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Pulsed FEEP: New Experimental Results
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The experimental characterization of the response of FEEP to variations in time of the applied voltage is of the greatest
interest in view of the envisaged applications of this thruster. In particular, the proposed Italian scientific mission GG-FEEP 2

features FEEP for drag-free control of a spinning spacecraft The design of the drag-free controller of GG-FEEP2 requires a
detailed knowledge of the dynamical response of FEEP. In particular, the ion emission rise time, Le. the lag between the
application of voltage at the electrodes and the full development of steady state thrust, must be carefully investigated. Likewise,
the dependence of rise time upon the voltage step size is to be evaluated. To this end, a dedicated high voltage power supply has
been designed and manufactured at Centrospazio. This device is capable of delivering a pulsed high voltage to the thruster
accelerator electrode, in the form of a square wave with a verysteep rise and decay.The pulses are in the 0.1 Hz+100 Hz range,
and the pulse duty cycle can be varied between 10% and 90 %. The pulsed power supply has been used to perform a series of
tests on 3 cm long emitters, covering a wide range of voltage, frequency and duty cycle combinations. The emitters investigated
are sized for the 100 N thrust range. The main result of the test is that the emission rise and fall time is not in excess of 8 ms
at any thrust leveL

Introduction

intended to check the equivalence principle, Le. the numeical

S HE use of FEEP for drag compensation onboard scientific ientity ofinertial mass and gravitational mass, with an accuracy

satellites is presently regarded as the most promising area of of 1 part in 106. This can be achieved by observing the

future application of this propulsion technology. Among other displacement of two cylindrical, coaxial test masses, located

envisaged mission which would benefit of the capabilities of onboard a small satellite in equatorial orbit at about 500 km

FEEPatmicronewton thrustlevel theproposedItalianscientific altitude. As the spacecraft that hosts the proof masses is spun at

mission GG-FEEP2 will feature FEEP for drag-free control of a 5 Hz relative to the direction of the gravitational field of the

spinning spacecraft This mission (Galileo Galilei - Flight Earth, a possible violation of the equivalence principle will be

Experiment on the Equivalence Principle with Field Emission sensed as a relative displacement of the masses, ar d will be easy

Electric Propulsion), proposed by a team led by researchers of to discriminate from the backgroundacceleration noise due to its

the Department of Mathematics of the University of Pisa, is 5 Hz frequency signature. However, since the satellite must be
drag-free, ie. must provide a counteracting force to balance the

perturbing actions of the residual atmospheric drag and the solar
t Professor, Dep tment of Aeswpace Engineering Director CENTRO

SPAZIO, Pisa, haly member AIAA, E.P. tecdical cmmitee. radiation pressure, thethrusters havetopulseatthespin frequency

^Proje Manager er AIA in order to generate the required force.
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ne design of the drag-free control system for this mission on a 10 W CMOS switching convener , equipped with a
requires a comprehensive study of the thruster behaviour. In MOSFETpush-pullpowerstage(theoveral dergn ofthepower
addition to the steady operanon charactestics of the thrster. supply is detailed in [4]). Its majorcharactienricsaresummarized
which are already quite well known, such issues as the ion in the following table.
emission rise time, Le. the lag between the application of voltage

at the electrodes and the full development of thrust, must be

carefully investigated Input voltage 25 + 48 VDC
In view of therequirements of GG-FEEP,theexperimental Output voltage 0 + -8 kV

assessment of the pulsed mode performance of a miconewton Max output current 125 mA
FEEP system has been undertaken. Along with the existing Switching frequency variable. 2 kHz + 30 kHz
vacuum facility, the most important component of the Nominal rise and decay time < 2 ms

experimental setup is a dedicated high voltage power supply,
which has been designed and manufactured at Centospazio. HV Power Supply Specifications
This device is capable of delivering a pulsed high voltage to the

