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Abstract

Both interplanetary traveling crafts and stationary systems will be in need of servicing,
such as assembly, maintenance, replacement of broken/expendable modules, refueling,
inspection and repair. To relieve astronauts from dangerous extra-vehicular activities,
enhance performance and extend the feasible tasks range, the international research
community has been focusing on the realization of autonomous robotic servicing. While
important tasks, such as orbital assembly and debris handling, require passive object
handling capabilities, the actual handling of a secured passive object by a number of free-

flying robotic servicers, has not been studied adequately, with several issues still open.

On-orbit object handling has similarities to cooperative manipulation of passive
objects on earth, with the additional complexities that in space no fixed ground to support
the manipulators exists, thus letting momentum changes to play a key role in body motion.
One more issue arises from the fact that orbital system thrusters are of on-off control
nature. In order to protect the thruster valves from the extreme space conditions,
proportional or pulse-width-modulation (PWM) thrusters are not used in space, at least not
as PWM is used on terrestrial systems, thus reducing system positioning capabilities, when

only thrusters are used.

The introduction of a number of manipulator-equipped free-flying servicers, where
both on-off thruster propulsion and manipulator continuous forces/ torques are used for
passive object handling, both for the case of firm grasp and in the more general case of
point contact, between the servicer manipulator end-effectors and the passive object, is

presented in this thesis.

The design of a controller for the free-flying servicer manipulators that enables the
stable handling of the passive object by the servicers, in trajectory tracking scenarios, as
well as the design of a controller for the free-flying servicer bases that enables them to
move within the workspace of their manipulators, under the influence of the reaction
generalized forces from their manipulator bases, is also presented. An initial comparison
between the choice of three small free-flying robotic servicers and a single, larger one is

also conducted.

A spatial system of robotic servicers handling a passive object is highly non-linear.

Unfortunately, there is not much generally applied theory on the field of non-linear system
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robustness. One method is to use linearization, under certain assumptions, in order to be
able to use linear systems robustness tools. The sensitivity of the controller for the 3D
motion of the handled passive object in space in terms of parameter estimation is also

studied in this work.

Finally, the design of a two-layer optimization process that allows for i) optimal
selection of contact points between the manipulator end-effectors and the passive object,
for both contact cases and ii) force distribution so that the required control generalized
force for the passive object motion, is applied by the manipulator end-effectors, is also

presented.



PhD Thesis GEORGIOS REKLEITIS

Acknowledgments

First and foremost I would like to thank my advisor, Prof. Evangelos Papadopoulos, for
the supervision and support, during the research and writing of this work. His scientific

rigor and enthusiasm for his work are both motivating and inspiring.

I would also like to thank my other two advisors, Prof. Konstantinos (Kostas) J.
Kyriakopoulos and Prof. Nikolaos Krikelis for their valuable help and comments during

the writing of this thesis.

Moreover, I would like to thank all the members of the Control Systems Lab (past
and present) of their continuous support and help. They have all contributed immensely to
my personal and professional time at the National Technical University of Athens, being a

great source of friendship as well as good advice and collaboration.

Finally, I would like to thank my parents, my brother and my wife Maria. Their help,

love and support throughout the years was a great inspiration to hard work.



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

Table of Contents
N o153 1 - T 5
AcKnowledgments ..o 7
JLIE= 1] (=3 o3 1 =SS 10
Table of Tables.......ccciiiiiiiiii 15
1 INErOdUCHION ... —————— 16
1.1 Y] 1Y Z= 11T o S 16
1.2 Literature REeVIEW........coouiiii e 21
1.2.1 OnN-OrDit SEIVICING ... .ecoveeriieriierienieeteeieeieesieesseeseesresseeseesseesseesseesssesssessses 21
1.2.2 Handling of a Passive Object in SPaCE......cccccvereerierieriieeieeieeneeseesre e 30
1.3 (©70] 01 131 o101 (o] o ISR 33
1.4 ThESIS SUMMAIY.....ciiiiiiiiiiiiiiie et e e e e eeaaeens 34
2 Servicing CoONCEPLS.......ceeriiiiiiiiiiiieerrr s 36
2.1 ON-0rbit SEIVICING ....couiiei i e e 36
2.2 Orbital DebrisS DISPOSET.......ccciiiiiiiiiei e e e e eeens 39
2.2.1 Simplified Model ANALYSIS.......cccueiieiiiieiieiieeiieereere et et eaeeave e 39
2.2.2 Control Law and COnStraints..........c.cceveevreerreeniesreereereereesseesreesseessneesneeveenns 40
2.2.3 Simulation RESUILS.........c..ccoiiiiiiiiiiieiiecee ettt e ens 44

2.3 Concept On-Orbit Manipulation of a Passive Object by Cooperating Free-

FIYING RODOLS ... 47
2.3.1 Object Control with Direct Thrusting............cccvevveeiieciieviieniieneenee e e 50
2.3.2 Object Control with Manipulator-Equipped Servicers..........cocvevvrrvervennennn. 51
2.3.3 COoNtrOl DESIZN ...ocvveeiiieiieiieieesteeteeie ettt et e te e e ese e teessaesanessseenseenns 56
2.3.4 Simulation RESUILS. ........coiiiiiiiiiiieiee et 64
2.4 CONCIUSION. ...ttt ettt e e e e e e e eeaeaeas 73

3 On-Orbit Passive Object Handling by Cooperating Space Robotic Servicers.75
3.1 Spatial System DyNamiCS ...........ueeiiiiiiiiiiiee e 78

3.2 One Large vs. a Number of Small ServiCers ..............uuuuveieieeiievieirieiinnninnnnns 81



PhD Thesis GEORGIOS REKLEITIS

3.3 (O] a1 (o] I B 1Yo | o IS PUPPPR 84
3.3.1 Passive object motion without use of thrusters...........cccceeevveeviienciie e, 84
3.3.2 Controller derivation and generalized forces constraints: firm grasp case......90

