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The Equivalence Principle

General Relativity
PE — Universality of free fall
all bodies, independently of their
mass or intrinsic composition,
acquire the same acceleration in
the same uniform gravity field
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Impossible to merge the
gravitation with the three other
fundamental interactions

=1

Alternative theories
Possible unification
= New interaction?
= Violation of the Equivalence
principle?

Accuracy of 10 1> 210 g [}

MICROSCOPE

Test with the highest
accuracy and in various
- conditions the hypothesis

and laws which rule the world
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MICROSCOPE space experiment: test of the
Equivalence Principle with an accuracy of 10 15
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The principle of the MICROSCOPE space mission
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C Inertial or spinning H Gravitational source: the Earth
satellite . > inertial acceleration: orbital motion

—> Measurement axis _ N
Proof masses: 2 masses of different composition : controlled on the
same orbit (< 10-*'m) thanks to the measured

material 1 (Pt)
[ material 2 (Ti) electrostatic forces

—» Acceleration

W
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i
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time span of the measurement: non limited by the free
fall (> 20 orbits)

Environment: Very controlled or avoiding perturbations,

> .
H drag-free satellite

CNES MYRIADE Microsatellite Signal to be detected: phases & frequency are defined fep =

® Circular Orbit: 720 km, e < 5.10°3 - Inertial mode: f ,,, = 1/orbit

® Inertial or Rotating: 7.102rd/s - Spinning mode: o+ fg,

® Mission duration: 12 months

® Mass of microsat: 200 kg

® Payload budgets: 35 kg, 40 Watts

® 2 differential electrostatic accelerometers
( 2 pairs of masses: Pt/Pt & Pt/Ti)




The measurement

Measurement of the accelerations applied to the test masses to keep them centered and concentric

d: differential mode (half différence)
— contains the EP violation term

c: common mode (half sum)
— command of the drag-free system

o . my, m - Inertia
EP violation parameter ;: 0 = - 2? - 1? ;‘;il\l/:r)l/t gradient
\ chx / rA)(—
1 1 1
i = 5 (T 1= Fres 2) = S Ko B0 Wy + Ml + 6 I:ﬁT - In]da,
B Hc‘,'_ A,
= ~t
Kldx
1 ,7dz u Hdz |JI:resdf +C ) +2[K 2CxX |:(rapp dx bldx)l:(rresdf X i Cx - bch)
Ao~ %02
2
+ K2d><>< |i(rreﬂsdf e C - bch (rapp,dx n b1dx) )
b, : bias A : décentrage 6 : mésalignement

b, : parasitic forces
[ esqr : drag-free residual
C : drag-free command

. terme gquadratique

K, : facteur d'échelle | K,
n : couplage

ONERA




Budget before calibration

Defects
between the
Instrument <

and the
satellite
\
)
Defects

between the \
two sensors

Quadratic
non
linearities

Signal element

Parameter concerned

Contribution before calibration

(m-s?)
Ko [Tyx [Ay Koy [Ay < 20.2um 8 4x10M4
chx [sz [AZ Kiex A, <20.2um 8.6x101

Kiex [Ty LAy Koy [AY <20.2um Ex 1010
(7, + 0 ) Ty e A+ y5cz <j:::: = 8.6x10
(’70y _ 5cy)[Tzz A, Ney — By <2.6%10%rad - ot

Az <20um

21Ky [rresdf X Kigx <107 2x1014
21 (qdz + Gdz) (TMresyy |74z + 6y < 16 10%rad 3.0x10%
21 (’7dy - Gdy)[ rresdf Z | Mgy — Oy <1.6% 103rad 3.0x10'5
ATK 5,00 T app i T ey K oexx < 20000 #m 8.0x10%
2K 5 gxx [ﬁrrisdf xt I'gpp’dx) Koy < 20000 ¥m 8.0x101
Total = Z‘ ‘ 2x1013

Total contribution :
2.1013 m.s?
> 8.1071° (mission
accuracy objective)
— an in-orbit
calibration is
necessary
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Calibration procedures : off-centrings

1 1 1 lcx rA)(_
rm&,dxZE(rml_rmz)_Echxw@x/sat E r]cz+6c7 |:ﬁT_In][]Ay
Moy = A,
- T
K1dx
< /7dz o Hdz qrra T C ) + 2 [K 2CxX |:(rapp dx bldx )l:(l_reﬁle , X 2 C:x - bch)
Do~ %02
2
e K2dxx (rrasdf , X C = bch (rapp,dx e bldx) )
KA, and K, A use the ilmportant value of T,,and T, at 2f
COSIne part' rmes,dx /cos(2 1:orb) =3 2 1cx Er (2 1:orb) m
1

sine part rmes,dx/sin (2 forb) - = 2 ch [T (2 forb) m

K A T, too weak = oscillate the satellite around Y

1cx sat

1
rm&a,dx/cos( 1:cal /ang ) 2 chx HT (fcal /ang) 0’ caI /ang ) my
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Other calibration procedures