thruster accelerator electrode, in the form of a square wave with This device is capable of delivering a pulsed high voltage to
a very steep rise and decay. The pulses are in the 0.1 Hz - 100 the accelerator electrode in the form of a square wave with a very
Hz range, and the pulse duty cycle can be varied between 10% steep rise and decay. The pulse frequency can be selected in the
and 90 %. In another operational mode, the same device can 0.1 + 100 Hz range, and the pulse duty cycle c-m be varied
produce a continuous, sinusoidal wave at high voltage, with between 10% and 90%. Moreover, the HV level can be finely
variable frequencyin the 2kHz+ 20kHzrange. The high voltage adjusted in the 0 + -8 kV range and a DC bias can be added.
level can be finely adjusted in the 0+ -8 kV range and a DC bias The switching converter has been designed to give acceptable
can be added- performance in a wide range of switching frequencies. This

capability has been implemented to have the possibility of using

the power supply in an quite unusual operational mode, i.e. for

Experimental Setup producing a continuous, sinusoidal wave at high voltage, at a

frequency variable by the user in the 2 kHz +20 kHz range. The
This experimental work was carried out in Centrospazio's investigation of the behaviour of the FEEP thruster supplied at

IV1 vacuum chamber, recently updated to make possible such a high frequency is interesting in view of the possibility of
comprehensive testing of the whole FEEP system, including the using a simplified power conditioning unit for FEEP application
thruster, the neutralizer and the propellant feeding system. It not requiring thrust fine control. If the predicted low pass filter
consists of a stainless steel cylinder, approximately 1.7 m long behaviour of the emitter is confirmed by the experiments, then
and 0.6 m in diameter, with a volume of 0.5 m3. A large the power conditioning unit could get rid of the final rectifying
experimental flange is situated on the front end of the chamber and smoothing stages, this leading to a saving in mass of the
and hosts the thruster experimental assembly, which in this case electronics.
comprised a 3 cm long FEEP emitter, a casium chromate

propellantfeedingsystemandaczsiumplasmabridgeneutralizer The electrical arrangement of the pulsed tests is shown in
(furtherdetailsonthesedevicescanbefound in[1],[2]and 3]). Fig. 1; the H.V. signal of the accelerator electrode and the
The chamber is equipped with a turbomolecular pump and a emission current, measured via a shunt resistor, were recorded
cryopump; the ultimate pressure is in the range of 108 + 10-9  with a digitizing oscilloscope (Tektronix 2221A). These tests
mbar. were carried out on a stainless steel emitter 3 cm in length, with

Anew breadboard high voltagepowersupply forlaboratory a slit height of 1.8 pm, provided by ESTEC. During the same
pulsed testsofFEEPwasdesignedandrealized in the framework experimental campaign, other tests were performed, including
of the collaboration programme within Centrospazio and the continuous emission tests [3], neutralization tests [2] and plume
Department of Electronics of the University of Pisa. It is based diagnostic tests with Langmuir probes [5].
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Fig. 1 - Pulsed Test CIrculLIl Arrangement
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Fig. 2 - Pulsed mode test (1 Hz, V, --6.0 kV, V = -1.0 -4.0 kV). Fig. 3 - Pulsed mode test (1 Hz, V, =6.0 kV, V = -1.0 + -4.0 kV).

Experimental Results cursors), and can be estimated in 4.5 ms. This is, therefore, the

delay associated with the high voltage supply performance and

A pulse train at 1 Hz pulsing frequency is shown in Fig. 2. wi eth rustercabling.Thecorrespondinggraphoftheemission

The lower trace is a recording of the high voltage supplied to the current shows a rise time of about 6 ms, i.e. slightly longer than

accelerator electrode, pulsing between -1 kV and -4 kV. The the voltage rise time.

upper trace is the ion current emitted by the FEEP thruster. All Moreover, it is to be noticed that a small delay in the thruster

over the test, the emitter voltage was kept at a constant level V. response is due to the presence of a voltage threshold for the

