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Thrust measurements are essential to qualify thrustrs for space missions, especially for
new technologies. In the micronewton range, few tlust balances are available with the
required accuracy. Onera has been developing a micnewton balance for 10 years, now
achieving a thrust resolution <0.1 pN and a range fol0 mN, with a thrust noise of
0.1 uNANHz. in the range [0.02-1 Hz]. In view of its perfomances the Onera balance has been
selected for the test of the 13 GAIA thrusters. Thel3 newly-developed GAIA cold gas
micronewton thrusters (CG-MT) from TAS-I were subjected to acceptance tests in order to
measure their thrust noise and specific impulse cue. The calibration of the balance is
presented, and the post-processing corrections leiad to these performances are detailed.
The specific impulse of the 13 CG-MT flight modeldas been measured for thrust levels in
the range [0.2-1000 pN].

Nomenclature

backscattering correction factor, uN

pressure correction factor, uN

valve movement correction factor, uN

position of the calibration masses relativehim balance axis, mm

standard acceleration of gravity, /s

specific impulse, s

length of the balance arm, mm

power spectral density, itz

mass flow rate, pg/s

volumetric flow rate, sccm

capacitive sensor signal, V

thrust, uN

equivalent thrust, uN

weight of calibration masses, g

calibration factor of the balance, V/uN

standard deviation

projection of gravity

angle of the pendulum, rad

linear displacement of the bottom of the pendylom
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l. Introduction

The direct measurement of the thrust generatedhbyQAIA cold gas thrusters is a fundamental stephim
validation of their performances for successfuliration of GAIA mission. However, it is a challeng endeavor
because of the requirements: very low minimum thiexeels (<1 uN), low noise (<1 uN#z), and large bandwidth
(10® to 10 Hz). Several balances exist for micronewtwmnister characterization: at ONERA [1,2], Thaldema
Space ltalia [3], Busek [4,5] (USA), NASA Godda®g] [USA), Marotta [7] (UK), University of Southangpt [8]
(UK), and ESTEC [9] (Netherlands). But very fewustr balances are currently able to meet the masigent
space mission requirements in both resolution amditwidth.

ONERA has been developing a micronewton balanceesi®99 in order to fill the need for a micronewton
thrust stand in Europe for scientific missions sashGAIA, Microscope, LISA, or Euclid. The balantas been
successfully tested in the range [1-20 uN] with ladium FEEP thruster from Austrian Research Ceiaier
Seibeldorff (ARCS) [1], and in the range [1-200 uMih a cold gas thruster from Bradford Engineelidly Recent
improvements of the balance design, under CNESifigndhave enabled to extend thrust measuremeiietoange
[0.1-1000 uN], and to significantly reduce the e0i$0]. A thrust measurement test on a prototypé AGBG-MT
from TAS was done in 2010 for Astrium. Followingetie performances improvement, the ONERA micronewton
balance has been selected by ESA for thrust cleization of GAIA CG-MTs.

This paper presents the current configuration ef @mera micronewton balance, and the results ofhhest
qualification campaign of the 13 flight-model calds thrusters manufactured by TAS-I that will beunted on
GAIA service module. The principle of the ONERA minewton balance and the thrust calibration procedie
described, and the background noise and thruse mmsformances are presented. A description oftthest data
post-treatment with all necessary corrections @vigled. Finally, we present a synthesis of the ghrasults and
specific impulsel(,) obtained with all thrusters.

Il. Micronewton Balance Description

A. Fluidic and vacuum system

The vacuum tank used for the measurements is 50 cliameter and 70 cm long and is mounted on a@tipp
structure that has a lowest resonant frequencysdfiZ which is of importance to avoid excitationtbe main
balance vibration mode at 17 Hz (Fig. 1). A turbéecalar pump with pumping speed 1000 I/s foryiélds a limit
vacuum <10 mbar. Typically, with a cold gas thrusterlgf 50 s running with a thrust of 1 mN, the vacuunelev
measured with a MKS 999 Quattro vacuum transdisahout 1x1G mbar.
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Fig. 1 Picture of the vacuum tank with the balancenounted in it.