1 1 I = L,
[ e o = E(rm,l— [ mes 2) = EchX og + = + 6, Ogr -m]da,
e (&)
: K1dx .
ommas B0 o AT R L L e L
Moy = G

- K2dx>( |i(rr%df X * Cx - bch + (rapp , ax + bldx )2)

1. Parameters of the common sensitivity matrix (7., + 6., n., — 6 ): oscillation
of the test masses along Y and Z at f;,+ modulation of the Eart gravity gradient at

2f,, — calibration signal at f,,+ 2f_,,

2. Parameters of the differential sensitivity matrix (Kigxr Moz + O gz Mgy - Oy )
oscillation of the satellite along X, Y or Z through the drag-free command C

3. Differential quadratic factor K . : oscillation of the satellite along X through the
drag-free command C — calibration signal at 2f__;.,

4. Common quadratic factor K ,_.:
- K21xx: oscillation of the test mass 1 along X, drag-free locked on the sensor 2 — calibration signal at 2f;,,
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Evaluated calibration budget

T, = 10 orbits

Parameter to Perfo. after Specification
be calibrated calibration
Kiex [Ay 0.10 um 0.1 um
chx mz 0.11 pum 0.1 um
K 1ex [Ay 1.2 pum 2 pm
(7, +6.,) 1.0x1073 rad 9.0x10 rad
-4 -4
(,7(:y _gcy) 9.5x10* rad 9.0x10* rad
(Kaae/ K 1cx) 3.1x10°5 1.5-10*
04, 2.3x10°%rad 5-10° rad
O 4y 2.3x10°%rad 5.10° rad
szxx/Klzcx 50.2 s?/m 250 s2/m
K genc [ K 2 581.9 s2/m 1000 s2/m

—> Simulator to test the validity of the planne

d calibration procedures
SRR i
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Simulateur d'etalonnage : structure

Instrument
Oscillation
Environmt_antal corrlr;?br::tifgrr]the Internal e Internal [Mres 1 [Mes d Test of the
perturbations test-mass |———»  sensor e + —"Cp  Equivalence
—» dynamics measurement Principe
o » External External r
erna erna mes,c
test-mass [ ”] sensor
rng,sat dynamics rApp,z measurement rmes,z AOCS —
— " Satellite I
dynamics
—>
Angular or linear
Ot Bl oscillation command for
e | e the calibration
calibration
satellite attitude » Star tracker | measured attitude
rpropu
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Instrument

Oscillation
- command for the
Environmental calibration Internal M aop 1 Internal M s 1 Mesd Test of the
perturbations test-mass —————» sensor - + —» Equivalence
—» dynamics measurement Principe
rng,ext
»| External External =
test-mass > sensor
[ ng,sat dynamics rApp; measurement rm%,g AOCS -
> Satellite I
dynamics
»
Angular or linear
Oscillation oscﬂlta;‘tlon T‘EmTand for
command for the € callbration
calibration
satellite attitude » Star tracker measured attitude
rpropu
Satellite dynamics
Input Output
S - Non-gravitationnal acceleration of the satellite an sat
Thrust accélérration [ !

propu

- Attitude of the satellite for the star tracker

— solar radiation pressure
— residual atmospheric drag
[ =[ + [

ng,sat propu ext,sat

Influence of the environmental perturbations

i/[:»



The instrument

Instrument
Oscillation
Environmental EEITIIEE B i - -
urbat I Internal App.1 Internal rmes,‘l rmes, q Tes_t of the
periurbations test-mass > sensor * » Equivalence
—»  dynamics measurement Principe
r
ng,ext
| External External e
test-mass > sensor

rng,sal | dynamics -App,z measurement rmes,z AQCS —
— " Satellite I
dynamics
—>
Angular or linear

oscillation command for

Oscillation : .
command forthe — | the calibration
calibration
satellite attitude » Star tracker measured attitude

Simulation of the electrostatic acceleration applie d to test-mass k

- Non gravitationnal acceleration of the satellite : : :
r Electrostatic acceleration applied to

