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Actual gradiometer measurement 1/2

Actual Accelerometer output

measured acceleration real acceleration

(X,y,z = sensitive axes <= (X,Y,Z = orthonormal
of the accelero) reference frame)

Ko + (I+dK + dO + dS) ? .,

+ ?, + k,?

\

¥

Source of errors

CALIBRATION

Coupling Q‘::ﬂ:‘iﬂc

Scale factor Misalignment

30 ? 773 ?)O ? ?3
dK diagonal d0?2%? 0 25  dS?9? 0 25
32 272 03 % 2 03
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Actual gradiometer measurement 212

Proof-Mass motion:

m X, ?%,:?m, 9, ?F,?F,
=> Accelerometer A Output

Fa 032k, B 2EEDE,
m|A A

Difference of 2 accelerometer measurements:

A

i?i?%A?%B??kA?KB?M
m, m, 2

pal 9 U U9
25xa? X89222 Hxa? X892 2 22 297, 2%, ?
? 2 2 2

0 2

2m Mg, 229, 2?9, 2
9a »_98 5794 "98 %
2m mo 2?5 2 3

2 Ia g 2

&5

&

(1) Common mode acceleration

(2) Proof-masses relative motion

(3) Difference of Gravity field effects
(4) Non gravitational acceleration

(5) Instrument 5 NE R A

ﬁ




A drag-free satellite:
a request for space gradiometry

" o)
to reduce X, 7, ?

& Drag-Free system composed of :

+ Accelerometers or Inertial mass and position sensing (sensors)

= 8

+ Propulsion system (actuators)
+ Control laws of servo-loop (attitude and orbit)
« Sensor : High sensitivity and stability
 Electric or Cold gas propulsion :

? Low thrust

? Fine continuous (or not) control for manoeuvres

? Linearity and low
thrust noise

1 - Pierre Touboul - Ecole d’'été Géodésie spatiale - 2 septembre 2002
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'I\Q&ﬂ“&: . .
Q\g eSa GOCE : Attitude and Drag Control archltect(LZI;Ze)

________________________

| GPS receiver ! Large FOV Gradiorneter
S F | star sensor Al
4 : \ : -
: ‘ : ‘ Attitude
¥ i ! estimation and
' ; " controller

Magnetometer L , L J
9 = v ' lon propulsion ; !
\-\_,\ AHi_TIJCQ_ E ey et
estlr'n.'-;ql'lcl-::nrn and ' =G .
i t ]
calile. e, L ; — 5 Cold gas prnpulsnon or Feep
; o | o
‘Coarse sun sensors » ‘Magneforquers .I"TE':L_,_I::I‘

& Compensation of S/C external forces and torques: atmospheric drag, radiation

pressure, magnetic, gravity gradients... (associated with fine attitude pointing)
to obtain a pure gravitational orbit @ low altitude
to preserve fine instrumentation from disturbing acceleration

ONERA
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=@Sd Attitude and Drag Control GOCE

\

System Requirements depending on instrument calibration

GOCE specifications
= Linear acceleration : 5.107 m/s?(maxi), < 2.5-108 ms2/?Hz (mbw)
= Angular acceleration: 10-°rad/s? (maxi), < 1.5-108rads?/? Hz (mbw)
= Angular velocity : 10> rad/s (maxi)+orbital y < 10%radst/? Hz (mbw) along X,z
and <5-10"" rads'/? Hz (mbw) y
= Earth Pointing . 0.5 mrad (maxi) < 2.10°rad/? Hz (mbw)

= Low flying altitude (250 km / 2.10->ms -?drag) drives:
— redundant system for the ‘nominal’ modes (measurement and thrusters)

— Two propulsion technologies : lon thrusters and FEEP/Cold Gaz fine thrusters

Pierre Touboul - Ecole d’été Géodésie spatiale - 2 septembre 2002 - 5

_ % OMPH *mbw : measurement frequency bandwidth = 5.103 Hz -10"1 Hz ONERA
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GOCE : Attitude and Drag Control Performances

......