3.3.3 Controller derivation and generalized forces constraints: point contact case..95

3.3.4 Manipulator force diStribution.........c..ccvveiveeiieiieerie et ere e 95

3.3.5 Free-flying SErviCer CONIOL ........ccveviieriieiiieiieeie e ere et esieesiresevesveereeveesreens 98

3.4 Stability and RODUSINESS .........uuiiiiiiiiecce e 104

3.4.1 Stability of the Passive Object MOtION .........ccovvveriieeriieiiie e ecvee e 104

3.4.2 Robustness of the Passive Object MOtioN .........ccccceevierceervieereeneeneesre e 105

4 Simulation ReSUILS..........cooiiiiiiiiiiiiii s 113
4.1 Spatial Control of a Passive Object ..., 115

4.1.1 POINt CONLACE CASE ..eevvvererierieieeiierieeteeteesieesteessaesresnseeseeseesseesssesssenssesssaens 116

4.1.2 FiIM @rasp CASC.....ceeeevererrerieerieerieeriterreeseesseesseesssesssesseesseesseesssesssessesssesssanns 123

4.2 Robustness of the Passive Object Motion Demonstration ........................ 125

4.3 ONE VS. TArEE SEIVICEIS.....uuuiiie e 134

4.3.1 SimMUIATION (@) 1euveervierieeieeiieieseeste et et erteesteesraeseaessseesseeseesseesssesssessseeseens 135

4.3.2 SimMUIAtION (D) .euvieeiierieeiieiieiesiesie ettt et e steesaeseresbeebe e seessaesssesnseenseensaens 138

5 Conclusions and Future Work ... s s s 141
5.1 CONCIUSIONS. ... e e e e e e e e e e e e e e e e e e e e e e e aaaeens 141

5.2 FULUIE WOTK ... 143

= (=T =T g Ve 145
N0 7= 4 o [ 155
o 7= 4 o [ = 156
APPENAIX C ... s 162
N0 7= 4 o [ G 5 169



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

Table of Figures

Figure 1-1. Actual and expected satellite launches (source: EUROCONSULT). ............. 16
Figure 1-2. Discovery astronaut Steve Bowen works outside the International Space

Station during the STS-133 mission's second spacewalk, March 2, 2011. (source: NASA).

Figure 1-3. On the left, Canadarm2 moves toward the new P5 truss section for a hand-off
from Space Shuttle Discovery's Canadarm, on December 11, 2006. On the right, the
Italian-built Permanent Multipurpose Module is transferred by Canadarm?2, from Space
Shuttle Discovery's payload bay to be permanently attached to the ISS, on March 1, 2013.
(SOUICE: INASA). .ottt ettt e s e e s e e e te e e st ee e tbeeesaeeessseeessaeesnsaeesnsaeesnseeennnes 19
Figure 1-4. Astronaut Steven Smith working at the end of Discovery's Canadarm as he did
maintenance work on the Hubble Space Telescope, on February 15, 1997 (left). Astronauts
F. Story Musgrave, anchored on the end of the shuttle's robotic arm, and Jeffrey A.
Hoffman inside the orbiter's payload bay, conduct the fifth and final spacewalk to fix
Hubble during the shuttle Endeavour's 1993 servicing mission to the orbiting observatory
(T1ght) (SOUICE: NASA). ettt ettt e et esabeenbeesnaeensees 22
Figure 1-5. Experimental test-beds for OOS scenarios emulations. On the left is the
robotic docking emulator of CSA (source: CSA). On the right, the EPOS system of DLR is
simulating the relative motion between a target and a chases satellite (source: DLR)....... 23
Figure 1-6. OOS successful tests. On the left, an artist’s representation of the ETS-VII
experiment (source: JAXA). On the right, the Orbital Express experiment docking phase,
as photographed by a camera at the end-effector of its own manipulator. (source:
DIARPA). ettt ettt ettt et e a ettt e nt e bt et e n e e teenteeneeeaeeneas 24
Figure 1-7. Dextre, as photographed by an Expedition 27 crew member (top left),
JEMRMS on the exterior of the Kibo laboratory of the ISS and the station's Canadarm?2
(top right), (source: NASA) and ERA undergoing tests at ESA’s facilities (source: ESA).

Figure 1-8. Dextre robot moves the RRM Multifunction Tool towards the RRM module

(left) and the Dextre robot performing a new set of satellite-servicing tasks on the RRM

module, during the second part of the Gas Fittings Removal task (right), (source: NASA).

10



PhD Thesis GEORGIOS REKLEITIS

Figure 1-9. Robotic systems tested inside the ISS. On the left, Expedition 18 crewmember
Michael Fincke as he works with SPHERES in the US Laboratory of the ISS. On the right,

Robonaut 2 humanoid robot holds an instrument to measure air velocity during another

system check out in the Destiny laboratory of the ISS. (source: NASA)......cccceevvierivennnnnne. 26
Figure 1-10. Artist’s representations of: XSS-11 satellite (left), (source: US Air Force
Research Laboratory/MDA) and the PRISMA mission (right), (source: SSC). ................. 27
Figure 1-11. Artist’s representation of the TECSAS system (left), (source: CSA) and the
DEOS system (right), (source: Space Tech GmbH).........c.ccoeoiiviiiiiiiiiiiiieeeieeeeeeee, 28
Figure 1-12. Artist’s representations of ConeXpress-OLEV (left), (source: Orbital
Recovery Corp.) and SMART-OLEYV (right), (source: NordicSpace).........ccceeeevveerveeennee. 28

Figure 1-13. The FREND under full-scale rendezvous and autonomous robotics grapple
testing (top), (source: Naval Research Laboratory) and an artist’s representation of the
PHOENIX OOS program (bottom), (source: DARPA). ......ccccoeviiiiiiiiieieeeeeeeeee, 29
Figure 1-14. Artist impressions of: a servicing satellite refueling another satellite in Earth
orbit (left), (source: MacDonald Dettwiler Associates Corporation) and of ATK satellite
(the base for the MEV project), as it approaches a satellite to be serviced (right) (source:

AT ettt ettt bt b e e a e h e bt et a e bt ea e she et et e bt enae 30
Figure 1-15. Handling of a rigid passive body by a number of cooperating free-flyers
equipped with manipulators, in space structure assembly operations. .........c.cccccveeeveeeneen. 31
Figure 2-1. OOS concepts. (a) — (c¢) capturing and (d) — (3) handling tasks. ..................... 37
Figure 2-2. Graphic representation of the Orbital Debris DiSposer...........cccceveeverieneennen. 39
Figure 2-3. A 1D model of the orbital debris diSPOSer. ........c.ceecvieeviieeiiieeiiecieecee e, 40