Ten temperature sensors, with a resolution of 8®and an accuracy of 0.05 °C, are placed in diffeparts of
the tank and balance assembly. They allow for nooinigj the thermal stability of the balance, whistimportant to
avoid a drift in the thrust signal. In particulan air conditioning system and a set of thermal ldbiacting as
temperature low-pass filters damping the room tewatpee variations, have been installed in the latooy (Fig. 2).

Fig. 2 Thermal shield installed in order to serve a a low-pass filter for the temperature variationsof the
room due to the pulsed air conditioning system.

B. Principle of the balance

The ONERA micronewton balance used for this campagya vertical pendulum (Fig. 3). In the basic
configuration, the thruster applies a horizontatéon the pendulum, which then moves from itsahiertical
position to a new, tilted equilibrium position. this tilted position the torques of the thrust afidhe weight of the
pendulum cancel each other. The angle of the pendis then a linear measure of the thrust, given the angle is
usually very small (<<1°).

A vertical pendulum has two advantages comparedthter balance types (torsion and weight balance):

« the frictionless pivot and equilibration is techadlg simple;

e thrust calibration can be done in an absolute nrawith calibrated weights; this will be describeda

later section.

Displacement sensors are placed on the pendulumetsure the angle and two different types of senar
used. One is an accelerometer (Honeywell QA 200)se axis measures the projectigrof gravity when the
pendulum tilts. It is also used as a vertical refiee. The other sensor is a capacitive sensor igdg&900), which
measures the linear movement of the bottom of &émelplum. The capacitive sensor is the one usedctomal thrust

measurement because of its higher signal-to-naite, while the accelerometer is used as a ventafarence and
for redundancy.
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Fig. 3 Principle of the ONERA micronewton balanceand order of magnitudes of characteristic
displacements.

A more detailed schematic of the balance is shawkig. 4. All the displacement sensors are shown:

* two accelerometers: one on the pendulum for tilasneement, one on the balance support to measaire th
tilt of the vacuum tank due to ground and structdbeation.
* one capacitive sensor on the pendulum arm.

The pendulum is of the compound type, where a ngpemunterweight is used to change the positiorhef t
center of gravity of the system, thus changing gbesitivity and natural frequency of the balancgpidally the
natural frequency used in experiments is aroundHz.3Note that the time response of the balano®tdimited to
this value, because its frequency transfer fundsorery well known and can be used to recover amfigher time
response, at the expense of a larger floor nossejlabe shown below.

At the bottom of the pendulum two actuators aregdla The first one is a copper plate close to anpeent
magnet: this is the frictionless Foucault curreatg@ing system, which allows the pendulum to be @admum
damping. The second one is a coil moving also agarmanent magnet on the vacuum tank. By makingrant
flow though the coil, a force is applied on thedwale: this is the coil actuator. One of the charéstics is its
linearity: because the movement of the coil istibidess and is very small, (<1 pum) compared togifaelient of the
magnetic field of the permanent magnet, the fosogeery much proportional to the current.

The axis of rotation is a frictionless pivot: thengulum is suspended with four blades.
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Fig. 4 Configuration of the balance.

The electrical connections to the balance arm a@emvith thin enameled copper wire. The fluid catioas to
the balance is made with a 1/16" plastic tubingndang.

Finally, two balance configurations can be used:

» the horizontal configuration: it is the one desedIso far, where the thrust vector is horizontal.(5, left);
this configuration is best for electric propulsi@ng. FEEP thrusters [1]).

» the vertical configuration: the thruster is mount@dan horizontal arm, and the thrust vector idiear
(Fig. 5, right); this configuration is best for dajas thrusters.

The reason for the use of the vertical configuraties in the internal, longitudinal valve movemeitcold gas
thrusters. In the horizontal configuration, theveashift (when it is opened or closed) changesithses distribution
of the pendulum, and thus creates a tilt of thedpmm. This tilt can be confused with the actionacothrust. In
contrast, in the vertical configuration the longinal position of the valve is not important foetaquilibrium of the
pendulum, and thus only a thrust can affect thelplerm (as long as the valve does not have “sidelam@nts). In
this case, only residual second-order side movesnehtnternal parts in the thruster create a pbstion of the
thrust measurement, and this small remaining effantbe somewhat compensated by careful calibra®will be
explained. It is noteworthy that this small unbakrshould be taken into account for thrust measen¢em
calibration, but it is not a thrust error in flight

In the vertical configuration, if the length of therizontal arm is the same as the length of théicat arm
(170 mm in our case), and if we neglect the addedsnof the arm, the thrust sensitivity will be Hzme in both
configurations because the torque created by thestilis the same in both cases (T.L in Fig. 5; Tagh L=arm
length).
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Fig. 5 The two balance configurations: horizontal enfiguration (left) and vertical configuration (rig ht).

