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Abstract: Results of development and experimental tests of Hall-effect Thruster ST-25 are presented. This thruster
is intended for application on small space vehicles. With the purpose of decrease of input electric power in the
magnetic system of the thruster a permanent magnet is applied. The permanent magnet is located at the base of
the central magnetic core. The permanent magnet provides most of the magnetic induction in the
accelerating channel of the thruster, while the side magnets provide precise magnetic field adjustment.
Laboratory testing of the ST-25 thruster were realized with application of the preheated hollow cathode
which is operated in auto mode at the discharge current 0.5 ... 0.9 A. In the process of developing the
thruster, its laboratory tests were carried out with a laboratory prototype of the Xenon system for
storing and supplying a working substance. The laboratory supply system provided the supply of the
working gas to the anode unit 0.65 ... 0.90 mg /s and 0.07 ... 0.10 mg / s to the hollow cathode. The
characteristics and parameters of the thruster were obtained using a discharge power supply that has
the properties of a voltage source and a power source. The discharge power supply is the part of the
flight prototype of the power processing unit. Laboratory tests have confirmed the rightness of the technical
decisions stopped up in the structure of the thruster. Methodology of the thruster ST-25 start at the use of
preheated cathode and flying prototype of the discharge power supply were improved. Possibility of application
of such type of Hall Thrusters on space vehicles with the size of on-board electric power of that is limited to the
size 200 - 300 W were confirmed.
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MAGNET, LABORATORY TESTS OF THE HALL THRUSTER, FLYING PROTOTYPE OF THE ELECTRIC
POWER SUPPLIES, DISCHARGE VOLTAGE STABILIZATION, DISCHARGE POWER STAILIZATION,
PARAMETERS OF THE HALL-EFFECT THRUSTER.

XOJIJIOBCKHM JIBUTATEJIb ST-25 C HOCTOSIHHBIM MATHUTOM
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Annorauus: [IpuBeaeHbl pe3yJibTaThl pa3paéoTKU U IKCIIEPUMEHTAIbHBIX UCIIBITAHU X0J1JI0BCKOT0 ABUTraTeJIst
ST-25, nmpenHasHa4YeHHOTro s NMPHMEHEHHs HAa MaJbIX KocMu4YecKnx ammapartax. C meJbi0 CHHKEHHS
norpedJisieMoii JBMrarTejeM JJeKTPUYECKO MOIIHOCTH B MArHMTHOH cHcTeMe [BUraTeilss Hapsily ¢
3JeKTPOMATHUTOM TPUMeHeH TOCTOAHHbI MarHMT. I[lOoCTOAHHBINi MarHMT pacHoJio’kKeH Yy OCHOBaHUS
HeHTPAJIBLHOT0 MATHUTONPOBOAA. [locTOSIHHBII MAarHUT o0ecneynBaeT HOIBIIYI0O YaCTh HHAYKIHHA MATHUTHOTO
Mol B YCKOPHUTEJHLHOM KaHaje [BHUraTessi, a OOKOBble MArHMThI 00eceYMBAIOT TOYHYI0 PeryJUpPOBKY
MATHUTHOTO moJjs. JlaGopaTopHble MCHBITAHUS ABHUraTesisi MPOBOAMJINCH € HAKAJbHBIM KaTOAOM, KOTOPBIii
padoTaer B aBTOpexknMe npu Toke paspsga 0.5 ... 0.9A. B npouecce oTpadoTKH ABHraTesl ero JIabopaTopHbIe
HCNBITAHUS NMPOBOJAMINCH C J1a00pPATOPHBIM NPOTOTHIIOM KCEHOHOBOH CHCTEMBbI XpaHEHHUS] U NMOJa4u padouero
BelecTBa. JlaGopaTopHasi cucTeMa mojayu odecneynsa mojaavyy paéodero raa (KCeHOHa) B aHOJAHBIN 010k 0.65
«... 090 mr\c m 0.07 ... 0.10 mr\c B moabIii KaTol. XapaKTePUCTHKH M MapamMeTpbl ABHIaTe/sl MOJy4YeHbl MPH
HCMOJb30BAHNH MCTOYHHKA YJIEKTPONMUTAHUS Pa3psaa, 00/1a/1al0Mero CBOMCTBAMH MCTOYHHKA HANPSIKEHHUS] U
HCTOYHHMKA MOIIHOCTH. MCTOYHUK 3J1eKTPONUTAHMA pa3psia BXOAUT B COCTAB JIETHOr0 NMPOTOTUIA CHCTEMBbI
npeodpazoBanusi JHeprum. Pe3yabTraThbl J1a00paTOpPHBIX MCObITaHMI aABUrarteasi ST-25 moarBepaniIn
MPABUJIbHOCTH TEXHMYECKUX PellleHMii, 32JI0)KeHHBIX B KOHCTPYKIMIO ABUTraTessi. Boliia orpadorana meroauka
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3amycka asurareass ST-25 nmpu HCNoJIb30BAaHHH HAKAaJABHOTO KaToJa M JIETHOTO NMPOTOTHNA HCTOYHHMKOB
snexkTponuTanus. IloaTBep:kaeHa BO3MOMKHOCTh NPHMEHeHHs TAaKOro THNa XOJUIOBCKHMX ABHraTeseil Ha
KOCMHYeCKHX annaparax, 00pTroBasi 3JIeKTPHYeCKasd MOLIHOCTh KOTOPBIX orpanuyena seanuunoi 200 — 300 Br.
Kmiouessie cioBa: XOJIJIOBCKHUM JBUTATEJb, MATHUTHASI CHUCTEMA XOJIJIOBCKOI'O
JIBUTATEJISI, TIOCTOSAHHBIA MATHUT, JIABOPATOPHBIE MCIHBITAHUS XOJIJIOBCKOI'O
JIBUTATEJIS, JIETHBIA TIPOTOTHUII MCTOYHUKOB DJEKTPOIIMTAHUS JIBUTATEJIA,
CTABMJIM3BAIIA HAINPAXKEHUA PA3PAIA, CTABWIM3ALIMA MOIIHOCTHU PA3PAJIA,
ITAPAMETPBI XOJIJIOBCKOI'O IBUT'ATEJISA.

