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. INTRODUCTION
11 PURPOSE

The purpose of this technical note is to descrig @nalyse the methods defined for the on-orbibration of the GOCE
Gradiometer, to identify their performances, litigas, and impacts on the system.

The results of this analysis represent the inputife definition of the Gradiometer on-orbit refece calibration plan.

12 STRUCTURE OF THE DOCUMENT

In section 3 the purpose of the on-orbit calibmatiof the Gradiometer is recalled and the applicablguirements are
summarised.

In section 4 the method devised for the on-orbiasaeement of the quadratic factors of the acceleters are described and
analysed, to identify under which conditions theafied calibration performance can be achieved.

In section 5 the methods devised for the on-orbéasarement of the elements of the inverse Caldralilatrices are
described and analysed, to identify under whictd@dans the specified calibration performance carabhieved.

In section 6 the main requirements to be fulfilgdthe DFACS and by the thrusters in order to madssible the achievement
of the calibration objectives with the proposedrapph are provided.

In section 9 the numerical simulations performegenfy the calibration methods performances arcdbed and their results
are provided.

THALES Mos2 EN

All rights reserved, 2007, Thales Alenia Space

CONTROLLED DISTRIBUTION



CONTROLLED DISTRIBUTION

j REFERENCE : GO-TN-AI-0069
Thalesﬁ!seplailcg DATE : 14 February 2008
ISSUE : 04 Page : 5/93
2. APPLICABLE AND REFERENCE DOCUMENTS

All the documents in the following lists are applide at their latest issue, unless differently exyplicitly specified.

2.1

[AD 1]

2.2

[RD 1]
[RD 2]
[RD 3]
[RD 4]
[RD 5]
[RD 6]

[RD 7]

APPLICABLE DOCUMENTS

GOCE System Requirements Document for PIBd€2D/E1 GO-RS-ESA-SY-0002

REFERENCE DOCUMENTS

Performance Requirements and Budgets ®iGhadiometric Mission, GO-TN-AI-0027

Gradiometer Instrument Specification, GQ-RI-0007

Gradiometer Performance Analysis and Budge-RP-ASC-0109

ONERA Support to Gradiometer system analysPM9, Minutes of Meeting GO-MI-Al-0166, Novemidet, 2002
Gradiometer Ground Calibration Plan, GO-PN&0009

J. Stoer, R. Bulirsch, Introduction to Nurncat Analysis, Springer-Verlag 1980.

W. H. Press, B. P. Flannery, S. A. Teuko|sW¥: T. Vetterling, Numerical Recipes — The arsofentific computing,

Cambridge University Press 1986.

[RD 8]

Review of GO-TN-AI-0069 Issue 2 and reviefvammmon scale factor retrieving process, ONERA &R-ONE-

0236-2004, 17/06/2004

[RD 9]

G. W. Stewart, Perturbation theory and lesagtares with errors in the variables.

[RD 10] Review of GO-TN-AI-0069, Fax GO-ONE-0488a%) 19/11/2003

[RD 11] GO-RP-ASC-0919, Gradiometer FM Performarceslight

THALES Mos2 EN

All rights reserved, 2007, Thales Alenia Space

CONTROLLED DISTRIBUTION



CONTROLLED DISTRIBUTION

j REFERENCE : GO-TN-AI-0069
ThalesAlenia
DATE : 14 February 2008
T e on e 5 p ace y
ISSUE : 04 Page : 6/93
3. ON-ORBIT CALIBRATION OF THE GRADIOMETER: PURPOSE AND REQUIREMENTS
3.1 CALIBRATION MATRIX AND QUADRATIC FACTOR MATRIX

Once the conditions for the gravimetric measurerhare been established, i.e.:

« the drag-free condition has been established aad®ACS has brought the linear and angular acd@es the
angular rates and the attitude angles below thislidefined in [RD 1],

» the Gradiometer is set in its measurement mode,

» the satellite internal environment (thermal, elestagnetic, micro-vibration) has achieved the qe@ssmecessary for
all the internal disturbance sources contributio(elf-gravity, coupling with magnetic field, struce
microvibrations) to be under the limits definedRD 1],

the common-mode and differential-mode acceleratiorsasured by the accelerometers in the One-AxidiGreeter
Reference Frames are still affected by errors due t

1. Coupling of the residual common-mode and diffesdntiode accelerations with the differential and omm scale
factors of the accelerometer pairs;

2. Coupling of the residual common-mode and diffeedrmiode accelerations with the differential and own
misalignments of the Accelerometer Reference FrgB§) in the corresponding One-Axis GradiometefeRence
Frames (OAGRF);

3. Coupling of the residual common-mode and diffentiode accelerations with the differential and omm
coupling factors among the sensitive axes of tleelacometers (due to their non perfect orthogonaditc..);

4. Coupling of the residual common-mode and diffeantiode accelerations with the common and difféaént
quadratic factors (or quadratic non linearity) lué accelerometer pairs.

5. Coupling of the residual common-mode acceleratiatith the phase difference of the accelerometersl-oea
channels and of the OAG structure vibration modéss (phase difference behaves like a frequency- g,
differential scale factor).

With reference to Figure 3.1-1 for the nomenclatofehe layout of the 6 accelerometers in the GO&&diometer, the
relationship between the common mode and the diftéal mode accelerations

1 1
e :E (a;+aj), dqj :E (@i-a)) (ij = 14, 25, 36)

measured by the three accelerometer pais A1), (Az As), (As, As) in their Accelerometer Reference Frames and the
differential and common mode acceleratioas;(aq,;) experienced by the accelerometer proof masséseirorresponding
One-Axis Gradiometer Reference Frames can be widtse([RD 1]):

I 2

Acij | _ Ajj |, 1 (acj +aq4;) Be,i LY

' =M; +—KZ S| T b + (3.1)
aqj Q5 ) 2 (8cij —2qj) Dy j Ny i

where M; andK2; denote the “Calibration Matrix” and the “Quadrakactor Matrix” andbcj (D), Nej (Na) denote the
common (differential) biases and noise of the arogheter paify, A;:

1 1 1 1 "
be i =E (b + ) , by :E (b -b) , nej =E (i + M), Ngj :E (ni -ny) (ij = 14, 25, 36).
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Figure 3.1-1: Accelerometer layout and sensitivesa@rientation in the GOCE Gradiometer (the acamiester ultra sensitive
axes are indicated with thick arrows, while theslesnsitive axes are indicated with dashed arrows)

The Calibration Matrix is built with the common aniifferential scale factors, misalignments and diogs of an
accelerometer pair (a Calibration Matrix is defifiedeach One-Axis Gradiometer):

1+ Keix  Weiy téijy ~6ij T Ka,ij x Wajj *€ajj ~Caij T1ai
Wi e 1Koy o @yt ~Wai téa Kaijy Gaij * Cai
Oy *eij  ~%jj tSeij 1Kz Gajj *ai ~ @i *Saii Kaij.z
Ka,ij.x Wajj t€ajj —Ouij Tajy L1+ Kejx  Weij i ~ Gy
~Wai tEq Kaijy @yjj T Caj ~Wei tei; 1tKeiy @yt

Ogii t*Naii  ~ @i * Sali Ka,j.z Ooii teij ~@jj t6eij 1Kz

el Tl [ g e

= [1]6 +dM;
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dMgj1s dMgj1, dMgjigs Keij x Wej * iy~ 6y T
[dM]cjj = | dMcjji o1 dMgjio  dMcj o3 —Weii tEj Keji v i * Celi
dMcjjar dMcj 3 dMeji a3 Hcvij + g =@ t 6 Keji z
dMgjin dMgj1o dMgjias Ka.ij,x Wajj *€ay ~Ga T
[dM]g;j= | dMg 21 dMg 20 dMg o5 | =| — Wy + &g K,y Guij *Cai
de,ij 31 de,ij 32 de,ij 33 Hd’ij g =@ *6ai Kd’ij z

with

1+ Kejix (Kgjjx) : common (differential) scale factor of the decemeter paify, A along the X axis of the
OAGRF: ¥ Kgjix = 1+§ (Kix + Kjx), Kaiix :% (Kix = Kix)s -

@i (i) common (differential) misalignment bktaccelerometer pak, A about the X axis of their OAGREF, ...

Geij (Gaif) component along the X axis of the OAG&Rhe common (differential) coupling among the sxxé the
accelerometer pai, A, ...

For the adopted definition of the OAGRF (linkedtiee accelerometer centers), the common misalignmgnto. j, We
include also the contribution of possible relatmésalignments between two accelerometers of theegaair along the axes

perpendicular to the OAG baseline (see [RD 1]).

The Quadratic Factor Matrix is built with the command differential quadratic factors (also denadsd<2, for short) an
accelerometer pair (a Quadratic Factor Matrix i&ngel for each One Axis Gradiometer):

kel -l
KZC’"- x ¥t sz,ij,x 0 0 KZCY"- X~ K2d,ij X 0 0
0 K2c,ij v sz,ij,Y 0 0 ch,ij,Y - K2d,ij,Y 0
0 0 KZC’inZ + sz,ij,z 0 0 ch,ij,z - K2d,ij,Z
KZC’"- x ¥t sz,ij,x 0 0 KZinj’X - KZCY"- X 0 0
0 K2c,ij v sz,ij,Y 0 0 K2d,ij v~ ch,ij,Y 0
0 0 KZC’inZ + sz,ij,z 0 0 sz,ij,Z - KZC’"-YZ

with
K2.ix (K245x): common (differential) quadratic factor of thecalerometer paif, A along the X axis of the OAGRF, ....

2
(8cj +24j)

1
With this definition ofK2;, the term— K2, , |inthe (3.1.1) expands as:
2 (8cij —2dj)
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(ag,i x * 8, ,x)2 acz,ij x T atz,ij x K25 x T20K24 5 xaq x8qj x
(v *auj ’Y)Z Ay Tagyy K2y T20K24 5 vag vagy
1 K 2. ((ac'ij =y )2] _1 K2 (8cjij,z +qji ,2)2 — acz,ij zt ag,ij 225, ¥ 20K2y 5 7805 28y 2
2 " (8 _§d,ij)2 2| (i x ~a YX)Z acz,ij,x +a§,ij x K245 x T20K2Z 5 v aqj x8q j x
@iy =8,y )22 acz,ij v T ag,ij v K25 v T2IK2 5 vag vag .y
(B2 ~ 20 2) acz,ij zt as,ij 2 K252 T 20K2 5 785 28,2

The original differential mode acceleration expecied by the accelerometer proof masses in the OAGR&M which the
GGT components are derived, are recovered frormtbesured common and differential mode accelerabgriaverting the
relationship (3.1), neglecting the contributiortlod quadratic term and of the accelerometer bidsaise

a.; ) a' . a'._ .
C,ij =M ijl f’c,u =Ml i —’CJJ , (3_2)
Ay j a i & g

whereMl; = Mij'l denotes the inverse Calibration Matrix:

Mljap ME o Mlas Mig., Ml s Ml
Ml o1 MIG 55 M o5 MIy 5 M 55 MI o6

Ml o, Ml Ml . Ml . Ml . Ml

MI, = ij 31 ij 32 ij 33 i 34 ij 35 ii ;36 = ([1Js + dM;)* D[L]s - dM;
Ml 41 MI 4o M 43 MIy 4 M 45 MI 46
Mlj sy Ml s, Ml s Ml g Ml ss MIy g
Ml 61 Mlj g Ml es Mlyg Ml e Ml g
By introducing forMI;; the block form

() ),
j = I}

: [Ml]d,ij MI ¢

the (3.2) can be expanded as:

acij = [MI']gjjdcj+ [MI'lgj@ai » @aj=[MI]aj@ci+ [MI]cjda-

Only the X3 sub-matricesNll]q, [MI]c; including the elements of the last three row$/d§ need to be known in order to
recover the original differential mode acceleragion

The quadratic factors of each acceleromdt& (, K2, v, K2 ;) can be physically adjusted by operating on thmerical bias
of the loop which controls the position of the decemeter proof mass inside the electrode caget Sgossible to change
(reduce) the value of the common and differentighdratic factors of the three accelerometer pdiexr ghe Gradiometer
assembly.

On the other hand, it is not possible to modify\hkies of the accelerometer scale factors, cogplamong the sensitive axes
and orientations in the respective OAGs, afterabeelerometer manufacturing and the Gradiometernasdy. The actual
value of the elements of the calibration matrickes@ the in-orbit mission lifetime is thus determihby the result of the
manufacturing/integration process and by the furthedifications that they can suffer during thewgrd testing and handling,
during the launch, and during the time spent oiit.orb
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3.1.1 Limit Values of the Calibration Matrix Elements and of Quadratic Factors

The limits specified in [RD 2] for the values oftkommon and differential scale factors, misalignivead coupling among
the axes of the three accelerometer pair (and qoesdly for the values of the Calibration Matricelements) not to be
exceeded all along the GOCE on-orbit mission lifieti are in Table 3.1-1. The design and implemematib the
accelerometers and of the Gradiometer shall gueeatitat, as consequence of all the manufacturtegfiation processes,
ground activities, launch, on orbit lifetime effgcthese limits are not exceeded. This is confirtmgthe results of the current
prediction of the in-flight performance of the Giaueter [RD 11].

Sensor OAG | Common, Differential Common, Differential Misalignment + Coupling [rad]
Pair | Axis Scale Factor
X1 1 | U |Keaax Kazax < 4.0510°%  (We14+€ c14), (B4 c10), Wa14+E d14), (Bg14tN 010 < 1.310*
Av AalY | S| L Keray, Kazay < 5.18107 (-We,14+€ c14), (Wa14€ 10), (a1t a10) < 1.3107
(De14+l c14) = {14 < 1.000° (for the OAGRE definition)
Z |- |U|Keiaz Kyiaz < 4.0510° (614N 614, Ba14+N d414), (Qy14+C q10) < 1.310°
(-0c14+C c14) = L 14< 1.000° (for the OAGRE definition)
Xi| = | U |Keasx Kaosx < 4.0510° (We.25+€ 6.25), (Wa.25+€ 425), (25t 425) <1.310*
A, As (-Be25+N c29) =N 25 < 1.0010° (for the OAGRE definition)
Yil 1 |U|Keosy Kazsy < 4.0510%  (-Weost€ c25), (@c25t c25), (Wazs*e a29), (Pt dos) < 1.310°
Zi| - | L | Keasz Kazsz < 5.18107 (-0c25+C 625), Ba25N a25), (Pa25+C g9 < 1.310*
(B25HN ¢29) =N 25 < 1.000° (for the OAGRE definition)
Xi| = | U |Keasx Kazsx < 4.0510° (-86,36"1 c.30), (Wa36+€ 436),(-Ba36+N aze) < 1.310*
As, As (Wea6t€ c30) = £ 36 < 1.000° (for the OAGRE definition)
Yi| - | L [Keasy, Kazey < 5.18107 (©cas+ L o30), (Waze+ €dag), (Daze+ Laze) < 1.310°
(-Wess+ € c30) = €36 < 1.070° (for the OAGRE definition)
Zi| 1 |U| Keagz Kazez < 4.0510°| (Bca6+ N c30), (Deast L cze), (Bazs+ N aze), (Paast Laze) < 1.310°

) : in-line axis, aligned to the baseline of the@# which the accelerometer belongs
: transversal axis, perpendicular to the baselfrtae OAG to which the accelerometer belongs
: accelerometer ultra sensitive axis, L cederometer less sensitive axis

—

U

Table 3.1-1: Upper limits of the common and diffetia scale factors, misalignment and couplinglad three accelerometer

[dM]c 14

[dM]q .14

fdM.141< 4.0910°

dMg14.1,< 1.310*

dM14.13< 1.320°

dMy14.1<4.0510°

dMy14.10< 1.320*

dMg.1413< 1.310%)

dMg 140, < 1.310*

dM, 1405 5.1810°

dMy14.1 < 1.310*

dMy14.,<5.18102

dMg1422< 1.310°)

dMg 14 5: < 1.310*

dM 14 5,< 1.0110°

dMg1423< 1.010°
dM, 14 5< 4.0510°

dMyg 14 3 < 1.310°

dMy 14 3o < 1.310*

dMy14554.0910°

[dM]c s

[dM]g25

ldM, 551 < 4.0510°

dM,2s.1,< 1.310*

dMs.15< 1.020° |

dMy 25.1<4.0510°

dMys5.1< 1.310*

dMyg25.13< 1.3104i

dM s, < 1.310*

dM,s5..< 4.0510°

dMg s 21 < 1.310%

dMq 25 ,<4.05910°

dMgps.22< 1.310°)

dMy 5 51 < 1.0710°

dM, 5 5,< 1.310*

dM,s03< 1.310*
dM, 5 5 5.18107

dMy 25,3 < 1.310*

dMy 25,3, < 1.310°*

dMq.s 35.1810°

[dM]c 36

[dM]g 36

ldM, 561 < 4.0510°

dMy 56.10< 1.0010°

dMs6.15< 1.310* |

dMy 36,1<4.0510°

dMy 36.12< 1.310*

dMyg36.13< 1.3104i

dM, 36,1 < 1.010°

dM, 36,5 5.1810°

dMg 3621 < 1.310*

My 36.2<5.18107

dMqz6.03< 1.310°)

dM 3651 < 1.310"

dM, 56 52< 1.310"

dM36.25< 1.310*
dM, 36 3< 4.0510°

dMy 36,3 < 1.310*

dMy36.32< 1.310*

dMy 36 3<4.0910°

pairs, and of the elements d¥igl not to be exceeded all along the GOCE on-orbisinislifetime

By introducing the upper limits of the elements Mj in the expansion of ([4]+ dMij)'l, we can write the following

relationships betweed |; andM;:
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Mlij = [1]6'dMij +AM|ij
Mlij 11 N”ij 12 Mlij 13 N”ij 14 Mlij 15 N”ij 16 1_nd,ij 11 _nd,ij 12 _nd,ij 13 _de,ij 11 _de,ij 12 _de,ij 13
N”ij 21 Mlij 22 Mlij 23 Mlij 24 Mlij 25 Mlij 26 _nd,ij 21 1_nd,ij 22 _nd,ij 23 _de,ij 21 _de,ij 22 _de,ij 23
Mlij 31 Mlij,32 Mlij,33 N”ij 34 Mlij,35 Mlij,36 _ _nd,ij 31 _nd,ij,32 1_nd,ij,33 _de,ij 31 _de,ij,SZ _de,ij,33
N”ij 41 Mlij,42 Mlij,43 Mlij,44 Mlij,45 Mlij 46 _de,ij 11 _de,ij 12 _de,ij 13 1_nd,ij 11 _nd,ij 12 _nd,ij 13
Mlij 51 N”ij 52 N”ij 53 N”ij 54 N”ij 55 Mlij,56 _de,ij 21 _de,ij 22 _de,ij 23 _nd,ij 21 1_nd,ij,22 _nd,ij,ZS
N”ij 61 Mlij,62 Mlij,63 Mlij,64 Mlij,65 Mlij,66 _de,ij 31 _de,ij,Sz _de,ij,SS _nd,ij 31 _nd,ij,SZ 1_nd,ij,33
AMIij 11 AMIij 12 AMIij 13 AMIij 14 AMIij 15 AMIij 16
AMlij 21 AMI ij 22 A'V”ij 23 AMlij 24 AMlij 25 A'V”ij 26
. AMIij 31 AMIij 22 AMIij 33 AMIij 34 AMIij 35 AMIij 36 (3.3)
AMIij a1 AMIij 2 AMIij 43 AMIij 4 AMIij 45 AMIij 46
AMIij 51 AMIij 52 AMIij 53 AMIij 54 AMIij 55 AMIij 56
AMIij 61 AMIij 62 AMIij 63 AMIij 64 AMIij 65 AMIij 66
with

AMI 41, < 3.310°

MMy, 1,< 1.610°

AMI 4 15< 2.210°

AMIy41,4< 3.310°

AMI 4 15< 1.610°

AMI 4 16< 2.210°

AMl 1,5, < 1.610°

MMy, 5, < 5.910°

AMI 4 55< 8.710°

AMlIy4,,< 1.610°

MMy, 55< 5.910°

AMI 14 56< 8.710°

AMl 145, < 2.210°

MMy, 5,< 8.710°

AMI 4 55< 3.310°

AMl 145, < 2.210°

MMy, 55< 8.710°

MMy, 56< 3.310°

AMI 4 4; < 3.910°

AMI 4 4,< 1.610°

AMI 4 43< 2.210°

AMIy444< 3.910°

AMI 4 45< 1.610°

AMI 14 46< 2.210°

AMI 45 < 1.610°

MMy, 5,< 5.910°

AMI 4 55< 8.7110°

AMI45,< 1.610°

AMI 4 55< 5.910°

AMI 4 56< 8.710°

AMI 46, < 2.210°

AMI 4 6, < 8.710°

AMI 4 5< 3.310°

AMI 4 64< 2.210°

AMI 4 65 < 8.710°

AMI 4 66< 3.910°

AMl 51, < 3.910°

AMl ps51,< 2.210°

AMl,s5.15< 8.7110°

AMl,s5.1,< 3.310°

AMl 5 15< 2.210°

AMl 55 16< 8.710°

AMl 5 5, < 2.210°

AMl s 5, < 3.310°

AMl 5 55< 1.610°

AMl 5 54 < 2.210°

AMl s ,5< 3.310°

MMl s 56< 1.610°

AMl 5 5, < 8.710°

MMl s 5,< 1.610°

AMl 5 55< 5.910°

AMl 5 5, < 8.710°

AMl s 55< 1.610°

AMl 5 56< 5.910°

AMl 5 4; < 3.910°

AMl 5 4,< 2.210°

AMI 5 43< 8.710°

AMl 5 44< 3.310°

AMl 5 45< 2.210°

AMl 5 46< 8.710°

AM 5.5, < 2.210°

MMl 5.5, < 3.910°

AMl,555< 1.610°

AMl55,< 2.210°

AMl 5 55< 3.910°

MMl 5 56< 1.610°

AMl 5.6, < 8.7110°

MMl 5 6,< 1.610°

AMl 5 63< 5.910°

AMl 56, < 8.710°

MMl 35 65< 1.610°

MMl 35 66< 5.910°

AMl 61, < 3.310°

AMl g6 1,< 8.7110°

AMlg615< 2.210°

AMlg6.1,4< 3.310°

AMl g6 15< 8.7110°

AMl g6 16< 2.210°

AMl 36, < 8.710°

MMl z65,< 5.910°

AMl z6,5< 1.610°

AMl 365, < 8.710°

AMl 36 ,5< 5.910°

MMl g6 56< 1.610°

AMl g5, < 2.210°

AMlg45,< 1.610°

AMl 36.55< 3.310°

AMl 355, < 2.210°

AMl g4 55< 1.610°

MMl g6 56< 3.310°

AMl g6 4; < 3.910°

AMl g6 4,< 8.7110°

AMl g6 43< 2.210°

AMl g6 44< 3.310°

AMl g6 45< 8.710°

MM g6 46< 2.210°

AMl g6.5; < 8.7110°

MMl g6 5,< 5.910°

AMlg655< 1.610°

AMlg654< 8.7110°

MMl g6 55< 5.910°

MMl g6 56< 1.610°

MMl g6 6, < 2.210°

MMl g6 o< 1.610°

AMl g6 63< 3.310°

AMlgg64< 2.210°

MMl g6 65< 1.610°

MMl g6 66 < 3.910°

By combining the (3.3) with the limit values foretielements oM; provided in Table 3.1-1, we can compute the ufipgts
for the elements dil; which are expected not to be exceeded all aloagthorbit mission lifetime. They are provided in

Table 3.1-2.

dMly, ;< 4.100°

Mlyg1,< 1.510°

Mlyg45< 1.310°

Mlyg14< 4.100°

Mlyg15< 1.510°

Mlyg16< 1.310°

Mg, < 1.510*

dMly, < 5.810°

Mlyg3< 1.910°

Mlyg4< 1.510%

Mly4,5< 5.810°

Mlyg06< 1.410*

Ml < 1.310%

My, 3 < 1.910°

dMly, 53< 4.100°

Mlyg34< 1.310%

Ml 35< 1.410%

Mlyg36< 4.100°
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Ml 441 < 4.100°

Ml o< 1.510%

Ml 43< 1.310%

dMly, 44< 4.100°

Ml 14 45< 1.510%

Ml 14 46< 1.310%

Ml 45 < 1.510°

My, 5,< 5.810°

My, 55< 1.410°

Mly45.< 1.510°

dMl 4 s< 5.8107

Mly456< 1.910°

Ml < 1.310°

Ml 6< 1.410°

Ml 63< 4.100°

Ml 64< 1.310°

Ml e5< 1.910°

dMlyy ¢6< 4.110°

dMl,s 1, < 4.100°

Ml,s.1,< 1.310%

Ml,s.13< 1.910°

Ml,s.14< 4.100°

Ml,s.15< 1.310*

Ml,s.16< 1.410%

Ml,s,, < 1.310*

dMl,s ,< 4.110°

Ml,s03< 1.510*

Ml,s < 1.310*

Ml,s05< 4.110°

Ml,s06< 1.510*

Ml,s5: < 1.910°

Ml,s.3,< 1.510*

dMl,s 5 5.810°

Ml,s34< 1.410%

Ml,s35< 1.510*

Ml,s.36< 5.810°

Ml 5 41 < 4.110°

Ml s 4o< 1.310%

Ml s 43< 1.410%

dMl,s 44< 4.100°

Ml 5 45< 1.310*

Ml 5 46< 1.910°

Ml,s.5, < 1.310*

Ml s 5, < 4.100°

Ml,s55< 1.510°

Ml,s.54< 1.310*

dMlys 5< 4.110°

Ml ,s5.56< 1.510*

Ml,s 6 < 1.410°

Ml,s 6,< 1.510°*

Ml,s 63< 5.810°

Mlys 64< 1.910°

Ml,s g5< 1.510*

dMls 6< 5.8107

dMlge1, < 4.100°

Mlgg1p< 1.910°

Mlgg13< 1.310*

Mlgg14< 4.100°

Mlgg15< 1.410*

Mlgg16< 1.310*

Mlgg,: < 1.910°

dMlgg,< 5.810°

Mlgg03< 1.510*

Mlgg4< 1.410*

Mlgg5< 5.810°

Mlgg06< 1.510*

Mlggs; < 1.310*

Mlgg.3,< 1.510*

dMlgg 53< 4.110°

Mlgg34< 1.310*

Mlgg35< 1.510*

Mlgg.36< 4.100°

Ml g 41 < 4.110°

Ml 4p< 1.410%

Ml 43< 1.310%

dMlsg 44< 4.100°

Ml g 45< 1.910°

Ml g 46< 1.310*

Mlgg.5, < 1.410*

Ml g6.5,< 5.810°

Mlgg55< 1.510°

Mlgg54< 1.910°

dMlgg 5< 5.8107

Ml36.56< 1.510*

Mlgg ;< 1.310°

Mlgg6,< 1.510°*

Mlgg63< 4.110°

Mlgg64< 1.310*

Mlgge5< 1.510*

dMlsq 66< 4.1010°

dMIij,kk: difference from Unity OMIij,kk (Mlij,kk: 1 +dM|ij,kk: |j =14, 25,36k=1, 2, 3, 4, 5, 6)

Table 3.1-2: Expected upper limits for the valutthe elements dfl;, all along the on-orbit mission lifetime

From the previous relationships betwééh, andM;;, following relationships are obtained betweengtl-matrices oI

with

[MI]e5 =
MIij 11 MIij 12 MIij 13
Ml 51 M 55 Ml 55
MIjj 31 Ml 5, Ml 5
MIij 14 MIij 15 MIij 16
Ml 54 Ml o5 M 56
Mljj 54 Ml 55 Ml 55

[Ml]cu + [AMl]cu ’ [Ml ]dl]

Mi Mi

Mi

ij 44 M a5 Ml 46

=| Mljj g4 Mljj g5 Ml g6 |+
Mljj 6a MIjj 65 M g5
Ml a1 MIj 1o Ml 45

= MIij,Sl Mlij,52 Mlij,53 +
Mljj 61 Ml 6o Ml g5
THALES
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[Ml]dlj + [AMI]dI]

(3.4)

AMI 11 AMI g 1o AMI g 13
AMI ¢ o1 AMI i 20 AMI i o3 |,
AMI g 51 AMI g 55 AMI i 53

AMIg 11 AMI g i 12 AMIg i 13

AMlg jj 21 DMl j 22 AMIg j 23
AMIy i 31 AMl g i 35 AMI g i 53
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AMl¢1411=AMlg14,11=
AMI 411+ AMI 14 44< 6.610°

AMl¢14,12=AMlg14,12=
AMI 41+ AMI 14 45< 3.210°

AMl¢1a13= AMlg14.13=
AMI 413+ AMI 1y 46< 4.410°

AMlca421=AMlg1421=
AMI 451+ AMI 145, < 3.210°

AMlca420=AMlg1425=
AMI 1405+ AMI 14 55< 1.210°

Mlc14,23= Mlg14,23=
AMI 453+ AMI 4 56< 1.710°

AMlca431=AMlg1431=
AMI 4 31+ AMI 14 64 < 4.410°

AMlc1435=AMlg1432=
AMI 4 35+ AMI 14 65< 1.710°

AMlc1433=AMlg1433=
AMI 4 33+ AMI 14 66< 6.610°

AMl¢z511=AMl 511 =
AMl ;541 + AMl g5 44 < 6.610°

AMl¢2512=AMl 25 1=
AMl 5.1+ DMl s 45< 4.410°

AMl¢2513= AMly2513=
AMl 515+ AMlgs 46< 1.710°

AMI ¢ 2521 =AMl g 25 21 =
AMl s 51+ AMI s 54 < 4.410°

AMl ¢ 2520 = AMI g 25, 20 =
AMI 555+ AMl 5 55 < 6.610°

Ml 25.23= Mlg 25 23=
AMl 5.3+ AMl 35 56< 3.210°

AMl ¢ 2531 = AMI g 2531 =
AMl 5 31+ AMI 55 64 < 1.7110°

AMI ¢ 25 30= AMl g 25 30 =
AMI 5 3+ AMl 5 65 < 3.210°

AMI ¢ 25 33= AMl g 25 33=
AMl 5 33+ AMl 5 66 < 1.2107

AMl¢3611=AMlg36,11=
AMl 36,11+ AMl 36 44 < 6.610°

AMlc3612=AMlg3612=
AMl 36,15+ AMlgq45< 1.710°

AMl ¢ 3613= AMlg3613=
AMl 3613+ AMlgq 46< 4.410°

AMI ¢ 36,21=AMl 3621 =
AMl 36,21+ AMl 36 54 < 1.7110°

AMI ¢ 36,20= AMl 36 20 =
AMl 625+ AMlg655< 1.210°

Ml 36.23= Mlg3623=
AMl 36 3+ AMl 56 56< 3.210°

AMl¢3631=AMl 36,31 =
AMl 36 31+ AMl 36 64 < 4.410°

AMI ¢ 36,32=AMl 36 30=
AMl 36 35+ AM 36 65 < 3.7110°

AMI ¢ 36,33= AMlg36,33=
AMl 36 33+ AMl 5 66 < 6.610°

Finally, by taking also into account that the cauglamong the accelerometer axes &lg €qjj, Neij» Ndiij» e Caij < 10°
(specification), the following relationships candstablished among the elements offitig sub-matrices:

* Miyg1o=-Mlig2+AMlig 1004
* Milyg13= -Mligz+ AMlig 1335
* Mly23=-Mlygzz+ AMlyg 233,
* Mlygi5=-Mlyg s+ AMlyg 1524
* Mly16= -Mligzs+ AMlyg 1634
° Ml14,26= -Ml14,35+ AMI 14,2635
* Mlygao=-Mlygsi+ AMlyg 4053
* Mlygaz=-Mlyger+ AMlig 363
° Mlyg53= -Mlyg62+ AMI1453.62
* Mlygas=-Mligss+ AMlyg 4554
* Mlyga6= -Mliges+ AMl 144664
* Mlyse= Ml g5+ AMI 14 5665

° M|25,12: 'M|25,21+ Al\/“25,12—22h
° M|25,13= 'M|25,3l+ A'v”25,13—3]1
° MI 25,23~ -Mi 25,32 +AMI 25,23-32
° M|25,15= 'M|25,24+ A'v”25,15—24
° M|25,16 = 'M|25,34+ A'v”25,16—34
° MI 25,26 = -Mi 25,35 +AMI 25,26-35
° MI 25,42= -Mi 25,51 +AMI 25,42-5%
° MI 25,43~ -Mi 25,61 +AMI 25,43-6%
° M|25,53= 'M|25,62+ A'v”25,53—62
° M|25,45 = 'M|25,54+ A'v”25,45—54
° M|25,46 = 'M|25,64+ Al\/“25,46—64
° M|25,56: 'M|25,65+ Al\/“25,56—65

° M|36,12: 'M|36,21+ Al\/“36,12—22h

AMI1412.21= -26c 14 + AMI412+ AMI 1451 < 5.710°
AMl14,13:31= -2MNcaa + AMl 413+ AMI g4 5, < 2.4E|10'55
AMI 14.23.30= -2 c 14 + AMl 1423+ AMI 143, < 3.710

AMI 14,15.24= -2£4.14 + AMI14 15+ AMI 1424 < 5.210°
AMl14.16.34= -2 g4 + AMI 1416+ AMI 1434 < 2-4]055
AMI 14, 26.35= -2 g14 + AMI 1426+ AMI 14 35< 3. 7110

AMI 14,40.51= -2£4.14 + AMI14 40+ AMI 1451 < 5.210°
AMly4.43.61= -MNg1a + AMI 1443+ AMl 461 < 2-4]055
AMI 14 53.62= -2 g14 + AMI 1453+ AMI 146, < 3. 7110

AMI 14 45.54= -26c 14 + AMI 14 45+ AMI 14 54 < 5.210°
AMI14.46.64= -Mc 14+ AMlyg 46+ AMI 1464 < 2.410°
AMI 14 56.65= -2 14 + AMI 1456+ AMI 14 65< 3.10°

AMI 35.12.01= -2€¢ 25 + AMI 512+ AMI 55 51 < 2.410°
AMl s 13.31= -2 c25 + AMlos 13+ AMl s 31 < 3.10°
DMl s 23.35= -2 ¢ 25 + AMI 5 23+ AMI 55 3, < 5.710°
DMl 5,15.24= -2€4.25 + AMI 5 15+ AMI 5 24 < 2.410°
AMl 35 16.34= ~MNd25 + AMI o5 16+ AMI o5 34 < 3.10°
AMl s 26.35= -2 425 + AMI 25 26+ AMI 5 35 < 5.710°
AMI 5 42.51= ~26425 + AM 5 4o+ AMI 551 < 2.410°
AMI 25 43.61= -MNazs + AMIzs 43+ AMl s 61 < 3.710°
AMl s 53.60= -2 g.25 + AMI 5 53+ AMI 5 6, < 5.710°
AM I35 45.50= ~26¢ 25 + AMI 25 45+ AMl 554 < 2.410°
AMI 25 46.64= -2 25 + AMl o5 46+ AMI 35 64 < 3-7[10_55
AMl 35 56.65= -2 25 + AMI 5 56+ AMI 35 65< 5. 210

MMl 36,12.01= -2€¢ 36 + AMI 3612+ AMI 5651 < 3.10°
THALES
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AMl3g 13.31= -2 c36 T AMl3g 13+ AMlgg 37 < 2.410°
DMl g6 23.37= -2 ¢ 36 + AMlgg 23+ AMl g6 3, < 5.710°
AMlgs 15.24= -26436 + AM I35 15+ AMl 36 54 < 3.T10°
DMl 36,16-30= -MNgz6 + AMI 3616+ AMlg6.34< 2.410°
AMl 36 26.35= -2 436 + AMI 36 26+ AM I 3635 < 5.710°
DMl 36.42.51= 2436 + AMI 36 42+ AMI 3651 < 3.10°
DMl 36.43.61= -MNaz6 + AMI 3643+ AMlg661 < 2.410°
AMl g6 53.60= -2 436 + AM 3653+ AMI g6 62 < 5.710°
MMl 36 45.54= -2£c 36 + AMl g6 45+ AMl g6 54 < 3.10°
AMl 36 46.64= -2 c 36 + AMl36 46+ AMl 36 64 < 2-410_55
AMl g6 56.65= -2 36 + AMl 36 56+ AMI 36 65< 5. 210

° M|36,13= 'M|36,3l+ A'v||36,13—32k
° MI 36,23~ -Mi 36,32 +AMI 36,23-32
° M|36,15= 'M|36,24+ A'v”?:(i,15—24
° M|36,16 = 'M|36,34+ A'v”36,16—34
° Ml 36,26 = -Mi 36,35 +AMI 36,26-35
° MI 36,42~ -Mi 36,51 +AMI 36,42-5%
° MI 36,43~ -Mi 36,61 +AMI 36,43-6%
° M|36,53= 'M|36,62+ A'v”36,53—62
° M|36,45 = 'M|36,54+ A'v”36,45—54
° M|36,46 = 'M|36,64+ AMI36,46-64
° M|36,56: 'M|36,65+ AMI36,56-65

In case no adjustment operation is performed, th&imum values that the common and differential gatia factors can
achieve all along the mission lifetime are deteedirby the manufacturing/integration of the accetesters and their
electronics and by the further modifications thayt can suffer during the ground testing and hagdlduring launch, and
during all the time spent on orbit.

Table 3.1-3 provides the worst case values of émengon and differential K2 of the three acceleromptgrs obtained by on-
ground construction (ref. [RD 11]), and that shdnédmaintained also in flighbefore the first calibration.

Differently from the scale factors, misalignmentsdacouplings among axes, the accelerometer quadiattors can be
physically adjusted (reduced) once their value nevin. The limit values achieved by the quadratictdes during the
measurement phases are therefore the result ofitljeistment during the in-flight calibration anitleeir successive drifts

Sensor Pair OAGRF axis Common Quadratic Factprs feiifitial Quadratic Factor
X 1 u K214x < 1206 &m K2414x < 1206 §m
As, Ag Y | o | L K214y <1 $/m K2414y < 1 $/im
z | . U K2.147 < 1206 §m K24147< 1206 &m
X | 2 u K225 x < 1206 §&m K2425x < 1206 §m
Az, As Y| 1+ | U K225y < 1206 ¥m K245,y < 1206 &m
z | . L K252 < 1 $/m K24252< 1 $/m
X|] - | U K236 x < 1206 &m K2436x < 1206 §m
As, As Y | o L K236y < 1 S/m K2436y < 1 $/m
Z | V] K236z < 1206 §m K2436.2 < 1206 &m
1 : in-line axis, aligned to the baseline of the@# which the accelerometer belongs
- : transversal axis, perpendicular to the baselfrtbe OAG to which the accelerometer belongs
U . accelerometer ultra sensitive axis, L  cederometer less sensitive axis

Table 3.1-3: Worst case values of the common difefeintial quadratic factors obtained by on-grouwwhstruction).

! The K2 values set during the on-ground calibratiom not maintained in the ground-to-orbit transiti This is due to the
large control voltage (800 V, less sensitive axiglich must be applied on ground to suspend thefprass, and that is
reduced to nearly 0 V in flight, during the measueat phases. On the other hand, the values of \K&ohstruction are
expected to be maintained on orbit before the ¢iaéibration.
% In principle it is possible to adjust the K2 vauelready during the on-ground calibration. Butsthevalues are not
maintained in the ground-to-orbit transition be@ao$ the large control voltage (800 V, less sevisitixis) which must be
applied on ground to suspend the proof mass, atdghreduced to nearly 0 V in flight, during theasurement phases. On
the other hand, the values of K2 by constructi@nexpected to be maintained on orbit (ref. [RD 4]).
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3.2 PURPOSE OF THE GRADIOMETER ON-GROUND CALIBRATION

The purpose of the Gradiometer calibration perfarime ground is:

e To measure the value of a sub-set of elements efGhlibration Matrices (common and differential lscactors,
misalignments and inter-axis couplings), so tofydtiat, after the manufacturing, integration atigranent of the One
Axis Gradiometers, the specified limits of Tabl&.2.have not been exceeded.

e To verify thethermal sensitivity of the in-line differential $edactor.

* To measure the by-construction value of the acoeleter quadratic factors along the two ultra semsiaixes and to

verify the feasibility of the K2 adjustment by pfonass displacement.

The acceleration measurement limitations imposedthgy on-ground environment and the need of usingesof the
accelerometer readouts to actively control the pkmd bench (on which the Gradiometer ground calibnais performed)
during the shaking, do not allow to measure themtiuadratic factors and the other elements o€Cddération Matrices (see
[AD 1]). The elements of the Calibration Matricekieh can be measured on ground for each acceleeopeirs are listed in

Table 3.2-1. These measurements have been perfamhgdn one accelerometer pair (ASH FMO1 and ASKOB).

The quadratic factor measurements have been patbon the ASH FM05 and ASH FM06, among those ilestabn the

Gradiometer flight model.

Sensor OAG | Common, Differentia Common, Differential Misalignment + Coupling
Pair | Axis Scale Factor
X1 U] Kgiax=0Mgia11 [ (-Bc14tNc14) = dMeia1s (Pa1at€a14) = AMyia1a (Bg14tN4.14) = AMy 14,15}
Avhaly || L (-Wy14+€d14) = AMyaa21, (@u14+Ca14) = AMyaa23
Z U (BcaatNcia) = dMeaasy (BuaatNaae) = dMaaasy (Quaatlais) = dMaaaze
Xi|-|U (We25%€c.25) = AMe 2513 (Wa25+€d.25) = AMy25.13 (-B4.25tNd.25) = AMq25.13
Ao hs|vi| 1 |U Kazsy = AMups 2o | (-Weostecos) = AMeos o1, (Wa2st€dos) = AMyos 21 (u25+Cd,25) = AMgs 23
Zil-|L (6425t N d25) = AMuzs a1 (-Quostlazs) = AMugs 32
Xi|-|U (-6c,36+Nc.36) = AMe 3613 (Wa36+€d.36) = AMa36.1 (84367 d.36) = AMaz6.13f
Ag As|Yi| - | L (-Wa36+ €d.36) = AMa36.21 (Pu36+ a36) = M 36,23
Zi|1|U Ka36z= dMg3633 | (Oc36+Nc,36) = AMc 36,31, (4361 d,36) = AMy36.33 (P36 +Cd,36) = AMq 36 32
[dM]¢ 14 [dM] 4,14
dMc 1413 i dMy14.11 dMy14.12 dMy14.13 i
i dMy14.21 dMy 14,23 i
dMc 14,31 i dMy 14,31 dMy 14,32 i
[dM]c 25 [dM]g 25
dMc 2512 i dMy5 12 dMy5 .13 i
dMc 25 21 i dMy5 21 dMy5 22 dMy 523 i
i dMy 5 31 dMy 5 3> i
[dM]c 36 [dM] 36
dMc 36,13 i dMy 36,12 dMy 36,13 i
i dMg 36,21 dMy 36,23 i
dM 36,31 i dMg 36,31 dMy 36,32 dMy 36,33 i

Table 3.2-1: Elements d&f; measurable during the on-ground calibration
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3.3 PURPOSE OF THE GRADIOMETER ON-ORBIT CALIBRATION

3.31 Quadratic Factors

To get a substantial reduction of the resultingdgmaetric error related to the quadratic factoh®irt common-mode and
differential-mode value must remain below the Isvspecified in Table 3.3-1 during the measureméases. For the K2
along the accelerometer less sensitive & (v, K2414.v, K2¢25 7 K24257, K236y, K2436.v) this limit should be fulfilled all
along the mission lifetime “by construction” (no-fiight intervention is nominally required for LS«@s). For the other
guadratic factors an in-flight measurement and sidjant is required. The maximum value that can diéesed by the
quadratic factors is the result of the limits unddich these elements have been reduced duringrntfeebit calibration and of
the successive variations of these quantities ¢ogponents drifts, ageing, ....). From the curreniegions, it is expected a
K2 drift of not more than 1%n [RD 3] in one month (specified minimum time beam two successive calibrations during the
measurement phase [AD 3]). Therefore, the resuitagh in-flight calibration process of the K2 shml a physical reduction
of their values at least below the limits providedTable 3.3-2. The accuracy by which the quadrators of the ultra
sensitive axes can be adjusted, assuming theieqidehowledge, is < 4.5% of their initial valuef(rlRD 2])°. Therefore, the
in-flight calibration process of the quadratic farst shall provide a measurement of their valuef witmaximum error not
exceeding the limits provided in Table 3.3-3

Sensor OAG Common, Differential
Pair AXis Quadratic Factors

K2:14x< 10 §/m, K2414x< 4 </m
K214y, K2414y < 10 $/m
K2c147 K24147< 10 $/m
K225 K2425x < 10 €/m

K2s5v< 7 gim, K2405v< 4 é/m
K2¢5 2 K225 7< 10 $/m
K2¢ 36 K2436x < 10 ¢/m
K2:36v, K2436v< 10 é/m

K2.367< 7 /M, K2435 < 4 $/m

All A4

N|<|[X
l

!

A21 A5

!

cir|icjrr|c|cjc|r |C

l

A3, AG

l

N|<|XIN|< X

—

Table 3.3-1: Limits under which the quadratic fastmust remain during the measurement phases

Sensor OAG Common, Differential
Pair AXis Quadratic Factors

K2:14x< 9 §/m, K2414x< 3 g/im
In-flight calibration not needed f&€2; 14y, K214,y
K2c147 K24147< 9 $/m
K2:25.x, K2425x < 9 S/m
K225y < 6 §/m, K2425y< 3 €/m
In-flight calibration not needed fa&2; 5 7, K245 2
K2:36.0 K2436x < 9 €/m
In-flight calibration not needed f&€2; 35 v, K2435y
K2:367< 6 $/m, K24367< 3 ¢/m

Alv A4

N [ <|X
!

A21 A5

—

!

!
—|ICjrr |C|C]jC|rr|C

!

A3, AG

!

N|<| XN |< (X

c

Table 3.3-2: Limits under which the quadratic fastbave to be reduced during the in-flight caliloat process

% This means that, assuming a perfect knowledgeh®fi2 value, the error committed in the computatior in-flight
implementation of the corresponding correctionideald to a resulting residual value of K2 below%.of the initial value.
* The reduction of the K2 within their final limitwill require some measurement-correction iteratiofilse maximum
measurement error has been computed assuming tthiaé ateration N-1, the K2 is twice the final limiFor instance:
K2414x(N-1) = 6 &/m - K2414x(N-1) = 2.7 (measurement error) B®45 (correction accuraci)3s/m.
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Sensonl OAG Common, Differential
Pair AXis Quadratic Factors
X[+ U K2.14x < 8.2 8/m, K2414x < 2.7 $/m
AvAsly | |L In-flight calibration not needed f&€2; 14.v, K244,y
Z|-|U K2:14.2 K24142< 8.2 §/m
Xil o |U K2¢.25.% K2425x < 8.2 $/m
Az s |yl U K2e25y < 5.5 &M, K245y < 2.7 §m
Zi| | L In-flight calibration not needed f&2; 55 7, K245 7
Xi|-|u K236, K2436x < 8.2 $/m
A3, As |Y;| - |L| In-flight calibration not needed f&2. 5.y, K236y
Zl1|U K2:36.2 < 5.5 §/m, K2436 2 < 2.7 $/m

Table 3.3-3: Measurement accuramthe quadratic factorso be provided by the in-flight calibration process

In summary, taking into account that no significaatiations of the quadratic factors by construttare expected from
ground to orbit, the in-flight calibration can lestricted to the 12 terms (LS axes should not requdlibration):

K20,14,X1 K2d,l4,Xa K2C,l4,Zv K2d,l4,Zv K20,25,X1 K2d,25,X1 K20,25,Y1 K2d,25,Ya K2c,36,Xa K2d,36,Xa K2C,36,Zv K2d,36,Z-

After the first in-orbit measurement and adjustnathe quadratic factors within the limits speedfiin Table 3.3-2, a further
calibration process is necessary in case the i@m@tof the in line differential K2 elements excekd/m, or in case
exceptional events occur (accelerometer failurs,)eesulting in loss of control of the proof rmas with collisions against
the stops, or in a re-configuration of the detex{failure of one detector).

3.3.2 Inverse Calibration Matrices

To get a substantial reduction of the resultinglgnaetric error related to the accelerometer sfaadtors, axes misalignments
and couplings, the elements of the inverse CalimmaMatricesMI; involved in the recovery of the original differeit
accelerationgy; (i.e. the elements contained in the sub-matribég[;, [MI]c;) must be known with the accuracy specified
in Table 3.3-4 during the measurement phases. Enenupper limits, provided in Table 3.1-2, expeated to be exceeded
along the mission lifetime by the elementdwilf; (condition ensured by the Gradiometer design amstcuction), it turns out
that the knowledge accuracy requirements of Talletdare already fulfilled for the elements:

*  Mligsy Mligss Mligss Mligse Mliges Mliges
* Milzsaz Mlos a3 Mlgs a5 Mlos 46 Mlas 61, Mlos 62 Ml2s 64 Mlos 65

° M|36,45 M|36,46 M|36,51v M|36,53 M|36,54- M|36,56

This means that, to comply with the knowledge a@cyrrequirements, it is sufficient to assume a malue for these
elements. Consequently they do not need to be sailysmeasured during the on-orbit calibrationless for verifying that
their expected maximum value has not been actealigeded.

Moreover, by considering the relationships (3.5een the off-diagonal elements &[], [MI]q;, it turns out that, if the
elements

Ml14,43 Ml1g.43 Ml1g45 Ml1446 Ml1a 63 Mlises
Ml 325 43 Ml2s 46 Ml2s 51, Ml2s 53 Mlos 54 Ml os 56
Mlsg,43 Mlgg 45 Ml3s 61, Ml36 62 Mlzs 64 Mlzs 65

are known with the accuracy specified in Table8.8ien the symmetric elements
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Ml1451 Ml1g61, Ml1g54 Ml1a6a Mliasz Mlisse
Ml 25 61, Ml2s 64 Ml2s 43 Ml2s 62 Ml2s 45 Ml 2s 65
M3 51, Mlgg 54 Ml36 43 Mlzs 53 Mg 46 Mlzs 56

can be simply obtained as follows, with the maxinmeasurement error indicated in parentheses:

For the element®lliy sy, Ml1g 61, Ml1ass Mliaga Ml1asa Mlos a3 Mlos g5 Mlos a5 Mlos g5 Mg 51, Mlzs 43 Mlgg 53 Mlgg a6 Mlss 56

the accuracy so obtained is smaller than the dpatidn, even if for all these elements Iity4 65, Ml36 43 the knowledge “by
construction” is already sufficient. For the elensail 456 Mlos e, Mlos s Mlssss the accuracy so obtained is slighty larger
than the specification, but also for these elemtdr@sknowledge “by construction” is already sufici (they don’ t need to be

Mlig51=-Mlis a2 (OMI1451= OMI14 42+ AMI14 42.5:< 510° + 5.710° =
Mlig61= -Ml1s 43 OMl1461= OMI14 43+ AMI1443.61< 510° + 2.410° =

Mlis54= -Ml1s 45 (OMl1454= OMI1g a5+ AMI 4 4554< 5. 110° + 5.710° =
Mlis64= -Ml1s 46 (OMl1464=OMI1g a6+ AMI 4 46.64< 5. 110° + 2.410° =

Mlis53= Mlisg2 (OMI1453=OMl1g62+ AMI145362< 510° + 3.710° =

Ml1456= -Ml1s6s (OMl1456=OMI14 65+ AMI 4 56.65< 1. 510* + 3.110° =

Mlgs61= -Mlgs sz (BMlgs61= M5 43+ AMl s 43.61< 1.510° + 3.710° =
Mls64= -Mlos 46 (OMIo564= OMIos5 46+ AMI 5 46.64< 1. 510* + 3.110° =

Mls 42= -Mlos 51 (OMlos5 45 = OMl 5 51 + AMI o5 4251 < 510° + 2. 4102
Ml s 62= -Mlos 55 (OMl2s5.62= OMI 5 53+ AMI 25 53.60< 510° + 5.210

Mls 45= -Mlos 54 (OMIos5 45 = OMIos5 54+ AMI 35 45.54< 5. 110° + 2.410° =
Ml 5,65 = -Mlos 56 (OMI o5 65 = OMI o5 56+ AMI 35 56.65< 5. 110° + 5.710° =

Mizgs1= -Mlzsao (BMlzgs1=Mlse 42+ AMlgg 4051 < 510° + 3.710° =

Ml3g54= -Mlsg 45 (OMl3g54= OMlgg 45+ AMI 36 4554< 1. 510* + 3.110° =

Mlsg.43= Mlzg g1 (OMIz643= OMI36 61+ AMIz6 4361< 510° + 2. 4102
Misg 53= -Mlsge2 (OMI3653= OMI 3662+ AMI 36 53.62< 510° + 5.210

Mlsg.46= Mlsges (OMIz646= OMI36 64+ AMI 36 46.64< 5. 110° + 2.410° =
Mz 56= -Mlsge5 (OMI36 56 = OMI 36 65+ AMI 36 56.65< 5. 110° + 5.710° =

necessarily measured in flight).

57[10)
2.910°)

10310)
7510)

8.710°%)

1.8710%)

187EILO)
187EILO)

2910)
= 5.710°)

7510)
1.0310%)

8.710°%)

187EILO)

2910)
= 5.710°)

7510)
1.0310%)

(3.6)

In summary, only for 32 elements of the IMCs thdlight measurement is strictly necessary (see  83-5).

Required knowledge accuracy of the elementd b, involved in the computation @ 14

OMI14.4:< 1.410°

OMI14.4< 5.0010°

OMI14.43< 5.0010°

Ml 144 2.0210°

OMI14.45< 5.1110°

OMI14.46< 5.1110°

OMI 14 5,< 1.510*

3Ml 4 5,< 5.510*

OMI 4 55< 1.510*

dMI 4 5,< 1.510*

Ml 4 55< 1.01710°

dMI 4 56< 1.510°*

OMI 14 ;< 5.0010°

OMI 14 < 5.010°

OMI 14 63< 5.810°

Ml 14 64< 1.5110°

Ml 14 g5< 1.5110°

Ml 14 g6< 2.0210°

Required knowledge ac

curacy of the elementd bf involved

in the computation @ »s

OMls.41< 1.5010°

OMls.40< 1.5010*

OMl s 45< 1.5010*

Ml 5 44< 2.1110°

Ml 5 45< 1.5110*

Ml 55 46< 1.5110

OMl 5 5,< 5.010°

SMl s 5,< 1.410°

SMI 5 55< 5.010°

OMl s 5,< 5.1710°

Ml 5 5:< 2.0210°

OMl 5 56< 5.1110°

OMl s 1< 1.5010*

OMI 5 o< 1.5010*

OMI 5 63< 5.5010*

Ml 55, 64< 1.5110°

Ml 55, 65< 1.5110°

BM 35 66< 1.01710°

Required knowledge ac

curacy of the elementd f involved

in the computation @f; 3

OMl36.41< 5.810°

OMl36.40< 5.0010°

OMl36.43< 5.0010°

M 36 44< 2.0210°

OM 36 45< 1.5110*

OM I 36 46< 1.5110"

SMl3q5.< 1.510*

3Ml3q.5,< 5.510*

SMl 3¢ 50< 1.510*

OMl3g5.< 1.510*

dMl g6 55< 1.01710°

OMl ¢ 56< 1.510*

SMl 56 61< 5.010°

SMl 56 6,< 5.010°

OMl 3¢ 65< 1.4110°

dMl 54 64< 5.1710°

OMl ¢ 65< 5.1710°

M 36 6< 2.0210°

Table 3.3-4Knowledge accuracyf [M1]q;, [MI]c; (ij=14, 25, 36) required during the measuremenagts
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Row Elements oMI,, involved in the computation @ 14

4t: Ml 1441 Ml 1442 M1 1443 Ml 14 44 M1 1445 M1 14 46
5th Mlia5 (= 0) Mly4 50 Ml y453(= 0) Ml 1454 (= 0) Ml 14,55 Ml 456 (= 0)
6' Ml 1461 (=-Ml14,49 Ml 14,62 Ml 14,63 Ml 14,64 (= 0) Ml 14,65 (= 0) Ml 14,66
Row Elements oM ,5 involved in the computation @ s

4: Ml s 41 Mlzs .42 (= 0) Ml s 43 (= 0) Ml 35 44 Ml s 45 (= 0) Ml s 46 (= 0)
5m Ml s 51 Ml s 5, Ml 5 53 Ml 35 54 Ml 35 55 Ml 35 56

6 Ml 561 (= 0) Mls6, (= 0) Ml 5 63 Ml s 64 (= 0) Ml s 65 (= 0) Ml 5 66
Row Elements oM 35 involved in the computation @ 3¢

4:: Mlz6 41 Mlz6 42 Ml 36 43 (=-Ml 36,61) Ml 36 44 Ml g 45 (= 0) Ml 3646 (= 0)
5th Mizgs1 (= 0) Ml 36,52 Ml 36,53 (= 0) Ml 36,54 (= 0) Ml 36,55 Mlszg 56 (= 0)
6 Ml 36,61 Ml 36,62 Ml 36 63 Ml 36,64 Ml 36,65 Ml 36 66

|:| Elements whose knowledge accuracy requirementfiled “by construction” (use the value in bra¢ge
[ ] Elements whose knowledge accuracy requirementfiieid by exploiting the equality in brackets.
[ ] Elements whose value needs to be measured dbgngntorbit calibration.

Table 3.3-5: In flight calibration needs for theeeients of the inverse Calibration Matrices

The knowledge accuracy of the ICM elements durimg measurement phase depend on the accuracy by titag are
measured during the calibration phase and on theessive variations of these quantities (by comptndrifts, ageing,
thermo-elastic deformations, ...). In Table 3.36 tolerable limits to the maximum variation of &M elements in the
minimum period between two successive calibratidnsionth as per [AD 1]) are provided. These linaite fulfilled by the
expected in-flight behaviour of the Gradiometer [RT].

Therefore, the result of each in-flight measuremaithe ICM elements shall provide their valueshwihe accuracy not
exceeding the limits provided in Table 3.3-7 (resjed accuracy — maximum monthly drift of the eletaenThese limits
define the objective of the in-flight calibratiofi the gradiometer. They are specified here fothadl elements, even those for
which the in-flight measurement is not strictly ded because their knowledge accuracy requiremaaitdéady fulfilled “by
construction”.

Therefore, the result of each in-flight measuremaithe ICM elements shall provide their valueshwibe accuracy not
exceeding the limits provided in Table 3.3-7 (resiad accuracy — maximum monthly drift of the eletagnAgain, the
measurement d¥ll14 45 Ml3s 61 With the specified accuracy also provides the esiofMI 14 61, Ml3g 43 With the needed accuracy
through the relationships (3.6). By comparing thguired measurement accuracy of the ICM elemerabl€T3.3-7) with their
limit values (Table 3.1-2), we get the limit foretlmelative error by which these elements must basomed in flight. These
relative errors are also provided in Table 3.3-7.

The other elements &1; (i.e. those contained itM]'].;, [MI']4,;) are not planned to be measured on orbit. Howehanks
to the relationships (3.4), as a consequence oknbavledge of MI]q;, [Ml]c;, they will be also known with the accuracy
provided in Table 3.3-8 (computed under the assiomphat M1]g;, [M1].; are known with the required accuracy).