R L

Sl vt Dragrequwement

Frequency (Hz)

unit/?Hz

Pointing requirement: 8.6-10-¢ rad/?Hz fulfilled ? (2 mE?Hz)
Drag control requirements: 2.5-:10-8 m/s??Hz fulfilled ? (0.9 mE?Hz)

% DMPH

ONERA
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One-axis Gradiometer sensitivities

? meast = Ko1+(17+0dM1)? eair +?n1 + K122

7mea52 - K02+(|+dM2) real2+7n2 + k22 7

Common acceleration Differential acceleration

? ? ?meas'l ??m’z ?7 (d ?measd ? ?measl ??measz 7y (? r’» eaitay
? veas.c > ?? (drag ...) 2
Boeed T3 g B %22 2922 K 298 2%,90.08:3 g 2%l fln. 000500
22 measey ? ">K02y Koay? 222,22 Ky 2,22, 22,22, Ky 2,22, 22,2 2242 22k4?.2 2k, 7929') %
2 ez ey L 5Kz, ? sz 393 2,22, 22,22, K, 2,77, 22,27, Kdz gvcz Z,)Z’)mzzo?,zkm i dz')k %é??jz?g
s d 2’?K02X’?K01X3 2 Ka %27 ?%7% Ko 220 P22 Wn? u? tX,27,7k, X'??;??jx??
;)?nmwy;) '.?KOZy?K01y'-) ?’)? '?') Kdy ?d??d ??C??C KCy ?c??c ’-?'.??dY'.? ’.)?ndy’b '72k2 f)cyf)dy?kzdy’))czy??dzyf'g

% DMPH To be reduced or calibration To be reduced or measured e e~
ﬁ
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Calibration Approach:

?. along Xqe
?, along Yee
?:along Z.,

(1/3)

Many reference frames !
Positions !
Alignments !

RGP=Real Gradiometer Pair
(frame linked to the accelerometer centers)

GP=Gradiometer Pair
(frame linked to the structure)

Calibration principle:
#to shake the instrument at well
known frequency, phase and direction

z1t0o observe common and differential

outputs

ONERA
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Calibration Approach: 2 possible technics (2/3)

ARISTOTELES GOCE
(ESA mission cancelled in 1993)
Independent calibration device to Accelerometers are used to control the
provide well known accelerations shaking of the satellite, with thrusters
along/about absolute reference also used for DFC (servo-loop)
frames
# Linear and angular shaking # Linear and angular shaking along

accelerometer reference frame with

& Quality of the shaker = quality of accelerometer perforr.nance.
the calibration # no need of a specific device

GOCE calibration is less demanding for the instrument and the satellite

example: perpendicularity of linear shaking ~ 102 rad in GOCE,
instead of 5.10° rad in ARISTOTELES !

ONERA
%DMF’[H
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Calibration Approach: GOCE Performance

Output expresion: ?meas ?M.? 7.

real

Measurement correction: 7 cal ?M ?1.? ?...7B.~? ?... i —

r meas * . " meas Estimation of M 1
B B
?measdz ? Bd,ZX ?meascx r) o ?meascy ? * meas,cz ? BC,ZX ?measdx 7 — ?measdy r) 1 ?dZ
’ BC,ZZ ’ BC,ZZ , BC,ZZ , BC,ZZ , BC,ZZ
?noise?bias?2non? linear ? terms
29 29 22929222dK 2772
?dez?z'c'd 29 _‘c'd 7cdgd dy?dezgr) 3 f) dzg')HOT
Ko KoKy KoK KoKy 3K, K, 3 KK, K,
6 - axis excitation and observation (5.10" ms? @ a few 10?2 Hz)
Whole matrix evaluated:
= scale factor matching 5.10°
g -5 ONERA
% DMPH zalignments 10~ rd e

(3/3)
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Ground verification:
Scale factor matching

Test bench shaking at low freq.

{
{
L
b
{
{
b
)
$
1

!
i

the projection of ‘g’ is the

useful signal.

