Contents

1 Introduction ............ ..o
1.1 Spacecraft Design, Commercial Space, and Angular Momentum .

1.2 Momentum Control Devices and Attitude Control Systems .......

1.3 A Brief History of Spin .......coooiiiiiiiiiiiiiiiiiiiiiiiie

1.4 The Proliferation of Momentum Control..................ccoovvuen.

1.5  About This BOOK .....ovuiiiiiiiii
RefEreNCes. ... covei e

2 Applications ..............
2.1 Spacecraft ApplicationsS ..........evveiiiiiiiiiiiiiiiiiienieeeeeeenens
2.1.1  GEO Communications Spacecraft.........................

2.1.2  Agile Spacecraft Missions and ConOps ...................

2.1.3  Space Stations ....oovvviiiiiiiiiiiii e

2.1.4  Small Spacecraft..................oii

2.1.5  Satellite Servicing ...........oovviiiiiiiiiiiiie..

2.1.6  Asteroid Grappling .............ooviiiiiiiiiiiiiiiiinnn....

2.1.7  Space RObOtiCS.......covvviiiiiiiiiii e

2.2 Terrestrial Applications .............vvviiiiiiiiiiiiiiiiiiiiieeenenns
2.2.1  Brennan’s Monorail .......................ooo L

2.2.2  Wolseley’s Two-Wheeled Wonder Car ....................

223 LAtMOtOIS . couuettitie et

2.2.4  Nautical Roll and Pitch Stabilization ......................

2.3 Chapter SUMMATY .......uuuiiiiittitiiteeeeeeeeeeeees
ReferenCes. ... coee e

3  Requirements Development for Momentum Control Systems ........
3.1  Quantifying Agility Requirements ............cccceviiiiiiiiiinnnnn.
3.1.1  SlewAnglevs. Time ................iiiiiiiiiin....

3.1.2  Performance Ratios: Vehicle ...............................

3.1.3  Performance Ratios: Momentum System..................

3.1.4  Vehicle Velocity ...........oooviiiiiii

3015 Summary .....oooiiii

N = =

vii



viii

Contents
3.2 Momentum Device Technology .............cccooviiiiiiiiiiiii, 42
3.2.1  Torque, Momentum, and De-mystifying Precession...... 42
3.2.2  The Reaction Wheel ...........ccooiiiiiiiiiiiiiiiinn. 44