= 6 kV. This is representative of the foreseen operational mode onset of the ion emission. This is due to the intrinsic, quantistic

of the thruster. In fact, the electrical power associated with the mechanism of field emission, that requires the electric field on

accelerator circuit is about 10 to 100 times less than the power the liquid metal surface to exceed a threshold value for emission

associated with the emiter circuit; therefore, it is easier to to take place. Thus, the ion emission cuirent will proportionally

perform all the necessary voltage controls (pulsing and follow the voltage signal, provided that the total voltage is above

modulation) at the accelerator, as the emission current depends the threshold, i.e. if the emitter is already activated. For this

on the total voltage difference between the electrodes only, and reason, it is envisaged not to turn off the emitters during the

not on its distribution. A good level of reproducibility of the operational phases, for those missions that require a prompt

pulses can be observed, thrustresponseatany time (drag-free controllers). The threshold

An enlarged view of the same picture is shown in Fig. 3 voltagefortheemitterusedwasevaluatedduringother,continuous

Swhere a detail of the pulse train is depicted. The accelerator mode tests that were run in parallel resulting in Ve + IV,I = 7.5

voltage rise time is clearly shown (by the location of the scope kV, as it can be seen in Fig. 4 where a I/V characteristic curve

representative of these tests is shown.
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Fig. 4 -IV characteristic curve Fig. 5 - Pulsed mode test (1 Hz, V -5.0 kV, V = -1.0 -5.0 kV).
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Fig. 6 - Pulsed mode test (10 Hz,V. --6.0 kV,V, = -1.0 + -5.0 kV). Fig. 7 - Pulsed mode test (5 Hz, V, =6.0 kV, V. = -1.0 + - 4.0 kV).

Fig. 5 shows a 1 Hz pulse train at the following voltages: Fig. 7 shows a test at 5 Hz and with the following electrode

voltages:
V. = -1 + -5 kV;

- -- ---- I

Ve=+5kV. V =-l+ -4 kV;

, = +6kV.

As can be seen by a comparison with Fig. 2, the pulsed ion
current values do not depend appreciably on the distribution of The delay between the accelerator voltage and the emitter
the total voltage difference between the electrodes. current during the pulse rise transient is clearly visible. The time
Fig. 6 shows a 10 Hz run at lag is about 2 ms.

Fig. 8 presents a complete pulse period, drawn from the
V, = -1 + -5 kV; same 5 Hz test of Fig. 7. It can be easily seen that the emission
Ve = +6 kV. current follows the accelerator voltage quite well during the

switch-off transient On the other hand, the decay time of the
The accelerator voltage rise time, 2.5 ms, is shorter than in the command signal (Va) is quite long (7 ms). Similar results were
previous case, while the ion current rise time is about 5 ms. obtained raising the frequency up to 10 Hz (Fig. 9). Moreover,

I



L .L

_* - 2 -- I
^ - t - - 1. 1 -STj*- -- ^

P~j~i~7T P KD C 2 -- M

' _ I _ I _ .i

Fig. 8 - Pulsed mode test (5 Hz, V -6.0 kV, V, = -1.0 + - 4.0 kV). Fig. 9 - Pulsed mode test (10 Hz,V--6.0 kV,V, = -1.0 + - 4.0 kV).
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Fig. 10 - Pulsed mode test (18 kHz, V= 6.0 kV) Fig. 11 - Pulsed mode test (18 kHz, V.= 6.0 kV)

both pictures show the usual ion current delay. It is believed that ion current takes not less than 5 ms to reach a steady value. It is

the decay time is strongly affected by parasite capacitance of the believed that this could be an intrinsic feamre of the ion emission

S thrustercabling, which was quitelong (about2 m) forunavoidable process.

facility arrangement reasons. Future tests will make use of a In conclusion, it is interesting to note the absence of current

more advanced power supply that will be hosted inside the delay in some of the previous tests (the ones with V, = +6 kV,

. ...i! -- - --- :. . .._ .. _ _ _ _ , _ ..