XOJIJIOBCBKHM ABUT'YH ST-25 3 HOCTIMHUM MAT'HITOM
J1.K. Boponogscekuiil, C.M. Kynarin?, B.B. Macnos!, O.M. Ilerpenko?, C.B.Tomox?
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Anortanis: HaBeaeHo pe3y/bTaTH po3po0KH Ta eKCIMEPUMEHTAJBHUX BUNPOOYBaHb X0I0BCHKOro ABUIryHa ST-
25, NpU3HAYEHOro /Ui BHUKOPHCTAHHA Ha MAaJUX KOCMIYHMX amnaparax. 3 MeTOI0 3HUKEHHS eJIeKTPU4YHOL
NMOTY>KHOCTI, 110 CNOKMUBAEThCA, B MATHITHIll cMcTeMM ABHUryHa BUKOpPHUCTaHUH moctiiinni Marnit. Iloctilinmii
MATHIT pO3TalIOBAHMIl OlJIsI OCHOBH LIeHTpPaJbHOro maruironposoay. Ilocrilinnii marnit 3a0e3neuyye Oinbiny
YACTHHY iHAYKUII MATHITHOTO MOJISl B IPMCKOPIOI0YOMY KAaHAJIi IBUIyHA, a 00KOBi MarHiTu 3afe3ne4ylThb TOYHe
peryJloBaHHsl MArHirHoro moJis. JlaboparopHi BUnpo0yBaHHsl IBUIYHA NPOBOJMJINCH 3 HAKAJBLHHUM KATO/AOM,
SIKMii Mpanoe B aBTOpe:kuMi mpu crpymi pospsaay 0.5 ... 0.9 A. B npoueci BinmpamoBaHHs JIBHI'YHA iioro
JadopaTopHi BUNIPOOYBaHHS NPOBOAWJINMCH 3 J1a00PATOPHUM NPOTOTHIIOM KCEHOHOBOI cMcTeMHU 30epiraHHsi Ta
noaavi po6ouoi peuosunu. Jlaboparopua cucrema nogaui 3ade3nedyuiia nogayy podo4oi peyoBUHU (KCEHOHY) B
a”HoaHui 6s0k 0.65 ... 0.90 mr/c i 0.07 ... 0.10 mr/c B mouii kaTtod. XapaKTepUCTHKHU Ta MapaMeTPH JIBHUIYHA
OTPHUMAaHI 3 BUKOPHUCTAHHSAM /IZKepesia eJIeKTPOKMBJICHHSI PO3PAY, IKHi Ma€ BJIACTHBOCTI JxKepesia HANPYTH Ta
JKepesa MOTYKHOCTi. [Iikepesio e1eKTPOKUBJIEHHS! PO3PSIY BXOAHMTH /0 CKJAIY JIbOTHOIO MPOTOTHILY CHCTEMHU
neperBopeHHsi eHeprii. Pe3yiabraTn saGoparopHux BUNpoOyBaHb ABMryHa ST-25 miaTBepaniu npaBWIBHICTH
TeXHIYHHMX pillleHb, siki 0yJI0 3akJaJleHO B KOHCTPYKUil0 ABuryHa. Byna BigmpanboBaHa MeToaMka 3amycky
aBuryHa ST-25 npu BHKOPHMCTaHHI HAKAJBHOIO KaTOAY Ta JIbOTHOIO NPOTOTHMILY AKepes eJeKTPOKHUBJICHHS.
inTBepakeHa MOMIUBICTH BUKOPUCTAHHSI TAKOr0 THUNY XOJUIOBCHKHH JABUIYHIB Ha KOCMIYHHX amnaparax,
0OpTOBA €JIEKTPUYHA MOTYKHICTH SKUX 00MexkeHa BesmuuHoo 200 — 300 Br.