% DMPH

After numerical correction

ms?2/ vHz
1102
. <
. 110
a=0-#SIN(®T)
1102 o
107 rejection
accelerometerl.
= — V116 L of the
g accel erometer2j “\\ /\\ ; : “ ‘ common
_ . =7 \ . \r‘ \" .
differencej 10 7 E | mode Slgnal
1108 . /
- \/’ o i ‘ ,
1102 ! |
~10 T
110 © L=
110 001 01 1 10H
f ONERA
I.
i R



- 12

1 - Pierre Touboul - Ecole d’'été Géodésie spatiale - 2 septembre 2002

Scale factor matching versus frequency
(e higher gravity field spherical harmonics to be measured)

Scale factor difference versus frequency

a(t) Accelerometer | @0 Decimation |@"(® | Decimation |&**()
continuous loop continuous| & 10Hz Hz» alHz  [Th;

ENtransfer fungtion Geometric differential scale factor

2 2 2 2 2
2 1Hz 3 ‘ 10Hz ‘ v‘ | 10Hz ‘ v‘ 51 ‘ VI|© o %
? o (F) H HE HG | 2k [HE™ RS 2k 1 222,
Freq (Hz) Freq (Hz)
0,001 0,01 0,1 1
1,00E-01 Bgfor_e 1,00E-01
calibration
INEA 1,00E-02 | 4——Pp il 1,00E-02
-2
1,00E-03 10 1,00E-03
N 1,00E-04 \ 1,00E-04
— | %“\ \\ 10-5 <
— = ———+ 1,00E-05 «— » ——ac 1,00E-05
B 11 1,00€-06 After N 111 1,00E-08
Transfer function : a'd /ac at 1 HZ . . Transfer function : a'd / ac at 1 HZ
calibration
10% of relative error on constant time 1% of relative error on constant time
# necessity of very plat frequency low O NERA

Mﬁ DMPH & calibration in measurement bend width —_ T
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Effects of accelerometer non linearities

Instrument non linearities due to :

Ali

‘H 1Hz

2 10Hz
3

10Hz
2. ?\HC

- accelerometer electrostatic

- operationelectronics non linearities

Induced high frequency signal aliasing (satellite/instrument structure behaviour,
environment fluctuations, thrusters...)

Model with quadratic and cubic non linearities ? acc? and acc?®
Quadratic non linearity sensitivity : calibrated in orbit and corrected
Cubic non linearities and decimation : limited by design and environment control

asing

2, 2HEH(P)? . H(2p) 2 HEM (p)? | HE™(?2p)3

Differential cubic aliasing due to error between accelerometer (geometric and electronic)

Par ameter Symbol Value
Relative error on mass of the proof-mass Zm/m 710*
Relative error on surface of electrode ?S/S=?S/S 10
Relative error of gap ?ele 310°
Relative common error on polarisation voltage VIV, 10°
Relative differential error on polarisation voltage NV, 2.10°
Relative capacitive sensor bias vole 45 10°
Common error on amplifier gain ?2Gm, 103
Differential error on amplifier gain ?2Gmy 10*
Error on DVA bias ? V.2V, 103V

Cubic factor

Common: 5.30 1014 V.s4/m3

Differential: 6.64 1012 VV.s4/m3

ONERA
/ﬁ
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Rejection of high frequency: accelerometer loop

Common and Differential Closed-loop

1,00E+01
1,00E+00
o
1,00E-01
1,00E-02
1,00E-03
1,00E-04

1,00E-05

Freq (Hz)

Com
0,01

mon and Differential Closed-loop/Open-loop
0,1 1 10 100 1000

1,00E-08
1,00E-09
1,00E-10
1,00E-11
1,00E-12
1,00E-13
1,00E-14
1,00E-15
1,00E-16

Freq (Hz)

m/s2/Hz/2

Mﬁ DMPH

2107
5108

PSD of common acceleration

A

\
N

Maximal Modulus

Common | Differential

Closed-loop

1.22 2.37 107

HY (m/V)

1.1610° | 3.17 10%

H10Hz 1

5.7110°

Freq (Hz)

0,010 0,100 1,000 10,000

100,000 1000,000

Common and Differential 10 Hz Converter

0.1 5 100

Maximal cubic aliasing

0.017 mE/Hz2

.
5 0.005mEMH

21/2

0.018 mE/Hz1/2
ONERA
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STAR measurements