C. Electrical equipment

The data acquisition system is comprised of a l&hwghl, 18 bit, 500 kHz, National Instrument DAQ fwba
connected to a computer where a Labview prograra th@ acquisition. Anti-aliasing low-pass filterg aised on
nearly all channels, especially those where thguiacy content is important (such as the capacieesor
channel). The filters are of the Butterworth typghw24 dB/octave slope. The data acquisition isedah 40 Hz
sampling with 20 Hz (cutoff frequency) filters. Fooise measurements the bandwidth is used up téz1Gor
thrust measurement, in order to reduce the noiséhefr averaging is done during post-processindyigieg the
bandwidth to about 0.1 Hz, which is appropriatetfoust steps 30 s long as used.

D. Thrust calibration

One of the advantages of a pendulum balance istthlidows for an absolute and precise thrust catibn. The
principle is to deposit masses on a small horidarta attached to the pendulum. The calibration sctrematic is
visible in Fig. 4 and is shown in more detail igF6. The weights of small masses are calibrategpreecisely with
a Mettler Toledo balance precise to 0.01 mg. Timeagses are placed on a vertical, vacuum-rateddtamsstage.
The calibration can thus be operated in vacuunthénsame exact conditions as the thrust measuremiot
calibration, different masses can be sequentiayodited on the calibration arm, thus imposingbcated torques
on the balance.



calibration arm

5 masses
. deposited
on the arm

| wo=TL

v »Thrust T

Weight W

Mass holder
Fig. 6 Principle of thrust calibration (left) and image of six masses deposited on the calibration arfright).

Following the notations on Fig. 6, if the measusgghal is S for a weight W, we obtain a calibratfactor
o=S/(W.D) in V/(N.m). Then, during the measuremehtadhrust T with signal St, we deduce the torqfi¢he
thrust Sté and since it is equal to T.L, we deduce T. In ottecheck for linearity over the whole range oé th
balance, we can use several calibrated massearthdeposited sequentially at different positionghe calibration

arm (Fig. 6, right). Table 1 presents the six magseed for calibration with their position relatiteethe balance
axis, and the cumulated equivalent thrust proddcgd

Table 1 Calibration masses used

Mass (mg) Position (mm) 4 (UN)
6.20 20.5 7.33
9.26 255 20.96
18.67 30.5 53.81
45.57 40.5 160.30
109.92 45.5 448.87
194.70 50.5 1016.20

For the lower (<7 uN) thrust range it is not preatito use masses for calibration. We then usediiectuator,
which has a linear behavior. The calibration frdra toil is matched to the absolute masses caliorati the [7.33-
1016.2 puN] thrust range, and it allows us to calidrand check linearity down to 0.1 puN. This igraightforward
procedure and does not a priori involve any unagsta In fact the calibration does not have anguasption
besides the linearity of the actuator which isisivA typical calibration curve obtained in thisam€mer is shown in
Fig. 7. The error bars correspond to:

« for the masses (see error budget): 0.5% (error assrdetermination) plus 0.02 uN (measurement error
due to balance noise);

« for the coil : 1% (estimate on coil current uncintig plus 0.02 uN (measurement error due to baanc
noise).

The ideal balance should be linear (i.e. have atem calibration factor). In this example, a aatton factor of
6.13 mV/uN is a good value at all thrust levels.célibration of the balance was performed beforetlailist
sequences and correction factors measurements.
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Fig. 7 Typical calibration factor curve obtained wih the masses and with the coil actuator. The errobars
correspond to 1%+0.05 pN.