Figure 2-4. (a) Relative positions response and (b) velocities for control gains Ki = 80
kg/s and K> = 400 kg/s, that do not satisfy any constraints for successful capture. ............ 44
Figure 2-5. (a) Relative positions response and (b) velocities for control gains K1 = 250
kg/s and K> = 30 kg/s, that satisfy the constraints for successful capture. ..........ccceuuee.e. 45
Figure 2-6. Motion snapshots of the orbital debris disposer during capture. (a) t = 0.0 s,
first contact, (b) t = 0.32 s, net’s maximum deformation, (c) £ = 7.8 s, all bodies move
11075511 1 T3 SRRSO PRRPSI 45
Figure 2-7. (a) Relative positions response and (b) velocities for control gains K; = 250
kg/s and K> = 30 kg/s that satisfy the constraints of Egs. (8), (9), (14) and (16) for
successful capture, but with inaccurate estimation of the debris mass, thus resulting in non-

zero steady-state relative speed x3 —x2 # 0, as opposed to Figure 2-5. ......ccccvvvieriieneenen. 46

11



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

Figure 2-8. (a) Handling of a passive object by firmly attached thruster pack (pure on-off

control) (b) Servicer equipped with thrusters, reaction wheels and a manipulator for the

handling of @ PasSSIVE ODJECL. ....c..eeiiiiiieiie et e 48
Figure 2-9. Model of a passive object / servicers system controlled by thrusters. ............ 50
Figure 2-10. Typical response of On-Off PD control, with limit cycle. .............ccceeeeuneenn. 51
Figure 2-11. A passive (center) object handled by servicers with manipulators. .............. 52

Figure 2-12. Handling of the passive object by use of manipulator forces only. Initial (a)
and final (b) position 0f the SYStEML........c.cooiiiiiiiiieiieieeee e 53
Figure 2-13. Flowchart of the control algorithm for the simplified one-dimensional model
of two free-flying robotic servicers, handling a passive object. ........cccceevveeeviieriieercneeennne. 64

Figure 2-14. Response of the system with manipulators, for a trapezoidal profile desired

VEIOCIEY . .ttt ettt ettt ettt et et e et et e et e e ae e eab e e bt e enb e e bteenb e e steenbeenbeeenseenneas 66
Figure 2-15. Required forces of the system with manipulators, for trapezoid profile on
AESITEA VEIOCILY. .oueviiiiiie ettt e e et e et e et e e etaeeessbeeesaeeensaeesnsaeeenseeennnes 66
Figure 2-16. Response of the system with manipulators, for sinusoidal position. ............ 67

Figure 2-17. Required forces of the system with manipulators, for sinusoidal desired

POSTEION. 1.ttt ettt ettt et et e et e s e ebeesabeesbeeesbeenseeesseenseaasseensaesnseenseensseenseennseenseannne 68
Figure 2-18. System with manipulators response, for Simulation 3............c.ccceeeeieernnen. 69
Figure 2-19. Required forces of the system with manipulators, for Simulation 3............. 69

Figure 2-20. Position error as a function of time and corresponding consumed energy (a),
(c) without manipulators, and (b), (d) With..........ccoeeiiriiiiiiii e, 71
Figure 2-21. Response of the system with manipulators, for a trapezoidal profile desired
velocity (SECONd CONLIOIIET). ..oovviiiiiiiiiiie et e eaee e e ree e 72
Figure 2-22. Comparison between the two proposed controllers. Passive object position
error for (a) the controller of Egs. (69) and (72) and (b) the controller of Egs. (65) and (67)
. Energy consumption for (c) the controller of Egs. (69) and (72) and (d) the controller of

EQS. (65) @Nd (07). cuveeeeiiieeiieeeee ettt ettt e ettt e et e e et e e tae e s nae e enbaeeeaeeeereeens 73
Figure 3-1. In the point contact case, two single-manipulator robots cannot exert a
moment around the line defined by the two contact points A and B..........ccccoceevinienenne. 77
Figure 3-2. Passive object (0) and the i" free-flyer with a single manipulator.................. 80

Figure 3-3. Pushing the servicer away from the passive object, in the case of one, large
SCIVICET . .evtenteeuteettete et et et e e eb et e st sh e et e e at e e bt e bt eatesb e e bt eateebt et e es e e sbe et e eatenbeenbeeatenbeenbeeatens 82

Figure 3-4. Spatial handling of the passive object by use of manipulator forces only. ..... 85

12



PhD Thesis GEORGIOS REKLEITIS

Figure 3-5. Spatial handling of the passive object by use of manipulator forces only, in
01 0] (311015 [ ) s VAU 87
Figure 3-6. Switching strategy for a single thruster, for the servicer position control.....101
Figure 3-7. Servicer attitude control, with switching strategy when the reaction wheels
(continuous moment) reach their HMits.........cccooevviiiiiiiiiiiiccece e 102
Figure 3-8. Flowchart of the servicers control algorithm. .............ccceeviiiiniiiiniieie, 104
Figure 4-1. Concept of a passive object in space, handled by three single-manipulator
TODOLIC SEIVICETS. .e.uvevtenieenieriiesteete et ste et et e st eateeatesbe et e eate s bt et e st e sbe e beeatesaee bt estesbeebeeaee e 113
Figure 4-2. Passive object inertial x-axis desired trajectory.......c.ccoeveeeeveercrieencreeenieeenne, 116
Figure 4-3. Top view of the passive object and three single manipulator robotic servicers
at their desired relative position and relative orientation. For Servicer 1, the maximum
manipulator reach position is alSO SHOWN. .........ccecuieiiiiiiiiiiiiiieee e 117
Figure 4-4. Actual trajectories of the passive object coordinates. .........c.ccccevverueeruennenne. 118
Figure 4-5. Point contact case: Tracking errors in (a) object position and (b) attitude, (c)
servicer base displacement, and (d) attitude. ..........cocoveeeeiiieiiiieniie e 118
Figure 4-6. (a) Tracking errors in servicer base displacement, (b) typical manipulator
applied forces, (c) thruster forces and (d) torques by reaction wheels and thrusters for one
OF thE SETVICETS. ..eeueiieitieiie ettt et ettt et e st e bt e st et esaneebeeeaeas 119
Figure 4-7. Typical manipulator joint-angles (a) and joint-torques (b).......cccccecvvrerevennee. 120
Figure 4-8 Typical manipulator joint-angles and fuel consumption, for the initial servicer
control gains (a and c) and for increased gains (b and d). ........cccceeveeeiieniiiiiinieeiieeee, 121
Figure 4-9. Tracking error and corresponding fuel consumption as a function of time. (a),
(d) with manipulators, (b), (¢) without manipulators (PWPF thrusters), and (c), (f) without
manipulators (pure on-off thruSters). .......ceccuiiriiiiiiieiiieieeeee e 123
Figure 4-10. Firm grasp case: Tracking errors in (a) object position and (b) attitude, (c)
servicer base displacement, and (d) attitude. ..........coooveeeeiiieiiieniieeee e 124
Figure 4-11. Tracking error history and corresponding consumed energy for servicers with
manipulators. (a), (¢) point contact case, (b), (d) firm grasp case.........ccocceeveercveerirennnnne 124
Figure 4-12. Point contact case with inaccuracies: Tracking errors in (a) object position
and (b) attitude, (c) servicer base displacement, and (d) attitude. ..........cccceeevvreererennennee. 126
Figure 4-13. Tracking errors ey for the passive object motion, for the system without (a)