vacuum chamber, at a very short distance from the thruser, in a V mm = -2 kV). In those cases, the minimum total potential

situation which will be much more representative of a real difference between the electrodes (8 kV) was larger than the

satellite arrangement threshold voltage (7.5 kV), and the ion emission was already

A high frequency test is shown in Fig. 10. This was a sort of developed, although at a minimum, idle value.

t ' : - q U - q ''+I--l - !- l m 'I!'- --- . . . . -- , . .. ,

"nested" pulse test, as the accelerator voltage was pulsed at 1 Hz

between -2.0 kV and a high voltage value varying at 18 kHz

between -2.5 kV and -4 kV. Thus the overall expected effect is Conclusions

a 1 Hz, almost square waveform. In effect, the thruster behaviour

Sis very similar to the low frequency, rectified case. Fig. 11 A series of experimental tests on a 3 cm FEEP thruster has

depicts a dtail of the recordeddata.showing the rise times ofthe been performed, using a newly developed high voltage pulsed

two signals. Again, the voltage rise time is about I ms, while the powersupply. This firstseriesoftests,which havebeen undertaken
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as an autonomous activity under internal funding, was aimed at 6. Genovese, A., Marcuccio, S., Repola, F., Andrenucci, M.,
investigating the rise and decay time of theion current when the "Pulsed FEEP ara ztion of the Emitter Staing Proce-

dure", Final Report, ESTEC Contract No. 7517/87/NL/PH-
thruster is operated in pulsed mode. As a result, it can be Rider 1, Pisa, Italy, 1992.
concluded that the previously reported value of 30 ms for the

emission rise time is not correct, the delay being essentially an Pe7forcance of Continuous and Pulsed FEE Thrusters",
Performance of Continuous and Pulsed FEEP Thrusters",

undesired effect due to HV electronics poor performance ( [6], Proceedings of the 23rd International Electric Propulsion
[7] ). The minimum observed rise time is about 5 ms, when the Conference, IEPC 93-155, Seattle, WA, 1993.

high voltage pulsewasrisingin25 ms.Theemission decay time Laurini, D, von Rohdn, , Bari, C., Be, W., ieldLauini, D, von Rohden, H., Bartoli, C., Berry, W., "Field
was slightly longer (7 ms), but this small difference seem to be Emission Electric Propulsion (FEEP): Steady and Pulsed Modes
due to the power supply and cabling assembly. Other tests were of Operation", Proceedings of the 19th International Electric

performedathighfrequency(aboutl8kHz),showingessenrially Propulsion Conference, AIAA-87-1046, Colorado Springs,
Colorado, 1987.

the same delay, and confirming the predicted low pass behaviour 3
of the thruster. The possibility of operating the thruster with a Petagna, C, von Rohden, H., Bartoi. C., Valentian, D., "Field

non-rectified, non-filtered high voltage is therefore confirmed. Emission Electric Propulsion (FEEP): Experimental
Investigations on Continuous and Pulsed Modes of Operation",

The minimum pulsing voltage was found to have a major Proceedings of the 20th International Electric Propulsion
effect on the thruster rise time, as the delay seems to vanish if the Conference, IEPC 88-127, Garmisch-Partenkirchen,Deutchland,

thruster is never tumed off completely, Le. if the "off" period is 1988.

actually at a very low (non zero) emission level, just above the Chryssis,G.,High-frequencySwitchingPowerSupplies: Theory
ionization threshold, andDesign, McGraw-Hill, 1989.

All tests showed a good reproducibility of the pulses over Pressman, A. I.,SwitchingPowerSupplyDesign, McGraw-ill,
the whole frequency range investigated (1 + 10 Hz), and at 1991.
different electrode voltages. Future tests will be performed with

animprovedpowersupply,tobeplacedatasmalldistance from Watson, J., Analog and Switching Circuit Design (Using
the thruster, inde te v ,um be Integrated and Discrete Devices), John Wiley & Sons, 1989.the thruster, inside the vacuum chamber.
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