Il. Setup specific to GAIA measurements

The fluidic set up description is shown in Fig.Tee MT is located inside the vacuum chamber mouatethe
balance arm. The nitrogen gas is fed from an tligé- purity (99.9999%) Alphagaz 2 cylinder throusyldedicated
fluidic pipe line. A lab pressure regulator prodsieepressure slightly above 1 bar (~1.05 bar).rgelduffer tank
(400 L) has been added downstream from the regulatomit pressure variations during thrusterrfgj because the
mechanical regulator cannot maintain the pressitteemough accuracy. Two Kistler pressure transduaee used,
one upstream the vacuum chamber (PT1) and the pienupstream the plenum (PT2). A Honeywell pressu
transducer (PT3) is placed on the piping attacbdti¢ balance arm before the MT. A 2 um filterdiesihe vacuum
tank prevents particles from entering the thrusiére primary pump was displaced in another roonoriter to
reduce vibrations and heat perturbation on theegyst

To ensure that pure nitrogen is fed to the thrustey fluidic element exposed to air is either paechgown and
filled again, or purged by a flow of nitrogen. larficular at the beginning of the campaign the wtfhlidic system
up to the tank valve, including the large bufferpumped down to 5xT0mbar using an auxiliary turbopump, and
then filled with nitrogen. A particule counter (M@&ner HHPC-6) is used, before each run, in the raanh at the
exit of the piping connected to the MT-FM, in ordercheck the clealiness of the gas.
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Fig. 8 Fluidic setup schematic. PT1, PT2 and PT3 arpressure transducers.

An image of a cold gas MT-FM mounted on the balanoeertical configuration inside the vacuum chamise
shown in Fig. 9.
The Electronic Ground Support Equipment (EGSE)hef MT-FM is used to control and deliver power te MT
(supplied by TAS-I).

Counterweight
MT-FM

Pendulum

Coil actuator
e

Fig. 9 Pi::iure of bNERA micronewton balance with a'mVIT-'FM inside the vacuum tank.



V. Balance performance

The performance of the balance depends in large quarthe data acquisition system and post-treatment
procedure. The 18 bit DAQ board and the anti-aliggilters allow to remove the noise outside of theasurement
bandwidth and to have a large measurement dynanfich is essential for signal recovery in the freocy
domain. In order to process the signal in frequeshmyain measurements, one has to know the frequassttgvior
of the balance. Since the performance of the belamsensitive to the mass on the arm, the measmtsnare
performed with a MT —FM mounted on the arm (butwib thrust applied).

A. Noise

The frequency response of the balance was detedmisiag swept-sine analysis with a dynamic signalyzer
(Agilent 35670A). A variable frequency sine wavgrsll is supplied to the coil actuator, which pr@gd thrust on
the balance. The amplitude of the balance movensenteasured with the capacitor sensor as a functicthe
frequency, and the transfer function is then caled taking into account the calibration factothaf sensor (in V of
signal per uN of thrust exerted on the balance)thedcalibration factor of the coil (in uN of thtyzroduced per
ampere of current applied). The frequency respohsige balance is shown in Fig. 10.

The movement of the arm of the balance followsdyr@gamic of a pendulum that can be modeled withcarse
order system whose response is attenuated abavatitsal frequency at 0.42 Hz.

10 — 1 1 10
PSD | | ,

Transfer function ' B
\ : : /’ \ ! ‘g
(0 |F 0 e SN 41 E
N “\ A ‘ b | ] 5
T VA | \ o
= N ! \ =
Z \ | <
S o0l Pt {01 <
@) : A \ %)
o : VWi r=
: o | ©
0,01 oot be b b B \ Joo1 £
\ @
\ Q
\ =

i i i \

1E-3 ; ; ; 1E-3
1E-3 0,01 01 1 10

Frequency [HZ]

Fig. 10  Frequency response of the balance of thelaace (transfer function) and PSD of the background
noise.

It should be noted that a balance hysteresis effdsts, characterized by a small drift of the sigafter a thrust
change. Its effect is on the order of 1% of theushrfor a 30 s step. Although the effect is repoide, the
associated uncertainty was conservatively estimatadat 1% of the thrust.

The noise of the signal was measured during a B hoquisition. After FFT treatment and correctionthe
frequency response of the balance, one obtaingpdker spectral density (PSD) of the signals in Hi@. The



background noise is relatively flat from 0.02 téi, with a PSD close to 0.03 pi#z. In the frequency range [10
3.5 Hz], PSD levels of the background noise remaiow 1 pNAHz.