Kmouosi ciosa: XOJJIOBCHKUI JTBUI'YH, MATHITHA CUCTEMA XOJLJIOBCHKOI'O JBHUI'YHA,
HOCTIMHUIA MATHIT, JABOPATOPHI BUIIPOBYBAHHS XOJIJIOBCBKOI'O JIBUT'YHA, JIbOTHUM
nPOTOTUIT J’)KEPEJI EJIEKTPOKHUBJIEHHSI JABUI'YHA, CTABUIM3AIIA HAIIPYI'U PO3PANY,
CTABLIIBALIA TOTYXKHOCTI PO3PANY, TAPAMETPU XOJIVIOBCBKOT'O IBUT'YHA.

Introduction mass, as a result of which the level of electrical

Electric propulsion thrusters (EPT) are energy on board the spacecraft does not exceed
widely used on spacecraft vehicles (SC) for 400 - 500 W, and no more than 200 - 300 W of
solving the problems of orientation and electrical power can be allocated for electric
stabilization, maintaining and changing the propulsion thrusters. [2].
parameters of the orbit, SC deorbiting after the
end of the spacecraft mission. Formulation of the research problem

The most widely used EPTs are the M- Design of the electric propulsion thruster
70 and SPT-100 thrusters, developed by EDO with power consumption in the range 200 —
“Fakel” (Kaliningrad, Russia) [1]. These 300 W. Laboratory testing of designed thruster
thrusters have a power consumption of 660 - at two regimes of the discharge power supply
1200 W and are used on spacecraft that have a operating a) with discharge voltage
sufficient amount of electrical power on board. stabilization; b) with discharge power

At the same time, the current stage of stabilization. To determine the main static
space technology development is characterized characteristics of the thruster for both regimes
by a significant decrease in the spacecraft of the discharge power supply operation. As
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results of the thruster laboratory testing to
determine the optimal regimes of the electric
propulsion thruster operation.

Solution of the research problem

For solution of the electric propulsion
thruster design with small power consumption
for small spacecraft, one of the Hall-effect
thruster variant was chosen. That is Hall-effect
thruster with the insulation-accelerating
channel, in which axial electric and radial
magnetic fields were realized — ST-25.

Specific of the ST-25 structure is using
the permanent magnet in central core for
decreasing electrical power for creation the
radial magnet field in the thruster acceleration
cannel [3]. The permanent magnet is
manufactured from material SmCo, point
Curie of which is in the range 810 ... 900°C,
that is why such magnet can be used at the
working temperature about 350°C. As outer
electromagnets four traditional electromagnet
are used. The stable current for these
electromagnets is used from separate power
supply. General view of the ST-25 thruster
with the hollow cathode is presented on fig.1.