3.2.3  The Double-Gimbal Control Moment
Gyroscope (DGCMG) ......evvviiiiiiiiiiiii i 45

3.24  The Single-Gimbal Control Moment

Gyroscope (SGCMG) ...oovvviiiiiiiiiiiiiiic i 46
3.2.5  Vehicle Rate and the SGCMG Gimbal Torquer ........... 47
3.2.6  Torque-Amplification Revisited ..................ccoona. 48
3.3 Momentum Device Technology Tradeoffs .......................... 49
3.3.1  Momentum and Torque...........oooeiieiiiiiiiiieennnnn. 49
3302 POWET ..ttt 50
3.3.3 0 VIDration ......o.eeveeiiiiiiiiii i 51
334  TOrquUe ACCUIACY .. eeeennnnntitteetiieeeeaaeeeennns 53
335 Array Control .....oooiiiiiiii 54
3.4  Guidelines for Selecting Momentum Device Technology.......... 54
3.5  Chapter SUMMATY .......eeeeinntiiteeetie et eaaaaas 54
RefEIeNCES. ... eeeei et 55
Dynamics of Momentum-Control Systems .............................. 57
0 E (0] 15 1o 1 W N 57
4.2 Spacecraft Attitude and Momentum-Device Kinematics........... 61
4.3  Equations of Motion for a Gyrostat with Balanced Rotors......... 65
4.4  Relative Equilibria and Stability of Gyrostats ...................... 67
441 RWA Spacecraft ......ccooviiiiiiiiiiiiiiiiiiiiiiiiiiiees 71
442 CMGSpacecraft ........ovviiiiiiiiiiiiiiiiiiiiiiiieeens 72
443 Large-Angle SIEWS .....ooviiiiiiiiiiiiiiiiiiiiiiiees 73
4.5  Control-Moment GYTOSCOPES .. ... uuuuuunnnnnnnns 77
4.6 Actuator JACODIANS .....uvviietiiii e 82
4.7  Rotor and Gimbal Structural Dynamics.............ccooveuunnnnnn.. 84
4.8  Effects of Scaling CMG Actuators ...........cooeeuuuuuuunnnnnnnnnn. 90
4.8.1  Torque Amplification Degradation with Scaling.......... 92
4.9  Chapter SUMMATY ... ...uu e 93
ReferenCes. ... eveei e 93
Singularities of Control Moment Gyroscopes ...................c.c.oo.. 95
5.1 Singular ValUues .....ovvuiiiiiiiiii s 95
5.2 Coordinate Singularities Versus Geometric Singularities .......... 96
5.2.1  Coordinate Singularities....................oovveeeeeen.... 96
5.2.2  Singularities Associated with Geometric Constraints..... 99
5.3  Control Moment Gyroscope Singularities ...............ccouvuunn. 101
5.3.1  The Concept of CMG Singularity ......................... 102
5.4  Double-Gimbal Control Moment Gyroscope Singularities ........ 104
54.1 DGCMG Gimbal LocK .......covviiiiiiiiiiiiiiiii.n. 105
5.5  Single-Gimbal Control Moment Gyroscope Singularities ......... 105

5.5.1 SGCMG Gimbal Lock ...........coooiiiiiiiiiiin. 106



Contents ix
5.6  Classification of Singularities............oooeeeiiiiiiiiiiiiiin. 106
5.7  Singularity Conditions Defined Mathematically.................... 108

5.7.1  Determination of Singularity Degeneracy................. 111
5.8  Hyperbolic Singularities ...........cccoviiiiiiiiiiiiiiiiiiinnin. 112
5.8.1  Non-degenerate Hyperbolic Singularities ................. 112
5.8.2  Degenerate Hyperbolic Singularities ...................... 114
5.9  Elliptic Singularities ...........c.c.eeeeiiiiiiiieeiiiiiiiiie e, 115
5.9.1  External Elliptic Singularities...........c...oooveeeeenn. 115
5.9.2  Internal Elliptic singularities ..................cooeeeenn. 117
5.10 Passability and Impassability of Singular Points ................... 118
5.10.1 Impassable Singular Points .............cccoiviiiiiiinn. 119
5.10.2 Passable Singular Points ...............ccoooiiiiiii 121
5.11 Singular Surfaces for SGCMG ..........oooiiiiiiiiiiiiiiiiiiin. 122
5.12  Characteristics of Singular Surfaces................ooooiiiiiii. 125
5.13 Numerical Sensitivity in the Vicinity of a Singularity.............. 126
5.14  Variable-Speed Control Moment Gyroscope Singularities.......... 127
5.15 Zero-Momentum Spin Up ........oiiiiiiiiiiiiiiiiiiiiiii s 128
5.15.1 RWA Zero-Momentum Spin-Up............ooooeeeiann. 129
5.15.2  Four-CMG Roof Zero-Momentum Spin-Up .............. 129
5.15.3 Four CMG Pyramid Zero-Momentum Spin-Up........... 130
5.16  Chapter SUMMATY .......ceeetinntutteeennteeeaaieeeannas 130
ReferenCes. .. covii e 130

6  Momentum-Control System Array Architectures ...................... 133
6.1  The Nature of Momentum Devices...........cccoviiiiiiiiiiiinn. 133
6.2  Momentum and Torque Capability of an Array of RWAs.......... 134
6.3  Momentum and Torque Capability of an Array of CMGs ......... 135
6.4 Double-Gimbal CMG AITAYS ......vvvtriiiiiiiiiiiiiiieeeeeeeeennns 136
6.5  Single-Gimbal CMG Ar1ays ........coovviiiiiiiiiiiiiiiieennnnn. 137