The RMS noise (Blus) as a function of the cut-off frequency of low-pafiters (f) is then obtained by
integration of the PSD:
fe
[(pso(f)Par
fo

The RMS noise of background is shown in Fig 11. &adhhrust measurement bandwidth of 2 Hz and 6 iz, t
RMS noise of the signal is, respectively, 0.1 uMN anuN.
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Fig 11 RMS noise of the balance signal as a functi@f the cutoff frequency (.e. bandwidth).
B. Thrust resolution

The thrust resolution of the balance is assessed tise coil actuator. From the balance calibragtmme can deduce
the current to be supplied to the coil to produnels steps of equivalent thrusts of 0.1 and 1 phe Signal of the
capacitive sensor for three successive steps sepred in Fig. 12. Equivalent thrust steps of 0Nlamplitude stand
out clearly amid the background noise. One cancadtie good repeatability of the 0.1 uN and 1 pNivedent
thrusts over three steps. Thrust steps of 20 nNofmawton) would still be visible.
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Fig. 12  Typical balance signal for 1 minute stepsf @quivalent thrust 0.1 uN (top) and 1 puN (bottom)
obtained with the coil actuator and with the thruser mounted on the balance. Only straight-line detreding
and low-pass filtering (0.1 Hz) have been applieatthe raw data.

C. Balance range

The thrust range of the balance with a single dépasensor is [< 0.1 pN, 1.5 mN]. Using a secserdsor, the
range can go up to 10 mN. For a cold gas thrusterupper limit of the thrust range is limited tanN due to the
pumping speed of the tank.

D. Error budget

The error budget, as a function of the measuragsthhas been obtained by evaluating all the ssus€errors
in the measurements. Thg, Lincertainty presented relates only to the thresteeasurement uncertainty. The
flowrate measurement uncertainty (by the thrust&S)M which was not included in thg Uncertainty, is less than
0.5% as given by the manufacturer.



The different sources of error are detailed andhtjfied in Table 2 The acceleration of gravity was measured to
be 9.8089 at the site of the ONERA balance (Paais€rance) by the team of A. Bresson using a atidi
gravimeter, hence the corresponding low uncertailitie backscattering, valve movement and pressfieete
correction terms will be detailed in section V-B.

Table 2. Error budget of the Onera balance with a AS-I thruster (V is in mV and T,y in uN)
Standard

deviation Origin Value oy Relative standard deviatiofX-
Oy X
o Balance output 0.13mvV 013 _ 002
Ve voltage noise (about 0.02 pN) Ve Taw
o, Mass calibration 0.5% of mass m (kg) 5x°10
o Standa_rd acceleratlon < 10% m.<2 < 10° => Negligible
9 of gravity uncertainty
g Leverage calibration 1% of.(m) 10?
o Balance output voltage 0.13 mV 013 _ 002
Ve noise during calibration (about 0.02 uN) Ve Taw
o, Thruster leverage 0.15 % of ks (m) 1.5x10°
T uncertainty
o, Backscatterlng correction 10% of G 0.1
B uncertainty
005
o, VaIV(_e movement 0.05 uN
correction uncertainty Teaw
0.005
o Pre;sure effect_ 0.005 pN
P correction uncertainty Traw
o, Balanpe hysteregls 1% of Ty 0.01
H correction uncertainty

The standard deviations of all the terms are adgedratically to obtain the global standard dewra{the terms
are assumed independent). In the end it lead$dwraulation in the form:
N 2
OThrust — Z[&j
Thrust —\ Xi

The & uncertainty can be fitted, using in the first orttee asymptotic values A (at low thrust) and Bh(gth thrist)
that can be read on Fig. 13. At low thrust A=0.18rid at high thrust B=4.5%.

Affine fit: We can write schematicallyd uN]=A+B*Thrust[uN],i.e. 306=0.18+0.045*Thrust[N].
The affine fit is plotted in Fig. 13 in dotted bkakine. One can see that it is not perfect, becéuseaddition should
be quadratic.

Quadratic fit: 30]UN] :\/A2 +(B*Thrus(pN])2 . It is plotted in Fig. 13 in plain black line, aritie

agreement with the actual uncertainty is now veopdy Note that it is not rigorously perfect becawdethe
backscattering uncertainty which is not lineaigibeither fixed nor proportional).