and the system with (b) UNCEITAINtY.......c.cccciieiiiiiiieiieiie e 129

13



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

Figure 4-14. Upper six values of vector A4, corresponding to the position/orientation
steady-state errors for the passive object (a) and actual passive object position/orientation
CITOTS (D). iiriiieiiie ettt et e et e e et e e e et e e e taeeeeaseeeaseeeaseeesaeeensseesnsaeesnsaeanns 130
Figure 4-15. Comparison between position/orientation tracking errors (b, d, f) and the
corresponding expected values (a, c, €), for zero to 25 s (a, b), 38 s to 48 s (¢, d) and 103 s
1FO I A S (SN i USSR 131
Figure 4-16. Eigenvalues of matrices Fup and Fap for the case with uncertainty parameters

of Eq. (207) ((a) and (b)) and for the case with uncertainty parameters of Eq. ((c) and (d)).

Figure 4-17. Comparison between position/orientation tracking errors (b, d) and the
corresponding expected values (a, c), for zero to 23 s (a, b) and 110 s to 130 s (c, d), for
uncertainty parameters as in Eq. (208). .....cocuiiiiiiiiiiiiieiieieceee e 133
Figure 4-18. Passive object tracking errors eo (a), and comparison between
position/orientation tracking errors (¢ and e) and the corresponding expected values (b and
d), for the system with UNCertainty. .........ccceeviiiiriiiieeiii e 134
Figure 4-19. Passive object tracking errors (a, b) and fuel consumption (c, d), for the case
of three servicers (a, ¢) and single-servicer (b, C). ...ccevveriierieriieiieeie et 137
Figure 4-20. Manipulator reach for (a) the three-servicers case, as well as (b) the single-
SEIVICET CASEC. c.veeuvreeuteeureanteeauteateesuteesseessteaabeesaeeanbeesateeabeesaeeanbeesseeaabeesabeenbeesateenbeesaeeenseannee 137
Figure 4-21. Thruster firing (a, b) and reaction wheel and thruster torque (c, d), for the
three-servicers case (a, ¢), as well as the single-servicer case (b, d). .....ccceevvieviieniennnns 138
Figure 4-22. Passive object tracking errors (a, b) and fuel consumption (c, d), for the case

of three servicers (a, ¢) and single-servicer (b, ¢), for the second simulation. ................. 140

14



PhD Thesis GEORGIOS REKLEITIS

Table of Tables

Table 1-1. Debris removal methods. ..........cocoviiiiiiiiiiiicccece e 20
Table 2-1. Advantages and disadvantages for the proposed OOS concepts depicted in

FAGUIE 2-1. oottt et ettt s e et e st e et e e e st e e b e e nsbeenbaeeateenbeeennas 38
Table 3-1. Comparison between the single, large servicer and the several smaller servicers
CASES e utteeeuttee ettt e et eeeat et e eut e e bt e e e bt e e e bt e ettt e e a b et e e a bt e e at et e eh et e e bttt e bt e e e bt e e e bt e e ettt e eabeeeeabeeenreas 84
Table 4-1. Passive object and servicer characteristics. .........ceevueeriereiienienieeereeeieeeeeeene 114
Table 4-2. Passive object desired motion parameters (Trajectory 1).......ccccceevveeiveneenee. 115
Table 4-3. Control gains for the point CONtact Case. .........ceecveeerieeeiiieeiieeeee e 117
Table 4-4. Introduced INACCUTACIES ......c.ueeiuiiriieiiiiiieiee ettt 125
Table 4-5. Passive object desired motion parameters (Trajectory 2)........cccceevveeveeneennee. 133
Table 4-6. Control gains for the Single-Servicer Case. ........cccevvierieriiienieeieeieeieeiee e 136
Table 4-7. Control gains for the three-servicers Case. .......evvvireriierriieeiieeeie e 136
Table 4-8. Step COMMANGS........ccccviiiiiieeiieceeece e e e e eeaee e 138
Table 4-9. Control gains for the three-servicers case. .......coocevvvierieeiiienieeiiienieeieeeeenen 139
Table 4-10. Control gains for the single ServiCer Case...........coevvvrrierriienieeieenieeieeieeeee 139

15



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

1 Introduction

1.1 Motivation

The commercialization of space has led to the growth of the number of structures on orbit

over the decades, especially of satellites. This trend is going to continue, as can be seen in
Figure 1-1, [53].

Two decades of the satellite market by client

Satellites per year

Forecast
200
180
l"'.l
160 H
140 e PR a—
120 / | Y .
! ‘'———— 3 commercial LEO
100 LY comsat constellations
R S “u.._ Commercial
80 ’ I—(GED mainly)
60 =+ Govemnment satellites
(incl. constellations
40

for satnav)

»——\/\/\_,/ 17T Military satellites
20 —eetes =

(US & Russia driven)

0
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Launch date
Source: EUROCONSULT

Figure 1-1. Actual and expected satellite launches (source: EUROCONSULT).

Moreover, as countries with no major role so far in the deployment of satellites,
realize their importance in communications, defense, etc. [62], [63], [64], satellite
launching may be even more augmented. It should be noted that peaks on the satellites-
per-year launches as the one predicted for the middle of the coming decade, are periodic,
since most commercial satellite constellations need maintenance-replacement every 10 to
15 years [21]. This commercialization of space and the growing number of orbital
structures, has led to the need for tasks such as construction, docking and inspection,
astronaut assistance, maintenance and repair to prevent lasting damages and orbital debris
handling and disposal. Both interplanetary traveling crafts and stationary systems (both
commercial and scientific), will be in need of servicing, such as assembly, maintenance,
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replacement of broken or expendable modules such as batteries, refueling, internal and
external inspection and repair. Current space servicing level is limited to orbital systems,
thus being called On Orbit Servicing (OOS). Numerous construction and repair missions
on the International Space Station (ISS) [45], [46] as well as the repair missions on the
Hubble Space Telescope [59] point out the importance of such tasks. Space servicing such
as fuel refill, damage repair and expendable modular unit replacement, can vastly extend
the life of multi-million space devices. Astronauts currently accomplish such tasks by
Extra-Vehicular Activities (EVAs), see Figure 1-2, but these are dangerous and subject to
limitations such as the force/ torque an astronaut can apply, the motions that can be

performed or even the EVA temporal constraints.