. ngsat the test-mass k in order to keep it
- Position of the test-mass relatively to the center centered

of the electrostatic cage O_ O,

hon.k = o=+ ([T] 1) 30 ~{0or1 0405 -0k

|sat




The instrument

Instrument
Oscillation |
Envi tal command forthe
n\;ror;glﬁﬂ e an Internal rApp,1 Internal rmes, ; rmes, q Tes_t of the
pertu lons test-mass | sensor * » Equivalence
—» dynamics measurement Principe
rng,ext
» External External rmes,c
test-mass sensor
r »
|

ng,sat dynamics rApp,z measurement rmes,z AQCS —
— " Satellite I
dynamics
—>
Angular or linear

oscillation command for

Oscillation : .
command forthe — | the calibration
calibration
satellite attitude » Star tracker | measured attitude
rpropu

Input

Electrostatic acceleration applied to test-
mass k to keep it centered [,

- Bias
- Noise
- Sensitivity matrix : scale factor, coupling, misalignement

ONERA
- Quadratic factors




Attitude and Orbit Control System (AOCS)

Common mode acceleration measurement

— Hybridation of the attitude measured with the star tracker (LF) and the angular

of the test-masses [

mes.Cc

acceleration measured with the instrument (HF)
— AOCS calculator: fonction de transfert : I o = TFge (I mes.c T Cétamnnage)

l — Thrusters: sensitivity matrix and noise [ =

propu —

thrusters [

'[Moroou] B DF + [ n.DF

propu

Instrument
Oscillation
Environmental cony;‘:?bﬁg“fg;the Internal [ oo 1 Internal [ [ e Test of the
perturbations test-mass PP, sensor mes, + T s Equivalence
—» dynamics measurement Principe
e .| External External j r
erna erna meslc
test-mass [ ”| sensor —>
rng,sat dynamics rApp,z measurement rmes,z AOCS -
—" Satellite 1,
dynamics
—»
Angular or linear
Ot Bl oscillation command for
command for the the calibration
calibration
satellite attitude » Star tracker | measured attitude
rpropu
Drag-free system
Input Output

Acceleration applied to the satellite by the




Results of the simulation

Parameter Estimation Estimation Estimation iitclzrgéoh
to be Max value accuracy: accuracy: worst | accuracy: mean Y-
: e standard
calibrated specification result result .
deviation
K g 20 pm 0.1 pym 0.04 pm 0.01 pm 7.3 nm
K g, 20 pm 0.1 pym 0.05 pm 0.03 um 6.5 nm
Kigdy 20 ym 2 um 0.2 um 0.05 pm 0.04 um
Ney -8, | 2.6:10%rad | 9.0-10*rad 1.0-10° rad 3.1:10* rad 2.3-10*% rad
N, + 8., | 26-10%rad | 9.0-10*rad 1.1-10° rad 2.6-10* rad 2.6-10* rad
(Kig/Kiew)' 102 1.5-10% 5-10° 1.6-10° 1.2-10°
Oy, 1.6-10%rad | 5-107°rad 2-107° rad 1.0-10° rad 8.3-107 rad
O, 1.6-10%rad | 5-107°rad 4.10° rad 1.2-10° rad 1.7-10° rad
Kogo/Kie> | 14000 s2/m 250 s?/m 124 s?/m 25 s2/m 23 s?2/m
K. /K,..> | 14000 s2/m 1000 s?/m 274 s?/m 62 s2/m 54 s?/m

2cxx " tlex

Estimation accuracy after calibration : statistical analysis with 100 simulations
Session duration: 10 orbits, except for n , + 6 _,: 40 orbits
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Mission simulator

Model of the instrument & satellite — Model of the acceleration—j
Gravity 9, [T] )
» acceleration & - R Eft'mit‘fﬁ
7 value O e
orbit > " (EP,
Acceleratlon Calibration)
) measurement
> attitude, [I]
Attitude law
attitude command 2 differential accelerometers:

- instrument parameters

Attitude mode: - EP violation parameter o - measurement
- inertial : X, Z in the orbital - command for the test-masses oscillation correction
plan Drag-free system: - least squares
- spinning: rotation around Y - command for the satellite linear . .
- angular oscillation of the oscillation mvgrs!on
satellite - drag-free residue, noise - missing data

of the instrumental parameter with 10-1>

parameters accuracy

Calibration sessions Correction of the effects Estimation of the EP
+ session for the EP test ‘ -
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Conclusion

Calibration process definition

- The budget of the measurement equation before calibration does not
comply with the objective of the EP test accuracy

- Several in flight calibrations are necessary during the space experiment

- Parameters to be calibrated have been identified and appropriate methods
of calibration have been proposed.

Calibration process validation

- Development of a simulation software including models of the instrument
and the satellite drag-free sytem and implementation of the calibration
methods

- Results compatible with the specifications
Data processing validation

- Association with a dedicated software for the EP test sessions in order to
test the entire mission scenario

- Correction of the measurement with the parameters estimated during the
calibration process: estimation of the EP parameter to validate the mission
performance

- Influence of the numerical effects (missing data)
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