After the first in-orbit measurement of the elenseoft the ICM, a further calibration process is r#segy in case the variations
of these elements exceed the limits of Table 3.8rbn case exceptional events occur (acceleronfeiieres, etc..) resulting

in a loss of control of any of the proof masseswillisions against the stops, or in a re-comiimadf the science outputs
(failure of one science branch).
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Upper limits for the monthly variations of thél 1, elements to be measured in flight

Ml 4 4 9.0910°

OMI14.4,<5.000”

OMI14.43<5.00”

OMI14.44<2.0010°

OMI 14 45< 1.0010°

OMI 14 46< 1.0010°

SMI145,<5.000°

3Ml145,<5.000°

OMI 14 50< 5.010°

OMI 14 5,<1.000*

OMI 4 55< 1.0010°

OMI 4 56< 1.0010°

OMI 14 6,< 5.010°

3MI 14 6,< 5.010°

3MI 4 63< 9.0510°

dMI 4 64< 1.0010°

dMI 4 g5< 1.0010°

OMI 14 g6< 2.0010°

Upper limits for the monthly variations

of thvl .5 elements to be measured

in flight

OMI s 41< 5.010°

OMI s 4,< 5.010°

OMI s 45< 5.010°

OMI s 44< 1.000°*

OMI s 45< 1.0010°*

OMl s 46< 1.0010°*

SMl s 5,<5.010”

3Ml 55, 5,< 9.0510°

SMI 5 55< 5.0010”

OMl s 5,< 1.0010°

OMl s 55< 2.0010°

OMl s 56< 1.0010°

SMl 5 6,< 5.0010°

3Ml 5 6,< 5.0010°

SMI 5 65< 5.0010°

dMl 5 6,< 1.0010°

OMl 5 g5< 1.0010°

OMl 5 ge< 1.0010°

Upper limits for the monthly variations

of tivl 35 elements to be measured

in flight

M g6 41< 9.0510°

OMI 56 4,< 5.000°

OMI 56 45< 5.010°

OMl36.44< 2.0010°

OMl645< 1.0010°*

OMl646< 1.0010°*

SMl365:<5.010°

3Ml365,<5.010°

SMl 36 55< 5.010°

OMl365.< 1.000*

OMl¢55< 1.0010°*

OMl ¢ 56< 1.0000°*

SMl 56 61< 5.0010”7

SMl 56 6,< 5.0010”7

3M g6 63< 9.0510°

OMl 5 64< 1.0010°

OMl 5 g5< 1.0010°

OMl 5 g6< 2.0010°

Table 3.3-6: Tolerable upper limits for the variaii of the elements @f11]q;, [MI]c;; (ij=14, 25, 36)%0 be measured in flight,

in the minimum period between two successive oit-calibrations (1 month)

Row

Upper limit for the absolute measurement errohefélements dfll,, involved in the computation @ 14

4th

OMI 1441 4.7010°

OMI 14.4p< 4.510°

OMI 14 43< 4.510°

Ml 14 44< 2.0010°

OMI 14 45< 5.0010°

OMI 14 46< 5.0010°

5th

dMI145:< 1.0010°

OMI 145,< 5.0010*

OMI1455< 1.0010°

Ml 145,< 5.0010°

Ml 14 55< 1.0010°

M| 14 56< 5.0010°

OMI 14 1< 4.510°

OMI 14 < 4.510°

Ml 4 3< 4.8710°

Ml 14 64< 5.0010°

Ml 14 65< 5.0010°

Ml 14 g6< 2.0010°

Upper limit for

the absolute measurement errohefelements dfll s i

nvolved in the computation @ s

OMls.41< 1.0000°

dMls.40< 1.0010°

OMl s 45< 1.0010°

Ml 5 44< 2.0010°

OMl 5 .45< 5.0010°

OMI5.46< 5.0010°

OMl 5 5,< 4.5110°

SMl 5 5,< 4.700°

OMI 5 55< 4.5110°

OMl 5 5,< 5.0010°

OMI 5 55< 2.0010°

OMl 5 56< 5.0010°

OMl 5 1< 1.0010°

SMl 5 < 1.0010°

OMI 5 63< 5.0010*

OMl 55,64< 5.0010°

OMl 5 65< 5.0010°

Ml 55, 66< 1.0010°

Upper limit for

the absolute measurement errohefeélements dfll 55 i

nvolved in the computation @ 36

Ml 36 41< 4.8710°

OM I 36.40< 4.510°

OM I 36.43< 4.510°

Ml 36 44< 2.0010°

OMl36.45< 5.0010°

OMl 36 46< 5.0010°

SMl565,< 1.000*

3Ml 56 5,< 5.010*

SMl 56 55< 1.010*

OMl565,< 5.0010°

OMl 56 55< 1.0010°

OMl 56 56< 5.0010°

OMl 36 61< 4.510°

OMl 36 6,< 4.510°

OMl 36 63< 4.7110°

3Ml 34 64< 5.0110°

3Ml 34 65< 5.0010°

BMl 5 66< 2.0010°

Upper limit for the relative measurement errorhef €lements d¥1l,, involved in the computation @f; ;4

M 14.41<0.1%

SrMI 14.45< 3.1%

SrMI 14 45< 3.4%

SrMI 14 44< 49%

SrMI 14 45< 34.2%

M1 14 46< 37.8%

5" OrMl1451<68.4%]| OrMI145,<0.9% | 8rMl1453<72.1%)| 0rMI1454< 34.2%| 0rMI1455< 17.3%| 0rMI1456< 267%|
6" OrMI 14 61< 34.1%)| OrMl 14 6o< 32.4%| OrMI1463<1.2% | OrMIl 14 64< 37.8%]| OrMI1465< 267%| OrMIly466< 49%
Row] Upper limit for the relative measurement errorted lements d¥ll 55 involved in the computation @ s

4™ | armi 25415 2.4% | OrMI 55 4o< 75.7%| OrMl 5 43 72.1%)| OrMl o5 44<49% | OrMl s 45< 37.8%)| OrMl s 46 267%
5" O0rMl,55:<3.4% | OrMlps5,<0.1% | 0rMI o553 3.1% | rMI s 54<37.8%| OrMI o5 55<49% | OrMl ps 56< 34. 2%
6" OrMI 5 61< 72.1%| OrMl o5 6,< 68.4%| OrMI 55 63<0.9% | OrMI o5 64< 267%| OrMI 55 65< 34.2%)| OrMl 55 66< 17.3%|
Row] Upper limit for the relative measurement errorted €lements d¥ll 55 involved in the computation @ 35

4" OrMl 36 41<1.2% | OrMl 36 4o< 32.4%| OrMl 36 43< 34.1%]| OrMl g 44<49% | OrMl g 45< 267%| OrMl 36 46< 37.8%|
5" | 5rMize5:< 72.1%)| 3rMlsg5.<0.9% | 8rMls.55< 68.4%)| 8rMlsgsas 267%)| SrMIzess< 17.3%)| SrMize se< 34.2%
6" O0rMlz6.6:<3.4% | OrMlgg,<3.1% | OrMlgp 63< 0.1% | OrMlgg 64< 37.8%| OrMl 36 65< 34.2%| OrMlgg g6< 49%

|:| These elements are “by construction” significastlyaller than the required knowledge accuracy

Table 3.3-7Measurement accuracy (above) and relative errofgieg ofthe elements dMlI]q;, [MI]c;; (=14, 25, 36)0 be
provided by the Gradiometer on-orbit calibration
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Row [M1"]ca14 [MI'Tq14
1% | 3MIl14.11<2.1010° | 3MI 14 1< 8.310° | 3MI 14 13 5.500° | SMI 14 14< 7.7110° | Ml 14 15< 3.700° | 3MI 14 16< 9.4110°

2nd

dMI 4 2,<1.810*

OMI 4 2,< 2.2110°

OMI 4 25< 1.70*

Ml ,,< 1.8710*

OMI 14 05< 1.3710°

dMI 4 56< 1.700°*

3rd

OMI 14 3< 1.5010*

OMI 14 3p< 2.0010*

OMI 14 33< 2.1110°

Ml 14 34< 5.410°

Ml 14 35< 6.710°

Ml 14 36< 1.210°

Row

[MI"]czs

[MI"]az5

1St

dMl,s.41< 2.210°

dMls.1,< 1.5010*

dMls.15< 1.7000°

Ml s514< 2.210°

Ml s545< 1,510

Ml 5.16< 1.7010°

2nd

3Ml s 51< 5.510°

Ml s 5,< 2.1110°

SMI 5 55< 8.3110°

OMI 5 24< 9.4110°

OMl 5 ,5< 7.7110°

OMl 5 56< 3.7110°

3rd

OMl s 31< 1.7010°

dMI s 3p< 1.810*

OMI 5 33< 2.2010°

Ml p5,34< 1.7010°

Ml 55, 35< 1.8710™

Ml 55.36< 1.3110°

Row

[MI"]cze

[MI"]az6

1St

dMlg6.1:< 2.1110°

OMl6.1,< 1.7010°

OMl6.15< 1.5010*

Ml 36,14 1.210°*

Ml 36,15< 6.710°

Ml 36,16< 5.410°

2nd

OMl361< 1.7010°

OM I 36.20< 2.2010°

OM I 56.05< 1.810*

Ml 36.4< 1.7010°

Ml 36.05< 1.3110°

M| 36.6< 1.8710°

3rd

OMl 36 51< 5.510°

3Ml 36 5,< 8.310°

OMl 36 55< 2.110°

OM I 5 54< 9.4110°

3Ml 4 55< 3.7110°

BMl 3 56< 7.710°

Table 3.3-8: Knowledge accuraof the elements diMI']¢;, [M1']q; (ij=14,
elements ofMI];, [MI]q; with the accuracy specified in Table 3.3-4
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4. DETERMINATION OF THE QUADRATIC FACTORS

The accelerometer quadratic non linearity can hesiphlly adjusted on-orbit, so to reduce its cdmition to the gradiometric
error below the specification. This operation mbst performed before measuring the Calibration Math fact, the
determination of this matrix assumes that the ramgierrors that still affect the measurement & dommon-mode and
differential-mode accelerations in the OAGRF aré/dhose due to the coupling of these acceleratisitis the differential
and common scale factors, misalignments and cagipltween axes of the accelerometer pairs.

The reduction of the quadratic factors below theitE provided in Table 3.3.2 requires their deteation with the accuracy
limts of Table 3.3.3 at least.

The measurement &f2 is based on a method devised by D. Lamarre, wdoes not require any shaking of the whole sagellit

by mens of thrusters, but only the shaking of tigdvidual accelerometer proof masses achieved lnmef the proof-mass
detection/control electrodes. This method is desdrin details in the following section.

4.1 METHOD DESCRIPTION

This method exploits the basic characteristic afoa-linear accelerometer that under an input aczibm a provides an
output acceleration proportional to batlanda®:

a =K@+ K2@&

Thus, by introducing a sinusoidal component atdesgyv, in the input acceleration
a = AJSin(2rv )

we get in the output a DC component and a compaatehi,.

1-cod4 i
a = KOABin(2rw f) + K2AZSin(2nv f)? = KOAJSin(2nv ) + K22 2EI+)

1 1
= 3 K2R + KOASIN(2rw ) - 3 K2R 6os(4w.[)
1
Rather than obtaining the quadratic fad{@ from the component am%,a K2[ASBos(4W.T), “Lamarre’s method” works on

1
the DC termz K2[AZ A train of sinusoidal accelerations (or of anotkied of regular signal) is periodically applieal the
proof mass. The frequency of the sinusoid is chogdae well above the cut-off frequency of the sfen function filtering the
1
output accelerationvf = 1/T¢ >> Vo), SO that the componerksA [Sin(2rv ) and E K2[AGos(4w.[) are not “visible” in

the accelerometer output. The periibf the sinusoid application is instead chosergas 1/Tg < Vo, SO that the periodic
sequence of DC components produced by the acced¢eomon linearity is detectable. The relationdi@pveen the sinusoidal
input and the output acceleration is graphicallgicted in the following Figure 4.1-1.
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Figure 4.1-1: Relationship between the proof mdmskisg acceleration and the accelerometer outpeearation

To measure the quadratic factgp; of the accelerometedy (i = 1, ..., 6) along its axik (k = X, Y or Z axis of the

Accelerometer Reference Frame), the GA&E S/W addhé¢ value of the voltage (\), computed by the PID law for the

control of the proof-mass of linear degree of fimdk, a quantity (\) which over a time periodis has the following profile:
V(1) = VeSin(2rv ), for Tgan<t < 0.5T5

V) =0, for 0.5Ts<t<Ts.
Ts

o N o=

|

— T

@

In the actual implementation the profile is sligtdliifferent. In fact numerical simulations of tmgethod (Appendix B, section
9.1) shows that to avoid overshoots of the proo§smezontroller and generation of spurious signalhatfrequencyws, the
sinusoidal pattern must be enveloped by a trapakslthpe with sign inversion at eakdperiod.
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The quantity \is added to Vi just after the PID control law, before the controltages are re-combined for their distribution
among the 8 electrode pairs, and converted in goalsignal by the DAC, and after the DFAC outpuatnich as indicated in
the scheme of Figure 4.1-2.

_L  electrodes 5 - I
f - etection voltages PID laws for the
proo position ADC combination »  control of the proof
mas:_ Senso (electrode pairs- mass motion
f electrodes proof mass DOFs)
DFAC data output
V¢ (control voltageof the
linear DOF k of the
Vs proof mass
Vc,k + Vs
drive control voltages
O voltage DAC re-combination
amplifier (proof mass DOFs
- electrode pairs)
» ADC > Science data output

Figure 4.1-2: Scheme of the proof mass control ladth the insertion point of the shaking voltage V

The quantity \{ must have a frequeney = 1/T, much larger than the bandwidth of the proof-massgrol loop, a periods so
thatvs = 1/Ts is smaller than the cut-off frequency of the filke the scientific channel output, and must beeabtb V. for a
number N of consecutive periodg, for an overall timé = NyT..

The amplitude Y of the sinusoidal voltage is chosen, so to inducéhe proof mass a corresponding sinusoidal awt&la of
amplitude A which repeats the profile of the,.V

The relationship between,\dnd A is:
A= GGaV,
where G is the nominal gain of the drive voltage ampliffe?VA) transfer function (g = 3.98 for the less sensitive axis; G

= 17.99 for the ultra-sensitive axes) and thg i§& the nominal electrostatic gain of the accelestem whose expression
(depending on the accelerometer axis considered) is

SV
Go=Gyx=8 S’izp , for the accelerometer less sensitive axis (dehateX-axis in the Accelerometer Electrode
- m &g

System Reference Frame, AESRF);

£S,V
Gea=Gyy=4 Stzp , for the accelerometer ultra sensitive axis Ytliem AESRF);
- mey

£S,V
Ge=Gyz=4 S{zp , for the accelerometer ultra sensitive axis Zligm AESRF);
- me;
with
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- m= mass of the proof mass = 0.319 kg (nominal);

- & = mean value of the gap between the proof masshenelectrodes X X" (i = 1,2,3,4) = 32um (nominal);
= mean value of the gap between the proof masshenelectrodes ¥, Y; (i = 1,2) = 299um (nominal);

= mean value of the gap between the proof masshenelectrodes;Z Z (i = 1,2) = 299um (nominal);

= mean value of the area of each electroddiX 1,2,3,4) = 2.62 ci(nominal);

- §Z = mean value of the area of each electroddi¥ 1,2) = 1.05 crh(nominal);

- 'S, = mean value of the area of each electroti¢ Z 1,2) = 1.05 ch(nominal);
- & =vacuum dielectric constant

I

For instance, an acceleration amplitude=A.0° m/< is achieved with a voltage.¥* 18.97 mV.

The coupling of this input acceleration (successitgins of high-frequency sinusoids) on the proodsm with the
accelerometer non linearity represented by the mtiad factor, produces in the acceleratics; j measured by the
accelerometer along the akig square wave signal with frequengy, = vs and amplitude:

A2
Agy = C(Ve, Vs,)7e K2i,k (411)
whereC(ve, Vg is a correction factor that depends on the acoeleter output channel from which the measuredlat®n

(@'ix) is taken. When the measured acceleration is tikem the DFAC output channel of the accelerométer, vs) has the
following expression ([RD 10]):

-1 2
C(Ve, Vg) = (HAG(VS)j (Hg (Ve) (1-B, (ve))j (4.1.2)
A

A

whereH,(v) is the DVA transfer function, Gis the gain of the DVA transfer functioBg(v) is the transfer function of the

proof mass closed-loop control. Note thatvginside the accelerometer MBW angmuch larger than the bandwidth of the
proof-mass control loop

HA (Vs)
GA
The plot of the correction factor modulus and phaséunction of the frequenay, for vg = 50 mHz, is shown in Figure 4.1-2.

The values ofG(ve, vg)| for for vg = 50 mHz and), = 100, 150, 200, 250, 300, 350 Hz are 0.6489,1248.2779, 0.1795,
0.1180, 0.0792, respectively.

01 and (1- B, (v,)) O1.

Correction Factor Phase [rac]
&

) 2
1’ 10’ 10’ 10 0
Fresjuency [Hz] Frecuency [Hz]

Figure 4.1-2: Modulus and phase of the correctiactér Qv, vs) as function of,, for v;= 50 mHz
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Of course, this signal is not only contained in #eeeleration ;) measured by the “excited” acceleromefer(i.e. the
accelerometer under calibration) along the exocitataxisk, but also in any combination af;, with the accelerations
measured by the other accelerometers. The utdisatf the combination of measured accelerationshferdetermination of
the quadratic factor is useful for removing mosttlid background noise affectiry . In particular, the combinations of
measured acceleration that shall be utilised aveighed in Table 4.1-1. It is strictly limited todlguadratic factors that need to
be necessarily measured and adjusted in flightrderoto ensure the fulfilment of the gradiometricssion objectives (see
section 3.3.1).

Any combination of measured accelerations (hereo@ehgenerically as'n;) must be processed in order to extract the
amplitude (A,) of the square wave signal at frequengyontained in it (i.e. in the measured acceleraéipncontained in
a'mix). This processing consists in a synchronous detatidn ofa',x at the frequency.. The synchronous demodulation
must not only detemine the amplitude of the squeaee but also its sign, which is determined by gl of the quadratic
factor which multiplies the “excited” acceleratiorhe mathematical formulation of this synchronoamddulation is:

A
Aa=T[AZ + A2 ET/TS (4.1.3)
S

N N
with A= 2%2 al (T) Bin@rv, 1), A = 2%2%X (T.) [eos@av, [T,
i=1 i=1

(the factor 2 “compensates” the factor 0.5 in thérition of a' )

where N is the number of points of the time seoika' ,x corresponding to the periddl in which the periodic acceleration
signal has been applied to the accelerom&téhT shall include an integer number of signal cyctarting from a phase =0
point, i.e. from the beginning of a cycle).

The term—=-in the expression of 4 allows to recovery also the sign information: theadratic factor can be positive or

A

negative, and so the sign of the resulting squareevin the measured acceleration. The equation3jdallows to recover the
correct sign of K2, if the DVA and the proof masssed-loop control transfer functions does notodtrce phase shifts larger
than 90 in the square wave resulting from the trains ghHirequency sinusoids.

S

From A, the estimated value &2 (quadratic factor of the acceleromefgalong the axig) is then obtained as:

. 2
K2 ,=Cl(Ve V)—5 As  (4.1.4)
, A2

with CI(Ve, Vo) = C(Ve, Vo)™

From the quadratic factor values so determined,dffiget ¢\ ) to be added in proof mass position control lodpthe
accelerometef along the axi& (k= X, Y, Z), in order to nullifyk2 is then obtained as follows:

Ai,k = 'deosl,k éi,k Vp GEI,i,k Kzi,k (4.1.5)
where:

- V, = nominal polarisation voltage applied to the éweneter proof mass;
- & = mean value of the gap between the accelerorAgpeoof mass and the electrodes along thelaxis

- Gq; x = mean value of the accelerometeelectrostatic gain for the axks

- Guposik = <Guetj kBposi >V g , Where \f is the detection voltage and < > denotes the emadlical average
- Guetjx = €lectronic gain of the detector (V/Farad/V);
- Gpos,ix = geometric gain of the detector (Farad/m).

The quadratic factor measurements shall be perfibrimehe same drag free control mode utilised far scientific data
acquisition. Table 4.1-2 reports the combinatiohthe accelerometer measurements that shall ieedtito feed the DFACS
controllers during the measurement of the variowsdgatic factors. In order to avoid any possibleriierence between the
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quadratic factor measurement and the drag-free@duonction, we consider now a scenario in whica DFACS is fed by the
measurements of the two OAGs not containing thelaoemeter under calibration, i.e. subject to shgkiThis potential
interference between the K2 measurement and thed3gerformance will be investigated by numericalgations and, in
case it will be found acceptable, no restrictiorthe use of the accelerometer measurements wilppéied (the software
which interfaces the gradiometer outputs with tHeADS is configured so that both solutions can bglie@). The linear
accelerations utilised by the DFACS controllers @ysthesized using as far as possible ultra-sgasitkes. The table is filled
taking into account that there is no longer dragg fcontrol along the Y and Z axes of the sateliiierefore it is no longer
necessary to feed the DFACS controllers with thedr accelerations measured along these two akesthfee-axis angular
acceleration measurement is instead still utilisgdhe DFACS, in spite of the “weakness” of thetade control achievable
by the magnetic torquers actuators (now repladiegnicro-propulsion for the attitude control fuici).

In table 4.1-2, only the quadratic factors thatché® be necessarily measured and adjusted in filglorder to ensure the
fulfilment of the gradiometric mission objectiveseé section 3.3.1) are considered.

Excited| Measured| Utilised combination of measured Background noise main Background noise main term:

sensor| quadratic accelerationsa i) © terms removed by’ i remaining ina' mix
axis factor (for a perfect gradiometer)
A K2, x 1 Common-mode Ly ) )
X axis a'mix = &'q1ax :E (@1x-a4x) accelerations - 7(Ux>< +oy + wz) + Ng14.x
A4 K2, x 1 Common-mode Ly ) )
X axis a'mix = Ag1ax = > (@1x-84x) accelerations 7(U xx T oy + wz) - Ng14.x
A K2 - ( _ )
L L.z v +|-_>< ' LUz —oxo;
Z axis A mix = a'g14,2 Aq,36,x Common-mode L
z accelerations and, +Ng1az+—2 Ngaex'

1 1 I LX 1 1 U Z
:E (@1z-a47) +——(@3x-a6x)

Z

@ (U - o02)
As 4z v Ly Ly \Uyz —0x0;
Z axis A mix = A d142" aq,36,X Common-mode

. L
z accelerations ane,, - Ng.14.7-—2 Ny 36
1 L, 1
- X z
=-—(@1z-847) -~ (a3x-aex)
2 z

Po. K22x . , Ly - Ly (va — Oy Oy )
X axis A mix =&d2sxt— &d14y Common-mode
X lerati o Ly
accelerations and, +Nyosx +— Ng1ay
_l 1 U +L_Yl 1 U X
=—(a2x -a'5x) (@yy-aay)
2 X
As. K2s.x v Ly Ly (UXY — Wy Oy )
X axis A mix = Ad2sx - &duay Common-mode
X lerati o)} Ly
. L1 accelerations and., - Ny 25x - — Ny 14,y
_ Y X
=-—(Aax-Asx) -— —(@1y-a4y)
2 Ly 2
A, K2,y 1 Common-mode L, ) )
Y axis a'mix = Agesy =— (@2y - Asy) accelerations ——\Uyy toy +o7 ) +Ngosy
2 2
As K25y 1 Common-mode L, 5 5
Y axis ' mix = a5y = > (@zy-asy) accelerations ?(UW +toy + (Dz) -Ng2sy
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As | K2ax L L
X axis a'mix = dqzex+ —= a4z Common-mode (Ui -0y,
1 L : accelerations anc, +Nggex +—2 Ny14z
=—(@3x-a6x) +—2£= (@1z-a42) X
2 X
ho K2sx L \Uy, —oyo
X axis a'mix = Aaaex- —= a4z Common-mode Z( Xz X Z)
. ) ; accelerations and, Nassx -2 Na1az
=-—(@ax-asx) -—=—(@1z-842) X
2 Ly 2
As K2; 1 Common-mode L, ) )
Z axis ' mix = Aq36,2 :E (@3z-a%62) accelerations —7(U 27 tOy toy ) + Ny362
As K2,z 1 Common-mode L, .
Z axis A'mix = 367~ > (@3z-8%2) accelerations Py (U 27 toy oy ) - Ny367

(*) The underlined measured acceleration in theesgon of',,x in the one containing the square wave signal.

(**) ngjxdenotes the differential acceleration measuremaiserintrinsic of the accelerometer pair Ay alongk

Table 4.1-1: Combinations of measured acceleratigiised to determine the various quadratic fastor

Excited |Excited Measured OAGs driving Synthesis of the linearg) and angular ¢y , ®y , ®,)
Sensor | Axis ql;:gtroarnc the DFACS accelerations utilised to feed the DFACS contrsller
A X K2 x ax = 0.508c 25x + a36 %)
A X K24 x %A(éé . __B43sy , @457 _ o %zex ., %40sx
Al Z K21Z A O)X—_ L + L ! Y_2 L ,coz——2 L
: z Y z Y
Ay Z K24£
A X K2, x ax = 0.50ac14x * ac36,%)
As X K25 « OAGL1,
A v K2 OAG3 G =2 adl,_ae,v oy = - adLMZ . adl,_se,x o, =2 adl,_14,Y
A5 Y K25,Y Z X Z X
As X K25 x ay = 0.80ac14x + ac25%)
As X K26 x OAGL, . _ 84257 a4,147 _  Q425x | Qaay
OAG2 Oy =2 , =-2 y By, = -
As Z K23, Ly Ly Ly Ly
As Z K2 7

Table 4.1-2: Combination of acceleration measurasméeding the DFACS (TBC) during the K2 measurémen
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4.2 METHOD ANALYSIS

421 Systematic Errors

Systematic errors in the determination of the gaticfactors with the method described before driza:

1. The uncertainty in the knowledge of the actual dtungé (A) of the sinusoidal shaking which is applied to pveof
mass.

- 4
The expression of this systematic error comes fitwer(4.1.4) and isdK 2, , = _FASW 0A = -2K2

e e

2. The accuracy by which the produ@l(ve, vo)[As,), between the amplitude of the square wave sighdtequencys
contained in the measured accelerations and theatmn factor of the accelerometer transfer funrgtcan be determined.

5(Cl (e, vs) Agw)
Cl(vg,vg) Ay,

The expression of this systematic error comes fiwer(4.1.4) and issK 2= Kzi,k

The values of these two types of systematic eraves summarised in Table 4.2-1. They have been ctupiiom the
following inputs:

e Values of the quadratic factors equal to their Bgetupper limits in-orbit, before their calibrati (as per Table 3.1-
3).

SA
« Uncertainty in the knowledge of the actual amplitwd the sinusoidal shaking—% = 0.1%.
e
e Accuracy by which the the produd€i(ve, v9)[Asy), i.e. by which the amplitude 4 of the square wave signal at
frequencyvs is determined from the measured accelerationshbysynchronous demodulation technique, and the
correction factor Cl(ve, Vg is determined by the knowledge of the acceleremetransfer functions:

5(Cl(ve,ve) Agy)
Cl(vg,vg) Ag,

=0.1%.

Note that the systematic errors provided in TabR14are larger than the specified measurementracgifor the in-line
quadratic factors (see Table 3.3-3). But the syatenerrors are proportional to the value of thadpatic factor, and the
computed error corresponds to a quadratic factobdomeasured = 1206/m (largest expected value). So after some
measurement-correction iterations, the systematizwill be reduced in parallel to K2. Therefdhe systematic error is not
a limiting factor for measuring and reducing the bB&ow the specified target value. A similar iteratprocedure is needed
also to cope with the limitations on the quadré&itor adjustability (see section 3.3.1).
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Quadratic factor| Quadratic factor valieSystematic error| Systematic error due tp Total systematic errolf
before calibration due todA. (1) 3(Cl(ve, VIR (2) 1) + (2)
(K?jii ﬁgzlx“) 1206 §/m 2.4 $/m 1.2 8m 3.6 4m
(Kszii g:;,z) 1206 §/m 2.4 $/m 1.2 8m 3.6 4m
(Kszi,i gjzxsx) 1206 §/m 2.4 8m 1.2 ¥m 3.6 ¥m
Wiy | edm | zadm 128m so4m
(KzKiii ::g:;x) 1206 §/m 2.4 8m 1.2 ¥m 3.6 ¥m
(KZKjZi Egjjeqz) 1206 §/m 2.4 $/m 1.2 8m 3.6 4m

Table 4.2-1: Systematic errors affecting the edfiomeof the quadratic factors

4.2.2 Random Errors

Random errors affecting the determination of thedyatic factors with the method described befoigedrom the background
noise superimposed to the combination of measutedlerations d x) around the signal frequencys). This noise comes
from in turn from the environment (gravity gradiergsidual linear/angular accelerations and angal&s under the action of
the DFACS) and from the accelerometer intrinsic sneament error. Let's denote &, the spectral density of the

background, random acceleration containedaip, around the signal frequencys Its standard deviation over the
measurement duratiohis

0 mix = B (4.1.6)

T

and represents the standard deviation of the raretoon on the amplitudea(,;, (vs)) of the harmonic component at the signal
frequency V) of a'nix. This amplitude is related to,fand then t&2,  as:

~ AS AZ
2a,. (v,) =2—% =C(v, S) K2 (4.1.7)

mix
T

The standard deviation of the random error on theespondindl2; x determined frona' .,y is

m 2a, (4.18)

O'Kzi'k =— 2 O-a'mix =
C(vg,v,) A2 Cve,vy) A2 AT

By taking the & random error o2 (8,K2;x = 30K2;) and adding it quadratically to the total systeématror affecting the
same elemen®K?2, ), the result shall not exceed the overall measergraccuracy specified for this element in Tab& 3.
(the measurement accuracy required for the indaliduadratic factors of two accelerometer belonging given pairdK2, ,
0K2,\, is equal to the measurement accuracy specifiethéocommon/differential quadratic factors of thair):

28",
V62, f + k2, f sokay, akac=3 mix (4.1.9)

C(ve,v yAZ T
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This relationship allows to establish the minimuarationT of the proof mass shaking necessary for redudirggyrandom
error below the established limit:

2
2a,
6,K2i,k:\/(5K2i,k)2-(5SK2i,k)2, T=|3—— Tomx | (4.1.10)
C(vervs) Ag 8,K2;

The proof mass shaking duration has been compuadidering the following random errors to be achivn the K2
measurement processes:

° 6rK21,X = 6;K24'x =2 §/m, 6rK21,Z = 6;K24'z =5 §/m
° 6rK22yx = 6;K25'x =5 §/m, 6rK22,Y = 6;K25'Y =2 §/m,
° 6rK23yx = 6;K26'x =5 §/m, 6rK23,Z = 6;K26'z =2 §/m

This leaves for the systematic error a limit valie (1.8 $/m for the in-line quadratic factors (achievableeafone
measurement-correction iterations, if initial K2206 §/m), and of5.5 $/m for the transversal quadratic factors (achiexabl
even at the first in-flight measurement of the K2).

For the other parameters involved in the computadicthe proof mass shaking duration the followiadpes have been used:

e Gradiometer baseline lengths; = 0.514 mLy = 0.49988 ml; = 0.500195 m (measured values)

* Frequency of the square wave signak 50 mHz (frequency around which the spectral iierd the background
acceleration has been computed).

e Correction factoiC(ve, Vs) = 0.6489 (valid fovs = 50 mHz and), = 100 Hz). (this factor, computed for the DFACS
output of the accelerometer is assumed here apjgita the scientific output too)

* Values of the elements diM; equal to their upper limits all along the missidgatime, as per Table 3.1-1 (this is
equivalent to consider a non-calibrated Gradiomegsrit is before the first in-flight measuremehtttee quadratic
factors). Spectral density of these element§183Hz? (common scale factors, specification for 50 mHzp10”’
Hz? (differential scale factors, specification for BMHz), = 10° HZ? (common and differential misalignments +
couplings, specification).

e Values of the quadratic factors equal to their upipeits in-orbit, as per Table 3.1-3 (this is theaximum values of
the quadratic factors expected before their finstlight measurement). Spectral density of thessmehts = 0.01
sIm/HZ"? (specification).

e Values of the GGT components in the GRF (maximunueraand maximum spectral density levelvat as per
APPENDIX A.

» Environmental conditions (residual linear accelerst, angular accelerations, angular rates) as mailyiprovided
by the DFACS in science mode (see section 6.1.1).

Finally, two cases have been considered for thelammmeter output channel from which the accelenai,,, utilized ,for
the determination of K2, is obtained:

Case a)a' taken from the scientific output channel of theederometers
In this case the proof mass shaking duration has bemputed considering:

1/2 1/2

«  Accelerometer intrinsic noise I m/$/Hz"? (ultra sensitive axes), = 3™ m/s/Hz"? (less sensitive axes).

« Amplitude of the sinusoidal acceleration appliedh® proof mass through the control electrodes:
A. = 310° m/¢, along all the shaken axes of the accelerométers,, Ay, As As, Ag

This amplitude corresponds to half of the full measnent range of the accelerometers in the sdertiftput
channel £610° m/s).
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Case b)a',, taken from the DFAC output channel of the accetaters.
In this case the proof mass shaking duration has bemputed considering:

1/2 1/2

«  Accelerometer intrinsic noise FID'° m//Hz"? (ultra sensitive axes), Z10° m/$/Hz
from the budgets provided in [RD 11] with consenvaimargins.

(less sensitive axes), taken

« Amplitude of the sinusoidal acceleration appliedh® proof mass through the control electrodes:
A, = 110° m/€, along all the shaken axes of the accelerométers,, Ay, As As, A

This amplitude corresponds to half of the full measent range of the accelerometers in the DFA@uiwthannel
(+200° m/<).