Petits pics et oscillations, nivD, DOY 220

13 ! T T T ! ! !
g 5 ! ! ! 5 ! 5
e
=
E S R R S s s R
E —L i I'-___ ! + *y..,—,,h'. -y ot g T
= : : : :
{]5 | | | | | | |
o] 200 400 B00 800 1000 1200 1400 1600
(s)
. UB | [ | | | [ |
%
& z z
= : f
N 075 2 ol : wh
s
E ! : :
[+ : : : : 2 s
S : . | | : .
"JT | | | | | | |
o] S0 100 150 200 250 300 350 400
15 T ! ! T
| | | |

05
1200

1220 1240 1320

1340

1360 1380 1400

Heater switch on / off

Magnetometer boon oscillation
(observed along 2 axes
not along X)

ONERA
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STAR measurements

DEA, signal niv O filtre

Y pmisfracine(Hz)

2 pmfs*fracine(Hz)

107 107 10" 10"
Hz
DSA, signal niv 0 filtré
TEr T [rrEm

Grégory Pradels 12/00

ONERA
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Gradiometer accuracy

# Soft and study environment: orbit + satellite + instrument case

s Differential measurement & rejection of non gravity sensor signal:
& Concept + configuration
& Structure + positionning + alignment
& Calibration + linearity

=5 Gravity field measurement accuracy:
» Accelerometer sensitivity
» Data processing

% DMPH L

ONERA
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Accelerometer main features

Cutput AD
"'el:fIWF:Jufk Pl converter [ S/C
V.=+V A
| -
I
N
c, ';z
- + c " Drive
V +Vd by — RS VeHP.LD a;,nogltiaf?;s-
o v
1 F1
V= -V <
= Proof mass : motion and attitude servo-controlled
= Capacitive position sensor
= Electrostatic actuators
=6 degrees of freedom measurement ONERA
ﬁ
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The capacitive sensor

detection voltage L.
V. (1-5 V,y,, 10-100 kHz) To optimise :
25 #the resolution
V,=2K,= x
N, C:C € ) Yy
s V"V’ET K, = 1-200 VipF zthe bias stability
C
= F Z """ Z zthe rejection of stra
r'l_l ™ ca acitajmce ’
_{I test mass N... I/ l/ p
sibctroe N, WFampltier — =the force back action
C, W ] charge amplifier :yeﬁ:t;:msr
s]
capacifive bridge
GRADIO configuration
Scale factor : 50 V/IpF (i.e. 2.4 10*V / m)
Resolution : 1.2 107 pF / HZY2 within 5.10° Hz to 100 Hz
i.e. 5.1012m / Hz'2 for 300 pm gap
% DMPH and compatible with 10"*3 N / Hz1? //9._%
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Sensor Core

R &R & & & R

ULE material
Optical grinding
Ultrasonic machining
Gold coating (sputtering)
Clean room integration
micromys, arcsecond

ONERA
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Accelerometer Output model

? ? K

/ = Measurement electronics
. . |
Blas

Scale factor

= Disymetries of restoring electrostatic forces

= Parasitic forces on proof-mass

= Mechanical geometry

= Reference voltage

—

Non-linearities =—»|- Disymetries of restoring electrostatic forces

(Quadratic term)

Cross—coupling ===>| - Orthogonality of surfaces I

Noise ——>»

= Fluctuations of bias sources
= Random desturbing forces on proof-mass

<Thermal sensitivity & random temperature fluctuations
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Bias

1 PS

Radiometer effect

_» N?2? > 2h2T?
2 mT

e

Radiation presure

3
n? ? &2 28 h2T1?
—p 3 mc

Fluctuations
Disturbing _
force —

on proof-mass

Earth’s magnetic field 2
fluctuations — P> n? 72 3 M

\\

Spacecraft’s magnetic

field fluctuations

N

Lorentz force ~
fluctuations

\/ ? BZ ?
MY on—Earth5 (is attenuated by 50)
Om ? ROI’bIt

2V 3 B&3
—E? (is attenuated by 50)
?om ? Rsc ?