[ Signal voltage noise
\ —1 Masses
o B\ Onera balance == Masses armlengih
NS . . Calibration voltage noise
: ‘%x 3 Slgma Uncertalnw Thruster arm-length
\SNL* — Backscattering
\D&\;;‘ —— Valve movement
Pressure
N AN — Balance nonlinearity
0.1 | Tel —o— Total
! S . ----| affine fit
NN = Arradratie fit
\ % ~~~~~~~~~~ quo\ulcul\. (118
\\
X
\>< \
o)
™
0,01 N
N\
AN
\
X
\\
1E-3 AN
- \\
DN
\\
0,1 1 10 100
Thrust (UN)

Fig. 13. 3 error budget of the ONERA balance with a TAS-I thiuster: contribution of most sources of error,
total error (open red circles) and 2 fits of the teal errors (solid and dotted black lines).

One may be interested in the relative uncertaimy tharacterizes the reproducibility of the resuliwo cases can
be looked at: between two measurements on oneténr(shile the thruster is kept mounted on the aramd

between two thrusters. The relevant error termgamen in Table 3, and the error budget for théedént cases is
plotted in Fig. 14.. The balance non-linearity tasnquite repeatable from step-to-step, and saritlme ignored for
the step-to-step error, but it may create an uatgyt on the calibration process (due to the défifrees between the
calibration steps and the thrust measurement stapd)since calibrations are done for each thrugterust be kept

in the thruster-to-thruster repeatability.



30X/X

0,1

0,01

1E-3

Table 3. Relevant error terms for repetitive thrust

measurements
Standard Steps  Thruster
deviation Origin on one to
gy thruster  thruster
a,, Signal _voltage X X
noise
Masses
m
o, Masses arm
m length
a, Callbratlo_n X
voltage noise
o, Thruster arm X
length
., Backscattering X
o, Valve movement X X
JCP Pressure X X
o Balance
Cn nonlinearity X
| Onera balance 3o uncertainty |

Total
—— Thruster-to-thruster
—— Step-to-step

0,1 1 10 100
Thrust (UN)

Fig. 14. Relative error budgets.

1000




V.  Thrust measurement procedure

Two types of test were performed:
i. forall MT-FM (FM1 to FM13), ang, curve was measured with a steady-state sequence;
ii. for FM3, a noise measurement was also performed.

A. Steady-state thrust sequence

For each thruster (FM1 to FM13) a sequence of pub$€onstant thrust is applied to determiges a function
of mass flow. The sequence consists of differenésnflow setpoints, each setpoint being repeateth&st with a
30 s duration and with 30 s at zero thrust betwmdses. For FM1, FM2, FM3, and FM6, 36 different fidw
setpoints in the range [0.02-100 sccm] are appliddle the thrust measurement was limited to 1faats in the
range [0.1-100 sccm] for all other thrusters. Thermthruster is operated in close loop mode: tiez@ actuator
voltage of the thruster valve is adjusted by tI&SE electronic in order to maintain the mass flaeyraneasured
with the thruster mass flow sensor (MFS), at a torisvalue.

Signals from the displacement sensors of the baldoapacitive sensors and accelerometers), theuptes)
and pressure transducers are acquired during e¢leysstate thrust sequence. Additional signalsngbsethe MT-
FM electrical equipment are acquired simultaneousigss flow sensor (MFS) signal, mass flow set{pgiiezo-
driver monitor {.e. the voltage supplied to the piezoelectric actuadocommand MT valve movement during the
regulation of mass flow), and nozzle and valve terafures. The MFS signal is used fgrchlculation, piezo-driver
signal is used for valve movement corrections, Rfidiata are used for pressure corrections.

B. Correction factors
Three types of corrections are applied to the fawst data, corresponding to the most significamtysbations
to the thrust measurement: backscattering, {@lve movement (§, and gas pressure inside the fluidic ling)(C

Tcorrected = Traw - (Cb + Cv + Cp)
1. Backscattering effect

Backscattering effects are due to gas particldeatain on the vacuum tank walls and impinging Hag¢ance
arm, which produces an additional force. The ctivaderm G for backscattering was measured by attaching the
MT-FM to the vacuum tank instead of the balance,dhus removing the effect of the primary thrudteThruster
is however placed at nearly the same position (aftozm above) where it is on the balance arm dutimgst
measurements. Therefore, while the thrust foreetsexerted on the balance, the effect of plumdnggment and
backscattering is nearly the same (neglectingripact on the front face of thruster given its sraadla compared
to the rest of the balance). During backscattegixeriments the thrust produced by the MT is noasuesd (since
it is attached to the vacuum tank). The backsdageaffects lead to a movement of the balance wticlegistered
as a thrust (in uN).