The results for the two cases are provided in Tat#e2 and 4.2-3 respectively. From them, the athgmof using the DFAC
output channel for the measurement of K2 is appgfehours againdill9.8 days of total shaking time). In fact, the &arg
intrinsic noise of the accelerometer the DFAC cledns by far outweighed by the larger proof massksiy acceleration
applicable in this case. This is explained by eiguat4.1.9), wherd depends on the square of the acceleration measntem
noise spectral density, but on the inverse of theth power of the amplitude of the shaking acegien.

Another negative aspect of the utilisation of thiesce output channel is that the dominant ernongen this case are not the
intrinsic accelerometer noise but the residualdinaccelerations, angular acceleations and angafes, which can change
significantly (apart for the residual linear acecet®n in the along track direction) as functiortled orbital environment of the
satellite.

The quadratic factors along the less sensitive akéise accelerometers don't need to be necessagbsured and adjusted in
flight because their by-construction value is adyeamall and, in addition, they have a weaker imhmarcthe gradiometric
performance than the quadratic factors of the gdémsitive axes. An estimation of the proof masskisty time required to
measure the LS-axis K2 with a random error of/$s however provided in Table 4.2-4. The shakinge is computed using
the case b) inputs, i.e. assuming to use the DFA&sarements.

Quadratic| Required Random | Proof mass | Noise spectral densityProof mass shakir
factor | measurement error limit shaking of a'nix aroundvg duration
accuracy amplitude (A) (m/s?/Hzl’Z) T(s)
K2; x 2.7 $Im 2 $Im 3010° m/é a . =48710% 618300
K24 x 2.7 $Im 2 $/m 310° m/s 618300
K2, 8.2 §/m 5 $/m 300° m/ig . =4.9010%° 100000
K2, 7 8.2 4/m 5 $/m 300° m/ig 100000
K2,.x 8.2 $/m 5 $/m 3010° m/é a =25710% 26400
K25 x 8.2 $/m 5 $/m 310° m/< 26400
K2,y 2.7 $/m 2 $/m 310° m/< a . =5170" 7000
K25y 2.7 éim 23/m 310° m/g 7000
K23 8.2 $/m 5 $Im 300° m/ig a . =A4.7710% 94700
K26 x 8.2 $/m 5 $/m 310° m/< 94700
K23, 2.7$/m 2 $/m 310° m/< a . =5.9010" 9100
K267 2.7 $/m 2 $/m 310° m/& 9100
Total proof mass shaking time required for all Kéasurement 1.71100° s

Table 4.2-2: Random errors affecting the estimatbK?2, and proof mass shaking duration for case a)
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Quadratic| Required Random | Proof mass | Noise spectral densityProof mass shakir

factor measurement error limit shaking of &' mix aroundvg duration
accuracy amplitude (A) (m/slezl’Z) T(s)
K2, x 2.734/m 2 $Im 110° m/g . =4.9710%° 5200
K24 x 2.7 $Im 2 $/m 100° m/§ 5200
K2, 7 8.2 $/m 5 $/m 110° m/$ & =5.0010" 900
K2, 8.2 ¢/m 5 $/m 1010° m/& 900
K2,.x 8.2 $/m 5 $/m 110° m/$ a' . =6.9510% 1700
K25 x 8.2 $/m 5 $/m 1010° m/§ 1700
K2y 2.7 $m 28/m 110° m/$ a . =8.7610" 200
K25y 2.7 éim 2 é/m 1010° m/& 200
K23,X 8.2 §/m 5 §/m 1E|LO_5 m/g m,)( = 4.8710 10 800
K26.x 8.2 /m 5 $/m 1010° m/€ 800
K232 2.7 $m 2$/m 100° m/< a. =9.2110" 200
K26 2 2.7 ¢Im 2 $/m 110° m/§ 200

Total proof mass shaking time required for all K@asurement 18000 s

Table 4.2-3: Random errors affecting the estimatbK?2, and proof mass shaking duration for case b)

Quadratic| Random | Proof mass shaking Noise spectral density @fy,, aroundvs | Proof mass shaking
factor | error limit| amplitude (A) (m/§/Hzl’2) durationT (s)
K2,y 5 $/m 100° m/g a.. =7.15310" 1800
K24y 5 s$/m 1010° m/€ 1800
K2, 5 $/m 110° m/g &, = 1.0010° 3400
K2s 7 5 $/m 110° m/& 3400
K25 5 $/m 110° m/g &, = 1.0010° 3400
K2,y 5 $/m 110° m/d 3400

Total proof mass shaking time required for all K@asurements 17200 s

Table 4.2-4: Proof mass shaking duration for K2 megament along LS axis (using the DFAC channel)
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5. DETERMINATION OF THE ELEMENTS OF THE INVERSE CALIBRATION MATRICES

Once the quadratic factors have been measured layxicplly reduced below the specified limits, thayoerrors that still
affect the measurement of the common-mode andrdiffml-mode accelerations are those due to thelicmu of these
accelerations with the differential and common edacttors, misalignments and couplings of the @zoeteter pairs, i.e. with
the elements of the Calibration Matrix. These eletseannot be physically adjusted. Therefore thenkadge of their value
obtained during the on-orbit calibration of the Goaneter is utilised in the Level 1a to Level 1khalprocessing, to remove
numerically the corresponding errors from the mesaccelerations.

The method described here for the determinatioth@felements of the IMCs involved in the GGT detaation process is
based on the satellite shaking and on the hypathleat each individual component of the GGT (nanugly, Uyy, Uzz, Uxy,
Uyxz, Uyz) is very small in the upper part of the Gradiomd&tBW, i.e. from 50 mHz to 100 mHz, so that it dag considered
as a measurement noise. This hypothesis is comtdabiby the simulations performed using the Eartlvity field model
EGM96 complete up to degree and order 360. Thexefbthe Gradiometer was perfect (unitary scaktdes, no inter-axes
misalignments, couplings), the GGT components rsitaoted from its measurements and from the stassosemeasurements
should be nearly zero between 50 mHz to 100 mHuésence of any external disturbance of linearaargllar accelerations.
If the resulting GGT components are not zero, thisue to Gradiometer imperfections (deviationgrfrthe unitary scale
factors, inter-axes misalignments, couplings). Vakeies of the elements of the inverse Calibratiatries (which are related
to these Gradiometer imperfections) can be thuaiodd as those values what best fit a null valuthefGGT components
from 50 mHz to 100 mHz, determined from a seriemeéisurements. To highlight the effect of the Grawditer imperfections
in the resulting GGT components, and thus to redheetime period in which the measurements forbcation must be
collected, the satellite must be subject on purposxternal disturbances of linear and angulaelecations with a relatively
large level in the spectral bandwidth from 50 mBHZ00 mHz. These disturbances must be as muchsasbfede-correlated
among the various axes, so to excite evenly anép@ddently any of the Gradiometer imperfectionse $atellite shaking is
accomplished by means of the ion thruster and thefbcold-gas thrusters of the Gradiometer CatibraDevice (GCD).

51 METHOD DESCRIPTION

5.1.1 Fundamental Equations Set up and Process Outline

The equations utilised for the determination of[te]q;, [MI].; elementsi{ = 14, 25, 36) are obtained from the relationships
between the differential accelerations at the @&coeheter locations in the three OAGRFs, the GGT pmments and the
satellite angular dynamics (angular acceleration$ @ntrifugal accelerations). The derivation of tbllowing equations is
described in [RD 1]:

for the accelerometer pail{, A,)

- Zad,14,x =Uyx +(°\2( +‘°§
I-X
P EEN U - i, (5.1.1)
I-X
- Z—ad'm'z = Uxz - ok + oy
X

for the accelerometer paif{, As)
Ay 25 x

-2 = Uxy - Wy + 0y
Y

_Zad'zs'Y =Uyy +03§< +03§
Ly
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ad252
= Uyz - vy - Oy
Y
for the accelerometer paild, Ag)
a4,36 X .
2—=—==Uyxz - Wy - Oy
v
84,36,y i
2—=——=Uyz - 0y + 0y
7
2%,36,2 = Uy, +oy +0f
7
a4,14 Ay 14y . ag,14 .
-2 . =Uyy toy to; -2 =Uxy —0x0y =0z ~2 Z:sz_(‘)x@z""o\(
Lx Lx Lx
a4 25 . a4 25y ay,25 .
-2 = =Uyy —oxoy to, -2 :UYY+(0)2(+(D§ -2 Z=U\(z_@\(@z_@x
Ly Ly Ly
a4 36 . Ay 36y . Ay 36
- 038X Uy, —oy0, -0y —-2——=U,, —oyo0, to, -2 2 = U,, +c0)2( +c0$
Lz Lz Lz

In the upper part of the MBW (in particular, fror@ Bh\Hz to 100 mHz) the gravity gradient signal isakeFor the the purpose
of determining the elements of the ICM, we will sater the GGT components as an additional noiséribotion to the
measured accelerations. Based on this hypothesisaasuming to retain only the part af;, angular and centrifugal
accelerations with frequency contents between %D 1800 mHz, we can set to zergyl) Uyy, Uzz, Uxy, Uxz, Uyz, in the
previous equations. By expressing the angular acaibns as function of the differential accelenas, we get:

Ag,14x = —%(w% +03%)

aq 14y :%(mxw\( +o'az):L7X(2coxwY ‘%ad,zs,xj = Lyoyoy _::_Xad,zsx (5.1.2)
Y

84,147 =L7X(‘Dx@z ‘d)v): L2 (me@z L_Zzad,sexj = Lyoyo, _t_xad,aex
z

84 25x =L7Y(‘Dxmv —®2)=L7Y(2coxcoY _%ad,M,Yj =Lyoyoy _::_Yad,m,v
X

Qy25y = _L7Y(‘°>2< +03§)

L . L 2 L
84057 = 7Y(‘°Y(°z + (Ox)z 7\((2@\(‘92 —L_Zad,se,v) = Lyoyo, _L_Yad,36,Y
v

L, ) L, 2 z
84,36 =7(@x@z +(DY)=7(2®X(DZ ‘L_ad,14zj =Lyoy0; _L_ad,l4,Z
X

X
L, L, 2 z
8436y ~ ((DY(DZ mx)z_ 20yw; 8457 | = Lz0y0; T8y 57
2 2 L, L,
_ Lo 2
4367 = ‘7(0%( + OJY)
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The elements of the ICM are included in the presiequations by expressimg; as function of the common mode and the
differential mode accelerations measured by theetlaccelerometer pairs in their Accelerometer Refer Framesalj, &'q;j)
using the (3.2):

(5.1.3)
_ x (.2 2
Mligar1@crax+ Mligar@cray + Mligaz@ciaz + Mligas@grax+ Mlpgas@'gray + Mlyg @' qraz= — 7 (COY + COz)
_ _ x
Mligs@c1axt Mligs@ciay + Mligs@ 14z + Mligs@ graxt Mlugsdaaay + Mlias@ 14z =Ly 0y 0y == a4 55
Y
Ml1g6@ c1ax+ Mlias@c1ay + Mlig @14z + Mlige@grax+ Mliaef qiay + Ml araz =L ~x
14,614 ¢,14,X 14,62 c,14,Y 14,6 ¢,14,2 14,64 d,14,X 14,65 d,14,Y 14,66 d14z2= Ly 0y 0, a4 36x
z
_ _ by
Ml2s 4@'c.25 x+ Mlas 48 c 25y + Mlos 4@ ¢ 25,7 + Mlas 48 g 25 x + Mlos 4 q 05 v + Mlos s@a 257 =Ly 0y 0y ———2a4 14y
X
__Y( 2 2
Ml2s 518 c o5 x+ Mlos s2@ 25y + Mlos 53¢ 257 + Mla5 548 4,25 x + M2 552 g 25 v + Mlos s6@d 25 2 = — 5 (O)x + COz)
_ _ Yy
Ml 25 6@ c.25 x+ Ml2s 68 c 25y + Ml2s 6 ¢ 25,2 + Mls 62 d 25 x + Ml2s 65 q 25 v + Mlos 6@ d25 7 = Ly 0y 07 ——— 84 36y
z
Ml 36,4 36.x+ Mlag 4@ c.36.y + Mlag 4 c 36,2 + Mlgg 48 q.36.x+ Mlz6.4 q.36.y + Mlzg @ az6.2 =L Lz
36,412 ¢,36,X 36,42 ¢,36,Y 36,4 ¢,36,2 36,44 d,36,X 36,45 d,36,Y 36,40d36,2= L0y 05 a4 147
X
Ml ' Ml ' Ml ' Ml ' Ml ' Ml ' =L - —LZ
36,518 ¢,36,x T Mlge 58 ¢ 36y T Mlge s c36,2F Mlzg s d36x+ Mlze s g 36y + Mlgg s g36z=L; 0y 05 A4 257
Y
__Lz( 2 2
Mlzg 612 c36x+ Mlgse28 36,y + Mg 3¢ 36,2 + Ml3g 642 g.36,x+ Mlzg 652 d36,y + Ml3s 668,362 =~ 5 ((Dx + O)y)
Finally, by setting
B o +02) LS X
__Yx{( 2 2 _ _ =X _ _ x
yi= oy toz), %= Lioyoy Ay5x » ¥B= Lxoxo, Ay 36x
L
Y z
L L L
_ _ Ly _ Ly ( 2 2) _ _ Ly
ya= Lyoyoy Baaay s %= T \Ox tOz), %= Lyoyo, 8,36y » (5.1.4)
L L
X z
L L L
_ _ bz _ _ bz __ LY ( 2 2 )
y7= Loy, L 84147, %= Lzoy0; L 4257, Y= 5 \Ox toy ),
X \%
we can write the (5.1.3) in the following, more quant form:
Mlyga@'craxt Mlygap@cray + Mligaz@'ciaz + Mlygaa@grax+ Mlagas@'giay + Mlagas@'g1az= V1
Mlygsi@'craxt Mlygsp@cray + Mligss@'ciaz + Mlugsa@grax+ Mlugss@'giay + Mlugse@'g1az= Yo
Mlyger@'craxt Mlyggr@ciay + Mliggs@'ciaz+ Mluggadgraxt Mliges@'giay + Mliggs@'g147= Vs
(5.1.5)
Mlos a1 ¢ o5 x+ Mlos ap@ ¢ o5y + Mlos 43@ ¢ 05 7 + Mlos 448 g 25 x + Mlos 458 g25'y + Mlos 468 g257 = Va
Mlos 518 ¢ o5 x+ Mlos 528 ¢ 5y + Mlos 53@ ¢ 057 + Mlos 54 g 25 x + Mlos 558 g25y + Mlos se@'g2572 = Vs
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U U T U U U —_—
Mlos 618 ¢ o5 x+ Mlos g2 ¢ o5y + Mlos 3@ ¢ 05 7 + Mlos 4@ g 25 x + Mlos 5@ g25y + Mlos 6@ g25.2 = Ve

I U 1 U I U —
Mlgg 418 ¢ a6 x+ Mlzg 42836y + Mlag 3@ 362 + Mlag 448 g36,x + Mlag a5 g36,y + Mlag 468 g36,2= V7

I U 1 U I U —
Mlgg 518 ca6x+ Mlzg 52836y + Ml 53@ 362 + Mlag 548 g36,x + Mlag 552 g36,y + Mlag 568 d36,2 = Vs

Mlzg 612 c36x+ Mlsgs 62836,y + Mlgs 638,36,z + Ml3g 648 g.36,x + Mlzg 652 d36,y + Mls 668,362 = Yo

The (5.1.5) are the fundamental equations utilfsedhe determination of the 54 elements Mfi]y;, [M1]c; (among which,
however, only 32 must be strictly measured irhffjg

The number of equations (9) is not sufficient ttvedor all the unknowns in a deterministic wayutBve can transform each

of the previous equations in a set of N equationsniegasuring the common and differential mode acatitss and the;y
guantities at N different times,(t,, ... ty). So we get nine set of equations (labelled aks§p):-

Equation set 1
Mlga@craxat Mliaao@ciayit Mligaz@caszit Mlisaa@graxit Mligas@gaa vyt Mligag@'gi1az21= Y1 (fort =ty)

Mlyga1@c1ax2t Mliaao@ciay ot Mligaz@ciazot Mlisaa@graxot Mligas@gaay 2t Mligag@'g1a2,= Y11 (fort =ty)

Ml 18 c1axnt Mligao@ cray Nt Mliaad@ c1aznt Mg a@ g1axnt Mlpgad g 14 vt Mlagadl g4 28= Yon (fOr t =ty)

or, in matrix notation:

Al X1 =vy1,

Mlyy 4

a’0,14,)(,1 a’0,14,\(,1 a’0,14,2,1 a;j,l4,X,l a21,14,\(,1 a'd,l4,Z,l yl,l Iv”l4,42

Al = a'c,14><,2 a'c,14,Y,2 a'c,14z,2 a‘21,14><,2 aéi,14,Y,2 a21,142,2 Lyl= Yi2 - x1= Mg 43 (unknowns)

. . . . . . . Ml 4 44

a,c,14.X,N a,c,14|Y,N a,c,14Z,N aéi,14.X,N aéi,l4|Y,N a21,142,N Yin Ml 4 45

Iv”l4,46

Equation set 2
A2 (X2 =y2,
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Mly,51
a;:,l4,X,l a;:,l4,Y,l a;:,l4,Z,l a&,l4)(,l aéi,l4,Y,l aéi,l4,Z,l y2,l M|l4,52
T T T T I I MI
Ao = | Fraxz Faave Fasze Faaxe  Fuave  %i4ze Y2 = Yoo - x2=| 11483 | (nknowns)
Iv”l4,54
A 1axN  AcayN Ac1azn BgiaxN  BgiavN Bd1dzN YaN Ml 55
M|l4,56
Equation set 3
A3 k3 =y3,
M|l4,61
A 1ax1  Gotay1  1az1 Bgaaxa  Sdiaya a4z Y31 Mly46,
1 1 1 1 U I MI
A3 = & 1ax2  Yaay2 G1azo  Ryaaxe  Haayz  Bdiaze y3= Y32 . x3= 1483 | (4nknowns)
Ml 464
aé),l4,X,N aé),l4,Y,N aé),l4Z,N aéi,l4,X,N a’d,l4,Y,N a'd,l4,Z,N y3,N M|l4,65
My, 66
Equation set 4
A4 X4 =y4,
Ml 55 41
a;:,25,X,l a;:,25,Y,1 aé),ZEZ,l a’d,ZE,X,l a,d,25,Y,1 aéi,25,Z,l y4,l Mi 25,42
T T I T T I MI
aq=| Fosxe Feasye Fosze Fasxe  Fasve  Hesze ya = Yaz2 x4 = 2543 | (unknowns)
Iv”25,44
A25x N Ac2syN Fc2szN BaosxN  d2sy.N  d257N Yan Ml 55 45
M|25,46
Equation set 5
A5 [X5 = y5,
Ml 551
a;:,25,X,l a;:,25,Y,1 aé),ZEZ,l a’d,ZE,X,l a,d,25,Y,1 aéi,25,Z,l y5,l Mi 2552
T T U T T U MI
a5 = | Fosx2 Geasye Fesze Fasxe  Fasve  Hesze Ly = Ys2 . x5 = 2553 | (unknowns)
M|25,54
A25x N Ac2syN Fc2szN BaosxN  d2sy.N d257N Ysn Ml 555
M|25,56
Equation set 6
A6 [X6 =y6,
M|25,61
A o5x1  Gosya  Booszi Bdosxi  Bdosyl  Bdoszi Y61 Ml 55 60
1 1 U 1 1 U Ml
Ag = | Fosx2  Goasye Fopszz Faasxz  Fuesye  Fasze . y6 = Y62 . x6= 2563 | (unknowns)
Ml 5564
aé),ZE,X, N aé),ZE,Y, N aé),ZE,Z,N a'd,25,X, N aéi,25,Y, N a,d,ZSZ,N yG,N Mi 25,65
Ml 5 66
Equation set 7
MO032-EN
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A7 X7 =y7,
Iv”36,41
a;:,36,)(,1 a;:,36,\(,1 a'c,36,Z,l a;j,SG,X,l a;j,SG,Y,l aéi,36,2,1 y7,1 Mi 36,42
A7 = Bcasxz Beasye Fessze Susexz Rdsey2  R36z2 Y7 = Y72 X7 = Ml36.43 (unknowns)
Iv”36,44
a;:,SG,X,N a;:,SG,Y,N a;:,SGZ,N aéi,SG.X,N a;ﬁ,36|Y,N a;i,SGZ,N y7,N M|36,45
M|36,46
Equation set 8
A8 kX8 =y8,
Iv”36,51
a'c,36,)<,1 a'0,36.\(,1 a;:,SGZ,l a;i,SG,X,l aéi,SG,Y,l a;i,362,1 y8,1 M|36,52
A8: a;:,36,)(,2 a'0,36,\(,2 a’c,36,Z,2 a;j,36,)(,2 aéi,36,Y,2 aéi,36,2,2 ;y8— y8,2 ;X8: M|36,53 (unknowns)
. M|36,54
a'0,36,)(,N a’0,36,Y,N a’c,SGZ,N a;j,36,X,N aéi,36,Y,N a;j,SG,Z,N yS,N Iv”36,55
M|36,56
Equation set 9
A9 X9 = y9,
M|36,61
a;:,36,)(,1 a;:,36,\(,1 a'c,36,Z,l a;j,SG,X,l a;j,SG,Y,l aéi,36,2,1 y9,l Mi 36,62
AQ = Basxz  Beasyz Fessze Suaexz Rdsey2  R36z2 -y9 = Yo2 © %9 = Mlg663 (unknowns)
M|36,64
a;:,SG,X,N a;:,SG,Y,N a;:,SGZ,N aéi,SG.X,N a;ﬁ,36|Y,N a;i,SGZ,N y9,N M|36,65
M|36,66

Note thatAl = A2 = A3, A4 = A5 = A6, A7 = A8 = A9.

At minimum the measurements must be performed até\different times, in order to solve for the 6known parameters
contained in each equation. Actually, being the sneaments affected by errors, we must accumulatey mmeeasurements and
to seek for the best solution in a “least-squasesise.

If the measurement errors are independent and tigrmitributed, then the best possible solutiontlé set of linear

equationsy = ARX is given by a vectax, which minimises the quantity:

N
2
Iy - Axolf = (- Ax)(y - A xo) = § ,(yi A X017 A 2X02 TAi X0z T Ai aXoa TAisXos _Ai,GXO,G) ,
i=1

(5.1.7)

in the sense that the “least-squares fitting” &).1s the maximum likelihood estimation of theditparameters.

The problem of finding the vectarminimising the normy||- A x|| is named “linear least-squares problem”.
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It can be proved [RD 6] that the linear least-sgagoroblem has at least one solutign(minimum point), and that every
minimum point is also a solution of the normal eipra

x=ATA)'ATy, (5.1.8)

and conversely.

Therefore, using the (5.1.6) to compute a leastsEpisolutiorx, does not guarantees thatis that minimum point of the
least-squares problem which has the smallest ngri\|X||, in the event that the problem has not a unigigmum point. A
solution which fulfils this property (to be the ondéth the smallest norm) can be instead compute@ess ref. [RD 6] for the
demonstration):

x=A"y, (5.1.9)
whereA* denotes the pseudo-inverse of the mairibtained as:
At=vzIlUT, (5.1.10)

where the matrice¥ , = andU are those defining the “singular-value decompositiof A (A = U £ V'). Numerical method
for computing the singular-value decomposition ahatrix can be found in [RD 6] and [RD 7]. Howevérthe inverse of
(ATA) exists, thenA* = (ATA)*AT.

To complete the description of this method, we haviell how to compute the quantities(y= 1, ..., 9). They are built with
the differential accelerations along the transveasas of the OAGRFs and with the angular ratethef Gradiometer. The
rates are obtained by integrating the angular acatbns measured by the Gradiometer and by metenm with the rates
derived from the star tracker measurements (a#ityghaternions), in order to correct for drifts daghe accelerometer bias.
But also to compute the precise angular accelersitiof the Gradiometer we need the differential lBredons at the
accelerometer locations in the three OAGRFs (atbegransversal axes). These differential accéteraican be derived from
the measured ones if the inverse Calibration Masrre known!

A way out from this circular problem is to approattie solution through an iterative process, inited by a first guess
concerning MI]q;, [MI]c; elementsif = 14, 25, 36), i.e. an a-priori solution of thelplem. This guess is utilised to compute
the differential accelerations from which the amguccelerations and the angular rates are computexbe are utilised to
compute the yquantities and to set-up the 9 sets of linear gopm for the elements oMl]g;, [MI]c ;. The solution of these
equations provides an update (improvement) of kg {;, [MI]c; which is re-injected in the loop to compute thiedential
accelerations, and so on. Each time the equatimris6) are solved the accuracy in the determinadibthe ICM elements
should improve until the process converges.

Since the process starts from the assumption af@mori solution, it is advantageous to linearize equations (5.1.6) around
posteriori solution. The (5.1.6 ) so become:

AL X1 =yl = Al Ox1o + 8x1) =yl = AL [Bx1 =y1 - Al [l
A2 [Bx2 = y2 — A2 [X2,

......... (5.1.11)
A9 [Bx9 =y9 — A9 [k9,
wherex1, ...., X9, are the a-priori solutions, ar®1, ...., 0x9 are the deviations from these solutions (the umkisoto be
determined). The a-posteriori solution for the I€Mlementsxl, ...., X9) is then obtained by adding tRe1, ...., dx9,
obtained from the (5.1.8), to the a-priori solution
dx1 = (A1TA1)ALT (y1 - Al Dxlg) = x1 = x1g + dx1
......... (5.1.12)

dx9 = (A9TA9) T A9" (y9 — A9 [k9p) = X9 = X9 + 5x9

The utilisation of the gradiometer measurementbuitd the y quantities, i.e. the right-hand-side of the equradi(5.1.11),
injects the gradiometer imperfections in the equegiin a non linear way. The effect is that thestesjuares solution®1,
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., X9 are only approximately equal to the ICM elementections sought for. This approximation was fotmde good for
all the ICM elements, but for the diagonal OnéM|(14y44, 6M|14y55 6M|14ye5 6M|25y44 6M|25'55 6M|25'65 6M|36'44, 6M|3ey55
OMlzs 69, linked to the common scale factors of the acoeheter pairs. In order to find the relationshipivieen the
corrections to the ICM diagonal elements found by teast-squares fit (hereafter denote®M$' 1444 OMI'1455 OMI' 1466
OMI' 25 44 OMI' 25 55 OMI' 25 66 OMI'36 44 OMI'35 55 OMI'35 69 @nd the actual corrections (hereafter writterhaitt the apex * )
we procedeed in a numerical vvriageneratlng nine calibration test cases in whicly @ common scale factor at a time was
applied to an ideal gradiometer and computing fmhecase the least-squares solutions (5.1.12)réhits of this activity are
the following relationships:

1 1
OM114.44 10 o 00 0 o 0 0] (ami 14,44 Ml 1444
SMilss | |0 0 =10 0 0 0 Of|oMiys SMI 1455
6M I ;.4,66 O 1 0 0 0 _1 O O 6'\/” 14,66 SMI 14,66
Mizse| [0<1 0 1 0 0 0 0 Of5Migxy, M g5 44
Mibss [=|l0 0 0 0 1 == 0 == O|08Mlsss |=CIHMI pses (5.1.13)
' 2 2
M1 5566 00 O 0 0 1 0 -1 0 |3Mlses Ml 5566
M|l o000 -1 0 0 0 1 0 o0f]|Mlgsaa Ml 36 44
OMI 3655 00 0 0O -1 0 1 0f]|d%Mlgss Ml 3655
M35 66 00 -2 0 o -2 -3 _1 ;|\8Mige Ml 36,66
7 14 7 14

In theory, the relationships (5.1.13) allow to pdissm the least-squares solutiodM]'1444 OMI'1455 OMI'1466 OMI 5 44
OMI' 35 55 OMI' 25 66 OMI'36 .44 OMI'35 55 OMI'35 69 tO the actual correction to be applied to the 1@Mgonal elementdI 1444
6M|14 55 6M|14 66 6M|25 44 6M|25 55 6M|25 66 6M|3644, 6M|36 55 6M|36 5(9 But this is not pOSSIbIe because the ma@ixis
smgulaf3 In fact, only six of the nine linear equations1(33) are independent. Thus three additional ptggemust be
known about the ICM diagonal elements in ordenteit the (5.1.13). Apparently there are no genamaperties applicable to
these elements (by construction they can assumevalog within the limits given in Table 3.1-2). Henthe only way we
found so far to invert the (5.1.13) is to assume khowledge of three elements amodWKi4 44 OMI 1455 OMI1466 OMIos 44

OM I 5 55 OMI 25 66 OM I35 44 OMI 35 55 OMI 36 69). IN practice, this means that value of three comiscale factors must be provided
by another method. Assuming the knowledge of

- OMlye6(correction to ICM elemerill 14 g6 involved in the measurement af, ),
- OMlys 44 (correction to ICM elemer¥ll s 44 involved in the measurement af, ),
- OMlggss(correction to ICM elemerli g 55 involved in the measurement af, ),

we get the other corrections as (trying to useaaa$ possible measurements from the US axes only):
1 T 1 T T
Ml 14,44= OMI 14,66'2 oMl 14,66+Z OMI'36 44+ OMI" 14,44

OMl14,55= OMI 25 44 - OMI"25 44

® More insight would be achieved by attemping taiese these relationships analytically. Since tlaisk appears quite
complex and time consuming, it will be left to aute activity (some of them have been already ddtexd anlytically by
ONERA [RD 8]). The “universality” of the relationgts obtained numerically can be, and has beenieérify applying it to
general test cases in which all the gradiometeeifiegtions (sacle factors, misalingments, couplirsage applied at the same
time.