Figure 1-2. Discovery astronaut Steve Bowen works outside the International Space Station during

the STS-133 mission's second spacewalk, March 2, 2011. (source: NASA).

To relieve astronauts from EVA, enhance performance and extend the range of
feasible tasks, teleoperated or fully automated robotic OOS must be developed. Robotic
space servicing can be safer and cheaper than any other alternative, if every servicing task
becomes validated as a robust standard procedure, as opposed to the multi-month
preparation phase of the current level of (orbital) servicing. Space servicing enabling
human/robot interaction or even pure robotic space servicing can be both safer and less

expensive than pure astronaut servicing, since there is no life support cost. To that end,
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each robotics augmented space servicing task must be a robust standard procedure, as

opposed to the multi-month planning and testing phases of current OOS.

Space systems servicing should not be limited to orbital systems. The further away
from Earth humans venture, the more critical is the ability to maintain and repair their
equipment. This is more true for systems such as structures stationed far from Earths’ easy
reach, such as the proposed space telescopes at the Lagrangian Point [56], [57] (although
this project is abandoned now, others will almost certainly follow) and spacecrafts en route
to other planets. For both cases, teleoperated or fully automated robotic servicing systems

must be developed.

One of the most important tasks in space servicing is the handling of a secured
passive object, with several servicing missions in need of it, the most important being
handling of orbital-construction parts, debris handling and deorbiting, and handling of

fuel-less satellites (as part of refueling missions).

As human presence evolves in space, the need for more orbital structures is
increasing. More are likely to be needed around the Earth, and even around other large
celestial bodies such as the Moon and Mars. The construction of such systems will require
handling of passive assembly parts. Moreover, this task will be in demand in the assembly

of large space telescopes and possibly of other scientific platforms in space.

The need for robotic augmentation of space assembly tasks was recognized from the
early stages of orbital construction. During the construction of the ISS, robotic servicing
was employed in the form of the Remote Manipulator System (Canadarm), mounted on
the Space Shuttle, and later on, in the form of the Mobile Servicing System (Canadarm?2),
mounted on the ISS. Since Canadarm2 was installed on the ISS, the two arms have been
used repeatedly to hand over segments of the station for assembly from the Canadarm to

the Canadarm?2, as seen in Figure 1-3.

In the above cases though, the manipulator base is so large compared to the handled
object that the base can be considered quasi-fixed. Similarly, the maximum allowed
payload for the space Shuttle with Canadarm2 mounted on it, was one third of its total
mass. To handle larger payloads, additional servicers would be required. Moreover,
systems like the above are designed for limited on orbit mobility and cannot be available
on demand at various locations on orbit. They also move payloads with respect to their

base, and not with respect to a Cartesian frame or to another object. In the former motion,

18



PhD Thesis GEORGIOS REKLEITIS

attitude disturbances may not be important, while in the later they must be compensated.
To address all these challenges, the introduction of multiple cooperating robotic servicers

handling a payload of size comparable or larger than their own will be required.

Figure 1-3. On the left, Canadarm2 moves toward the new P5 truss section for a hand-off from
Space Shuttle Discovery's Canadarm, on December 11, 2006. On the right, the Italian-built
Permanent Multipurpose Module is transferred by Canadarm2, from Space Shuttle Discovery's

payload bay to be permanently attached to the ISS, on March 1, 2013. (source: NASA).

Space debris, also called orbital or artificial debris, is defined as the collection of
man-made objects orbiting Earth that are no longer functional. The principle sources of
space debris are satellite launches, spontaneous explosions due to the erosion of the fuel
tanks and collisions in space [85]. It is estimated that on orbit there are more than 20.000
pieces larger than 10 cm, 600.000 pieces larger than Icm, and in total more than 300
million larger than 1 mm. It is clear from these statistics that space debris represents a

significant percentage of the man-made orbital objects.

Space debris is an ongoing and increasing hazard for space operations; it is
uncontrollable, and the orbits of these debris fragments often overlap the trajectories of
spacecrafts. Space debris pose a significant collision risk that could cause severe damage
to satellites, resulting in major problems in navigation, communication, meteorology and
other applications where satellites are essential. Additionally, the congestion of debris in
Low Earth Orbit (LEO) and mostly in Geostationary Earth Orbit (GEO), results in fewer
usable slots for satellite operators. The orbiting space debris are also a cause of major
concern for human spaceflight, since even a small collision with a space shuttle or with
ISS could prove catastrophic, as was also illustrated in the movie Gravity [43]. Debris
larger than 10 cm are classified as big and can result in complete destruction and

catastrophic fragmentation.
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From the above discussion, the need for space debris mitigation is clear. Unless
active removal of existing orbital debris actually happens, the amount of debris larger than
10 cm will continue to increase due to collisions between existing satellites and fragments,
even if no new missions are launched, [87] and [88]. It is expected that the number of total
space debris is set to increase by at least 5% per year. As the number of artificial satellites
and debris orbiting Earth increases, the probability of collisions between satellites also
increases. These collisions produce orbiting fragments, each of which would increase the
probability of further collisions, eventually leading to chains of successive collisions,
leading to the growth of a belt of debris around the Earth, a situation that is called the

Kessler Syndrome.

Several methods for debris removal have been proposed, which are presented in

Table 1-1, for debris larger than 10 cm [19]:

Table 1-1. Debris removal methods.

Method Orbit / Target Size Comments

Drag augmentation, limited
to larger debris. Attachment
Solar and Magnetic Sail LEO, MEO, GEO/>Im | of sail and sail technology

complex, unproven.

Attractive in principle, cost.

Momentum and Numerous engineering
LEO />10cm
Electrodynamic Tethers challenges, unproven concept

Manoeuvrable spacecraft that

captures targets, functions in
LEO, MEO, GEO/ . . .
Capture Vehicle different orbits. Technical and
>10cm _ .
operational requirements.