An example of backscattering correction factgy i€ shown in Fig. 15 as a function of, Klowrate. The
uncertainty on backscattering correction is coretively taken as 10% of the correction value.
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Fig. 15 Backscattering correction G as a function of nitrogen flowrate.

2. Valve movement

Since the micro-thruster is in vertical positiohe tvalve movement is also vertical and should imotheory,
affect the static balance equilibrium. However, Bm@viations were noticed, probably from side mmoeats inside
the thruster. The method used to correct this effebased on the assumption that the valve movewesn be
reproduced by applying the same voltage trace ¢opikzo-electric actuator as the signal registehaidhg the
steady-state thrust sequence. After a steady-stafigence, and in order to measure the valve movesimre, the
gas is first evacuated from the MT by opening thlve, and after waiting for complete evacuatioe, piezo-driver
signal measured during the steady-state sequenappiged to the valve in open loop. The effect lné tvalve
movement alone on the balance is recorded (recedoriFig. 16), and then subtracted from raw thsigal.

The uncertainty on the valve movement depends emegpeatability of the piezo-electric actuator nmoeet. A

previous study of repeatability has shown an uag#st of 0.05 uUN on ¢

110
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Fig. 16  Example of effect of valve movement on thmalance (correction factor Cv) with the corresponihg
piezo-driver signal equivalent to five steps of thust of 10.19 uN (flowrate : 0.9453 sccm).

3. Pressure effect

The balance was found to be sensitive to nitrogessure in the fluid parts, as illustrated in Fig. Small
variations of the pressure at the inlet of the M& abserved on PT3 trace during the steady-statisttsequence.
The global decrease is due to imperfect regulatfanechanical pressure regulator (accuracy + 10%}s decrease
is limited by the presence of the buffer tank. Fheps of pressure are due to pressure drops taghikary parts of
the tubing during nitrogen flowi.€. during a thrust step). Pressure correctiopgdetermined from Fig. 17) were
applied to raw thrust data using PT3 signals reggst during the sequence. It was also checkedttikabalance
calibration is independent of the pressure.

The uncertainty on the pressure correction, whidtself a small correction, was estimated at aBa®5 N.
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Fig. 17 Pressure correction factor Cp as a functioof the pressure at the inlet of MT-FM.

1,062 ! ! | ! | ! |

1,060 JTE———— Jien Pressure (ban
1’058 ] - H HHHH“W Mt i
1 056 ] “um\UMN\H}WN\MHMNNWNIIWIMIWM i
1084 W
8 1ol }\|\}WNNN\N“WNH“MNHN\HHMHHIWNIMIHIIIII |
2 o5l 1om WRRERR T
3 o] 100 W
S el T g
1,044 0% | IR
roi2] o] 0l
1’040 1 | 11000 11100 11200 11300 11400

Time (s)

Fig. 18 Pressure variations at the inlet of MT duing a steady-state thrust sequence.

4. Overview of corrections

In order to have an overall rough view of the rangé predominance of the different correction fastdhe
approximate level of corrections, as a fractiorthoéist, versus thrust are shown in Fig. 19. Theeation factor ¢
due to the valve movement predominates at low tHeyels (more than 10% of the thrust value beloaN, and
close to the thrust value at 0.1 pN). éfects steadily decrease when increasing thestthwhereas the correction
factor G, corresponding to backscattering effects is bytlfi@ most significant for high thrust levels (>10Q0)u



From 2 uN to 1 mN, the corrections to apply torde thrust data correspond to between 1% and 10%tedhrust.
The corresponding uncertainties are even lowertfszerror budget section).
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Fig. 19  Corrections as a fraction of thrust versushrust.