Gold wire Satellite I
damping gravity Gas damping
l gradient U \
Gold wire stiffness
1 \
n? ? —4/4kaH ‘
A2 2 2Gm?n n? ? Wy

Mﬁ DMPH

m

D . .
~_ 1 2 orbit Forbi Q. B ? (isattenuated by 50)

o2 L (AT
m

ONERA
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Electronics noise A

S 7275 o Vdetbias g?an

/& H 7
Geometrical NVgya ?
dissymetries

N D NI

n? ?

Detector hias

Electronics » Y.
: — Position sensor — N? 7?7 235777,
Noise sources -

2S :
=1 Drive Amplifier n? 2 -2 v\ _hvV...? (canbe rejected by
noiss ’ me2 P L control loop gain...)

: ?S
Contact Potential e, n? ? —’R/pnvcpd ? Vepd an?

\ Difference noise me?

M remen ?S
easurement \ n? ? —fomvmeas?

amplifiers me2

(Measurement noise re-expressed at
electrode level throught DVA and Meas. O NERA

% DMPH ampli. gains) — T
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Most updated Budget concerning Accelerometer noise
GOCE

10 © 110
\5.11710° 7, 501710
-7
7 . -5
170 / 110
/ /
~8
170 g (25 %:::::::
% 9
fn_YZ/,! - fn_x?k?
fn_tot?) 2 ? tio 20?27
Lt i7 fn_tot§ ?fk ¢ 110
Por - —
?ach Ml gm0 ? ade J5K? /
e 0 = 1 7 —_— -8
oo 4 ~<] A mgedm? 110
fn_sens1? 7! 120 & o N
. n_se" 17?110 fn_smsl??fk? N =
) ‘* TN i 1 oo o -9 ™
fn_sens2?] ?f? 3 h N it f z fn_senso] 7fc? %0
» 130 © = LS ; e =
fn_dvaj 2fi? — PP - ~N R 7T R
el - modn? S TS il s
“n_::p i % L = A P 1410 =
2 = o 7 = FEHH =
e edn? =i Shim s -
fn_tot_forcd) ?sz 10 O.-q) J>10 ===k
. fn_tot_forc *fk ¢ =
fn_fluc_tot?j?fk? > " . 7 )
o e f_fluc_tofl 7k 2, - 12 A LTI
? reccou 7% 110 ) 7110 == \
P 7j7f‘7 ? readout § ?fk ¢ ] r i K ‘.‘\
? dac2 /) Ak - -
_= 135 ? dacz??fk? o -13 i L1 LLL]
dThias)j 7 ? — 110 — e
N ) }
v dTbias)“fk ? : i+ :
170 ¥ e _14 . o
CE ———--::.
19078 I"E::: - .
130 °
6606210 3,30 20
190 ° 1%0 ¢ 1%0° 001 01 1 10 100 394710 330
10?5 fic 70.779, ’ & 275 2.4 2.3
9.321210"°, 170 1%0 1%0 001 01 1 10 100
932010 % fi 70779
Science: Ultra-sensitive Science: Less-sensitive

ONERA
)\ omPH e



- 25

1 - Pierre Touboul - Ecole d’'été Géodésie spatiale - 2 septembre 2002

STAR Accelerometer for CHAMP Mission

demonstration of GRADIO accelerometer concept and technology
but much larger range 103ms~? and so less resolution

Major specifications

&5

R &R &

R & B

R R

Mfz DMPH

Measurement Range 103 m.s2
Meas. bandwidth 104 Hz - 10! Hz
Resolution 3 10° m.s2rms

Integration period 1 second
digital output 19 bits + sign

Mass 9.7 kg (SU+EEU) 3.0 kg (ICU)
Volume 13 litres (SU+EEU) 4 litres (ICU)
Power 6.8 W

Launched on july 15, 2000
From switch / on, continuous
operation in Orbit

SU + EEU
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STAR resolution Day 290, Z axis, normal to the orbit plane

= Difficult to demonstrate in orbit
= Time and / or spectral analysis

Vz acceleration
740
Nomina
730
£ ) . /Y M’\f—\l\f Blue: rough data
s 720 V- ! Green: corrected data,
“ 710 FFT 65.10%pts
Expanded : 24 bits Red: corrected data,
700 FFT 16.103pts, mean (9)
18/08/00—1680 1710 1740 1770 1800 sec

1 - Pierre Touboul - Ecole d’'été Géodésie spatiale - 2 septembre 2002
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STAR /| CHAMP

Servo still possible because Ve <Vx3 <Vp

=> Correction of the measured
acceleration

2 62, 12,72

= 2
2?2 37, 87, ov( x)mes
|0 2 l?