6.5.1  Scissored Pairs of CMGS.........ooovviiiiiiiiiiiiieennn. 138
6.5.2  Collinear (Multiple-Type) Arrays ..............oeveennn... 139
653 3/4(30f4)BOX AITAY....ovviniiiiiii i 143
6.5.4  Pyramid ATTays .....oovviiiiiiiiiiiiiiiieen 143
6.5.5  Dynamic ATTAYS ..ovvvvrririiieiieeeeeeeeeeeeeeeeeeeeeannnn. 145
6.6  Blended Arrays and Other Designs...........cccovviiiiiiiiiiiinnne. 146
6.6.1  Double-Gimbal/Single-Gimbal Scissored Pairs............ 146
6.6.2 Langley “Six-Pac” ... 147

6.6.3  Single-Gimbal Six GAMS (Six-CMG
Pyramid Array) .......oovviiiiiiiiiiiiii s 148
6.6.4  Scissored Pair with High-Torque Reaction Wheels....... 149
6.7  Variable-Speed CMG AITAYS .....vvvviiiiiiiiiiiiiiiiiieeeeeeennns 149
6.8  ENergy StOTage ..........eueeuiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeenes 151
6.9  Optimization and Arbitrary Array Configurations.................. 152
6.10  Chapter SUMMATY ........ouuiiiiiiiieeeeees 154

R eIENCES ... 154



Contents

Steering Algorithms ... 157
7.1  CMG Steering Algorithms ..........ccooiiiiiiiiiiiiiiiiinii, 157
7.2 Origin of Pseudoinverse Methods ..............ccoooiiiiiiiiii. 160
7.2.1  Blended INVerse.........oovviieiiiiiiiiiiiiiiiiiiiean. 160
7.2.2  Moore—Penrose InVerse .............ooeeeeiiiiiiiiiiian. 160
7.3 Singularity-Escape Algorithms (Torque-Error Algorithms)........ 161
7.3.1  Singularity Robust Inverse ..................ooooieeiaa. 161
7.3.2  Singularity Direction Avoidance
Pseudoinverse ...........ooiiiiiiiiiiiiiii 162
7.3.3  Generalized Singularity Robust Inverse .................. 163
7.4  Singularity Avoidance Algorithms ............ccooiiiiiiiiiiiiii. 165
7.4.1  Generalized Inverse Steering Law ........................ 165
7.4.2  Local Gradient (LG) Methods .................ccooeeeil 166
7.4.3  Constrained Gimbal Angle or Angular
Momentum Methods ............ccoooiiiiiiiiiiiiiii... 167
744  Limited Angular Momentum Methods .................... 175
7.5  Singularity Avoidance and Escape Algorithms ..................... 177
7.5.1  Hybrid Steering Logic .......cccovviiiiiiiiiiiiiiiiiaa. 177
7.5.2  Angular Momentum Artificial Potential
STEETING « e eeneitteee e ettt 178
7.5.3  Feedback Steering Law ...........ooooiiiiiiiiiiiiii. 179
7.5.4  Optimal CMG Attitude Control...............cooeeeennn. 180
7.6  Variable Speed Control Moment Gyroscopes.............ccceeon... 184
7.7 Chapter SUMMATY .......coeeiinntiiieeeii e aiiieeeanaaaes 184
RefeIeNCes. . .. coeei e 184
Inner-Loop Control of Momentum Devices ............................. 187
8.1  Spin-Speed Control ..........ooiiiiiiiiiiiiiiiiiiiiiiiiiiiieaas 187
8.1.1  CMG Spin-Speed Loops .......ooiiiiiiiiiiiiiiiiiinnnn 187
8.1.2  RWA Spin Speed ... 188
8.2 Gimbal Rate LoOPS.....ovviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeees 189
8.2.1  Errors Mitigated by Gimbal Rate Loops .................. 190
8.2.2  Impact on Vehicle Structure.............cooeviiiiinnnnnn. 190
8.2.3  Bandwidth Considerations ............c.c.oooveeeeiiiinnnn. 191
8.2.4  Friction and ACS Limit Cycling ...............cccoviinne. 192
8.3 Chapter SUMMATIY ....ovvvtiiiiiittittetttteeeeeeeeeeeeeeeees 192
Motors in SPACe...........ooiiiii 193
9.1  Motor TechnolOgy ........uvvuiiiiiiiiiiiiiiiiiiiiiiieees 193
9.2 Sizing aDC MOLOT ...ttt eeeeeees 196
9.2.1  Sizing a Brushless DC Motor .............................. 197
9.2.2  Electrical .......c.oviiiiiiii 198
9.2.3  Numerical Example ......................ooooL L 199
0.3  Chapter SUMMATY ........uuvuiiiiiiiiieeeeeeees 200



