Table of Contents

TABLE OF CONTENTS

[T, DT i
SYMDOIS ... e Y
Chapter 1.

Introduction to the Dynamical Behaviour of RoOtors............cccccceeeevveennne.e.. 1
1.1: General CONSIAENatiONS. ........ooveeieeiiesee et 1
1.2: The Linear Jeffcott ROLON. ........ccooeeiiiiie e 3
1.3: VISCOUS DAMPING. ...eeeiiiiiieiie ettt sttt 6
1.4: The Jeffcott Rotor with Viscous Damping. ........cccceeeeeveeneenensensenene 6
1.5: Structural DamPiNg. .....cooeeiieeieereesee et 9
1.6: Accelerating JeffCott ROLOL. ........cccoceeieeiei e 11
1.7: CoUPled ROLOIS......c.eeeiieeiiie ettt 14
1.8: Whirl Motion and Stabilizing FOrce. ........cccccvvvvicecveecee e 20
1.9: Energy Dissipation in Whirl MOtion..........ccccevveveein e, 21
1.10: Isotropic Jeffcott Rotor on Non-1sotropiC SUPPOILS. ....ccveeeeveeveeneenne. 22
1.11: Non-Isotropic Jeffcott Rotor. Natural Frequencies............ccccccueeuee... 25
1.12: CONCIUSIONS. ..ottt st be e 29
Chapter 2:

The GGG- “GG (Galileo Galilei) on the Ground” Differential Accelerometer
for testing the Equivaence Principle. Overview of the Experiment. ......... 32
Y228 I 1 4 (0o (¥ o1 o T RPN 32
2.2: Basic Concepts of the GGG Mechanical Design.........cccevceeeieeieenneenn 33
2.3 HOW 1T WOIKS . ..o 36
2.4: The Signal of an Equivalence Principle Violation...........cccccoveeeveennene 38
2.5 The REa0-OUL SYSLEIM. ......oiiiiieiiieeie e 40
2.6 WhIrl CONMIOL. ..ot 44
2.7 Adjustments and SEtiNGS. .......occveeieeieerie e 46
2.8: Low Frequency SESMIC NOISE. ......cccuvevieerieiir et 48
Chapter 3:

Mathematical Model of the GGG System...........ccccccveveeeceiceeceesie e, 51
G300 I 911 0o (1 o o o SO 51

3.2: Generalised Coordinates and the GGG Mathematical Modd. ............ 51



Table of Contents

3.3: The Lagrangean of the System in the Rotating Reference Frame. ...... 54
3.4: Equilibrium Positions and 2-nd Order Expansion of the Lagrangean. 55
3.5: Linearized EqQuations Of MOLION. .........cccceecieivieeiieriee e e 55
3.6: Equations of Motion in State-Variable Form...........cccccevvvvvvicvcceeennen, 58
3.7: Rotating and Non-Rotating Damping. ........cccceeevveveeienseesieeeieeseeneenns 59
3.8: Numerical Simulation of the GGG System ........cccccevcvvvveveeveeseeeenn, 59
3.9: Normal Modes as Derived from the Numerical Simulation. ............... 60
3.9.a Comparison With the EXPErTMENL. ........ccccevveieeiieie e 61
3.9.b: The ROI€ Of DAMPING. ...coiuiiiiiieiieeie e 62
3.9.C: The LOW-Frequency LiMmit. .......ccccueceeceieeie et 62
3.9.d: Normal Modes as Funtions of the Spin FreqUuenCy..........ccoeeivneenenieneenieseenens 63
3.9.€: Instability REQIONS. .....c..eoiuieiicieiece et e e nns 64
3.9.f: GGG FreqUENCy RESPONSE........coiiiiieiinieesie ettt eas 65
3.10: Approximated Formulae for Deriving the Normal Modes. ............... 66
3.11: Concluding REMAIKS. ........ccviieiiiiiii e 68
Chapter 4:

Dynamical Response of the GGG Differential Accelerometer................... 70
74 g 1 g 0o T o o TSR 70
4.2: Externa Forces and Computation of the Transfer Function. .............. 70
A.3: TRE C MEIIX. ottt et e e e e e eare e e s eare e e nnee e 71
A.4: TRE B MEIX. ..ottt e e et e e eare e e eare e e e nnee e 74
4.5: The Transfer Function in the Non-Rotating Reference Frame............. 76
4.6: The Common Mode Rgjection Factor............cccoveeveeeciecceesee e 77
4.7: Analytical Solution at Zero SPiN........cceveeveevieeccee e 78
4.8: Low and High Spin Frequency Regime.........ccccccveveeveeveesienceesie e 80
4.8.a. The Period of Natural Differential OsCillations...........ccccceevivevevceerenceseee e 80
4.8.b: Relative Displacements as Function of Frequency of the External Force ........... 80
4.8.c. Common Mode Rejection of Low Frequency FOrCes .........cccccevveeeveeseeenseennn 83
4.9: Intermediate Spin Frequency RegIME. .........cccceveevernciennenneenee e 85
4.10: Enhanced Common Mode REECtion ...........ccceveeveerienienneesen e, 87
4.11: Moments of Inertiaand Self-Centring of Rotors..........cccccceeveeiieennen, 87
4.12: Self-Centring in the GGG System .......cccceeveeveecie e 91
4.13: Concluding REMArKS. ........cccovvieiii e 93
Chapter 5:

Experimental Results on Whirl Motion and Quality factor. ...................... 96
o300 I 1 4 70 To ¥ Tox 1 o o 1SRN 96
5.2: The Measurement Data. ..........ccceeveereeiieesie e cee e 96
5.3: Theoretical Model of the Whirl Maotion...........ccccocoeiieiiiccieeceee 97