® Probably this is due to the largest weight of @wadiometer measurements w.r.t. the star trackexsorements in the

construction of the right-hand-side of the equati¢h.1.11), and is the mathematical translatiotheffact that the common

(absolute) scale factors of the Gradiometer cabhaaibtained from measurements provided by the Gnaetier only.
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1 1
OMl 25 55= 6M|36,55+Z 6M|'25,66'Z OMI'36 55+ OMI' 55 55
1 I 1 T
6M|25'66: 6M|3&55+E oMl 25,66'5 oMl 36,55 (5114)
1 T 1 T
OMl36.44= OMI 14,66~ — OMI'14 66+ — OMI'36 44
2 2
6 1 1 , 1 , 3 , 3 , ,
OMlzg66= — OMI1466 +— OMI3g55+— OMI'25 66 -—— OMI'36 55-— OMI"14 66+ — OMI'36 44+ OMI'36 66
7 7 28 28 14 14

The missing element®M 114 65, 0Ml 25 44 OMI 3659 t0 perform the inversion of the (5.1.13) can le¢edmined by exploiting the
angular acceleration measurements obtained bytéiesansor only. Actually, in this way it is podsilto determine the six
elements of the ICM related to the common scaléofamf the accelerometer pairs about the tranaveres of the OAGs:
MI14 55 MI14 66 Ml2s 44 Mlos g6 Ml 44 Mlss 55 The method by which these elements are obtas#teifollowing. Let's denote

as (sz coSY mszthe angular accelerations estimated by the stasosemeasurements. By comparing these angular

accelerations with whose obtained from the Gradiemé.e. from the difference of differential acerdtions), we get the
following equations:

a a
d,36Y + d,25Z2

® =-
sx = Oy
Lz Ly
a a
d,14 d,36
gy = Gy = ——10L 4 0% (5.1.15)
L L
X z
_ 845x + ay 14y
wsz by =-———+———

Ly Ly

By expressingag; as function of the common mode and the differéntimde accelerations measured by the three
accelerometer pairg'¢;, & 4;), and exploiting the knowledge of the ICM elemedégermined with the previous method, we
get:

agaay =Mlyas1@c1axt Mlias@ciay + Mlugsa@'ciaz + Mlugsa@'giaxt Mlagss@'giay + Mligse@ 14,2 = Ml1ass@ g 14y + Dy 14y
ag147= Ml 618 craxt Mlg 628 c 14y + Mliag3@ c1a7 + Mliggad g 14 x + Ml1aes@ g 14y + Ml1a 668 d 147 = Ml 14,668 g 142 + DAy 14,7
(5.1.16)

ag25x = Mlos 418 c05x+ Mlos 408 ¢ 25y + Ml g5 438 ¢ 25, 7 + Ml 25 448 g 25 x + M o5 458 g 25 v + M5 4684 25 7 = Ml o5 448 4 25 x + Ady 25 x
a4 257 = Ml g5 618 ¢ 05 x + Mlgs 628 ¢ 25,y + Mlos 638 05 7 + Mlos 64@ g 25 x + Mlas 658 g 25,y + Mlos 668 d,25, 2 = Ml o5 668,25 7 + Aag 25,7
ag,36,x = Mlzg 418 ¢ 36 x + Mlg 428 c 36,y + Ml 36 438 ¢35 2 + Ml 36 248 g 36,x + Ml36 452 .36,y + Ml36 462 .36,z = Ml 36,448 36 x + A8y 36 x
ag,36,y = Mlzg 518 ¢ 36,x + Mlg 508 36,y + Mlag 538 ¢ 36,2 + Mg 548 g.36,x + Mlag 552 d:36,y + Mlag 562 036,z = Mg 552 4,36,y + Ay 36,y
By plugging the above expressions in the (5.1.W8)get the following sets of equations:

1 1 ) 1 1 , , ,
Mlsgss5(-— @'g36,y) + Mlosee (— @ 4252 = Oy +—— Dagzey -——Dagpsz = Al [X1' =yl’,
L, Y L, Ly
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1 1 . 1 1
———ay3ey1 342521 Oyt =88y 36y T DA 570
L, L, %% L, v
1 1, . 1 1 MI
AL =| T %asev2 | 8azsze | y1r=| Ox2 +L_Aad,36|Y,2 _L_Aad,zsz,z X1 = 3655
‘ v z Y Ml 25 66
1 1 _ 1 1
_L_adsev N adZSZN Oy n T D835y N D8y 257 N
z L, Ly
(5.1.17)
1 1 . 1 1 , , ,
Mlge6(-— @'q14,z) + Mlggas(— @yz6x) = Oy +——Dag147-— Dagzsx = A2’ [X2' =y2’,
X z Ly L,
1 1 S+ iA - iA
T, Basaza e REEN Ba142. L, Ba36x1
1, 1 - 1 1 M
A2 = L_ad,14z,2 L_ad,ssx,z Y2 = Oy, T—R0ay 1,7, _L_Aad,ssx,z X2 = 14,66
X Z X z Ml 36 44
1 1. , 1 1
T, JaaazN 836X Oy n F 881478 T DAy zex N
X z Ly L,
1 1 . 1 1 , , ,
Mlzs 4a(-—@'g25x ) + Mlugss(— @ g1ay) = @y +——Dayasx - — Dagiay = A3’ [X3' =y3',
Y X Ly Ly
1 1 . 1 1
——agssx1 T Ad14y.1 R L VIR
Ly Ly ™7 Y Lx
1, 1, : 1 1 M
A3 =| T Jamx2 T8duavz | 3= | ©z2 +L_Aad,25><,2 _L_Aad,14,Y,2 © X3 = 2544
v x Y X Ml 1455
1. 1. ‘ 1 1
Lo Ba2sxN T sy Ozn T8y 5x N T DAy 1ayn
Y X L, Ly

which again can be solved with the least-squaigighms to getMl 455 Ml14.66 Ml2s 44 Ml2s 66 Mlzg 44 Ml3g 55
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In summary, all the 54 elements of the last thimesrof the &6 ICMs elements can be determined in a three-sézptive
process:

Step 1) Determination of the ICM elements assunaingpitary value for the elements related to theroom scale factors of
the three accelerometer pairs (|e the nine elBTMTMM, M|14y55 M|l4,66 M|25y44 M|25y55 M|25,65 M|3ey44 M|36,55
Mlsg 9. This first step determines therefore 54 — 9 @89 elements.

Step 2) Determination of the six ICM elements tedato the “transversal” common scale factors efttiree accelerometer
pairs Mli455 Ml14.66 Mlos 44 Mlos g6 Mlsg 44 Mlsg 59, USiNg the partial ICMs determined at step 1.

Step 3) Determination of all the 54 elements ef4A 5", 6" rows of the ICMs using the partial ICMs determirscstep 1
and the transversal common scale factors deternainstkp 2.

The steps 2) and 3) are iterated until the convergés achieved: the new step 2) is fed by the I@btermined at step 3); the
new step 3) is fed by the new transversal commale dactors determined at step 2), and so on.
The functional block diagram of the procedure far tetermination of all the 54 IMC elements is shamvFigure 5.1-1.

A similar iterative procedure is implemented intbsteps 1) and 3). The differences are just inrtpats utilised to initialize

the procedure and in the specific algorithms of ohé¢he iterative steps, which is detailed in tldldwing sections. This

iterative procedure is described in the functidslatk diagram of Figure 5.1-2. The iteration staps labelled with the letters
(@), ..., (f) which are recalled in the algorithm destion.
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Step 1
Determination of partial Invers

Calibration Matrices, assumi
unitary common scale factors

Step 3
Update the determination of the complg
Inverse Calibration Matrices, starting fro
the ICMs determined at Step 1 and
transversal common  scale  factg
determined at Steg

Convergence criterio
fulfilled?

NO
n>

Figure 5.1-1: Functional block diagram of the oviéarocedure for the ICM elements determination
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Input 1: Time series of common a
differential-mode accelerations measuged
by the OAGs during the calibration perio

Input 2: Time series o
the attitude quaternio
measured by the st
sensor  during th
calibration perio

Retrieval of the differenti
mode accelerations in t
OAGRFs (a

Derivation of angul Estimation of Gradiomet
rates from quaternio angular rates (|

Combination of the angular /Repeat\
rates and of the differentigl the
accelerations in the iteration
quantities, and filtering (c) with
the
Filtering of the commo updated
and differential mod Set up of the nine sets ICMs
accelerations an linear equations for the - /

determination of th
elements of the ICMSs (i

computation of theA
matrices

Computation of the leas
squares solutions of t
nine sets of line
equations (¢

Update and corre
the values of th
ICMs (f)

Inverse ~
Calibration Convergence criterion =
Matrices fulfilled or n =Ny,

Figure 5.1-2: Functional block diagram of the Stgpand Step 3) of the ICMs determination procedure
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5.1.2 Step by Step Process

5.1.2.1 Iterative Process Inputs

Inputs to the iterative process for the detemimatbthe ICMs are the time series of the common-enadd differential-mode
accelerations&c 14, 'g14, @c2s @425 &c3e dd3s) Measured by the Gradiometer (at 1 Hz frequenayind the calibration
period (of duratiol\T = Tg— Tend, COrrected for the gain and phase delay introdumyethe accelerometer transfer function,
and of the quaternions (ap, G, 0y) defining the attitude of the SSRF in the IRF andhputed on-board by the star sensor (at
2 Hz frequency) in the periciT.

During the calibration period, the satellite is jgab to random, uncorrelated shaking about allakes, in the bandwidth from
50 mHz to 100 mHz, by means of impulsive cold-gasidters of the GCD and of the ion thruster. THigking is

superimposed to the normal “drag free” control kayoting the measurement phases by means of theatiagorquers and the
ITA.

5.1.2.2 Inputs Pre-processing

Before starting the iterative process:

1) Compute the rotation matrix from the SSRF to thE B§ means of the quaternions,(, Gz, Gu):

2 2 2, 2
0, —d, —0d; T d, 2(q12 - q34) 22%3 0y
2, 2 2. 2
Rirr_ssrr= 2\qy, t+ %43 -g; td, —q; ta, 2\0p3 ~ Oiq
2 2, 2. 2
2\03 ~ Uz 2(q23 + q14) -0, —0;tag; +q;,

Oi2=h02 ,» Chz= iz , Cha = Ch¥a , Ch3 = 03, Cpa = GpU4 , Cha = g0 -

2) Compute the rotation matrix from the GRF to the I&S$ing the rotation matricesdr ssrr@and Rsgre cre(the latter
defining the orientation of the SSRF in the GRF):

Rirr_crr= Rirr_ssrrRssrr Gre

3) From the rotation matrix Re_grrCOmMpute the time series of the star sensor deewedlar ratesI)S’k(ti) (k=X,Y, 2) of
the GRF in the IRF, expressed in the GRF:

RIRF_GRF,ZZ(ti) = RIRF_GRF,32(ti)

R t
IRF_GRF,lZ( |) + RlRF—GRF’SE{ti)

(I)sx (t)= ﬁIRF_GRF,lE{ti ) + ﬁ|RF_GRF,23(ti )

At At At
- = I:"\;lRF ore2dli) | = I:"\;lRF oreadli) | = ﬁ|RF ore,14t)
osy () = RIRF_GRF,Zl(ti) _At + RIRF_GRF,31(ti) _At + RIRF_GRF,ll(ti) _At ;
- = ﬁ|RF creaflli) | = ﬁ|RF creadli) | = Ii|R|= ore2At)
0g2(t) = RlRF_GRF,sz(ti) _At + RIRF_GRF,lZ(ti) _At + RIRF_GRF,ZZ(ti) _At L
N.
with
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R R R
B ) RIRF_GRF, 117 IRF_GRF,12 N IRF_GRF,13 _ Rige oreltisn) + Rige orelti1)
Rire crelti) = EIRF_GRF,215IRF_GRF,225IRF_GRF,23 = > ,

R IRF_GRF,31R IRF_GRF,32 R IRF_GRF,33

Rire 6re11RIRF 6RF12RIRE GRE 13

RIRF_GRF(ti) = I3|RF_GRF,21|3|RF_GRF,22|3|R|:_GR|=,23 = RIRF_GRF(ti+1) - RIRF_GRF(ti—l) » A=ty =t
Rire 6re31RIRF GRF32RIRE GRE33

The computed angular rate time series have a tieped$ 0.5 s.

Align the time histories of the so computed angutdes to the time history of the common-mode aifféréntial-mode
linear accelerations measured by the gradiomettilasvs

a) Compute the Fourier transform of each angulartrate history:
Oy (t) - Fourier transform- I_Amplitude_(?ak(v), Phase@k(v)J

b) Correct the phase with the time del&ay, computed as the difference between the firse tifyy) of the measured
acceleration time history and the tintigdj of the angular rate time history which is clogedt, :

I

AT =ta0-tyo , Phasec_?)k(v) - Phasec_?)k(v) = Phase®, (v)+ 2irv AT

c) Compute the time histories of the angular rategnelil to the time histories of the measured lineaelarations by
inverse Fourier transform:

[Amplitude_(})k (v) Phasea, (v)'} - inverse Fourier transform (Bk(t)aligned

From the above star sensor derived angular rabespete the time series of the star sensor deringdlar accelerations
(f)s'k(ti) (k=2X,Y, Z) of the GRF in the IRF, expressed in GRF, according to the procedure:

« Detrend the time series of the angular rate.

* Remove the high frequency component with apodinatietween 0.4 and 0.5 Hz going to work in the fergy
domain and coming back to the time domain (the rexhof energy content above 0.5 Hz is necessargréef
decimation at 1 Hz). The removal of the high fregmeecomponent is done in the frequency domain wilimear
decay from 0.4 Hz to 0.5 Hz and setting to zeroftbguency component from 0.5 to 1 Hz. Since thguéar rate
time series is sampled at 2 Hz, the apodization andrgy removal is implemented according to:

0.5-v,
o (v _umi (v;) withk=X,Y, Z, 0.4 Hzs v;< 0.5 Hz; oy (v;) = 0 for 0.5 Hz <v; < 1Hz.

¢ Retrend the time series.
¢ Compute the angular accelerations from the retrnilee series of the angular rateé's'k(t) - Fourier
transform- og, (V) - C:)s,k('/) =27 g, (v) - inverse Fourier transform &)S,k t).

Before computing the inverse Fourier transform, eenfrom the(f)s'k(v) set the Fourier coefficients corresponding to

frequenciey = 0.01 Hz.

On the time series of the star sensor derived angatesé)s'k(ti) (after the computation of the angular accelerajiansi

of the angular acceleratiom?ssik(ti) so obtained, perform the following two operations:
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a) Reduce the time series frequency from 2 to 1 Hpibking one angular acceleration every two.
b) Skip the first and last Np data points (Np = 500C)Bfrom time =T

6) Pass the measured common-mode and differential-mockderationsa(; 14, & q14 &'c25 & d25 & c36 &30 first through a

low-pass filter in the time domain for removing tinequency components above 200 mHz, and then dghralband-pass
filter in the time domain for removing the frequgraomponents outside the [501.00 mHz] bandwidth:

~Np ~Np ~Ny
a;.l‘lx(t ) _+z blk Dic.l‘lx(tﬂ k) a;.l4Y(t ) _+z blk Dic,lllY(tﬂ k) é&362(t ) _+Z blk ljid:iﬁz(tﬂ k)

éé,14,x(tn)_ z bkmc.MX(t k)' a,c.l4,Y(tn)_ Z t%(l:ﬁc,]AY(tn k) éé!,:%ﬁ,z(tn)_ z bkmd%z(tn k)

_+b —+b _+b

" Al

Acaar Agag, @05, 05, &6, A g 36 (lOW-pass filtered)

)

& c14 A4 Acos A d2s & cse & 436 (UNfiltered)=

= g'm, 414 025, ay 259 a’c’%, g’dsﬁ (band-pass filtered)

wherebl andb are vector of R, +1 and 2, +1 elements respectively containing the parametetise band-pass filter.

In the common-mode and differential-mode acceleratitime series so obtained, skip the first andNgsdata points
(Np = 500 TBC).

7) With the filtered accelerations, build the follmg Nx6 A matrices:

aax1 Faayl A1aza Bdiaxa Jaays 14z
Al =A2 =A3 =| &14x2 Faay2 Faazz aax2 Aiave a4z

A 1ax,N F14y,N F1azN Qg1ax,N Sd14y,N 147N

A 25x1 A5yl Acosz1 Azsx1 Asyl A5zl
Ad = A5 = A6 = | R2sx2 Bcosy2 Bosz2 zsx2 Bdosy2 d2sz2

A 25x, N 8co5y.N Q257N Bd 25X, N Bd25Y,N ad.257.N

A 36x1 A6yl Q3671 dzext 36y 3671
A7 =A8 = A9 = | Faex2 Faev2 Fgeze Bdsexz ddseyve Fdez2

A 36x,N Ac36Y,N 367N d36xXN qd36Y,N d,367N

whereag,, x 1 = 8,14x Measured at time=t;, ..... Ac1ax.N = 9c14x Measured at time=ty, etc...

8) Pass the star sensor derived angular acceiasaiis'k(ti) through a band-pass filter in the time domain tanoving the
frequency components outsideva,f + Vima bandwidth:

_ -Ny, “ _ -Njy, R _ -Ny, “
bgyx (t)) = > I"li(ubs,x(tn—k)’ ogy (t,) = > K Lhgy (th-i), Ogz(t,) = )y |"kzl:“lbs,z(tn—k)

k=+Nj k=+N k=+N
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whereh®, h¥, h” are vectors of I8, +1 elements containing the parameters of the Ipass-filters.

5123

Iterative Loop Initialisation

A set of initial values for the elements of thetltgee rows of the ICMs, i.e. an a-priori solutiohthe problem, must be
assumed. A possibility (which does not rely on theasurements performed during the on-ground céliloreof the
Gradiometer) is to start assuming the acceleronsetde factors all equal to 1 and the misalignmexasplings all equal to O:

([MI ]d 14 ['V” ]c,14)(1) =
([Ml ]d,25 [MI ]C'25)(1) -

([Ml ]d 36 [MI ]°135)(1) -

5.1.2.4 Calibration Step 1

M|l4,41
M 1451

Mi 14,61

Mi 2541
M 2551

Mi 2561

Mi 36,41
M 36,51

M|36,61

Mi 14,42
M 1452

Mi 14,62

Mi 2542
M 2552

Mi 25,62

Mi 36,42
M 36,52

Mi 36,62

Mi 14,43
M 14,53

Mi 14,63

Mi 2543
M 2553

Mi 25,63

Mi 36,43
M 36,53

Mi 36,63

Ml 44
Ml 54

Mlys64

Mi 2544
M 2554

Mi 25,64

Ml 36 44
Ml 654

Mi 36,64

Mi 14,45
M 1455

Mi 14,65

Mi 25,45
M 2555

Mi 25,65

Mi 3645
M 36,55

Mi 36,65

Ml 14 46 000100
Wliess | = 000001
Ml 66 o

Ml 25 46 000100
Masss | =1 000001
Ml 35 66 o

Ml36 46 000100
Mlasss | = 000001
M|36,66

@

5.1.2.4.1 lterative Loop Step (a): Retrieval of the Differential Mode Accelerations in the OAGRFs

Use the current estimation of the ICMs to comphgedctual differential-mode accelerations at theelrometer locations in

the OAGRFs @, 14 ay 25 ay 36) from the measured common-mode and differentiadienaccelerationsa(; 14, ' 14 &'c,25
a'a25 &c 36 &d36) Measured over the calibration period (not filthre

8 14,
R A 14y
&4 14 x F
~ A4z
14y | = (['V” Ju 14 [mi ]c,14)(n) al a
R 4 14,X
Q4147 o

d 14,y

8y 14,7
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2 25
5 a'c
Qyosy | = ([MI ]d 25 [Ml ]c,zs)(n) i
84 252 ad =
- 8y 25,y
8 257
8 36.x
5 a,
o
Qzey |~ ([Ml ]d 36 [Ml ]c,36)(n) ]a
84 36,2 oo
o 8y 36,y
2y 36,2

wheren = 1 at the first iteration (in this case the mlitiguess” for the ICM elements given shall be usesction 5.1.2.3).

5.1.2.4.2 lterative Loop Step (b): Estimation of Gradiometer Angular Rates

Estimate the Gradiometer inertial angular rate®, (o, ,0,) from the transversal differential accelerations

(84 14y 184147184 25x 14 252 1 &g 36,x + & 36,y ) Measured by the Gradiometer and from star sedenved angular rates
Og (t) with the following procedure.
1) Computation angular accelerations from the gradtemmeasurements:

e Skip the first and last Np data points (Np = 500C)Brom time =Tg,. in the time series of the transversal

differential accelerations.
« Filter the differential accelerations by convolutim the frequency range 0200 mHz] according to:

-Ny
é\léj,il.4,Y(tn) _; |:)k |:ﬁd,:l.4Y(tn k) EAici‘j,sﬁ,Y(tn) _; |:)k |:ﬁd 36Y(tn k)

whereb' is a vector of R, +1 elements containing the parameters of the besgfilter.

¢ Build up the angular acceleration according to:

S EAi:j,36,\( é:j,zs,z c é:1,14,2 é:j,3t3,x ~ Q5% 14Y
by = ——=—+ =25 = -+ 22, = +
L, Ly Lx L, Ly Lx
2) Integration of @x ,&Y ,&Z) in the frequency domain to obtain Gradiometeizagt angular rates:

&k(t) - Fourier transform- &k(v) - O (v) = (l)zk—m\:) ~ inverse Fourier transform o , (t) , k=X,Y,Z

3) Evaluation and removal of the trends from the teges ofag (t) Og (t) to avoid spectral leakage:
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« Perform a linear regression on these sets of ptonésaluate the offset and slope(S,) at the beginning of the
time series and the offset and slop@. (&) at the end of the time series:

P
XY - *ZXZM
i=1 pi=1 i=1 1/ p p
S = > ,m:—(2m—52xj,q:a+m
p 2 P p\i=1 i=1
Z& ( &j
i= p i=1
p 1P P
%% = 2%
i=1 pi=1 i=1 1/ Pk P
Si= . ng(ga—smng,cx:3ﬁb+m
2&2—(2&)
i p i=1

with % =1, y; = &G,k(ti)’ D (ti ) 4= Og) (tN—p+i)' Dg (tN—p+i) +p=250.

(ON _Ol)(i _1)

N-1
and the beginning of the time series). Note: stheetime series are noisy, the offsets, (Oy) so computed are a

*  Compute the straight-line part of the trefd;, = O, + (this removes the step between the end

better estimate of the difference from zeroagf, , o, at the initial/final time than the value of théirst/last
point. So the linear trend is computed between (R).

s
* Computed the damped-exponential parts of the trentEl —Sl—f eli-n/7) sin(erf(i —1)),
S + , , , S
TEN, = 32“ f DI gin(27r £ (N -1 +1)), with T = N/20, f = 2/N, S = (S, + Sy )/2.
s
» Compute the total trend TR TL; + TEL, + TEN for con( ) and C‘)Sk( ) (TRsjk» TRsjK)-
* Remove the trende'k(ti) ka( ) TRGjk ; ws,k(ti) mSk( ) TRsi (i=1,...Nk=X,Y, Z).
4) Computation and concatenation of the Fourier temsfof o , (ti ) O (ti ):

cB’Qk(ti), (B’S,k(ti) - Fourier transform- cB’Qk(vi), (B’S,k(vi)

(=1 ..Nk=XY,2).

. &'s,k(Vi) for 1<i < p,
on (Vi)=

é\),G,k(Vi) for pk <isN
with p, O NIAth, (keeping an integer value)t = (ti.; —t;), Vex = cut-off frequencies
Vex =1 mHzv,y = 0.2 mHzy.; = 0.5 mHz (TBC).

5) Computation of the angular rates{ , @, , ®,) by inverse Fourier transform and re-trending:
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Oy (Vi) - inverse Fourier transform o, (ti) - (?ak(ti) cok( )+ TRsjc (re-trending)

5.1.2.4.3 lterative Loop Step (c): Combination of Angular Rates and Differential Accelerations

From the transversal differential accelerationd, {,y ,8y 14784 25x » &4 252 184 36.x » da 36y ) and from the estimated

angular ratesdy , ® ,®, ) build up the quantities

Ly (.~ A L, . L, .
Y1 = _7X((°\2( +(°§)’ Yo = Lyoyoy L_ad sx1 Y3=Lxoyo, _Xad 36X ?
Y v
“ L, . Ly (. “ A A ~
Ya= Lyoyoy ———ay 14y, = _7\( ox ‘”D%)' Yo = Lyoyo, 8436y 1
Ly V4
" L, . o A R L, (. n
y7 = Lyoy0, —L—Zad 14z, ¥= L0oy0; 457, ¥ _72(‘%2( +(’3$)!
X Y

and pass through a band-pass filter in the frequeloecnain for removing the harmonic components detthe [50+ 100
mHz] bandwidth:

-N,
Yaty) = _; B T3 (E-i) » - )=k:§N B DY (th-k)

yl! yZ! y31 y41 y51 yG! y7! Y& y9 (unflltered): y]_v 92! 93! 94! 951 96 ’ 97! 981 yg (flltered)

whereb is a vector of R, +1 elements containing the parameters of the Ipasg-filter.

5.1.2.4.4 lterative Loop Step (d): Set up of the Nine Sets of Linear Equations

Use theA matrices prepared in the pre-processing and leeeftl y-quantities ¥;, V,, Y3, ¥4, V5. Yg) t0 set up the nine
sets of linear equations:

Al [Bx1 =yl — Al Xl
A2 [BX2 =y2 — A2 X2

with
Y1 Y21 Yoa
_| Yo _| Va2 Yo _
yl= ,y2 = Y e ,¥y9 = (Y11= y;measured &t= t; etc..)
Yin Yan Yon
THALES MO32-EN
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Mi 14 41,(n) Mi 14 51,(n) Mi 14 61,(n) Mi 2541,(n) Mi 2551,(n)
Mi 14,42,(n) Mi 14,52,(n) Mi 14,62,(n) Mi 25,42,(n) Mi 2552,(n)

Ml 14 43(n) MI 14 55,(n) Ml 14 63(n) MI 55 43,(n) MI 55 53,(n)

, X3(n) , X4(n) , X5(n)

Mi 14,44,(n) Mi 14 54,(n) Mi 14 64,(n) Mi 2544,(n) Mi 2554,(n)

M1 14 45,(n) MI 14 55,(n) Ml 14 65,(n) MI 55 45,(n) MI 55 55,(n)

M1 14 46,(n) MI 14 56,(n) MI 14 66,(n) MI 55 46,(n) MI 5556,(n)

Ml 55 61.(n) Ml 36 41.(n) Ml 3651 (n) Ml 36 61.(n)
Mi 25,62,(n) Mi 36,42,(n) Mi 36,52,(n) Mi 36,62,(n)

» X8n) =

MI 55 65,(n) M1 36 45,n) M1 56.55,(n) M1 36 65,(n)

M1 5563,(n) M1 36.43,(n) Ml 3653,(n) M1 36 63,(n)

X6(n) = , X7(n) = , Xg(n) =

Mi 25,64,(n) Mi 36.,44,(n) Mi 36,54,(n) Mi 36,64,(n)

M1 55 66,(n) M1 36 46,(n) M1 36 56,(n) M1 36 66,(n)

(elements of the ICMs resulting from the previaesdtion; forn = 1 use the the initial values of the ICM elemagit®en in
section 5.1.2.3).

Ml 41 oMl 51 oMl 61 Ml 35 41 P
oMy 42 oMl 55 oMy, 62 oMl 35 4, oMl 355,
5x1 = OMI14 43 5x2 = oMl 55 5x3 = oMI14 63 Sxd = Ml 35 43 5x5 = Ml 35 55
oMl 14 44 , oMl y454 ' oMl 464 , Ml 55 44 ' oMl 3554 '

Ml 14 45 oMl 1465 oMl 65 OMI 35 45 Ml 5555
oMl 4 46 oMl 56 oMl 14 66 oMl 5 46 oMl 3556

oMl 5561 oMl g6 49 oMl 3651 oMl 361

Ml 35 62 Ml 36 45 Ml 36 5 Ml 36 62

5%6 = oMl 3563 OXT = oMl 3643 | 5xg = oMl 3655 5%9 = oMl 3663

Ml 564 Ml 36 44 oMl 3654 Ml 36 64

oMl 55 65 Ml g6 45 oMl 5655 oMl 36 65

Ml 55 66 Ml 36 46 oMl 36 56 Ml 36 66

(corrections to be applied to the elements of €ds resulting from the previous iteration).