Contents
10 Modeling Simulation and Test Beds .....................ooooiiiiiii
10.1 Math Modeling and Computer Simulation..........................
10.1.1  First Principles ........ooooiiiiiiiiiiiiiiiiiiiiiiee e
10.1.2 What Is the Question? .............ccoviieeiiiiiiiiiaeeannnn,
10.1.3 Modularity ......oveeeeii i
10.1.4 Choices Of States .........c.uvieeiiiiiiieiiiiiiiiieeann.
10.1.5 Polarities .......uvveeiiiiiii i
10.1.6  Body Models.......ccovviniiiiiiiiiiiiiiii i
10.1.7 Attachment Models...........ccooiiiiiiiiiiiiiiiiiiian.
10.1.8  INtegration.........ceeeeinunuiieeeiiiiie e iiiieeenn.
10.2 Hardware-in-the-Loop Test Beds............cooceeiiiiiiiiiiiaa.
10.2.1 Precision Rotational Air-Bearing Systems ................
10.2.2  AniSOelastiCity .....ccovvuiiiiiiiiiiiiii e
10.2.3  Active Mass Balancing .................coooiiiiiiii
10.2.4 Controlling the Mass-Balancing System ..................
10.3  Chapter SUMMATY «....uuettttetii et eaeeens
REfEIeNCES . ... ceiei e
A Extended Equations of Motion for Spacecraft with CMGs............
A.1  TtBegins with A Particle ..........cooooiiiiiiiiiiiiiiiiiiiiiiiiin
A2 COMPONENLS ..t
A.3  Reference Frames for Spacecraft n-CMG System..................
A4  Spacecraft n-CMG Array Kinematic and Kinetic
Equations of MOtiON ..........vvviiiiiiiiiiiiiiiiiiiiiiiiieennns
A.4.1  Spacecraft Angular Momentum............................
A.4.2 CMG Gimbal Angular Momentum ........................
A.4.3 CMG Rotor Angular Momentum ..........................
A.4.4  Spacecraft and Actuator Equations of Motion ............
A5 SUMMATY ...
B  Stability Analysis of Momentum-Based Attitude Control Systems ...
B.1  Lyapunov Analysis ...........uuuuuuiiiiiiiiiiiiiiiiiiiia
B.2  Rest-to-Rest Attitude Control............c.ooooiiiiiiiiiiiiiieen.
B.3  Attitude and Angular Velocity Tracking Control ...................
B.4  Steering Algorithm Effects on Attitude Regulation and Tracking .
B.5  Summary. ...

xi

201
201
202
202
204
204
205
206
208
210
210
212
214
214
215
217
217

219
219
220
221

221
222
224
226
228
232



2 Springer
http://www.springer.com/978-3-319-22562-3

Spacecraft Momentum Control Systems
Leve, F.A.; Hamilton, B.).; Peck, M.A.
2015, XX, 247 p., Hardcover

ISBN: 978-3-319-22562-3