5.4: Backward and Forward Whirlsin the Experiment. ..........ccccccoeerueenne. 100



Table of Contents

5.5: Best Fit of the Whirl Motion...........cccoviiviiiecie e 105
5.6: General Considerations on the Quality Factor of the GGG System.. 108
5.7: Q Measurements al Zero SPIN.......coceeieeeieeseeseeerieesee e esee e eneeenns 109
Chapter 6:

Active Linear Control of the Whirl Motions. ...........cccccccevviiiiiiincienee. 115
300 I 1 11 (0 L1 o o SRS 115
O A I TN = Y= 1 USSR 115
6.3 Whirl Damping and Simulation of the Control Scheme...................... 117
6.4 Experimental RESUILS .........cccvevieiie e 123
Chapter 7:

Active Reduction of SBISMIC NOISE. .......cccevceeiiesiiieiee e 127
7.1: Measured Environmental Disturbances. ...........cccoceevveevenscieesieennnnns 127
7.2: Open Loop Scheme of the System..........ccccoeceeveccecce e, 128
7.3: Proportional-Integral Control of Seismic NOise.........cccceeceeviecnnene, 131
7.3.& The Transfer FUNCLIONS..........cociiieiiie et 133
7.3.b: Preliminary Experimental RESUILS. .......cceevviieiiee e 135
Chapter 8:

The GGG Experiment- Concluding Remarks and Perspectives............... 137
Chapter 9:

The GG Space EXPEriMENT........cccceeiieiieciee e 141
L& 00 N 1 11070 (1 Tox i oo A0S USSR 141
9.2: The GG Experiment CONCEPL........ccccvreirieeiir et 142
9.3: The Spacecraft and the Orbit. ..o 146
9.4: Requirements and Error BUdgEL...........ccooeveieniirncinnin e, 149
9.5: The Mathematical MOdE. .........cccoovriiiieiiee e 152
9.6: General Solution of the Equations of MOtion. ...........cceceevericieennne 155
9.7: Dynamical Evolution in the Rotating Frame. ...........cccocovvieeiiennnenns 158
9.8: Non Rotating Damping and Whirling Stabilisation...............c........... 159
9.9: Reconstruction of the Whirl Motion. ..........ccccoecveveeiieevie e 162
9.9.a Reconstructiong of the Relative Displacement. ..........ccovcvveevenieeneeceseesie s 164
9.9.b: Reconstruction of the Relative VEIOCItY. ..o 167
9.10: THE CoNtrol FOICE. .....ccceeieieieesiee e cstee e ste et snae e e e 167
9.11: Results of the Numerical Simulations and Conclusions................. 170

9.12: Tidal Effectsonthe GG TeSt MASSES. ....cevvveeeeeeeeeeeeeeeeeeeee e eaeeeens 172



Table of Contents

9.12.a EP Violation Signal and Tidal Effects for Test Masses Coupled in the Orbit Plane

....................................................................................................................................... 173
9.12.b: Tidal Effectsin Supercritical ROALION. .........ccceeiereeienir e 175
9.12.c: The GG Experiment: EP Violation Signal, Whirl Motion and Tidal Effects in the
SENSITIVE PLANE. ... ettt et b e e ere e 175
9.12.d: The GG Experiment: Tides Due to Relative Displacements Along the Spin Axis.
....................................................................................................................................... 179

Appendix 3.A:
The Lagrangean of aROLOT. ..........cccoveieeiiieiie e 181

Appendix 4.A:
Transfer Function in the non-Rotating Frame...........ccccoccveve v evie e, 187

Appendix 4.B:
S L RO 011 o o S URSRRR 190

Appendix 5.A:
Data Analysisin the Rotating Frame: Fourier Filter. ..........ccccoevvveveenee. 192

Appendix 5.B:
The o+ and 0= FUNCLIONS. .......coooeeeeeeeeeeeeeeeeeeee, 196

Appendix 8.A:

The GGG EIeCtroniC CirCUITS........coovieeieei e 199
Appendix 9.A:

The PGB Passive Noise Attenuator in the GG Space Experiment........... 216
Appendix 9.B:

A PGB-like Passive/Active Noise Attenuator on the Space Station. ....... 222
9.B.1: Mechanical SUSPENSIONS.........ccceevieiieerieesee e 223
9.B.2: Goa and Requirements of the Active Contral..........cccccceeeveenenne. 229
9.B.3: Derivation of the Transfer FUNCLION............ccoccvviieenenic e, 231
9.B.4: Thermal ANalYSIS. .....oooiieieeieecee et 235
Appendix 9.C:

Numerical Simulation of the GG Dynamical System...........cccccevcveiennee. 242
9.C.1: Eigenvalues of the GG System in the Inertial Frame..................... 242
9.C.2: Whirl Motion in the Rotating Frame..........cccccvevvevvcveevie e, 245
9.C.3: Whirl Stabilization: Theldeal Case. .......cccoceveeveniirienie e 248

9.C.4: Whirl Stabilization with Realist ErrOrS. .....eveeeeeeeeeeeeeeeeeeeeeeeeeeen 250



Table of Contents

Appendix_Articles:

................................................................................................................... 253
ATTHCIE[28] ..ottt e e e e st e e e s ssanbeeeeessnanreeeeas 253
ATTHCIE[33] .ttt s et e e s e e eeesssabbeeeeessnnreeeeas 265
L ek = 12 285
NS ) L 295
LN e = 1S SR 301

R e s — 321