5.1.2.4.5 lterative Loop Step (e): Computation of the Least-Squares Solutions

Compute the least-squares solutions of the nireecddinear equations, providing the correction®¢oapplied to the elements
of the IMCs resulting from the previous iteration:

M1y 41 Ml 3661
My, 45 Ml 366,
SMI SMI
oxi=| %= AL Oyl -AL k), ... ,8x9=| %% | = A9" [y — A9 [X9y)
My, 44 oMl 3664
M1y, 45 Ml 36 65
M1, 46 Ml 36 66

whereA1" denotes the pseudo-inverse of the malrix etc..
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5.1.2.4.6 lterative Loop Step (f): Update and Correct the Values of the ICMs

Use the least-squares solutions of the nine sdiae#r equations to compute updated values foetbments of the last three
rows of the inverse Calibration MatrichH 14, Ml25, Ml3s ([M1]g, [MI]cj , ij=14, 25, 36).
Before proceding with the update, all the COfrmi(@Ml'14y44 6M|'14y55 6M|'14'65 6M|'25'44, 6M|'25'55 6M|'25ye5 6M|'3ey44

6M|'36'55 6M|'3eyeé to the elementM|14y44 M|14y55 M|l4,66 M|25,44, M|25,55 M|25,66 M|36,44, M|3ey55 M|36,66C0mputed by the least-

squars fit shall be set to zero:

oxl =

With the vectordxl, ..., 0x9 so modified update the values of the ICM elements:

Mi 14 ,41,(n+1)
Mi 14,42,(n+1)
Iv”l443(n+l)
XLner) = o
b Mi 14 ,44,(n+1)

Mi 14.,45,(n+1)

Mi 14,46,(n+1)

CSym O 0 0

0 CSupm O 0

CS1 = 0 0 CSyum O
0 0 0 CSum

0 0 0 0

0 0 0 0

Ml 4 OMI 14 41
Ml 45 oMl 14 45
Ml 43 Ml 43
oMl 14 44 0

M1y, 45 Ml 14 45
M1, 46 Ml 14 46

= Xl(n) + CSl[&Xl, ..... s X9(n+1) =

0o 0
0o 0
0o 0
.y CS9 =
0 0
C%A 45 0
0 C%A 46

SMI 36,61
oMl 36,62
Ml 36,63
oMl 36,64
SMI 36,65
oMl é6,66

Ml 36 61,(n+1)
Ml 56 62,(n+1)
Ml 56 63(n+1)
Ml 36 64,(n+1)
Ml 56 65,(n+1)

Mi 36,66,(n+1)

oMl 3661

oMl 366,

Ml 3663

Ml 3664

oMl 65
0

CS¢es 0 O 0O 0 O
0 CSge, 0 0O 0 O
0 0 CSges O 0 O
0O 0 0 CSgq O O
0 0 0 0 CSg O
0 0 0 0 0 CSue

= X9 + CSZx9, with

The "convergence speed" factors;GSare numbers 1 defining the fraction of the corrections appladeach iteration to the
IMC elements. This allows to tune the rate of clemg the elements in successive iterations andhsospeed of the
convergence. Low values of the CS factors incrélasenumber of steps in which the convergence isesell, but ensures a
smoother approach to the stable solution, thusciaduhe risks of "oscillations” from one iteratitm another one. Adequate

values for the C§, are (TBC):
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Factor Value Factor Value Factor Value
CSua 0.67 CQys1 0.67 CSQs61 0.67
CSusa 0.67 CQy52 0.67 CSQu62 0.67
CSisus 0.67 CQy53 0.67 CSQu463 0.67
CSis4 0.67 CSus4 0.67 CSus64 0.67
CSisus 0.67 CQy55 0.67 CSQu65 0.67
CSis6 0.67 CQ456 0.67 CQus66 0.67
CSs.41 0.67 CSss1 0.67 CSs61 0.67
CSs.42 0.67 CSs52 0.67 CSs62 0.67
CSs.43 0.67 CSs53 0.67 CSs63 0.67
CSs5.44 0.67 CSs54 0.67 CSs64 0.67
CSs.45 0.67 CSs55 0.67 CSs65 0.67
CSs.46 0.67 CSs56 0.67 CSs66 0.67
CSs.41 0.67 CSe51 0.67 CSs61 0.67
CS.42 0.67 CSe.52 0.67 CSs.62 0.67
CS6.43 0.67 CSe53 0.67 CSs.63 0.67
CS5.44 0.67 CSe54 0.67 CSs.64 0.67
CS.45 0.67 CSe.55 0.67 CSs.65 0.67
CSs6.46 0.67 CSe.56 0.67 CSs.66 0.67

Before inserting the elements so obtained in tiddCapply the following correction scheme:

. 5 _ 5.
if | Mligsa 00+ Mlig a2, 041y | > 5.210° then Mlyg g1 ety = -Mlig a2 001y + 5-2105 BignMl14,51,0+1) + Ml14,42,6+1))
then M|14,51,(1+1) = 'M|14,43’0+1)+ 2.410 Blgn(’\ﬂ|14’61’h+l) + M|14’43’(1+1))

if | Mlige1,6e1) + Ml1gazeny| > 2.410°
if | Mlyasa,e1) + Ml1gs gery | > 5.210°
it | Mlyaa,e1) + Ml1g g eny | > 2.410°
if | Mlyas3,0e1) + Ml1g 2,01y | > 5.210°
if | Mlyas6,0e1) + Ml1ags o1y | > 5.210°
it | Mlgs 61,0e1) + Mlos 4z ery | > 5.210°
if | Mlgs 6,001y + Mlos ag ery | > 5.210°
it | Mlgs 42,001y + Mlos 51,01 | > 2.410°
if | Mlgs 62,001) + Mlos 53 gery | > 5.210°
if | Mlgs a5 e1) + Mlos 5.1y | > 2.410°
if | Mlgs g e1) + Mlos s6 g1y | > 5.210°
if | Mlsgs1 e1) + Mlag 42,02y | > 5.210°
if | Mlsgsa e1) + Mlag 5 g1y | > 5.210°
if | Mlsg a3 e1) + Mlag 61,1y | > 2.410°
if | Mlsg sz e1) + Mlag 62,001y | > 5.210°
if | Ml a6 e1) + Mlag 6.2y | > 2.410°
if | Mlsg s e1) + Mlag 65, 0e1y | > 5.210°

then Mlygsa,001
then Mlyg 64,041
then Mlygs3 001
then Mlygs6,0+1
then Ml s 61,041
then Ml s 64,041
then Ml s 42,41
then Ml s 62,041
then Mlus 45 g1
then Mlss g5 a1
then Mlsg 51,601
then Mlsg 54,641
then Mlsg 43 1
then Mlsg 53 a1
then Mlsg 46 a1
then Mlsg 56 a1

After this check/correction, the updated ICMs audtb

Mi 14,41,(n+1)

):
):
):
):
):
):
):
):
):
):
):
):
):
):
):
):

“Ml1.45 s1) + 5. 210°SIgNMI14 54 0+1) + Ml 14,45 0+1)
Ml1.46,6r1) + 2.410°SIgNMI14 64 0+1) + Ml 14,46, 0+1)
Ml s62 001 + 5.210°BigNMI 14,53 6+1) + Ml 14.62,+1)
Ml 1465 +1) + 5.210°BigNMI 14,56,6+1) + Ml 14.65,0+1)
-M|25,43’0+1) + 5.2].0—5Bign('\/”25,51,(1+1) + M|25’43,(1+1))
-M|25,46’0+1) + 5.2].0—5Bign('\/”25,54,(1+1) + M|25’45,(1+1))
Mlgs 51,6001 + 2.420°BIGNM I 55 42,641 + Ml 25 51,01)
Ml s 53,001y + 5.210°BIgNM I 55 62,041 + Ml 25 53 1)
-Mlos 54, 0e2) + 2-4ﬂ0_5@ign('\/||25,45,h+1) + Ml s 54, 641))
-Mlos 56,042) + 5-2]0_5@ign('\/||25,65,h+1) + Ml s 56 6+1))
Mlsg42,002) + S-ZJO_SBign(MISG,Sl,ml) + Ml3g 42 6+1))
-Ml 3 45,6+12) + 5-2]0_5@ign('\/||36,54,h+1) + Ml 45 6+1))
-Mlsg 61,0+2) + 2-4D-0_5Bign(M|36,43,h+1) + Ml3g 61,6+1)
-Mlsg 62,042) + S-ZJO_SBign(MISG,S&ml) + Ml3g 62,6+1))
Ml s 6a,042) + 2-4D-0_5Bign(M|36,46,h+1) + Ml 64,6+1)
-Ml s 65,0+2) + S-ZJO_SBign(MISG,SG,(Hl) + Ml 65,6+1))

M|14,42,(n+1) M|14,43,(n+1) |v”14,44,(n+1) M|14,45,(n+1) |v”14,46,(n+il.)

([Ml]d,m [Ml]c14)(n+1): M|14,51,(n+1) M|l4,52,(n+l) M|14,53,(n+1) M|l4,54,(n+l) M|l4,55,(n+l) M|14,56,(n+1)

Mi 14,6,(n+1)

M|l4,62,(n+l)

Mi 14,63,(n+1)

M|14,64,(n+1) M|14,65,(n+1) M|14,66,(n+1)
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Mlss a1 nsy Mlgsaomey Mlgsagniy Mlosasniy Mlosasney  Mlgs ey
([Ml]d,zs [Ml]c,25)(n+1)= Mlgssiniy Mlossoniy Mlgssamey Mlossaniy Mlosssniy  Mlasse e

Mlsser ey Mligseomeny Mlasesniy Mlaseansy Mlosesmeny  Mlgsesney

M|36,41,(n+1) M|36,42,(n+1) M|36,43,(n+1) M|36,44,(n+1) M|36,45,(n+1) M|36,46,(n+1)

([N”]d,se [Ml]c,36)(n+1)= Mlggsiniy Mlggsomeny Mlggsaniy Mlggsaniy Mlggssniy  Mlsgssns

Mlggermey Mlgseoniy Mlsgesney Mlgseamey Mlssesney Mlsgesne

5.1.2.4.7 Step 1 Convergence Criterion

The elements of the new matrices so obtained aekeld against the convergence criterion.

If the difference (in absolute value) between consige estimates of an ICM element is smaller tbé&h of its specified
mesurement accuracy provided in Table 3.3-7:

|M|ij,hk(n+1) - Mlij,hk(n)l < O-O%Mlij,hk for anyij =14,25,36h=4,5,6 k=1,2,3,4,5,6
then the value of this element is kept constauitlithe successive iterationgljj nin+1) = Ml hkm, for anyn.

This check does not apply to the elem€Mt$4,44, M|l4,55 M|l4,66 M|25,44, M|25y55 M|25,66 M|36,44, M|36,55 M|36,66 which in fact
are not change from their initial unitary valuerfrone iteration to the other.

The iterative process is stopped when all the |@Msents fulfil the above condition. At this poi(ﬁMI ]d 14 [MI ]014)

([Ml]d'25 [Ml]c,ZS)(n+1)' ([MI]d 36 [MI]Csﬁ)(nﬂ) provides the ICMs sought for.

(n+1)’

Otherwise the updated |C|\/|S([M| ]d 14 [MI ]cl4)(n+1) , ([MI ]d‘25 [MI ]c,25)(n+1) , ([MI ]d 36 [MI ]csa)(n+1) , are re-
introduced in the loop and the steps a) to f) apeated until the process converges.

In case the convergence criteria is not fulfilldteian = ny. (= 100, TBC) iterations, the process shall be stapanyway.
The maximum number of iteration (100) is defined tbe basis the tests of the method performed soifdawhich the
convergence occurred in much less iterations (atdY), and most of the calibration parameters etréerved in the first few
iterations. It is therefore concluded that if thethod does not reach the convergence after 1Gdlidas, very likely it will not
converge at all (for instance it could happen thatvalue of some parameter “oscillates” betweem limits), and it is not
worth to continue the process. On the other hahttsg method is stopped after 100 iterations withzonvergence it does not
necessarily mean that the quality of the parameletermined at that point is poor.

The result of the Calibration Step 1 are the lastd rows of the ICMs, but the elements relatethéocommon scale factors
(Ml14.44 Ml1455 Ml14.66 Ml2s 44 Mlos 55 Mlos g6 Mlsg 44 Mlsg 55 Ml3g 69 Which maintain their initial unitary value:

Miggar Mlpgao Mlypas 1 Mlgy a5 Mlyyge
([Ml ]d 14 [Ml ]c,l4)3tep1 = Ml Mlyyso Mlyyss Mlyys, 10 Mlyyge
Miys61 Mlpggp Mlyygs Mlpggq Mlyggs 1
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Mi 2541 Mi 25,42 Mi 2543 1 Mi 25,45 Mi 25,46
([MI ]d 25 [MI ]c,ZS)Stepl = M|25,51 M|25,52 M|2553 IV”25,54 1 M|25,56
M|25,61 M|25,62 M|25,63 M|25,64 M|25,65 1
M|36,41 M|36,42 M|36,43 1 M|36,45 M|36,46
([MI ]d 36 [MI ]c,36)3tep1 = M|36,51 M|36,52 M|36,53 M|36,54 1 M|36,56
M|36,61 M|36,62 M|36,63 M|36,64 M|36,65 1

5.1.2.5 Calibration Step 2

Skip the first and last Np (= 500 TBC) data poifitan the common-mode and differential-mode accélena @' 14, &g 14,
A5 825 o3 &d36) Measured over the calibration period (not filkgre
From these accelerations, and from the inverseb@aion Matrices {11]q, [M1]c;j) ij=14, 25, 36) available as a result of the
Step 1 (or of the Step 3), build up the followingaqtities:

—_— U U U U U
Aag1ay =Mlig 518 c1ax+ Mligso@caay + Mlia 538 c 147 + Ml1asa@' g 14 x+ Ml1a 568142

—_— U U U U U
Aag147=Mliae1@ c1axt Mligeo@'caay + Mlg 638 c 147 + Ml 648 g 14 x+ Ml 14,658 g 14,y

—_— U U U U T
DAy 25 x = Mlos 418 ¢ 25 x + Ml g5 428 ¢ 25 v + Mlgs 438 ¢ 25,7 + Mlos 458 g 25 v + Ml o5 468 g 25,2

—_— U U U U U
DAy 25,7 = Mls 618 25 x + Mlos 628 ¢ 05y + Ml s 638 ¢ 25,7 + Ml g5, 648 25 x + Ml 25 658 25, v

—_— U U U U T
Aag 36 x = Mlgg 41836 x + Mg 428 36 v + Mlzg 438 ¢ 36,2 + Mlzg 458 36,y + Mlzg 468 d 36,2

—_— U U U U U
Aay 36y = Mlgg 518 ¢ 36 x + Mg 508 ¢ 36y + Mlzg 538 ¢ 36,2 + Mlzg 548 g 36 x + Mlzg 568 d,36,2

Then pass these quanties and the measured diffdremtde accelerations'( 14y, @g142 @d25% dd252 Ad3ex &d36.y)
through a band-pass filter in the time domain &mnoving the frequency components outside,@ F Vimad bandwidth:

-Ny, -Ny,
D3y 56y (1)) :k—gN h [Da, a6y (thoi) » A&y 55, (t,) :k—gN h [Da, 25,7 (th-k)
- h - h

_Nh

_Nh

8y 36y (ty) = kg:N he [By 36,y (th-k) » 8y 25,7 (t,) = k:;N he & 252 (thoi)

-Ny, -Ny,
Aa, 14’z(t”):k—§\1 h [(Day 147 (th-k) » Aay 36« (tn):k—gN h{ [Da, a6x (th_i)
- h - h

-Np -Np
=1 - Y 1 —r — Y i
ay 14,z(tn)‘k:;Nhhk (8 147 (thoi) » ad,se,x(tn)‘kg:Nhhk By 36,x (th-k)

-Nj, -Np
Aéd 25X (tn) = k—zN hkZ DSad ,25,X (tn—k) ! Aad 14,Y (tn) = K ZN hkZ mad 14,Y (tn—k)
=+Ny =+Np

-Nj, -Np
a'd 25X (tn) = k—zN hkZ l:aéi ,25,X (tn—k) ! a& 14.Y (tn) = K ZN hkZ Dﬁ& 14,Y (tn—k)
=+Np =+Ny

whereh®, hY, h” are vectors ofIg, +1 elements containing the parameters of the Ipass-filters.

Use the above filtered quantities and the star agederived angular accelerations (also filteredirayrthe inputs pre-
processing), to set up the three sets of lineaaténs:
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Al’ [Bx1’ =y1l'— A1’ [X1’
A2’ [Bx2' =y2' — A2’ [k2’
A3’ [Bx3' =y3' — A3’ [k3'
with
—iﬁa iﬁ}, a)s,x,l + iAé‘d,%,Y,l _iAad,ZS,Z,l
L, fsew %2521 L, L,
1 I~ 1 =1 n 1 —~ 1 .
Al = _L_ad,sey,z L_ad,zsz,z Yl = 05 x 2 +L_Aad,36,Y,2 _L_Aad,ZS,Z,Z o1 = OMl 3655
’ Y z v Ml 5566
— 1 ;' i -~ . _
L_ad’sﬁ‘\(‘N L_ad'ZSZ'N Osx,n T8y 35y n DBy 57
VA Y LZ LY
—iﬁa iéd (BS,Y,l +iAad,14z,1 _iAadBG,X,l
L, d14za 7 Gdaex L, L,
1 I~ 1 =1 I 1 —~ 1 .
A2’ = _L_Xad,14z,2 L_Zad,ssx,z Y2 = Ogy 2 +L_Aad,14z,2 _L_Aad,36)(,2 - Bx2 = 0MIy, 66
X z Ml 36 44
— 1 ”.’ 1 ;' I ~ _
L_ad,14z,N L_ad,SG,X,N Bgyn F =D 147 n —— DAy 36x n
X Z LX LZ
_ié‘é ié& a)S,Z,l +iAad,25x,1 _iAad,M,Y,l
L, Gazsx | ~Gdaava L, L,
1 I~ 1 a1 n 1 —~ 1 .
A3 = _L_Yad,zsx,z L_Xad,14,v,2 Y3 = 0572 +L_Aad,25x,2 _L_Aad,14,Y,2 - X3’ = Ml 55 44
v X Ml 1455
— 1 “.’ 1 ' I ~ _
o B2sx.N | ddaay.N Ogzn T D8y sy n ~ Dy 14y N
Y X LY LX

(1j
Xx1'=x2'=x3' =
1

Finally, compute the ICM elements related to tlan$versal common scale factors of the three acrelter pairs Nl 1455
Ml14.66 Mlos 44 Mlos ss Mlss 44 Ml 59 as the least-squares solutions of the threeo$ditsear equations:

oMl Mi 1+ 6MlI
xl’ :( 36,55) S AL OQyl- AL’ (K1) = ( 36,55) _ ( 36,55)
OMI 55 66 Ml 25 66 1+ Ml 566

oMl M 1+ dMI
5x2' = ( 14,66j:A2,+ y2— A2 [X2') = ( 14,66) _ ( 14,66)
Ml 56 44 Ml 36 44 1+ 6Mlgg 44

(Aad s6v.1- DAy 56y measured at= t; etc..).
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oMl M 1+ sMlI
5x3' = 2544 | - A3t [y3— A3’ [X3) = 2544 | _ (LT OMlg544
Ml 1455 Ml 1455 1+6Mlyyss

whereA1'* denotes the pseudo-inverse of the maix, etc..

After the Calibration Step 1 and the first CalilwatStep 2 the elements of the last three rowb@1€CMs are determined, but
those related to the in-line common scale factolgs4 Ml2s 55 Mlsg 69 Which maintain their initial unitary value:

Iv”14,41 Iv”14,42 M|14,43 1 M|14,45 M|14,46

([N” ]d 14 [N” ]c14)5tep1,3tep2 Mlyss1 Mlygsr Mlyyss Mlpyss Ml g5 Mlgyge

M|l4,6l M|l4,62 M|l4,63 M|l4,64 Iv”l4,65 M|l4,66

Mi 2541 Mi 2542 Mi 2543 Mi 2544 Mi 2545 Mi 25,46

([Ml ]d,25 [Ml ]c,zs)swpl,swpz Mlosss Mlgss, Mlgsss Mlgss, 1 Mlyggg

M 25,61 M 25,62 M 25,63 M 25,64 M 25,65 M 25,66

M|36,4l M|36,42 M|36,43 M|36,44 M|36,45 M|36,46

MI 36,51 MI 36,52 Mi 36,53 Mi 36,54 Mi 36,55 MI 36,56
1

([Ml ]d 36 [MI ]C,SG)Stepl,Stepz

M|36,61 M|36,62 M|36,63 M|36,64 M|36,65

5.1.2.6 Calibration Step 3

Iterative loop step (a)

Implemented in the same way of step (a) of thebEatlion Step 1. At the first iteration € 1), the values of the ICM elements
resulting from the previous Step 1 and Step 2 dimllised (i.e. the elemenil 4 44 Mlys 55 Mlgg 66 @re still equal to 1 at the
beginning of the first iteration, but after thesfiGtep 2 only).

Iterative loop step (b)

Implemented in the same way of step (b) of thelZation Step 1.

Iterative loop step (c)

Implemented in the same way of step (c) of thekation Step 1.

Iterative loop step (d)

Implemented in the same way of step (d) of thelZalion Step 1. At the first iteration € 1), the values of the ICM elements
resulting from the previous Step 1 and Step 2 dielised.

Iterative loop step (e)

Implemented in the same way of step (e) of thebZation Step 1.

Iterative loop step (f)

The implementation of this step is modified asdois.
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Use the ICMs elementMly 66 Mlgsas Mlgsss determined from Step 2 and the elemeMtiss e ) Mlosaa6), Mlsges,c)s
determined at the iterationof the Step 3 to compute the quantities:

OMI14.66=Ml1s.66—Mlig66 ()
OMI 25 44= Ml 25 24— Ml 25 44,y

Ml 36,55 = Ml 36 55— Ml3g 55,
In practice at the first iteratidm|14,56’(1): M|25’44’(1): M|36,55,(1): 1, and5M|14,65 6M|25’44, 6M|3655are Zero.
Compute the corrections to the elemelis, 44 Ml1455 Mlosss Mloses Mlzgas Mlsges from the resultsgMI’ 1444 OMI'14 55
OMI' 1466 OMI' 25 44 OMI' 2555 OMI' 2566 OMI'36.44 OMI'3555 OMI'3669 OF the least-squares solutions of the step (&) faom
OMI 14,66 OMI 25 44 OMI 36 55 USing the following relationships:
1 T 1 T T
Ml 14,44= OMI 14,66'2 oMl 14,66+Z OMI'36 44+ OMI' 14,44
OMI14,55= OMI 25 44~ OMI" 25 44
1 1
OMI 3555 = 6M|36,55+Z 6M|'25,66'z OMI' 36 55+ OMI' 5 55
1 I 1 T
OMI 35,66 = OMI 36 55+ — OMI" 25 66 -— OMI"36 55
2 2
1 T 1 T
OMI36,44= OMI 14 66-— OMI"14 65 +— OMI"36 44
2 2
1 3

6 1 1 3
OMlzg66= — OMI1466 +— OMIgg55+— OMI 2566 -— OMI'3655-— OMI' 14 65+ — OMI'36 44+ OMI'36 66
7 7 28 28 14 14

Introduce these corrections in the least-squaresieos of the nine sets of linear equations coragut step (e):

oMl 441 Ml 49 Ml 1454 M1y 51 Ml 36,61 Ml 36,61
Ml 14 4 oMy 4 oMl 57 oMy, 57 Ml 366, Ml 366,
5x1 = 5M|}4,43 . Ml 14 43 X2 = oMy 55 . oMy, 55 5x9= oMl g6 63 . Ml g6 63
Ml 1444 Ml 14 44 oMl 1454 Ml 1454 Ml 36,64 Ml 36,64
oMl 45 Ml 1445 Ml 1455 Ml 1455 Ml 36,65 Ml 36,65
Ml 14 46 Ml 1446 Ml 14 56 M4 56 Ml 3666 Ml 36,66

With the vectordxl,..., dx9 so modified update the values of the ICM elements:

MI 14 41,(n+1) MI 36,61,(n+1)

Ml 1440 (n+1) Ml 3662 (n+1)
MI MI

Xy = | o 43D = X1 + CSIBX, ..oy Xy = | 003D 1= %9, + CS2BX9,

MI 14,44,(n+1) Mi 36,64,(n+1)

M 14 45,(n+1) M 36,65,(n+1)

M 14 46,(n+1) M 36,66,(n+1)

The remaining part of the step (f) is unchangedtwhat defined for the Calibration Step 1 (secttoh.2.4.6), including the
definition of the "convergence speed" factors; (S

Convergence criterion
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The convergence criterion is implemented in theesavay of the Calibration Step 1, with the only diffnce that now the
check apply to all the elements of the ICM (inCh,ng|14,44, M|14y55 M|l4,66 M|25y44 M|25,55 M|25,65 M|3ey44 M|36,55 M|36,6a-

After the Calibration Step 1, Step 2 and Step 3hallelements of the last three rows of the ICMsdmtermined:

Ml 41 Mlyg40 Mlyg a3 Ml 4g Mlgy 45 My g6
([Ml ]d 14 [Ml ]‘714)Step1,Step2,Step3 =| Mlyys Mlyggr Mlygs Mljssq Mlpyss Mlyyse
Ml 61 Mlggp Mlyggs Mlyygq Ml 65 Mlyygq

Ml 41 Ml g5 45 Ml o5 45 Mlyg 14 Mlyg 45 Ml 46
([N” ]d 25 [Ml ]C,ZS)Stepl’StepZStepg =| Mlygs5 Mlysg, Mlsgs Mlys gy Mg ss Mlys 56
Ml 561 Mlyg60 Mg 63 Mlog g4 Mlog 65 Mg 6

Mlgg 41 Mlgg 4o Mlgg 43 Mlgg 4y Mlgg 45 Mlgg 46
([Ml ]d 36 [Ml ]C,36)steplvstep2'step3 =| Mlggs1 Mlggg, Mlgggs Mlggs, Mlggss Mlggse

M|36,61 M|36,62 M|36,63 M|36,64 M|36,65 M|36,66

5.1.2.7 Step2 - Step 3 Loop Exit Condition

At the completion of the Calibration Step 3, the[52 is repeated (with the ICMs values determirte8tep 3) to update the
determination of the transverse common scale facidre results are utilised to feed a new Stem@sa on.

The value of the ICM’'s determined in two successteps 3 are compared. If the difference (in alisokalue) between
consecutive estimates of an ICM element is sm#ien 5% of the values provided in Table 3.3-7:

| Ml h(step an+1) = Ml nistep any | < 0.088Mlj i for anyij = 14, 25,36 ;h=4,5,6 k=1,2,3,4,5,6

then the value of this element is kept constatlithe successive Step 2- Step 3 iterations. Hrative process is stopped
when all the ICMs elements fulfil the above coruatiti

At the exit of the Step 2 - Step 3 loop, the follogvfinal checks and corrections are performedh@nl€M elementdi 4 6
M|l4,35 M|25,16 M|25,34r M|36,15 M|36,24:

if | Mlyssd >Mlym 1426 thenMly, 6= 0
if | Mliged >MIliim 14,35 thenMligzs=0
if | Ml2s 4d >Mlm 25,16 thenMlzs ;6= 0
if | Ml2s 64 >MIlim 2534 thenMlgs 4= 0
if | Mlsg ad > Ml w3615 thenMlzg15=0
if | Mlgg 54 >MIim 3624 thenMlzg24=0

where

- - — — — — 5
Ml LIM,14,26 — MI LIM,14,35 — MILIM,25,16 =Ml LIM,25,34 — Ml LIM,36,15 — MILIM,36,24 =1.910
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5.2 METHOD ANALYSIS

5.2.1 Systematic Errors

Systematic errors in the determination of the ICMmeents with the method described before arisem fthe limited
knowledge of the gradiometer baseline lengths.v, L,, which appear in the right hand side of the equisti(5.1.3). In fact,
the baseline lenghts are not among the paramestirmated by the calibration method, and their vatmest be assumed
known from the on-ground characterisation of thadiymeter.

The relative error induced on the elements of @ by dLy, oLy, dL; is about

3L
Ml gpi O L_XMI14’hk (h=456k=1,...,6)
X

3L
6MlzsthL—YMI25,hk (h=456k=1, ..., 6) (5.2.1)
Y

5L,
Ml z6p [ L_M|36,hk (h=456k=1,...,6)
v

Since we havé; 00.5 m andbL; < 50010° m, the relative error on the gradiometer basdéngths (and thus on the elements
of the ICMs) is

3L,
— <10% (0.01%)
L

which is one order of magnitude smaller than thatiree error limit specified for the measurementtoé ICMs elements (see
Table 3.3-7).

5.2.2 Random Errors

Random errors in the determination of the inversdibCation Matrices elements arise from the erraffecting the
measurement of the common and differential accétersand the determination of the satellite angrages.

Let’s consider the equation for the determinatibthe 4" row of M1
Mlyg 418, 1ax T M|14,42{i'014,y + M|14,43a'014,z + Ml 448 1ax T Ml 14 458y 14y T Ml 14 468y 1472= Y1

The quantitiesa, 14  ,--,aq 147 » Y1 are measured with a given ernéaf ,, y , ---, a4 14 7 » ;)

The relationship between the variarmél of the errordy, (computed over thél measurements o, ), the variancesga, o ?

2 ~ Al 1 Al H
-+ O3y ,,, Of the errorsda. ,, y , ..., 88y 44, (computed over thél measurements &, x - 84447 ), @nd the resulting
variancesafmuﬂ,...., 62M|14,46 of the solutiondMl 14 43,.... Ml14 46 Of the least-squares probleéxt (k1 =yl is (ref. [RD 9]):
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2
GM|14,41
2
M4 42
2
Ml 14,43 _
) =
M|14,44
2
OMiygas
2
M4 46
(5.2.2)
2
02, 1x , Mlyy 41
058 14y Ml 42
2 ( ) Ggﬁé,uz Mlyy 43 ( T )‘1
6y, +Mlig41Ml1g4oMl1g43Ml1g40Mlyg 05 Mlyg 46 2 Al Al
1 52 1ax Ml 1444
cgaavm M|14,45
Ggﬁa . Ml 1446

i 2 2 2 2 2 2 2 2 2 2 2 2 Taq?

= (Gyl + Mlig 41058 1, * Mlig 22050, + Mligas05a ,, + M2 44054, ., + Mli24s05a; ,,, + Mliga605a; ., XAl Al)

Since the measured accelerations which constihgeelements of the matrikl have zero mean value (before building the
equation seAl [x1 = yl, they are passed through a band-pass filter ramgowie spectral components outside thel®D
mHz bandwidth), then the matr1"A1 can be approximated as:

2
Gé;:,u,x
2
éé:,14,Y
2
GOy
A1'ALON ez
Cay 1
2
0521,14,\(
2
58,142
2
]/Gaé,14x
2
]/Gé'c,u,v
L 1/
= (A1"AD) 0 — fez (5.2.3)
N Cay 1ax
2
]/6311,14,\(
2
]/6521,142
where cgm Ve ogm are the variances @,y , ---» 844y COMputed over thdl measurements of these quantities.

Thus, the following approximate relationships hold:
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2 2 2 2 2 2 2 2 2 2 2 2 2
\/091 + Ml 41053, Mlia4205a; ,,, + Mliaa305a; ,,, + Mliga405a; ., ¥ Mligas05a, ,,, + Mlia 46053, ..,

GM|14,41 b
\/ﬁ Oa; 14x
.................. (5.2.4)

2 2 2 2 2 2 2 2 2 2 2 2 2
\/Gyl +Mliga1055 ,,, + MIi44205a ,,, + Mlisas05a,,,, + Mlig4405s, ., + Mlia4s05s, ,,, + Mlia4603a, ,,,

OMiyys IN oo

4,147

whereoy, . ..., oy, are the standard deviationsMfas 4. Ml1a e

The specified measurement accuracies for the 1@vhehts (Table 3.3-7), can be considered asdh@®dom error on these
elements (the systematic errors in fact gives & sgrall contribution):

6M|14’41: 36M|14141"" o 6M|14’46: 36M|14,46 (525)

The variances of the errorsd ,, y , ---» 883147, 9Y;) can be expressed as function of the spectralittensf these errors
over the upper measurement bandwidth (UMBW =180 mHz):

2 femw PR 2 femw VW 2 _ [=W)
Oa; 1ux —( ac,l4,X) AVympw + +++105) 4, ‘( ad;L4,z) AV ymgw » Oy, = (5y1 ) AV ymew (5.2.6)

with Avymew = 100 — 50 = 50 mHz, and where Whéﬁ‘ém’x is the value of the spectral density of & ,, , in the UMBW,
etc...

Analogously, the standard deviations of the meakaceelerations, 1, .-, 8414 7 » €an be expressed as function of the their
spectral densities over the UMBW:

_aW W]
Oat sy = SoaaxVAVumBw + -+ Oay . = 8d 142V BVumew (5.2.7)

where 5'CV;\L'4’X is the value of the spectral density of tig , , in the UMBW, etc...

With the (5.2.5), (5.2.6), (5.2.7), the (5.2.4) bee:

\/ (SVYV )2 + M|124,41(55'cvi/4,x )2 + M|124,42(55EV1\14,Y )2 + M|124,43(55'CV1VA,Z)2 + M|124,44(55&VXA,X )2 + M|124,45(5521VX4,Y )2 + M|124,46(558VX4,Z)2
2N &Y,
.................. (5.2.8)

MIy, 4, 03

\/ (SViN )2 + M|124,41(55'cvlv4,x )2 + M|124,42(55é\ﬁv4,v )2 + M|124,43(55'cvlv4,z)2 + M|124,44(65::1VX4,X )2 + M|124,45(65::1VX4,Y )2 + M|124,46(55&VX4,Z)2
2N &,

My, 46 03

For the accelerometer paif( As), 85’0\'}4’)(, 85’0\'}4’2, 65&"!4,)( , 859’!42 are nearly equal to the spectral densities of the

differential noise of the accelerometers along tikra-sensitive axis fﬁﬁfg), and 65’0\2’4\(, 65;,\/14\( are nearly
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equal the spectral densities of the differentialsacof the accelerometers along the less-sensitiie (ﬁ,i/\sl) (in both the

common-mode and the differential-mode acceleratittes measurement noise is added quadratically) céviethus re-write
the (5.2.8) as:

\/(BVIN )2 + (ﬁl\j\é)z (M 12,41 MIZ 43+ ML, 40+ MI 124,46) + (ﬁIY\S/ )2 (M | £3.42+ M 124,45)
IN 7Y
.................. (5.2.9)

M, 4, 03

\/(SﬂN )2 + (ﬁt\j\é)z (M|124,41Jr MIZ 4g+ Mg 40+ M|124,46) + (ﬁng, )2 (M|124,42 + M|124,45)

INFY,,

From the above expression we can derive the nuibarindepended measurements of the common andetitial mode
accelerations needed to determiigy 43,..., Ml4 46 With an errodMl 4 43, ..., OMI14 46 (thus the number of equations in the set
Al [x1 =y1) and, with analogous procedure, for all the elemeri the ICMs to be measured during the in-fligalibration
(see Table 3.3-7).