4 cor’) f) g 8 mes’)
;XI )cora 7 37 3 ’)alﬁ])mesa
’_,D —_

7%, a4 s

X
D

. In flight thermal variations induced by X3

pms-2

DAILY BIAS X CORRECTED 2

9.00 [ I
. =
o X after correction = A
7.00 =
X before correction - /Tq -
5.00 — X after x:100 )y
q‘i‘ﬁaﬁﬁﬁiﬁﬁ \
3.00 A
W L
\
1.00 ‘:ﬁi’%‘ . _ «Eb/ A \
_1_0024 2\2.“/\ 2 WVV._\?‘ r24 = 280 295 3 O\VA 32
o -Hiiﬁ'iaaﬁ mﬁr \ V/
-5.00 H [

DAY, YEAR 2000

Test-Mass : Vp = 10 Volts

Vx3 DVA

Ve ~mV

ONERA
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Accelerometer Specification Overview

e

SuperSTAR
Measurement range 5 10° m.s
Bandwidth 5 10 Hz - 4 102 Hz

Noise S(f)=102°(1+5 10-3/f) m?.s4.Hz!
Bias C; <2 10® m.s?

Scale factor C,=1.0 +/- 2%

Non linear term (quadratic) C, < 20 mt.s?
(cubic) C3<10*m=2s*

R &R R & & &

Mfz DMPH Orbit 480 km (\), 89°

ONERA




GRACE Mission : first day data
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i 1200 S ACCELERATIONs AZ (BIAS REMOVED) S/C Ve|OC|ty d I reCtIon

4“—p |

0.3 —GR1-AZ-N

—GR2-AZ-N

|
o W 200 km W
—>

- (=30s)
|

-0.3 .‘
700790400 700791600 700792800 700794000 700795200 700796400 700797600

Time (second)
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ACCELERATIONS AY (BIAS REMOVED)

1200 s Earth direction
<+—F> l

0.15 | —— GR1-AY-N

0.1 I —— GR2-AY-N

0.05 . I

I T
N
-0.1

-0.15 N

-0.2

700790400 700791600 700792800 07940 7007 200 700796400 700797600
e AL ONERA

- /’”-’”"_-_—___-_‘_““““‘\
é@g Elalma Thruster boost for attitude control
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Model and
actual
measurement
comparison
GRACE mission

Preliminary analysis from
Texas University

Mﬁ DMPH

Cross—track I:n'l"SE.I

Radial (m/'s3

w10~ Comparison of Accelerometer Data (blug) with Computed Data (red) (graa jpl.207.02)

-1k -
-1.5F B
_2 L L L 1 L L L L L
0 01 0.2 0.3 0.4 0.5 0.6 [ 0.2 0.9 1
Time (day)
k107
T L] T 1 T L] L] T 1 T
&l .
c'{l;" 5k .
£ | A \ W '
Z4t -
'|: a2k | I T
1= 5§
=P ,- | |
1 7 /] i J 7] fq 4
ARV j 7
1 1 1 L 1 1 1 1 1
0 0.1 0.2 0.3 04 0.5 0.6 07 0.8 09 1
Time (day)
%107
T T 1 T 1 1 T 1 T
05k -
0 WM‘(J\_M}\J\LWM
-0.5k .
_1 1 | 1 1 1 1 | 1 1
[4] 01 0.2 0.3 0.4 0.5 0.6 07 WR-} 0.9 1
Time (dav)
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Space Gradiometry & Future Geodesie

& GOCE Mission

Instrument present STATUS
& Definition phase (B): Review April 2002
& Starting of production phase (C/O): July 2002

Launch expected at early 2006
& And After ?

[ Cryogenic gradiometry

with =
& higher resolution accelerometer -

& higher drag-free satellite performance
& higher calibration performance

By Satellite Satellite tracking: GRACE follow-on

& drag-free satellite
& |lower altitude
& laser ranging

ONERA
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