Attachable De-orbiting Functions in different orbits,
LEO, MEO, GEO />Im .
Module technology in development.
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Most of these methods lack the needed technical and scientific maturity to become viable
solutions for the near and mid-term future and rely on unproven technology. In the case of
tethers and solar sails, there has yet to been a proof of concept let alone an actual debris
demonstration and it is unlikely that they will be technologically mature by 2020-2025.

Additionally, the uncontrolled re-entry of debris poses additional risks.

Besides orbital debris mitigation tasks, another important area where handling of a
secured passive object in space is required is satellite refueling. Fuel is a very scarce and
important commodity in space. Since currently there are no refueling capabilities, for the
majority of the existing satellites, operational life is terminated when they run out of fuel,
while their other subsystems are still operational [21]. This practice leads to a tremendous
waste of resources and money spent for the construction and installation of the satellites in
the orbital environment, not to mention the billions of dollars that have been paid out in
insurance claims. This also leads to the derelict satellites being left as orbital debris, not
only increasing their number, but also the probability of them colliding with each other,
thus leading to a further increase of the number of orbital debris, which is a very serious
issue as already discussed. The existence of refueling options for the orbiting satellites

would greatly extend the life of satellites, while lowering the increase of the orbital debris.

Recently, the importance of orbital refueling has been acknowledged and several
servicing-refueling (test) missions have been proposed. A proposed architecture involves
the existence of orbital propellant depots. In this scenario, satellites in need for refueling
will be towed to a fuel depot for servicing. The handling of the passive fuel-less satellite
must be performed by a number of orbital servicers, in order to move it with respect to the

depot, in Cartesian space.

From the abovementioned cases it is clear that robotic OOS will soon be in high
demand, with handling of a passive object being one of the most important tasks, with

several critical applications.

1.2 Literature Review

1.2.1 On-Orbit Servicing

Since the dangerous repairs due to the loss of Skylab's sun shield in 1973, tools,
techniques, robotics and spacesuits have been improved immensely. The increasing need

for OOS was demonstrated by servicing missions as early as the 80s, such as the 1984
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retrieval missions (the Solar Max retrieval, repair and reposition by astronauts in the Space
Shuttle Challenger [79], and the retrieval of two more satellites using Manned
Maneuvering Units, and their return to Earth for repair [47]) and the 1984 Orbital
Refueling System (ORS), in which components of the ORS were connected in an EVA
demonstrating that it is possible to refuel satellites in orbit [86]. The Hubble repair
missions that came later [59] were so successful that questions arose regarding whether we
might try repairing and refueling satellites that weren't designed to be serviced, even more
so since the Hubble repair missions also demonstrated how much servicing missions can

be augmented by the use of robotic mechanisms, as can be also seen in Figure 1-4.

Figure 1-4. Astronaut Steven Smith working at the end of Discovery's Canadarm as he did
maintenance work on the Hubble Space Telescope, on February 15, 1997 (left). Astronauts F.
Story Musgrave, anchored on the end of the shuttle's robotic arm, and Jeffrey A. Hoffman inside
the orbiter's payload bay, conduct the fifth and final spacewalk to fix Hubble during the shuttle

Endeavour's 1993 servicing mission to the orbiting observatory (right) (source: NASA).

During the last two decades, robotic OOS has been discussed and a number of
architectures have been proposed [30], [35], [75], [76], [113]. To relieve astronauts from
EVA, enhance performance and extend the range of feasible tasks, besides the numerous
instances where a robotic manipulator aided astronauts in these tasks [45], [59], the
international research community has been focusing on the realization of autonomous
robotic OOS, having produced theoretical approaches and test-beds [102], [16], see also
Figure 1-5, as well as some very promising experimental platforms, already tested in

space, such as the ROCVISS system on ISS [14], [93].
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Figure 1-5. Experimental test-beds for OOS scenarios emulations. On the left is the robotic

docking emulator of CSA (source: CSA). On the right, the EPOS system of DLR is simulating the

relative motion between a target and a chases satellite (source: DLR).

The first robotics demonstration mission in space, was DLR’s Robot Technology
Experiment (ROTEX). Although ROTEX was teleoperated, it was the first successful
attempt to study and experimentally demonstrate robotics technologies in space,
performing a variety of different applications, aiming among others at assembly and
external servicing demonstration tasks, such as assembling of mechanical truss structure,
connection/disconnection of electrical plug and grasping of floating object [94]. The first
notable case of autonomous OOS demonstration flight was JAXA’s Experimental Test
Satellite VII (ETS-VII), see also Figure 1-6, with the objective to verify robotic
technologies for autonomous orbital operations such as ORU exchange, deployment of a

space structure and capture and berthing with a target satellite [117].

The goal of the 2005 Demonstration for Autonomous Rendezvous Technology
(DART) program was to demonstrate completely autonomous on-orbit rendezvous
between DART and the MUItiple paths Beyond-Line-of-sight COMmunications
(MUBLCOM) satellite [90]. While DART did not proceed as planned, the lessons learned
from the mishap helped enable the future development of autonomous OOS, such as the
highly successful Orbital Express, which is the most known effort in autonomous
rendezvous, docking and refueling (among other OOS tasks), seen also in Figure 1-6. The
OOS tasks successfully demonstrated by the Orbital Express mission consisted of six
rendezvous exercises and several refueling and Orbital Replaceable Unit (ORU)
replacement tasks. The rendezvous exercises included station-keeping, elliptical and
circular fly-around inspections, corridor approaches to fixed and rotating target satellite,
day and night captures, both direct and robotic-arm ones, demonstrating the first fully

autonomous rendezvous and direct capture and autonomous and ground-commanded
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aborts. The refueling tasks consisted of fifteen propellant (hydrazine) transfers at varying
levels of autonomy both pressure-fed and pump-fed and both from servicer to target
satellite and from target satellite to servicer, while eight ORU transfers also took place,
consisting of both supplemental battery and backup flight computer units at varying levels

of autonomy both form servicer to target satellite and from target satellite to servicer [54].

Figure 1-6. OOS successful tests. On the left, an artist’s representation of the ETS-VII experiment

(source: JAXA). On the right, the Orbital Express experiment docking phase, as photographed by a

camera at the end-effector of its own manipulator. (source: DARPA).