M, 46 03

(Sle )2 + (ﬁL\j\é)z (M | 124,41 + Ml 124,43 + Ml 124 ast M 124,46) + (ﬁng )2 (M|124,42 + M|124,45)

Niga 09 (8MI14,415'C\9/4X )2
........... (5.2.10)
N 09 (591“’ )2 + (ﬁL\j\é)z (M|124,41+ MI, 43+ MIZ, 40+ MI:L24,46) + (ﬁly\sl )2 (M|124’42 i M|124‘45)
14,46 (5M|14,41521VX4Z)2
Ny, 09 (59\2/\/ )2 + (ﬁt\jvs)z (M | {451+ Ml 53+ Ml{y 4+ M 14,56) + (ﬁl_vg )2 (M|124,52 + M|124y55)
1452 (6M|14,52 sy )2
N 09 (537\2/\/ )2 + (ﬁL\JAé)Z (M|124151+ M2 3+ Ml 50+ M|124,56) + (ﬁIY\SI )2 (M|124'52 i M|124’55)
1455 (6M|14,55521\A114Y )2
N, e, 09 (5)7\3/\/ )2 + (ﬁL\JAé)z (MI:L24,61+ M2 63+ Ml 60+ M|14,66) + (ﬁl.vg )2 (M|124,62 + M|124y65)
14,62 (6M|14,62 ~a~év1v4’Y )2
N, s 09 (S%V )2 + (ﬁL\fé)z (M|124,51+ MI; 63+ Ml 64+ MI:L24,66) + (ﬁly\sl )2 (M|124,62 + M|124v65)
14,63 (6M|14,535'cv;\1142)2
Nyse6 09 (537;,/\/ )2 + (ﬁt\fé)z (M|124,51+ MI g3+ M 60+ M|14,66) + (ﬁLVg )2 (M|124,62 + M|124,65)
14,66 (8MI14,65 5&\/\;{42)2
N,s,, 09 (SVXV )2 + (ﬁt\j\é)z (MI z5.a1 Ml g5 42+ Ml g5 44+ MI 25,45) + (ﬁly\sl )2 (M| 3543+ Ml 225,46)
2541 (SMl 25,415'c\,/\2/5,x )2
N a9 (SVXV )2 + (ﬁL\JAé)Z (Ml 225,41"' MI 225,42 +Mi 225 4t Ml 225,45) + (ﬁLWS )2 (MI 225'43 M 225’46)
2544 (6M| 25,4434 5% )2
Npssq 09 (5)7\5/\/ )2 + (ﬁt\j\é)z (M| Fosit MiJsp+ Ml gcs+ M|225,55) + (ﬁLWs )2 (Ml Fs53+ Ml 225,56)
(6M| 25,515;;\,/\215,x)
N,g 56 09 (5)7\5/\/ )2 + (ﬁL\JAé)Z (Ml 225,51+ MI 225,52 + M 225,54 + Ml 225,55) + (ﬁl-vg )2 (MI 225'53 M 225’56)
; (5M| 25,5684 257 )2
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(5%/\/ )2 + (ﬁL\J/\é)2 (Ml 225,61+ Mi 225,62 + Ml 225,64 + Ml 225,65) + (ﬁcg )2 (Ml 225,63 + Ml 225,66)
(5'\/” 25,638 957 )2

(5923/\/ )2 + (F‘L\J/\é)2 (Ml 225,61+ Mi 225,62 + Ml 225,64 + Ml 225,65) + (ﬁl.vg )2 (Ml 225,63 + Ml 225,66)
(5'\/” 25,66 34 257 )2

(SV;N )2 + (ﬁl\j\é)z (Ml 326,41 + Ml 326,43 + Ml 326,44 + Ml 326,46) + (ﬁy\s’ )2 (Ml 326,42 + Ml 3%6,45)
(5'\/” 36,413 36X )2

(5-)7\7/\/ )2 + (ﬁt\JNs)z (M| §6,41 + Ml §6,43 + Ml §6,44 + Ml 3?6,46) + (ﬁng )2 (M| §6,42 + Ml ’3?6,45)
(5'\/” 36,42 5&%’6,\/ )2

(5-)7\7/\/ )2 + (ﬁt\JNs)z (M| §6,41 + Ml §6,43 + Ml §6,44 + Ml 3?6,46) + (ﬁng )2 (M| §6,42 + Ml ’3?6,45)
(5'\/” 36,44 ajvéex )2

(SVQ;N )2 + (ﬁl\j\é)z (M| ’3?6,51 + Ml ’3?6,53 + Ml ’3?6,54 + Ml 3?6,56) + (ﬁng )2 (Ml §6,52 + Ml §6,55)
(5'\/” 36,52 59%’6,\( )2

(5372\3/\/ )2 + (ﬁl\j\é)z (Ml 3%6,51+ Mi 326,53 + Ml 326,54 + Ml 326,56) + (ﬁy\s’ )2 (Ml 326,52 + Ml 3%6,55)
(5'\/” 36,5530 6. )2

(Bygv )2 + (ﬁL\JAé)Z (Ml 3%6,61 + Ml 3%6,63 + Ml 326,64 + Ml 326,66) + (ﬁy\s’ )2 (Ml 326,62 + Ml 326,65)

(SM I 36,615'0\,/1\%/6% )2

(Sygv )2 + (ﬁl\JAé)z (M| §6,61+ Mi §6,63 + Ml §6,64 + Ml §6,66) + (ﬁa/\sl )2 (M| 3?6,62 + Ml ’3?6,65)

—w \2
(5'\/” 36,66 &d ,36,2)

N25,63 09

N25,66 o9

N36,4l 09

N36,42 09

N36,44 09

N36,52 09

N36,55 o9

N36,61 09

N36,66 09

The minimum number dfl indipendent measurements needed to determineCtis Elements with the required accuracy are
provided in Table 5.2-1. They are computed fromfthlewing inputs:

* Values of the elements &fll;,« equal to their upper limits all along the missidatime, as per Table 3.1-1. For
Ml14.44 Ml1gs5 Ml1466 Mlos 44 Mlos ss Mlos g6 Mlsg 44 Ml s5 Mlgg gs@ Unitaty value has been considered.

« Values of the quadratic factors equal to their wgpeits during the measurement phases, i.e. dfterquadratic
factor calibration (as per Table 3.3-1, with thentoon K2 set equal to the differential K2, whichsséte most
stringent limits). Spectral density of these eletaen0.01 §m/HZ"2.

+  Accelerometer intrinsic noise 10" m/$/Hz*? (ultra sensitive axes), = 3™ m/$/Hz

e = 200%2V2 migHZ2 A’ = 3.510%2 mig/HZ2

e Spectral density of the GGT components in the UMB¥ per APPENDIX A (this has been included in the
measurement erréy; ).

2 (less sensitive axes)

* Measurement error of the angular ratééf( = 66)3 = 66)2 = 5.010° rad/s below the MBW (10 times larger than the

requirement for the science mode)py = 8.510° 8y = 4.110° by = 3.210° rad/s/HZ? in the UMBW

(requirement for the science mode in the whole MBW)
e Spectral density of the common-and differential madcelerations in the UMBW (resulting from thelshg action

and from the “normal” DFACS activity)a,; , = 8y = 1.0107 m/$/Hz'” (the same value has been considered

here for all the shaking accelerations in ordehnighlight the effects of the measurement errothim ¢omputation of
N; actually the accelerations can be significaniffedent axis by axis).

* Folding inside the UMBW of the high-frequency no@fegenerared by the GCD thrusters (as specifielainle 6.2-
1) through the accelerometer non linearities (qa@cifactors).
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The minimum number of measurements of Table 5.2rlle translated into the minimum duration of treasurement period
of the second part of the calibration, by multiplyiN by the minimum time interval separating two indegent
measurements. Being the measurements passed thaobghd-pass filter to remove the spectral compisneuatside the
MBW, the minimum interval between two independertasurements i& = 5 s (to which corresponds the Nyquist frequency
of 100 mHz). Therefore, considering the large$iN,s s;), the minimum duration of the calibration is 1588 78000 s. This

number, of course is strongly dependant on thenagan made about the shaking acceleration spearadity level.
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Ml Required Noise spectral density of Spectral density of Minumum number of
element measurement &, .+ 8. inthe UMBW 8y, in the UMBW independent
accuracy Y " measurements requirel
Ml 14,41 4.710° 5'cv;\L/4x — 107 m/&/HZ2 Nysa1= 11487
5 _ -
Ml 14,42 4.5910 a'c\’;‘L’4Y =107 m/<¢/HZY? 59¥V = 4.910%2 m/&HZY2 Nig40= 12531
Ml 14,43 4.510° a'c;L4z =107 m/<¢/HZ? Nig43= 12531
3 -~
Ml 14,44 2.000 aﬁV\;{4x =107 m/€/HZY? Nigaa< 1
5 _ -
Ml 14,45 5.000 a:j v = 107 m/S/HZ2 Nis45= 101
5 _ -
M|14,46 5.010 aaV\J/A ;= 10—7 m/§/HZl/2 N14,46_ 101
Ml14,50 5.010* gc =107 m/E/HZz2 Ni450= 237
ould §yy’ = 5.310" m/g/HZY?
Ml14,55 1.010° 59"14\{ =107 m/€/HZY? 2 ’ Nisss=1
Ml 14,62 4.510° 5'CV;‘L/4 = =107 m/€/HZY? Ni462= 765
5 -
Ml14,63 4.8M0 E'CVL 7= = 10" m/€/HZ"? 5“y‘;’v = 1110 m/&/HZM2 Ni4,63= 653
Ml 14,66 2.010° 5&\/"{42 =107 m/€/HZY? Nises< 1
Mlzs 41 1.010* arcW =107 m/&IHZM2 Nys 41 = 5597
e 5y, = 2.510%° m/g/HZY?
Ml 25,44 2.010° 5;1\/25 e =107 m/€/HZY? 4 ’ Nps 4= 14
Ml s 51 4.510° EcV\zlsx =107 m/E/HZz2 N2s51= 15513
6 _ -
Ml s 52 4,710 a'c\l\zlsv =107 m/<€/HZ? Nps 52= 14221
MI 6 =W _aG7 1/2 N5 53= 15513
25,53 4.5100 & 057 =10 m/$/Hz SV;N = 9,510 m/&/HZY2 25,53
Ml 25 54 5.010° W 7 miZIHZ2 N2s54= 126
' a4 25x = 10" m/s/Hz ,
3 _
M|25'55 2(1]_0 a;j\/\é5y — 10—7 m/§/HZl/2 N25’55< 1
5 _ -
Ml 25 56 5.000 a&V\;5 , = 107 m/&/Hz"2 Nps 56= 126
Mizs,63 5.000" E;‘t'c = 10" m/$/HZ? Nas 63= 449
252 5y = 2.510%° m/g/HZ?
Ml2s 66 1.010” 5&\/\25 2= =107 m/$/HZ"? ® ' Nzs,66= 2
M|36,41 48M05 aé; 6. - 10—7 m/§/H21/2 N36,41: 650
N ~W - =
Mizs.s2 4510 &35,y = 10" m//HZ" 6y\7N = 1.110™ m/S/HZ? Nag42= 762
M|36'44 20|]_03 a&V\éﬁ = 10—7 m/SZIHZUZ N36,44< 1
4 _ —
Misesz | 5.0010 a;\gs v =107 m/g/HZ"? N6 52= 449
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-2 — - —

Mlssss | 1.000 )'sey = 107 MIHZ2 | 8Fy = 2.510% migHZ? Nse,55= 2

Ml 36 61 4.510° 5,0\/:\3/6 <= 107 m/&HZ2 Nzg 1= 15327
6 -~ —

Ml 36,62 4.500 a'c\,lge,v = 107 m/&HZ2 Nag.62= 15327

M N oW _ 7 172 N3g.63= 14050

36,63 4.7110 & 362 =10 m/s/Hz Sygv: 9 3102 m/&HZY2 36,63

Ml 36,64 5.0010° aa\/'\:/%&x =107 m/&HZY2 Nag 64 = 124
5 — —

Mise 65 5.010 a&Y\éG’Y =107 m/$/HZ"? Nag 65= 124
3 -

Mize.e0 2.010 aéjv,\ée,z =107 m/$/HZ"? Nase6< 1

Table 5.2-1: Minimum number of independent measemsmeeded to determine the ICMs elements to beured in flight
with the required accuracy.
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6. REQUIREMENTS FOR DFACS AND GCD ARISING FROM IN-FLIGHT CALIBRATION
6.1 REQUIREMENTS ON THE DFACS

6.1.1 DFACS Performance Requirements for the Quadratic Factor Measurement

During the in-flight calibration phase devoted e tmeasurement of the quadratic factors, the DFaIZH control the linear
accelerations, angular accelerations, angular ,reg#gude angles as in science mode particular the performances
considered for the K2 calibration analysis aretlfim GRF):

« Maximum value of linear acceleration below the ME$pecification):

ag = 110° m/¢ (to be ensured by the in-track linear acceleratimmtrol)

a$ , ag = 110° m/¢ (determined by the perturbance environment, sineee is no Y,Z-acceleration control)
« Maximum value of linear acceleration spectral dignfsom 50 to 100 mHz (specification):

a, < 2.510° m/$/Hz"? (to be ensured by the in-track linear acceleratiamtrol)
a, < 1.010°® m/$/Hz"* (determined by the perturbation environment, sthege is no Y-acceleration control)
a, < 1.0010°® m/$/Hz"* (determined by the perturbation environment, sthege is no Z-acceleration control)

« Maximum value of angular acceleration below the MBfecification):

d)?( = 2110° rad/$ (to be ensured by the attitude control based emthgnetic torquers)

(bg = ci)g = 10° rad/$ (to be ensured by the attitude control based emrtagnetic torquers)

« Maximum value of angular acceleration spectral terfisom 50 to 100 mHz (specification):

by = @y =0,= 2010° rad/$Hz"? (determined by the attitude control based on tregmatic torquers and by the
perturbation environment, since the control actiovery weak in the upper part of the MBW)

*  Maximum value of angular rates below the MBW (sfiegtion):
co())( = 2M10* rad/s (to be ensured by the attitude control basetthe magnetic torquers)

m3 = 1.210° rad/s (dominated by the spin rate of the satllite

m‘; = 2M10* rad/s (to be ensured by the attitude control dasethe magnetic torquers)
« Maximum value of angular rate spectral density f@0rto 100 mHz (specification):

®y = 6107 rad/siH2? &, =®, = 6010° rad/s/H2” (determined by the attitude control based on tagmetic torquers
and by the perturbation environment, since therobattion is very weak in the upper part of the WIB

The difference with respect to the science modéas the above performances shall be achieved twWétDFACS fed by a
combination of measured accelerations which istfanof the K2 under measurement, as per Tabl€4TBC).
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6.1.2 DFACS Performance Requirements for the Determination of the Inverse Calibration Matrices

During the in-flight calibration phase devoted be tmeasurement of the ICMs, the DFACS can useahe control laws of
the linear accelerations, angular accelerationgulan rates, attitude angles as in science modmntbe also fed by the same
combination of measured accelerations as in scigmame. The control of the X linear accelerationhvitie ion thruster shall
be performed against a non-zero reference (seed-&y-1) constituted by a pre-computed accelergtgy) with a random
profile computed so to:

¢ have a power spectrum in the 50 to 100 mHz frequeagion only;

¢ be as much as possible de-correlated from the raralxeleration profiles applied to the other axgsrteans of the
GCD;

*  be compatible with the ITA performances in termshofist level and slew rate.

There are no particular performance requirementsceming the spectral density of the linear acediens, angular
accelerations and angular rates in the MBW for daiibration. The same science-mode requirementdy dpstead to the
maximum value of the linear accelerations, angalzelerations and angular rates (all these ar¢etkla this case to the
accelerometer saturation), and to the maximum valubke attitude angles (these are defined by ithation condition of solar
panels and radiators and by the field of view af #tar trackers and of the GPS antennas). Thesgrgewnts must be
fulfilled in presence of the linear and angularlshg applied to the satellite by the GCD.

disturbance forces
et MM

Gradiometer & control force | | |gn  |thruster force
- "| Thruster
DFAC
Satellite
Dynamics

Figure 6.1-1: Control scheme of the X-linear accafimn during the in-flight calibration of the ICMs

6.2 REQUIREMENTS ON THE GRADIOMETER CALIBRATION DEVICE

The Gradiometer Calibration device is composed byi8ro-thrusters fed by Nitrogen and endowed withoff valves
enabling a smooth transition from the closed camdito the open one. The thruster location andntaigon is shown in Figure
6.2-1. The maximum linear accelerations along thend Z axes and the maximum angular acceleratibastghe X, Y, Z
axes achievable for a given foréeprovided by each thruster are:

4sina 4cosa,
. ay = F; az=
m m

F (o =55, m= satellite mass 1000 kg)
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4Rsina . 4L cosa . 4L sina . .
= F, o,=—F, &, =—F (R=0.44 m, L = 3.8 mxl= satellite inertia about X 130

IX lY IZ
kgn?, Iy = satellite inertia about ¥ 2500 kgn, Iy = satellite inertia about Z 2500 kgn).

. (’bX

During the in-flight calibration phase devoted t® tmeasurement of the ICMs the calibration, thedters are operated
according to a pre-computed on-off state sequeade provide simultaneously linear acceleratiomnglthe Y and Z axes
and angular accelerations along the X, Y, Z axéges€ accelerations must:

* have a power spectrum as large as possible indthe 500 mHz frequency region and as small as pleseutside it;
* be as much as possible de-correlated from each atttefrom the random acceleration profiles appteethe X axis by
means of the ITA.

The performance requirements applicable to the @@&Dsummarized in Table 6.2-1.

The most important requirement concerns the nolBeaBove 0.1 Hz, to avoid increasing the measuremeride in the
UMBW by aliasing and non-linearity effects. The uggments on steady-state thrust stability, thresponse performance are
not really mandatory (in the sense that a smaliadien from the indicated value does not spoil¢hébration process).

X
Tu3 . Tu4
(Tu2) (Tul)
Tu2 Tul
(Td2) (Td1)
_ R a L
<
Z Z
Tu3 Tu4
(Td3) (Td4)
Y
Td3 _ _ Td4
(Td2) (Td1)
Figure 6.2-1: Sketch of the GCD micro-thruster layon the GOCE satellite
THALES MO32-EN

All rights reserved, 2007, Thales Alenia Space

CONTROLLED DISTRIBUTION



CONTROLLED DISTRIBUTION

D) REFERENCE : GO-TN-AI-0069
ThalesAlenia
DATE : 14 February 2008
A Thates / Firermcoarics Corfiany 5 p ace y
ISSUE : 04 Page : 73/93

Requirement Value

Effective thrust output per thruster F = 600uN (nominal); 40QuN < F < 800uN (acceptable

1 1

. . . . THR ON
Nominal activation profile —_ -
of each thruster / F I \ THR OFF /

T/2

with10s<T<20s

T/2

Y

Steady-state thrust stability (during the T/2 petiio <+10%F
which the thruster is on)
Activation of each thruster during a calibratiomipd 50% duty cycle
Maximum number of thrusters activated simultanepusl 6
Thrust response performance -rise/ fall time <1 sec
- overshoot < 10%F
Thrust vector stability 5° (8) overall (mounting, stability, lifetime)
Limit for the acceleration noise spectral denstttha
Gradiometer location produced by the overall cadd-g|  a(v) < 5007 m/§/HZY?, for 0.1 Hz< v < 100 Hz
thruster system

Table 6.2-1: Performance requirements applicabléheoGCD
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ARF
CM
CDR
COM
DFACS
DFACS
DVA

GCD
GGT
GOCE
K2

ICM
ITA

LS
LORF
MBW
OAG
OAGRF
SD
SNR
TBC
TBD
TBV
UMBW
us
w.r.t.

ACRONYMS AND ABBREVIATIONS

Accelerometer Reference Frames

Calibration Matrix

Critical Design Review

Centre Of Mass

Drag Free and Attitude Control

Drag Free and Attitude Control Subsystem

Drive Voltage Amplifier

E6tvos (acceleration gradient measurement Wiriit= 10° m/s/m)
Gradiometer Calibration Device

Gravity Gradient Tensor

Gravity field and steady-state Ocean CirquteExplorer
Quadratic factor

Inverse Calibration Matrix

lon Thruster Assembly

Less Sensitive (accelerometer axis)

Local Orbital Reference Frame

Measurement BandWidth (from 5 mHz to 100 mHz)
One Axis Gradiometer

One Axis Gradiometer Reference Frame

Spectral Density

Signal to Noise Ratio

To Be Confirmed

To Be Defined

To Be Verified

Upper Measurement BandWidth (from 50 mHA@® mHz)
Ultra Sensitive (accelerometer axis)

with respect to
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8. APPENDIX A: VALUES OF THE GGT CONSIDERED FOR THE CALIBRATION ANALYSES

The GGT components in the Local Orbital Referen@te LORF (Table Al) have been obtained from tliegssing of the
GGT time histories in the LORF generated along@@CE orbit (250 km mean altitude) for a period ahénths, using the
gravity field model EGM96 complete up to degree ardker 360.

The GGT components in the Gradiometer Reference&I@RF (Table A2) have been obtained from the G@Wponents in
the LORF, considering the following mispointing é&gjand angle stability of the GRF in the LORF:

Pmax = 4° (roll), Bnax=1° (roll), Wmax= 4° (roll)
¢" = 110° rad/HZ” 8" = 110° rad/HZ?, " = 110° rad/HZ">
In addition, a 30% margin has been applied to tgimum spectral density value in the MBW of the G&mponents so
obtained and a value of 10 miEz has been assumed (very conservatively) for peetgal density in the upper part of the

MBW (above 50 mHz).

The values of the GGT in the GRF are those utilisedhe calibration analyses.

UXX UYY UZZ UXY UXZ UYZ
Mean value [E] -1374.69 -1372.71 2747.4Q 1.03510° 2.46310" 4.17110°
Ui(j) [E] 1388.42 1384.52 2772.80 0.879 16.81 2.39
W [MENHZ] () 1228.97 896.49 1858.76 673.57 1423.30 1129.92
i IMENHZ] (%) <1 <1 <1 <1 <1 <1

¢ ) maximum value (in modulus) of;Un the low frequency region outside the measurérandwidth (from DC to 5 mHz)
G ) maximum value of the SD ofjUn the MBW (5 to 100 mHz).
() maximum value of the SD ofijln the upper part of the MBW (50 to 100 mHz).

Table Al: Reference GGT characteristics in the LORF

UXX UYY UZZ UXY UXZ UYZ
u? [E10) 1400 1400 2800 200 110 410
W [MENHZ] () 1600 1200 2400 900 1900 1650
W [MENHZ] () 10 10 10 10 10 10

¢ ) maximum value (in modulus) of;in the low frequency region outside the measurerantwidth (from DC to 5 mHz)
(®) maximum value of the SD ofjun the MBW (5 to 100 mHz) — a 30% mrgin w.r.t. th@emputed values has been applied
here.

(® maximum value of the SD of;Un the upper part of the MBW (50 to 100 mHz) -aegk margin w.r.t. to the computed
values has been applied here.

Table A2: Reference GGT characteristics in the GRHised for the calibration analyses)
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9.

9.1

APPENDIX B: NUMERICAL SIMULATIONS
NUMERICAL SIMULATIONS OF THE QUADRATIC FACTOR MEASUREMENT PROCEDURE

The 6-DoF Accelerometer model has been modifieatder to support the simulation of the Lamarre, test the capability of
estimating K2 using the strategy suggested by Daaimarre with the DFAC output channel:

the quadratic factor has been introduced at thel lefvthe position sensor detector (see Figurel.through a voltage
offset Vio=KperilXjo , which mimics a unitary K2 for each electroderpa@he offset is multiplied by a gain K2n order to
have different K2 values for different axes, andabglobalK2 insertion gainwhich permits K2 switching on/off. The
voltage offset for a unitary K2 is£aV & Kqei The values adopted within the simulations arg#K2,=0, K2,=1 andK2

= 1 respectively.

the Lamarre’s signal (see Figure 9.1-2) has beeleddo the electrode voltages at the level of tis& Dafter the PID
network block, and after the digital processingh® DFAC. This train of pulses is obtained multiplyithe output of a
sinusoidal function generator (amplitude corresjrogpdo 10° m/s and frequency=100 Hz) by the output of a trapeaioid
shaped pulse generator, with unitary amplitudeguemcy=0.05 Hz, width=50% and trapezoid risingifiglitime = O or
0.4 s. The train of pulses is then multiplied bg tutput of a signal inverter, which is a square/avgenerator with
unitary amplitude and frequency=0.025 Hz

The position sensor detectors and DVAs are impleetkas pure gains. The PID frequency adopted fistimulations is 1
kHz. The external loop frequency is 2 kHz, in orttermplement the ADC1 delay of 1.5 ms. The DFAC cteris nominally
implemented, with the'8order Butterworth filter (fc=9.2 Hz), the FIR moyjrmverage filter, and the decimation @10 Hz for
the US-axis.

A first set of two simulations spanning 600 s hasrbperformed with the following boundary condition

A VAN N N N N NN

PID frequency = 1000 Hz

External loop frequency = 2000 Hz

ADC1 delay = 1.5 ms

Accelerometer noise sources switched off

No external accelerations

Lamarre’s signal insertion point after the DFAC autgigital processing
AC signal amplitude corresponding to l@V/s” and fic = 100 Hz

K2y =1

Trapezoidal Signal amplitude = %g£ 0.05 Hz, pulse width = 50%

The two simulations differ for the rising/fallingrte of the trapezoidal wave generator:

the first simulation implements a rectangular pwape (rising/falling time of the trapezoidal sijgenerator = 0 s), i.e.
there is not the trapezoidal signal

the second simulation implements a rising/fallimyet = 0.4s, i.e. a proper trapezoidal signal
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Sine Wave

X 1
J-LL ooon Trapezoidal
[+]

shaping

prop. te

Signal
eneraio

e’|E‘

/ insertion

(YN)

Figure 9.1-2: Lamarre’s signal implementation witthe
output of the sine wave generator (100 Hz) muéiplby the
output of the trapezoidal wave generator (0.4 s of

'hadm de\a_’(

pleid . e raising/falling time, period of 20 s) and the wgiiion of a
aceldo) ADCH chage deriva . . .
R rrer=- R clock Comeinaton signal inverter(square wave generator @0.025 Hz and with

unitary amplitude)
Figure 9.1-1: Quadratic Term Implementation
with unitary K2 offset voltages, K2 gains and
K2 on/off switch

The signal that feeds the Butterworth filter of EAC channel has been saved as output of the exoreéter model. This
signal, which is a 1 kHz voltage, demonstrates dfiectiveness of the trapezoidal shape of the puitle respect to the
rectangular shape: it makes negligible the peakisegpulse ending points (see Figure 9.1-3 andip.1-

The difference in the DFAC output, @10 Hz, betwdenadoption of a pure rectangular shape or ofpeeidal one for the
0.05 Hz pulse is shown in Figure 9.1-5 and 9.146e Trapezoidal shape reduces the amplitude ofgtkesaround the 0.05
Hz pulse edges by a factor close to 100.

The “cleaning” action due to the trapezoidal shiapaso transparent when the amplitude spectrutheoDFAC y acceleration
is computed for both the simulations, as showniguife 9.1-7 and 9.1-8. The K2 amplitude, @0.05 8z little peak among
huge peaks in case of rectangular shape, and #@surement is feasible only due to the frequencarsgjon produced from
the sign inversion of the pulse signal. Instead, k2 amplitude is the dominant peak below 0.1 Hzase the trapezoidal
shape is used for the pulse signal.

The amplitude @0.05 Hz of the y-acceleration jg#A3.142210"! m/< in case of rectangular shape of the pulse aggtA
3.181810™ m/< in case of trapezoidal shape. The measured K& is s

« K2 =0.98715AK2=1.285107 in case of rectangular shape of the pulse
« K2 =0.99959AK2=4.110" in case of trapezoidal shape of the pulse
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Y Voltage before the DFAC Butterworth [V]
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Figure 9.1-3: Y Voltage @1 kHz before DFAC
Butterworth filtering with 0.05 Hz rectangular pels
there is a peak at each pulse ending point

DFAC Output: Y Acceleration [m/é]
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Figure 9.1-5: Y Acceleration of the DFAC Output
Channel (rectangular shape of the pulse)
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Figure 9.1-4: Y Voltage @1 kHz before DFAC
Butterworth filtering with 0.05 Hz trapezoidal pals
there are no peaks
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Figure 9.1-6: Y Acceleration of the DFAC Output
Channel (trapezoidal shape of the pulse)
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Note that the K2 retrieval without trapezoidal shay the pulse is sensitive to the insertion pointhe Lamarre’s signal. If
the insertion point is between the PID network #rel DFAC digital processing, the amplitude @0.05isidominant below
0.1 Hz; if the signal is added after the DFAC digfteocessing, the amplitude @0.05 Hz is about & tsmaller than the
other components below 0.1 Hz.

The trapezoidal shape of the pulse makes the ardpli@0.05 Hz dominant below 1 Hz and mostly invansith respect to
the insertion point of the Lamarre’s signal.

A simulation has been carried out with time spah8@00 s, in order to check the accuracy of them@asurement. The
boundary conditions are the same of the previomsilsitions, but with all the noise sources (parasitise, position sensor
noise, ADC1, DAC, DVA, ADC2 and polarisation noise)itelved on. As for the previous simulations the Lanea signal
has been added after the DFAC digital processing.tfidpezoidal shape of the pulse is applied. Theliarde Ayc @0.05 Hz
and the retrieved K2 value is:

« Simulation spanning 8000 s with trapezoidale shapehe pulse and sign inversion.,& 3.218710™ m/<,
K2=1.01118 and\K2=1.1107

0.5 T T T T T T T T 25

2 ‘ 7
A et g |l

-0.5 ‘ | ‘
E ! HHU [HW I
} ! M\ | U‘ K ] |

1 L Il i L i Il
25 i i i
220 240 260 280 300 320 340 360 380 400 200 220 240 260 280 300 320 340 360 380 400
Time [s] Time [s]

Figure 9.1-9: Y Voltage @1 kHz before DFAEigure 9.1-10: Y Acceleration @10 Hz of the DFAC

Butterworth filtering with Lamarre’s signal addedter Output Channel with Lamarre’s signal added aftee th
the DFAC branch DFAC branch
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Figure 9.1-11: Amplitude Spectrum of the Y Accdiera
of the DFAC Output Channel with Lamarre’s signal
added after the DFAC branch. K2 signal @0.05 Hz.

Figure 9.1-9 shows the time series of the Y volt@e kHz before the Butterworth filtering in the DEAchannel: it is the
same of Figure 9.1-4, but with the noise.
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Figure 9.1-10 represents the time series of the ©BAtput for the Y US-axis (@10 Hz), and is the sarigure 9.1-6, but
with noise.

Figure 9.1-11 shows the amplitude spectrum of tRADO Y accleration, and the red arrow points to thektude of the K2
signal, which is clearly identified and still doraim below 0.1 Hz also in presence of the noise.