Figure 1 — General view of ST-25
Hall thruster (with cathode)

ST-25 thruster consists of annular
discharge channel and magnetic system which
create the radial magnet field. Working
substance (Xenon) is feed into anode which is
located at the acceleration channel bottom. An
arc discharge is created between anode and
outer hollow cathode in the acceleration
channel. lons, which are born as result of arc
discharge in acceleration channel, are
accelerated by axial electrical field. The flow
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of accelerated ions is neutralized by electrons
which are moved from hollow cathode. In this
way behind the thruster cut the neutral atoms
flow of working substance is forming which
determined the value of the thrust.

For the ST-25 thruster the preheated
hollow cathode was designed and developed. It
insures keeping arc discharge in the thruster
acceleration channel and neutralization of the
ion beam. The hollow cathode working current
which keeps auto regime operation is 0,6...1,0
A, the value of the hollow cathode mass flow
rate is in the range 0.06...0.10 mg/sec.

Laboratory testing of the thruster

ST-25 thruster laboratory testing was
carried out in the testing laboratory of SETS
(Dnipro, Ukraine) with using the experimental
facility, consists of the vacuum chamber, the
laboratory storage and feed system, flight
prototype of the power-processing unit and
laboratory instrumentation rack. General view
of the experimental facility is presented on
fig.2.

Figure 2 — General view of the experimental
facility for ST-25 testing



The vacuum chamber was equipped by
turbomolecular pump, which provides the
vacuum 1-10° Tor at absence of the working
gas mass flow rate and value 2-10™ Tor at the
maximal mass flow rates into anode and
hollow cathode. Inside of vacuum chamber the
devise for measurement of the thrust level is
located. This devise can be used for
measurement of the thrust in the range 0.0 ...
20.0 mN. The error of the thrust measure is
about + 5% from maximal value.

Laboratory Xenon storage and feed
system (XFS), which was used for feeding the
working gas into anode unit and hollow
cathode. It consists of the tank with Xenon, the
reducer, manometer and devises of control and
measurement the mass flow rate (fig. 2).
Referenced values the mass flow rates into
anode unit and hollow cathode are determined
by devises F-201CV Bronkhorst Company.

Figure 3 — Laboratory storage and feed system
for ST-25 testing

Flight prototype of the power-processing
unit for ST-25 thruster (PPU) includes the
power supplies: discharge, electromagnet,
heater and keeper of cathode and supplies
insured the storage and feed system operation.
Electrical scheme connection of ST-25 thruster
to power processing unit and XFS is presented
on fig. 4.

On this figure such notations are used:
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Ud — discharge voltage;

lem — electromagnet current;

Ih — current of the cathode heater;

Uk — voltage of the cathode keeper;

m1 — mass flow rate into anode unit;

m2 — mass flow rate into hollow cathode.
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Figure 4 — Scheme connection of ST-25
thruster to power-processing unit

Laboratory testing of the thruster was
carried out by two stage. At the first stage ST-
25 thruster was tested with the discharge power
supply operating in regime discharge voltage
stabilization; electromagnet current supply and
voltage supply of the keeper hollow cathode.

During the first stage of testing following
characteristics of the thruster were determined:
dependency the thrust from discharge voltage
and discharge power at the fixed levels of the
anode mass flow rate; the thrust from anode
mass flow rate at fixed levels discharge voltage
and also the value of specific impulse from
discharge voltage.

Discharge voltage was changed in the
range 150 ... 250 V; mass flow rate into anode
unit was changed in the range 0.5 ... 0.9 mg/s;
mass flow rate into hollow cathode was kept at
level 0.07 mg/s: discharge power in anode unit
was changed in the range 70 ... 270 W.

The graphs of the  obtained
characteristics of the ST-25 thruster at using
discharge power supply with voltage

stabilizing on Fig. 5 — Fig. 8 are presented.
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Figure 6 — Dependence of the thrust from mass flow rate into anode unit
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Figure 7 — Dependence of the thrust from discharge power
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Figure 8 — Dependence of the specific impulse from discharge voltage

It’s known [4], the Hall-effect thruster
parameters and characteristics which are
obtained with using the discharge voltage
supply can be strongly differenced from
parameters and characteristics obtained with
using the discharge power supply. That is why
during the second stage of the ST-25 testing
flight prototype the discharge power supply
was used. This discharge power supply is as
component of the PPU flight prototype and
insures the discharge power stabilizing.
General view of the discharge power supply
which was used during the second stage the
thruster testing is presented on fig. 9. General
technical parameters of this discharge power
supply is presented in Table 1.