Besides these missions that have been completed in the past, there are also on-going
robotic missions and test-beds in space, both autonomous and teleoperated, such as the ISS
robotic arms. These are CSA’s Shuttle Remote Manipulator System (SRMS), also known
as Canadarm [50], Mobile Servicing System (MSS), also known as Canadarm?2 [51] and
the Special Purpose Dexterous Manipulator (SPDM) also known as Dextre [52] and
JAXA’s Japanese Experiment Module Remote Manipulator System (JEMRMS) [44].
ESA’s European robotic Arm (ERA), is going to be added the ISS manipulators in the near

future [55]. Most of these manipulators are seen in Figure 1-7.

Another notable ongoing robotic project, currently on board the ISS, is NASA’s
human-like (torso, head and arms) robot Robonaut 2, also seen in Figure 1-9, which is
designed in order to use tools designed for humans and its primary objective is to test
human-like robotic operation in zero gravity and the feasibility of a human-like robot to

work “shoulder-to-shoulder” with astronauts [27].
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Figure 1-7. Dextre, as photographed by an Expedition 27 crew member (top left), JEMRMS on the
exterior of the Kibo laboratory of the ISS and the station's Canadarm? (top right), (source: NASA)
and ERA undergoing tests at ESA’s facilities (source: ESA).

Recently, NASA proceeded with another complex scenario: refueling and servicing
satellite systems not designed for such tasks, namely the Robotic Refueling Mission
(RRM), seen in Figure 1-8. For the purposes of this project, NASA has developed mock-
up systems, which resembled a target satellite (RRM module) and dedicated tools to be
operated by Dextre.

o fa . \ ,
Figure 1-8. Dextre robot moves the RRM Multifunction Tool towards the RRM module (left) and
the Dextre robot performing a new set of satellite-servicing tasks on the RRM module, during the

second part of the Gas Fittings Removal task (right), (source: NASA).
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The RRM performed the phase 1 of its demonstration mission, which consisted of
using the tools to remove the fittings that many spacecraft have for the filling of special
coolant gases, snipping lock wires and removing caps, accessing a fuel valve similar to
those commonly used on satellites today and transferring liquid ethanol through a
sophisticated robotic fueling hose. Moreover, it also performed tasks such as removing the
coaxial radio frequency (RF) connector, robotically unscrewing of satellite bolts
(fasteners) and finally slicing off thermal blanket tape and folding back a thermal blanket
to access the contents underneath. After successfully completing the first phase of its
mission, the RRM waited for the delivery of the second tool pack, required for the phase 2
of the mission, which includes among others, cryogen replenishment tasks and close-range

and midrange inspection [48].

The first and maybe the least complex task of OOS, is inspection, for which two
main approaches have been proposed and already tested in space. The oldest and most
reliable approach is to mount the visual sensor on a robotic manipulator and guide the
manipulator so as to inspect space structures [40], [72]. This method, though, poses several
restrictions due to manipulator finite work envelope and the need for teleoperation for
safety reasons. To overcome these restrictions free flying camera systems have been
developed [7], [36], [104] while some have been already tested in space [36], [104], see
also Figure 1-9. Moreover, some other concepts are currently in the phase of development

[801, [111].
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Figure 1-9. Robotic systems tested inside the ISS. On the left, Expedition 18 crewmember Michael
Fincke as he works with SPHERES in the US Laboratory of the ISS. On the right, Robonaut 2

humanoid robot holds an instrument to measure air velocity during another system check out in the

Destiny laboratory of the ISS. (source: NASA).
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Another very important task is formation flying. Two missions that have
successfully demonstrated the feasibility of autonomous formation flying in space are the
Experimental Satellite System 11 (XSS-11) mission, which demonstrated accurate
detection, tracking and pose estimation of on-orbit targets [35] and the Prototype Research
Instruments and Space Mission technology Advancement (PRISMA) mission, main goals
of which were to perform Autonomous formation flying, homing and rendezvous,
proximity operations or rendezvous tests, including final approach and recede operations,
as well as sensor technology experiments [42]. Artist’s representations of both missions

are shown in Figure 1-10.

\@-‘7 SapE—— =
Figure 1-10. Artist’s representations of: XSS-11 satellite (left), (source: US Air Force Research

Laboratory/MDA) and the PRISMA mission (right), (source: SSC).

Important robotic tasks, such as orbital assembly and debris handling, require
passive object handling capabilities. The first step in the handling procedure is to securely
grasp the passive object. This procedure includes tasks such as motion identification and
matching, the actual docking and even de-tumbling of the passive object, whenever this is
necessary. Studies in this field have provided several theoretical approaches and
experimental facilities [3], [4], [5], [6], [16], [65], [78], [89], [102], [105], [115], [116],
[118], [119], [120]. Besides the already mentioned past missions of ROTEX, ETS-VII,
DART and Orbital Express, several architectures and autonomous docking missions are
currently at various stages of development. Note that most of these missions also include a
form of OOS, such as ORU replacement, refueling or handling of a firmly grasped passive
object. TECSAS (TEChnology SAtellite for demonstration and verification of Space
systems) was a project consisting of a servicer satellite equipped with a robotic arm and a
target microsatellite to be captured and serviced in orbit [108]. While the multi-nation
effort of TECSAS was discontinued in 2006 due to the priority shift of some participating
agencies, Germany nevertheless continued their development work under the Deutsche
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Orbital Servicing Mission (DEOS) mission. This project is an in-flight technology
demonstration mission focusing on the robotics approach to both service and dispose of

malfunctioned satellites in LEO [49], [95]. Artist representations of both missions are

shown in Figure 1-11.

Figure 1-11. Artist’s representation of the TECSAS system (left), (source: CSA) and the DEOS
system (right), (source: Space Tech GmbH).

Also in Europe, the project ConeXpress-OLEV was conducted under ESA’s ARTES
4 public-private-partnership initiative. This type of service was tailored to client satellites
whose payload still works properly but who ran out of fuel, using the OLEV as a post-
docking extension of the serviced satellite that provides the required propulsion and
navigation capabilities (Figure 1-12). Rendezvous and docking is divided into three
separate phases: final transfer, rendezvous and docking [21]. At some point, the main
contractor of the ConeXpress-OLEV project pulled out and the remaining partners formed

in 2007 a new venture, offering the SMART-OLEYV project (Figure 1-12).

Figure 1-12. Artist’s representations of ConeXpress-OLEV (left), (source: Orbital Recovery
Corp.) and SMART-OLEYV (right), (source: NordicSpace).