The signal sign inversion and the trapezoidal studke pulse make the retrieval of the K2 valuedtfve also in presence of
all the inner noise sources. The capability of BHEAC channel for the K2 retrieval has been so destrated at the level of
the accelerometer.

9.1.1 E2E Simulations of the Quadratic Factor Measurement Procedure

The procedure for the determination of the K2 hasrbtested by means of numerical simulations paedrwith the E2E
GOCE System Simulator. The initial uncalibrated ealéor the K2 affecting the gradiometer are regbitethe Table 9.1-1.

GARF X GARF Y GARF z

Initial K2 [s7/m] Axis type Initial K2 [$/m] Axis type Initial K2 [$/m] Axis type
ASH1 -1200.3 usS 0.1 LS 120.9 UusS
ASH2 120.7 usS 720.2 usS 0.1 LS
ASH3 120.4 UusS 0.7 LS -720.4 UusS
ASH4 -800.1 usS 0.9 LS 120.6 uUusS
ASH5 120.9 UusS -1021.0 usS 0.7 LS
ASH6 -120.4 usS 0.1 LS -1200.6 Uus

Table 9.1-1: Initial (uncalibrated) K2 values usedsimulate the calibration procedure.

The duration of each proof mass shaking (along kz-anly) has been programmed according to theeTah}2.

Excited Excited sensor axis |Measure Utilised Squarewave|Shakingtotall Number of
sensor Quadrati¢ combination of | period Ty | duration ) | square-wave
(K2_ASH) | in AESRF| in ARF |Factor (i measured DFACS [s] [s] cycles repetitio
(K2_DOF) ARF) | accelerationsaix) (K2_NS)
Aq Z. axis X, axis K2; x a4.14.x 20 5200 260
Ay Z axis X, axis K2,x -84.14.x 20 5200 260
A Y. axis Z, axis K2, 7 Ly 20 900 45
84,14zt —" 8q4.36,x
I-Z
Ay Y axis Z, axis K2, Ly 20 900 45
-A4d,14,2 -7 ad,36, X
I-Z
A Y. axis axis K2 L 20 1700 85
: ¢ % 2% Ad2sx +—ag1ay
Lx
As Y axis X axis K25 x Ly 20 1700 85
-Ad,25x =T ad,14,Y
I-X
A, Z. axis Y, axis K22,Y Ad 25y 20 200 10
As Z. axis Ys axis K25'y - g5y 20 200 10
A Y. axis Xg axis K2 L 20 800 40
° ¢ o Aazex+ —Z Ad1az
Lx
As Y. axis X5 axis K26 x L, 20 800 40
-Ad36X " T Ad14,2
I-X
Az Z. axis Z; axis K23,Z Ad 36,7 20 200 10
As Z. axis Zs axis K26,Z -a4.36,7 20 200 10
Total shaking duration for the calibration of &letquadratic facto| 18000

Table 9.1-2: Quadratic factors measurement: dumat@f shaking and number of square-wave periods dge@ach DoF

shaking.
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Two runs of K2 calibrations have been carried autrder to measure quadratic factors below theiregwalue ( K2 < 3%m
for the in-line US-axes and K2 < §m for the transverse US-axes). The timetable oheshaking phase applied during the
simulation is reported in Table 9.1-3. The proofssmahaking durations are those established inosedt2.2 and listed in

Table 4.2-3.
Excited ASH AESRF axis ARF axis Measured K2 Shakinigidl time Shaking final time
A; Z axis X% axis K2, x 5000 10200
A; Y axis Z, axis K2, 7 10220 11120
A Y axis X axis K2, x 11140 12840
A, Z. axis Y, axis K2,y 12860 13060
Az Y. axis Xg axis K23 x 13080 13880
Az Z. axis Zz axis K23, 13900 14100
A4 Z. axis X, axis K2,4x 14120 19320
A4 Y. axis Z, axis K2, 19340 20240
As Y. axis X5 axis K25 x 20260 21960
As Z. axis Ys axis K25y 21980 22180
As Y. axis X axis K25 22200 23000
As Z. axis Zs axis K27 23020 23220

Table 9.1-3: E2E accelerometer shaking timetatsledufor the simulations: starting and final time &ach calibrated US-

axis.

The K2 measured values after the first and secoeasorement-correction iterations are reported éntables below. Table
9.1-4 shows the results of the first K2 measuremérsiecond K2 measurement has been then carrie@fter the application
of the compensating voltage offset derived fromftrst run. Table 9.1-5 shows that all the new nueed K2 are below the
specified limits. In principle, a futher correctiomeasurement iteration cannot be excluded in cseny large initial K2

values.
ARF X ARFY ARF Z
Measured K2 | Compensating| Measured K2 | Compensating| Measured K2 | Compensating
[s¥m] offset [V] [s¥m] offset [V] [s¥m] offset [V]
ASH1 -1163.6 4.41 Not measuref Not measured 116.9 0.44-
ASH?2 111.8 -0.42 692.7 -2.63 Not measured Not meaisu
ASH3 119.3 -0.45 Not measured Not measured -693.2 .63 2
ASH4 -777.6 2.95 Not measured Not measured 112.4 .43-0
ASH5 117.7 -0.45 -985.3 3.74 Not measured Not meaisu
ASH6 -112.6 0.43 Not measured Not measured -1159.7 4.40
Table 9.1-4: Results of the first K2 in-flight megsment performed with the E2E simulator.
ARF X ARFY ARF Z
Measured K2 | Compensating| Measured K2 | Compensating| Measured K2 | Compensating
[s¥m] offset [V] [s¥m] offset [V] [s¥m] offset [V]

ASH1 -1.0 0.004 Not measured Not measurged 0.1 0.000
ASH?2 -3.8 0.014 0.9 -0.003 Not measured Not measure
ASH3 0.1 0.000 Not measured Not measurged -0.9 0.003
ASHA4 -0.7 0.002 Not measured Not measurged 0.2 0.000
ASH5 -0.7 0.002 -1.3 0.005 Not measured Not measure
ASH®6 -0.5 0.002 Not measured Not measured -1.4 50.00

Table 9.1-5: Results of the second K2 in-flight sose@ament performed with the E2E simulator.
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9.2 NUMERICAL SIMULATIONS OF THE ICM MEASUREMENT PROCEDURE

The method for the determination of the ICM has bexsted by means of numerical simulations performét the E2E
GOCE System Simulator.

The parameters which define the simulation casedisted in the Table 9.2-1, together with the ealwr range of values
assumed by these parameters in the simulations.

Twenty cases simulating a one-day calibration mgehave been run with the spacecraft controlledheyDFACS as in the
science mode, with an additional random shakindieghgbout each axis by the GCD and by the ionstieru

Each test case stems from a different choice o$itmellation parameters listed in the Table 9.2slindicated in Table 9.2-2.
The time series of the atmospheric perturbationslifferent in each case. When the epoch, altitudé solar activity
parameters are kept unchanged, the random fluohsatf the air density are generated using diftesereds in the Hichey
model of the short-scale fluctuations of the aingiy. The measurement noise of the star trackeéradithe gradiometer, the
actuation noise of the ion thruster and of the -g#d thrusters are generated with different seetls £ase to case. The
imperfections applied to the gradiometer are défiferfrom case to case. Three different satelliskisty profiles by means of
the GCD are used.

The spectral densities of the common-mode andrdifteal-mode accelerations experienced by the acmeleter pairs in this
condition are provided in Figure 9.2-1a, b and c.

A coupling factor between the angular and linearetarations at accelerometer level has been intexiby using different

values for the electrostatic gains of the varidesteode pairs, corresponding to different valuethe gaps. The effect of this
coupling can be then (partially) recovered in tladibcation data post processing by assuming a gkmowledge of the

electrostatic gains (corresponding to the knowledfehe differential value of the gaps), as expectem the ground

measurements. The effectiveness of this partiadwexing of the linear-angular coupling has beerersively analysed by
applying the calibration post processing two times:

« first set of ICMs by adopting the nominal valueshs electrostatic gains

« second set of ICMs by using the measured electiosgfains

For each of the 20 test cases described in theeTaBll and Table 9.2-2 of any simulations setjtemntity:

MIij kl Measured MIij Kkl True
Accuracyij

My =

expressing the ratio between the determinatiorr efrthe elements of the ICMs and their requirecliaacy (Table 3.3-7) has
been computed.

If Tijiq < 1, the element ICH, is retrieved with an accuragythan the specification.
If Tijw > 1, the element ICH is retrieved with an accuracy exceeding the sppatibn by a factofFijy, .

For each of the three simulations sets of 20 catiiton runs each, the following results are provigethe following sections:
e Mean value ofijy , computed over the 20 cases
+ Standard deviation dfij, , computed over the 20 cases
e Maximum value of ij, computed over the 20 cases

N. | Parameter description | Values/Range |  Note
Mission parameters
1 | Epoch of the in-flight calibration (EPC) 15 Octol2€06, UTC 0:0:0 (EPC1)EPC1: epoch inside POP1
15 October 2008, UTC 0:0:0 (EPCPpr a launch in July 2006
2 | Orbit mean spherical altitude (ALT) 240 km, 2818, 260 km Geodetic altOALT +10 km
3 | Solar activity parameter probability level (SAPPAP = 95%, = 50%for F10.7, Ap) | Prediction probability leve
4 | Sun-synchronous orbit type (SSO) Dusk-Dawn (DuDa) DuDa: Summer launch
Dawn-Dusk (DaDu) DaDu: Winter launch
5 | Duration of the simulation mission (SIM) 1 to myd (1 day in calibration In order to use calilwati
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| mode + 4 days in science mode) |

results in scieategloc.

Satellite shaking actuators and attitude intereatysbations parameters

6 | Shaking profile with ion thruster (SHI) Shakingca with = 10° m/s/Hz"*|Shaking  profiles  pre-
rectangular SD in 58100 mHz band computed with 1 s time step

7 | Shaking profile with cold-gas thruster (SHC)| Thee different random shaking w| Shaking profiles pre-
Fmax = 400uN (SHC1), 600uN [computed with 1 s time step
(SHC2), 80QUN (SCH3)

8 | lon thruster force noise (ITN) Noise SD = 5 mN/H#at below 2 Upper limit of the specifief
mHz, 1/f up to 0.3 Hz, flat above |force noise SD

9 | lon thruster misalignement (ITM) Rotations about Y, Zoy = oz = 0.4 | Rotations applied together

10 | Cold-gas thruster noise (CTN) Force noise = 6QN 1o (gaussian) |10% of mid range force.

11 | Residual magnetic dipole (RMD) 1 Arabout each axis After compensation

Star trackers parameters

12

Star tracker utilised (STR)

STR1, STR2, STR3

STR3 iskesved STR

13

Star tracker measurement errors (STE)

Boresight axis: bias = 1.65", noise
20" 1o
Transversal axes: bias = 1.65", n@
=2"1o

Currently predicted value
White  gaussian noig
model. Bias correspondir
to internal misalignments.

14

Star tracker misalignments in the GRF (STM

Yol, B, W| < 4010* rad

Align. knowledge accuracy

Gradiometer/accelerometer parameters

15

Accelerometer noise (ACN)

Acceleration noise SD< 210%°
m/€/HZY? (US axis), < 310%°
m/$IHZ*? (LS axis) in the MBW

Noise generated accordi
the predicted SD profil
from the current budget

D o
«

16

Accelerometer bias (ACB)

Acceleration bias = 130" m/s" (US
axis), = 1.710° m/< (LS axis)

Values specified for U
axis, predicted for LS axis

%)

17

Accelerometer scale factor (ASF)

Scale factor: K = 1 8K,
IoK| < 4.0510° (US axis),
I5K| < 5.18107 (LS axis)

Generated for the 6 sens
as random numbers wi
uniform distribution

DIr's
th

18 | ARF misalignment in the OAGRF (AFM) Misalignment aexgjl Generated for the 6 sensors
lp| < 1.310% rad, as random numbers with
6] < 1.310% rad, {p| < 1.310* rad | uniform distribution

19 | Coupling among accelerometer axes (ACA) Couplingofact Generated for the 6 sensors
| < 1.010° rad, as random numbers with

In|< 1.010° rad, ¢ < 1.010° rad

uniform distribution

20

Accelerometer quadratic factor (AK2)

K2 < 7 §/m (in-line US axis)
K2 < 20 $/m (transversal US axis)
K2 < 3 /m (LS axis)

After in-flight adjustment.
K2 values generated

random numbers (uniform).

21

ARF position offset in the OAGRF (AFO)

Position offed each acceleromet]
along the baselineAd| < 25 uN

gCorresponding to the ma
erroronbaseline knowledgs

X

22

OAGRFs centres offset in the GRF (OCO)

OAGRFs cemifeset from GRH
origin: < 30uN (i= X, Y, 2)

Corresponding to the ma
erroronOAGSs centering

x

23

OAGRFs misalignments in the GRF (OGM)

Misalignment angles| < 2.2310*
rad, B| < 2.2310°%, || < 2.2310"* rad

Maximum misalignment

24

GREF offset from the satellite COM (GOC)

[Ax|< 15 cm, Av| < |Az]< 5 cm

Specified maximum offset

25

Angular/linear acceleration coupling (ALC)

Introduced withAgap|< 2 pm

Recovered in ground proc.

26

Control of the accelerometer proof mass (PN

IBMC1: 50%-50% control
PMC2: 100% US transversal elect
PMC3: 100% US in-line electrodes

@, control distribution
%‘mong the 4 US electrode

27

Differential error on gap knowledge (DGK)

0y < 0.04pm LS, deyz < 0.4um US

Utilised in ground process.

Table 9.2-1: Simulation parameters
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Simulation Test case N.
Parameterg 1 2 3 4 5 6 7 8 9 10
1 | EPC| EPC1 EPC1 EPC1 EPC1 EPCiL EPC1 EPC2 ERC2 EPC2 BPC2
2 |ALT| 240km | 240km| 250km 250km 250km 250km 250km O R% | 260 km| 260 km
3 | SAP| 95% 95% 95% 95% 95% 50% 95% 95% 95% 50%
4 | SSO| DubDa DuDa DuDa DuDa DuDa DuDa DuDa DuDa DuDa Duba
5 | SIM 1 day 1 day 1 day 1 day 1 dal 1 day lday ayld 1day 1 day
7 | SHC| SHC2 SHC2 SHC2 SHCI1 SHC3 SHC[L SHQ2 SHC3 SHIC2 SHC1
12 | STR| STR1 STR3 STR3 STR3 STRA STRB STR3 STR3 STR3 STR3
26 | PMC|l1a:PMC1 |2a:PMC1 |3a:PMC1 |4a:PMC1 |5a:PMC1 |6a:PMC1 |7a:PMC1 [8a:PMCL1 [9a:PMC1 (10a:PMC1
1b:PMC2 (2b:PMC2 |3b:PMC2 |4b:PMC2 [5b:PMC2 |6b:PMC2 [7b:PMC2 (8b:PMC2 |9b:PMC2 [10b:PMCZ
1c:PMC3 |2c:PMC3 |3c:PMC3 |4c:PMC3 [5¢c:PMC3 [6¢:PMC3 |7¢c:PMC3 |8¢c:PMC3 |9¢c:PMC3 |10c:PMC3
Simulation Test case N.
Parameters| 11 12 13 14 15 16 17 18 19 20
1 EPC EPC1 EPC1 EPC1 EPCi1 EPC1 EPC1 ERC2 EPC2 HPC2 EPC2
2 | ALT | 240km| 240km| 250km 250km 240km 260km R&O| 250 km| 260 km 260 km
3 | SAP 95% 95% 95% 95% 95% 509 95% 95% 95N 50%
4 SSO DuDa DuDa DuDa| DuDa DuDa DuDa DaDu DabDu DapuwabDu
5 | SIM 1 day 1 day 1 day 1 day 1 day 1 day lday ayld 1day 1 day
7 | SHC| SHC2 SHC2 SHC2 SHC1 SHC3 SHC1 SHC2 SHC3 SHC2 SHC1
12 | STR STR2 STR2 STR2 STR1 STR1 STR1 STR1 STR3 STR3 S[TR3
26 | PMC |11a:PMC112a:PMC113a:PMC1l14a:PMC1l15a:PMC1l16a:PMC117a:PMC118a:PMC119a:PMC120a:PMC]
11b:PMC212b:PMC213b:PMCZ14b:PMC215b:PMC216b:PMC217b:PMC218b:PMC219b:PMC220b:PMCZ
11c:PMC312c:PMC313c:PMC314c:PMC315¢c:PMC316¢c:PMC317¢c:PMC318c:PMC319¢c:PMC320c:PMC3

Table 9.2-2: Combination of the simulation param&ia the twenty test cases

The value of the other parameters not listed inld&x®.2 is randomly generated between the limitviged in Table 9.9-1
for all the 20 cases. The quantities ITM and RMDIapt constant for each case.
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Figure 9.2-1b: Spectral densities of the common-eranald differential-mode accelerations of Ag
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9.2.1 Calibration Set 1 Results: retrieved ICMs using nominal electrostatic gains

The Set 1 of calibration results consisted in deieing the ICM elements using the nominal valueshefelectrostatic gains
in the post processing, i.e. the values that theyexpected to have if all the accelerometer parenmienvere exactly as
designed. The results of this processing are peavid Table 9.2.1-1 and shows, as expected, tleeteff the linear-angual
coupling in the Std and

Abs(Mean( 14y)) with nominal Gg, gains Std(F14) with nominal Gg gains

0.156 | 0.032 | 0.153 | 0.304 [ 0.001 | 0.056 1.017 | 0.081 [ 0.868 | 0.580 | 0.052 | 2.328
0.045 | 0.513 | 0.032 | 0.055 | 0.077 | 0.033 0.117 | 0.808 | 0.430 | 0.231 | 0.239 | 0.098
0.063 | 0.157 | 0.117 | 0.060 [ 0.021 | 0.316 0.273 | 1.047 | 0.336 | 1.310 | 0.101 | 0.597
Std(25,) with nominal G gains
0.058 | 0.062 | 0.042 | 0.084 [ 0.548 | 0.001 0.145 | 0.088 | 0.502 | 1.162 | 3.893 | 0.093
0.156 | 0.089 | 0.003 | 0.551 | 0.553 | 0.016 1.049 | 1.468 [ 0.055 | 3.834 | 1.006 | 0.049
0.007 | 0.023 | 0.286 | 0.006 | 0.085 | 0.060 0.494 | 0.129 | 1.086 | 0.084 | 0.206 | 0.181
Abs(Mean(364)) with nominal Gg, gains Std(F36,) with nominal G, gains
0.039 | 0.153 | 0.073 | 0.352 [ 0.027 | 0.496 0.279 | 1.062 | 0.275 | 0.620 | 0.088 | 2.642
0.052 | 0.274 | 0.007 | 0.023 [ 0.051 | 0.017 0.462 | 1.336 | 0.162 | 0.071 | 0.194 | 0.302
0.139 | 0.023 | 0.050 | 0.449 [ 0.030 | 0.306 0.844 | 0.058 | 1.847 | 2.728 | 0.053 | 0.535
ax(Abs(I'14)) with nominal G, gai Max(AbsI 25,)) with nominal G, gains
2.851 | 0.187 | 2.760 | 1.873 [ 0.075 | 3.517 0.296 | 0.181 | 1.153 | 1.919 | 7.342 | 0.153
0.250 | 1.766 | 1.072 | 0.475 | 0.526 | 0.240 2.750 | 2.951 | 0.091 | 6.841 | 2.773 | 0.075
0.597 | 2.417 | 0.779 | 3.847 | 0.197 | 1.857 1.053 | 0.256 | 2.513 | 0.151 | 0.459 | 0.303

Max(Abs(I'36,)) with nominal G gains

0.638 | 2.292 | 0.673 | 1.945 | 0.159 | 3.954
1.015 | 3.355 | 0.269 | 0.140 | 0.418 | 0.488
2.403 | 0.126 | 3.138 | 4.302 | 0.089 | 1.889

Table 9.2.1-1: Results of the calibration procegsBet 1. nominal electrostatic gains applied andj#ar-linear coupling
fully affecting the retrieved ICMs
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9.2.2 Calibration Set 2 Results: retrieved ICMs using measured electrostatic gains

The Set 2 of calibration results consisted in deieing the ICM elements using the “measured” valokthe electrostatic

gains in the post processing, i.e. exploits thekadge of these elements provided by the on-grahatacterisation of the
accelerometers. The results of this processingpeoseided in Table 9.2.2-1 and shows, as expectedm@rovement with

respect to the previous case (the worst standaritim value is now 1.53 vs 3.89 in case of norhilactrostatic gains
adopted in the processing), which utilises nomelattrostatic gains, i.e. neglects any knowledgthe$e elements provided
by the on-ground characterisation of the acceleterse

Abs(Mean( 14y)) with measured G, gains Std(I"14) with measured G, gains

0.079 | 0.033 | 0.062 | 0.255 | 0.000 | 0.004 0.451 | 0.071 | 0.347 | 0.528 | 0.051 | 0.941

0.029 | 0.358 | 0.031 | 0.039 | 0.027 | 0.032 0.130 | 0.627 | 0.443 | 0.257 | 0.139 | 0.097

0.082 | 0.157 | 0.051 | 0.001 | 0.021 | 0.292 0.278 | 1.047 | 0.327 | 0.929 | 0.101 | 0.541
Abs(Mean( 25,)) with measured G, gains Std(F25y) with measured G, gains

0.068 | 0.061 | 0.052 | 0.062 | 0.155 | 0.002 0.154 | 0.090 | 0.433 | 0.726 | 1.498 | 0.094

0.012 | 0.024 | 0.012 | 0.211 | 0.624 | 0.016 0.422 | 1.182 | 0.059 | 1.530 | 0.897 | 0.049

0.021 | 0.020 | 0.358 | 0.006 | 0.150 | 0.005 0.450 | 0.136 | 0.628 | 0.084 | 0.166 | 0.103
Abs(Mean("36,)) with measured G gains

0.096 | 0.154 | 0.047 | 0.286 | 0.027 | 0.062 0.267 | 1.063 | 0.302 | 0.513 | 0.088 | 1.027

0.057 | 0.417 | 0.016 | 0.023 | 0.019 | 0.113 0.438 | 0.684 | 0.161 | 0.071 | 0.139 | 0.234

0.062 | 0.019 | 0.065 | 0.139 | 0.030 | 0.259 0.354 | 0.051 | 1.390 | 1.081 | 0.053 | 0.478
Max(Abs(I" 14y)) with measured G, gains Max(Abs(I'25)) with measured G, gains

1499 | 0.172 | 1.140 | 1.677 | 0.073 | 1.535 0.360 | 0.272 | 1.082 | 1.741 | 2.811 | 0.153

0.249 | 1,522 | 1.072 | 0.474 | 0.362 | 0.237 0.156 | 1.350 | 0.114 | 2.761 | 2.000 | 0.076

0.567 | 2.417 | 0.713 | 2.046 | 0.197 | 1.747 0.982 | 0.256 | 1.567 | 0.151 | 0.460 | 0.204
Max(Abs(I"'36,)) with measured G, gains

0.474 | 2.292 | 0.627 | 1.707 | 0.159 | 1.775

0.991 | 1.672 | 0.268 | 0.140 | 0.262 | 0.448

0.986 | 0.101 | 3.525 | 1.649 | 0.092 | 1.679

Table 9.2.2-1: Results of the calibration procegsBet 2; angular-linear coupling partially recovereising the measured
electrostatic gains
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9.2.3 Impact of ASH1 misalignment on Calibration and Science Performance

Some simulations have been carried out in ordstudy the impact of the misalignment of the acaatester that is going to
replace the EGG ASH1 on the science performance talthe degradation of the ICM retrieval. Threea§sdlong different
simulations have been carried out taking into antou

« “nominal” unknown accelerometer misalignment (ab@ds mrad)
* ‘“intermediate” unknown accelerometer misalignmeiftaut 0.5 mrad)
« “worst case” unknown accelerometer misalignmenin(ad)

The first day of each simulation has been devatguetform the EGG calibration, by shaking the $igeelin order to retrieve
the ICM for each different ASH1 misalignment scenafihe remaining 5 days of science of each simaratiogether with
the corresponding retrieved ICMs) have then beed tseerify the science performance, by computimg $pectral Density
of the GGT trace.

9.2.3.1 Performance with the Nominal ASH1 Misalignment

Table 9.2.3-1 shows the results of the calibratwith the processing based on the partial knowleafgbe electrostatic gains
(measured ones). The so retrieved ICMs have beed tsse&ompute the calibrated EGG acceleration, wHidd the
reconstruction of the GGT trace.

Abs(I"14) with measured G, gains

0.505 | 0.035| 0.085 | 0.441 | 0.036 | 1.387
0.049 | 1.396 | 0.612 | 0.067 | 0.151 | 0.101
0.007 | 1.598 | 0.132 | 1.481 | 0.101 | 0.537

Abs(I25,) with measured G, gains

0.163 | 0.124 | 0.538 | 0.149 | 2.018 | 0.079
0.492 | 0.006 | 0.028 | 1.576 | 0.636 | 0.049
0.654 | 0.117 | 1.395 | 0.070 | 0.249 | 0.086

Abs('36,) with measured G, gains

0.018 ) 1.731 | 0.011 | 0.537 | 0.064 | 1.015
0.793 | 1.639 | 0.227 | 0.057 | 0.138 | 0.348
0.047 | 0.107 | 1.373 | 1.262 | 0.032 | 0.448

Table 9.2.3-1: Results of the calibration for tlesttwith “nominal” misalignment of the ASH1 accelereter and angular-
linear coupling partially recovered using the meislielectrostatic gains

Figure 9.2.3-1 shows the Spectral Density of theTGface, i.e. the final science performance acluewéh the 5 days of
science mission. The conversion of the raw data BGT components is here based on the EGG calibnaieasured
accelerations through the ICM retrieved in the fmes step. The crucial step of calibration is fybted from the comparison
between the SD of the GGT trace obtained with aitdowt the application of the ICMs provided by theviosly described
in-flight calibration. A misalignment of the ASH1ithin the nominal range permits the achievementefrequired science
performance.
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Calibrated EGG 3
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=
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Figure 9.2.3-1: Spectral Density of the GGT trasecase of uncalibrated and calibrated (measuredtedstatic gains) EGG
measured accelerations. The calibration is mandafor the achievement of the required science perdoce.

9.2.3.2 Performance with the Intermediate ASH1 Misalignment

Table 9.2.3-2 shows the results of the calibration the “intermediate” test, with the processingsé@d on the partial
knowledge of the electrostatic gains (measured)oiié® tables show also how the misalignment of aceelerometer affects
not only the ICM of its EGG pair, but also some diocafnts of the other pairs, which are retrievedusyng also the ASH1
measurements. By the way, the larger effect is awtthe differential scale factors, which directlffeat the GGT
measurements. The so retrieved ICMs have then bsed o compute the calibrated EGG accelerationclwieed the
reconstruction of the GGT trace.

Abs(I'14) with measured G, gains

0.863 | 0.235| 0.125 | 2.288 | 0.096 | 1.417
0.137 ) 1531 | 3.267 | 0.034 | 0.146 | 0.439
0.424 | 7.179 | 0.299 | 1.327 | 0.334 | 2.384

Abs(25,) with measured G, gains

0.226 | 0.110 | 3.435| 0.217 | 1.836 | 0.096
0.331 | 0.187 | 0.071 | 1.603 | 1.122 | 0.044
3.336 | 0.154 | 1.102 | 0.105 | 0.007 | 0.084

Abs(I36,) with measured G, gains

0.494 | 7.130 | 0.294 | 2.913 | 0.063 | 1.185
3.226 | 1.427 | 0.222 | 0.034 | 0.144 | 0.167
0.020 | 0.080 | 1.179 | 1.265 | 0.080 | 2.433

Table 9.2.3-2: Results of the calibration for tresttwith “intermediate” misalignment of the ASHlcaterometer and
angular-linear coupling partially recovered usiniget measured electrostatic gains
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Figure 9.2.3-2 shows the Spectral Density of theTGface, i.e. the final science performance acliewéh the 5 days of
science mission. The conversion of the raw data BGT components is here based on the EGG calbnakeasured
accelerations through the ICM retrieved in the ey step. The crucial step of calibration is lggted from the comparison
between the SD of the GGT trace obtained with aitbdowt the application of the ICMs provided by theeviosly described
in-flight calibration. A misalignment of the ASH1ithin the midway range still permits the achieveimehthe required

science performance. The effect of the worse ngsalent is apparent only in the SD of the uncalddaGT trace (compare
blu line of Figure 9.2.3-2 with blu line of Figuge2.3-1).

o : Calibrated EGG a
o Uncalibrated EGG ]
: : : : Reguirement

Trace 5D [mEMHz2)
=

Freguency [Hz]

Figure 9.2.3-2: Spectral Density of the GGT tranecase of uncalibrated and calibrated (measuredtedstatic gains) EGG
measured accelerations. The calibration is mandatdor the achievement of the required science
performance, which is almost the same of the chSsominal” misalignment.

9.2.3.3 Performance with the Worst Case ASH1 misalignment

Table 9.2.3-3 shows the results of the calibratwith) the processing based on the partial knowleafgbe electrostatic gains
(measured ones). The so retrieved ICMs have beed tsse&ompute the calibrated EGG acceleration, wHidd the
reconstruction of the GGT trace.

Abs(I'14) with measured G, gains

1.227 | 0.399 | 0.747 | 2.897 | 0.090 | 1.433
0.046 | 1.623 | 5.095 | 0.008 | 0.214 | 0.763
0.436 | 11.372| 0.117 | 1.547 | 0.784 | 2.950

Abs(I25,) with measured G, gains

0.183 | 0.046 | 5.135| 0.327 | 1.574 | 0.079
0.493 | 0.100 | 0.020 | 1.576 | 0.309 | 0.049
5.249 | 0.117 | 1.368 | 0.070 | 0.249 | 0.103
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Abs(I'36,) with measured G, gains

0.722 | 11.756| 0.012 | 3.392 | 0.064 | 1.022
5.285| 1.690 | 0.226 | 0.057 | 0.200 | 0.349
0.037 | 0.097 | 1.386 | 1.270 | 0.034 | 2.891

Table 9.2.3-3: Results of the calibration for tlsttwith the “worst case” of misalignment of theHiSaccelerometer and
angular-linear coupling partially recovered usiniget measured electrostatic gains

Figure 9.2.3-3 shows the Spectral Density of theTGface, i.e. the final science performance acluewéh the 5 days of
science mission. The conversion of the raw data BGT components is here based on the EGG calibnaieasured
accelerations through the ICM retrieved in the pres step. The calibration is still effective (coang the SD of the GGT

trace obtained with and without the applicatiorthed ICMs provided by the previosly described igiili calibration), but the
requirements are slightly violated.

Calibrated EGG B
Uncalibrated EGG ]
Requirement

Trace SO [mEfHz 2]
=

Freguency [Hz]

Figure 9.2.3-3: Spectral Density of the GGT trasecase of uncalibrated and calibrated (measuredtedstatic gains) EGG

measured accelerations. The calibration is stillndatory, but the misalignment is such that the neents for the science
performance are slightly violated.
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