C. Post-processing
After steady-state thrust sequence, the followiragedure of post-treatment is applied to raw data:

« Adjacent-averaging of the raw data on 400 poin@gé&conds). This is basically a low pass filtee th
bandwidth of the raw data (20 Hz) is then decreasd&d01 Hz, which reduced the balance background
noise RMS to about 0.01 uN (0.02 uN is taken coagiely in the error budget).

e Straight line detrending in order to remove therrthed drift of the balance. No other detrending is
necessary.

« Conversion to thrust using the calibration factbthe balance.

*  Subtraction of correction factors to raw thrusinsig

VI.  Acceptance test results

A. Thrust noise

The cold gas thruster noise performance has besnaed on FM3 in terms of PSD and noise RMS in EQy
The MT-FM is operated with a constant thrust lesfeéb00 pN. PSD levels of the thrust noise remaiowel N in
the frequency range [F0l Hz],i.e.in agreement with GAIA MT requirements.
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Fig. 20 PSD of FM3 thrust noise with a thrust levebf 500 pN (red curve). The noise with no thrust fsm
Fig. 10 and Fig 11 is also drawn for comparison (bk curve).

B. Thrust measurements and {, calculations
The results from the steady-state thrust sequendde 13 MT-FM are presented here. Typical sigoélthe

corrected thrust and the mass flow are shown inZHgor 5 steps at 4 different thrust levels. As be seen, thrust
as low as 0.1 uN can be detected and measureduvitibise perturbations. At every mass flow setpdh# mean
thrust and the mean mass flow is determined byaa¥eg the value over the five steps.
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Fig.21 Typical thrust and flowrate (FM7 data) from a steady-state thrust sequence for thrust levels &,
10, 126, and 1256 pN.

The L is then calculated from mass flow measurem@ptand corrected thrust for each step of the stetatg-s
thrust sequence using:
T,

ls — corrrected
P Qm(NZ)x g
A typical Iy, characteristicsi. the Ly as a function of thrust) is presented in Fig. @2FM2. The {, calculated
from each of the five steps and the megmide shown. The error bars of the éror budget are much larger at low
thrust levels, hence the dispersiongblelow 1 pN.
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Fig. 22  Example of L, versus thrust for all measurement points with theerror bars corresponding to the 3
error budget, and mean L, of each flowrate setpoint, for FM2.

A summary of all MT-FM results is presented in R2§. and Fig. 24. The meay Is actually not constant over
the whole thrust range: it tends to increase froourad 50 s at 1 uN thrust level to a value closé3s at 1 mN.
The presentation of the meapdf the 13 MT-FM with the error bar envelopes ig.F24 shows that the differeny |
values are in agreement with the &ror budget.
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VII. Conclusion

The performance of the Onera micronewton balancepresented in the framework of the acceptancetekse
cold gas Micro-Thruster Flight Models of GAIA miesi. In the test conditions used, the thrust resmiuof the
balance was evaluated at 0.02 pN, and its RMS naiseevaluated at 0.01 uN.

The Isp of the 13 GAIA thrusters is also presentdt effect on the balance signal of the backstagieof the
pressure inside the MT and the fluidic line, andhaf valve movement during mass flow regulationen&ssessed.
Correction factors have been calibrated and apptigtie raw thrust signal to remove these pertiohat An error
budget was calculated.

Thrust measurements were performed in the rang&@Q uN. The specific impulse has been determased
function of thrust in this range for all micro-tisters, showing an increase from about 50 s at lop@bout 63 s at
1000 pN. Post-analysis of thg tesults on the 13 MT indicates a good repeatgtwhithe thrust measurements and
the MT performances.

The contribution of the different factors to theoerbudget has been assessed as a function dirtret tevel. On
the low thrust side (<10 pN) the main contributioomes from the valve movement of the thruster. mart
contributor would be voltage noise, but it would/édhen to be reassessed, as it has been congelyastimated
so far. Indeed, the contribution on Fig. 13 at |0\ is 80% error 3 for voltage noise, while the signal in Fig. 12
points to a much better actual figure.

On the high thrust side (>10 uN), the first contitibn to the error budget comes from the calibratimasses
and masses arm length. Improved weighing and inget@ssessment of balance verticality would greatiiyce
this factor. The next factor is balance nonlingar@nd can be due to wire passages, blades oicptabing. A
dedicated set of tests could be done to testalctof and propose solutions.
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