start-
ing the anode power source (discharge circuit) with a heated cathode, thermal choke, open thruster
valves and an applied ignition voltage. In this sequence, the thruster was started during the growth of
discharge voltage when the power source was started, that is, even before the nominal voltage was
reached. Duration of the thruster operation was varied in the range from 3 minutes to 3 hours. In the
sessions selected for measurements, current and voltage were oscillographic when the engine was
turned on and off, that is, the characteristics of transient processes, and the parameters (peak-to-peak
and frequency) of the ripples were recorded, both in transient processes and in stationary operation.

Measurement results. The results of measurements of currents and voltages at the input of the
PPU (at the output from the technological power source) during starting and stopping of thrusters and
PPU of three types are presented below in Fig. 4-25. To identify the characteristic features of the pro-
cesses and the possibility of comparing similar parameters for thrusters of various types, the parame-
ters are presented in relative units, in fractions of their nominal values.

Transient Processes
Starting and stopping the thruster, type 1
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Starting and stopping the thruster, type 2
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Fig. 7. Starting, type 2. Current and voltage
transient process
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Fig. 10. Stopping, type 2. Current and voltage
transient process

Starting and stopping the thruster, type 3
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Fig. 11. Thruster, type 3. Current consumption
at starting

! nom T
1+

o 01 02

9 18 27 36 45 54 T,s

Puc. 12. [Igurarens, Tun 3. Tok norpeGieHus

IIPY 3aIlyCKe U B CTALMOHAPHOM padore

Fig. 12. Thruster, type 3. Current consumption
at starting and stationary operation
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Fig. 13. Thruster, type 3. Current consumption at stopping
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Ripple
Ripples, thruster type 1
=1 + dBuv
! nom 100
d 0 Wﬂf [Vl g
I
60
‘ 40
20
0 005 oL s 02 T,ms 20Hz 1kHz
Puc. 14. Cranmonapnas pabota JBHUTATENs, TUII 1. Puc. 15. [Igurarens, Tan 1. Criekrporpamma
ITynscammuu Toka. Huzkas uacrora — 29 kI, nyabcaiuii Toka B auanazone 20-1000 I'n
pasmax — 1,2 A
Fig. 15. Thruster, type 1. Current ripples
Fig. 14. Permanent work of thruster, type 1. Current ripples. spectrogram in range 20-1000 H
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Ripples, thruster type 2
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Fig. 23. Thruster, type 2. Current ripples

108



Pazoen 2. Asuayuonnasn u pakemno-KocmMuueckas mexHuxa

to 10 MH

Ripples, thruster type 3
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in stationary mode
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Fig. 25. Thruster, type 3. Current ripples
spectrogram in stationary mode in range 20 H — 30 MH

Analysis of measurement results. According to the data presented above in Fig. 4-25, it is possi-

ble to evaluate the parameters of transient processes when starting and stopping type 1-3 thrusters and

the parameters of ripples. These parameters are presented in Table 3.

Table 3
Characteristics of system PPU- thruster
Characteristics of system PPU- thruster Type of thruster

Transient Processes 1 2 3
Starting
Starting current as a fraction of the rated current consumption 1,13 1,0 1,02
Starting current duration, ms 9 14 16000
Starting current change rate, A/ms 0,1 0,00145 0,005
Stopping
Stopping current duration, ms 1 0,12 0,35
Stopping current change rate, A/ms 0,04 0,15 0,92
Reverse surge amplitude as a fraction of the rated current con- - - 0,412
sumption

Ripples

Starting stage
Low frequency, kHz — — 0,85
Range of fractions of the rated current consumption 0,784
High frequency, kHz - - 25
Range of fractions of the rated current consumption 0,353
Permanent work
Low frequency, kHz 29-30 — 1,2
Range of fractions of the rated current consumption 0-113 0,647
High frequency, kHz 500 27 -
Range of fractions of the rated current consumption 0,113 0,073
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Analysis of data presented in Table 3 shows that the features of the PPU-thruster system signifi-
cantly depend on the type of thruster and PPU used. The following features can be noted:

— starting currents for all three types of thrusters are approximately equal to the rated current

consumption, that is, the starting overshoots are relatively small;

— the rate of change of the starting current for a type 1 thruster is maximum (20—70 times) higher
than for thrusters 3 and 2, but since its value is insignificant, it is possible to expect that this feature
will not be a problem for the spacecraft power supply system;

— thrusters of type 1 and 2 reach an approximately stationary level of current consumption in a
time of the order of 10 s, while a thruster of type 3 is much slower (by about 3 orders of magnitude);

— the duration of stopping current in the order of magnitude for thrusters of all three types is com-
parable;

— the rate of current change at stopping is maximum for the thruster of type 3 and significantly ex-
ceeds that in comparison with thrusters of types 1 and 2, in particular, in comparison with the thruster
of type 1 23 times;

— reverse current surges are characteristic only for a system with a type 3 thruster, while the ampli-
tude reaches 41 % of the rated current consumption;

— when the thruster of type 3 is started, low-frequency pulsations occur, apparently associated with
the peculiarities of the output of this thruster to the nominal mode (perhaps this phenomenon is due to
the development of a plasma discharge with the simultaneous charging of internal capacitive filters in the
PPU). These ripples have a significant range, comparable to the rated current consumption - 78% of rat-
ed current. The duration of this mode is up to 40 ms. High-frequency ripple in this mode also has a sig-
nificant range — 35 % of rated current;

— in permanent operation, the ripple range for type 1 and type 2 thrusters is relatively small and
does not exceed (10-11) % of the rated current consumption. For a type 3 thruster, the low-frequency
oscillation range is higher and amounts to 65 % of rated current.

It should be noted that all the listed characteristics of the thruster -PPU combination as an energy
consumer were obtained without the use of any additional filters and when powered from technologi-
cal sources. When powered from the standard power supply system (PSS) of the spacecraft, the results
may differ depending on the construction of the PSS, power supply circuits, the presence of additional
filters, etc. Therefore, the data obtained are preliminary in nature and require clarification during com-
plex tests of the PSS -PPU-thruster. It is advisable to carry out such tests for each new type of thruster,
control device and power supply. At the same time, despite the preliminary nature, the results ob-
tained are of interest in the integrated design of spacecraft systems since they give a general idea of the
electrical characteristics of one of the most powerful onboard consumers. As follows from the above, a
system based on a type 3 thruster presents the greatest difficulty in linking it with the spacecraft power
supply system, due to the significant switching power, reverse current surges during stopping, a signif-
icant range of ripple amplitude both at starting and in permanent operation, which requires a search for
optimal connection schemes and control algorithms for the thruster subsystem.

Conclusion. The results of experimental studies of the electrical characteristics of the thruster-PPU
combination for three types of equipment are presented. The parameters of transient processes when
starting and stopping thrusters have been determined, as well as the parameters of ripples, both in
permanent operation and during transient processes. It is shown that the greatest difficulties can arise
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during the operation of high-power thrusters. In particular, the starting current for the thruster can be
up to 100% of the rated current with the duration of reaching the permanent mode up to 16 s. There is
a reverse surge current when the thruster of this type is stopped. The rate of change of current when
the thruster type 3 is stopped is maximum, the range of low-frequency ripples in permanent operation
is up to 65% of the rated current. The results obtained are important in the integrated design of space-
craft, in particular, when coordinating the parameters of the power supply system and the correction
system. The expediency of complex tests of the PSS-PPU-thruster for each new type of thrusters, con-
trol and power devices is noted.
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