Figure 9 — The discharge power supply flight
prototype general view
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Table 1 — Parameters of the discharge power
supply flight prototype

Parameters Value
Input voltage, V 20...36
Maximal input power, W 400
Maximal discharge 300
power, W
The range discharge 50...400
voltage, V
Regimes of stabilizing Voltage/

Power

Efficiency, % > 05
Mass, kg 3.5
Dimensions, MM 220x150x75

In results of the ST-25 thruster testing
using discharge power supply insured
discharge power stabilizing dependences the
thrust from anode mass flow rate and discharge
power; the specific impulse and efficiency
values from disgorge power are obtained. The
graphs of correspondent  experimental
dependencies are presented on Fig. 10 —
Fig. 13.



12,00

10,00

8,00

Thrust, mN

6,00
4,00
2,00

0,50 0,60 0,70 0,80 0,90 1,00

Anode mass flow rate, mg/s

Figure 10 — Dependence of the ST-25 thrust from anode mass flow rate
at the discharge power stabilizing
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Figure 12 — The dependence of the ST-25 specific impulse from discharge power
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Figure 13 — The dependence of the ST-25 efficiency from discharge power

In frame of the ST-25 laboratory testing
alongside with the static characteristics

determining the cyclogram of the thruster
starting was developed. Typical cyclogram of
the thruster starting is presented on Fig. 14.

- _
Figure 14 — Typical cyclorama of the ST-25
starting

As a result of the Hall thruster ST-25
with a permanent magnet as part of the
magnetic system design and laboratory
investigation, the main technical parameters
were obtained and given in table. 2.

Laboratory testing of the thruster have
shown that when it is operating with a power
consumption of 150 - 200 W, the consumption
of electrical energy for the operation of
external electromagnets does not exceed 10 W
and are used only for precision regulation of
the magnetic field induction in the accelerating
channel of the thruster. The main role in
creating the required value of the induction of
the radial magnetic field is played by the
permanent magnet.
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Ta6auna 2 — [lapamerpsl aBuraress ST-25

Parameters Value
Input power, W 150 ...200
Discharge voltage, V 200 ...260
Electromagnet power, W <10
Power of cathode heater, W <50
Anode mass flow rate, mg/s | 0.65...0.90
Cathode mass flow rate, 0.07 ... 0.10
mg/s
Thrust, mN 7...11
Specific impulse, s <1200
Thrust efficiency, % <30
Cost of the thrust, W/mN 19...21
Mass of the thruster, kg 0.75
Dimensions (without 79X79x79.5
cathode), mm
Lifetime (estimation), hr. 3000

Scientific novelty

1. The conducted research of the Hall
thruster ST-25 confirmed the effectiveness of
using a permanent magnet as part of the
magnetic system, as a result of which it was
possible to significantly reduce the power
consumption of the thruster.

2. The optimal parameters of the Hall
thruster ST-25 have been obtained, which
correspond to the parameters of the thrusters
developed by the world's leading companies.

3. It has been proved that there is a direct
dependence of the ST-25 thrust value on the



mass flow rate of the working substance
through the engine anode. In this case, the
magnitude of the engine thrust does not depend
on the change in the flow rate of the working
substance through the hollow cathode.

4. For the first time, experimental studies
of the Hall thruster were carried out, which
made it possible to compare its parameters
obtained using voltage stabilization and
stabilization of the discharge power.

5. For the first time, the technique of
starting the Hall thruster using a hollow
filament cathode and stabilization of the
discharge power was developed. The resulting
method of starting the engine is used in the
propulsion system control algorithms.

Conclusions

As a result of the research carried out by
the Hall motor with a permanent magnet and a
filament cathode ST-25, developed by Space
Electric Thruster Systems, all the tasks were
completed and the possibility of using this type
of engine on spacecraft was confirmed, the
onboard power of which is limited to 200 - 300
W.
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