A typical SMART-OLEYV servicing scenario would consist of orbit transfer in order
to match the serviced satellite orbit, rendezvous and docking phase and on station

operations. The latter include navigation and guidance to keep the client satellite in its
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proper orbital slot while also removing inclination from it. At end-of-life the client will be

transferred to a disposal orbit and an undocking process will be performed [66].

The Spacecraft for the Universal Modification of Orbits (SUMO) sponsored by
DARPA, was going to demonstrate machine vision, robotics, and autonomous control on
board the satellite to accomplish an automatic rendezvous [76]. The SUMO program was
renamed to Front-end Robotics Enabling Near-term Demonstration (FREND) with the
objective of performing autonomous rendezvous and docking with satellites that have not
been built to enable robotic servicing [68], see also Figure 1-13. The FREND robotic arm
is being currently utilized in a new DARPA OSS program, called PHOENIX, which is
aimed at removal and reuse of some existing parts of decommissioned satellites in GEO
orbit and its first keystone mission in 2015 plans to demonstrate harvesting an existing,
cooperative, retired satellite aperture, by physically separating it from the host non-
working satellite using on-orbit grappling tools controlled remotely from the earth [110]

(Figure 1-13).

Figure 1-13. The FREND under full-scale rendezvous and autonomous robotics grapple testing
(top), (source: Naval Research Laboratory) and an artist’s representation of the PHOENIX OOS
program (bottom), (source: DARPA).

Space Infrastructure Servicing (SIS) is a spacecraft being developed by Canadian
aerospace firm MacDonald, Dettwiler and Associates (MDA) to operate as a small-scale

in-space refueling and servicing depot for communication satellites in geosynchronous

29



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

orbit. The SIS servicer would rendezvous and dock with the target satellite, attaching itself
to the ring around the satellite’s apogee-boost motor (Figure 1-14). Controlled from a
ground station, the SIS robotic arm would then reach through the nozzle of the apogee
motor to find and unscrew the satellite’s fuel cap. Finally, the SIS vehicle would reclose

the fuel cap after delivering the agreed amount of propellant [61].

In the United States, ViviSat and ATK (Alliant Techsystems Inc.) have been
developing a tug technology to provide supplemental attitude and propulsive capabilities.
Named the Mission Extension Vehicle (MEV) it provides life extension and other services.
MEV will connect to the target satellite in the same way as MDA’s SIS, but will not
transfer fuel (Figure 1-14). It will rather use its own thrusters to supply attitude control for

the target, in a concept very similar to the European OLEV [60].

Client Satellite

Robotic Servicer

SIMDA.

Figure 1-14. Artist impressions of: a servicing satellite refueling another satellite in Earth orbit
(left), (source: MacDonald Dettwiler Associates Corporation) and of ATK satellite (the base for

the MEV project), as it approaches a satellite to be serviced (right) (source: ATK)
1.2.2 Handling of a Passive Object in Space

Actual handling of a secured passive object has not been studied adequately and issues
such as large object handling remain open. On-orbit object handling has similarities to
cooperative manipulation of passive objects on earth [17], [20], [22], [31], [33], [34], [39],
[67], [70], [77], [81], [82], [103], [112], with the additional complexities that in space no
fixed ground to support the manipulators exists, thus letting momentum changes to play a
key role in body motion. In addition, the development of control forces is of an on-off

nature, thus reducing system positioning capabilities.
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Figure 1-15. Handling of a rigid passive body by a number of cooperating free-flyers equipped

with manipulators, in space structure assembly operations.

Another issue that frequently is a key aspect of a passive object handling process is
the force distribution. Whenever a desired generalized force must be applied on a passive
object through a number of servicers, a procedure must be found to distribute this force to
the servicer end-effectors. Several methods for force distribution, developed for terrestrial
systems, exist in the literature, depending on the problem solved, i.e. number of contacts,
type of contacts, type of motion expected, etc. [74], [24], [15], [23], [25]. In the case of
systems in space, no fixed base exists, and a servicer’s base is "flying" consuming thruster

fuel.

Although several prototype robotic servicers have been proposed and studied since
the 1990°s [54], [78], [113], [117], [119], only a few studies exist concerning the dynamics
and control of an already secured object. Dubowsky et al. proposed a control method for
handling large flexible objects, aiming at reducing flexibility-induced vibrations. Robotic
servicers use their thrusters as a low frequency control of rigid body motion, and their
manipulators, as a high frequency control, cancelling out vibrations this motion causes on
the flexible modes [29]. Moreover, Yoshida and Abiko proposed an adaptive controller in
order to cancel out vibrations caused by flexibilities in the manipulator structure itself [1].
Fitz-Coy and Hiramatsu presented a post-docking control approach based on game theory,
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minimizing interaction forces, and thus helping avoid the loss of firm grasp [41].
Moosavian et al. presented a passive object manipulation method by a single servicer with
multiple manipulators, aiming at an object prescribed impedance behavior, in case of
contact with the environment [84]. In a simplified 2D example, Toglia et al. presented a
multiple servicer manipulation method of a passive object, focusing on the modularity of
the system, and taking advantage of actuation and sensor redundancy, [114]. Everist et al.
proposed a free-flying servicer concept for handling and assembling space construction

rods, using proportional thrusters under PD control [32].

Orbital system thrusters, though, are of on-off control nature. To protect thruster
valves from the extreme space conditions, proportional or Pulse-Width-Modulation
(PWM) thrusters are not used in space, at least not as PWM is used on terrestrial systems.
This is because, in order to generate low control inputs (e.g. when the tracking errors need
to be kept low), a typical PWM controller would have the thrusters switching rapidly
(several thousand times per second — motor PWM reaches a frequency of 30 KHz), aiming
at precise approximation of proportional control forces. Unfortunately, electromechanical
thruster valves are not able to follow the rapid PWM commands of the controller, thus
deteriorating the response of the controller and generally its overall performance. Rapid
on-off switching of a thruster may result in valve closing before it has fully opened, or
opening before it has closed fully. This leads to the formation of ice in the nozzle, which
leads to deterioration of the performance of the thruster and eventual damages. For this
reason, space systems thrusters have a minimum on and off time. For example, the
performance of ASTRIUM thrusters deteriorates to levels below 80%, if the duration of
thrust pulses is less than 300 ms, even for 1N thrusters [11]. On the other hand, in order for
10N thrusters to perform at 100% of their capability, a minimum thrust pulse duration of

500 ms is required [12].

Simple on-off thruster operation is not subject to these limitations and is preferred in
space applications. However, on-off thrusting results either in chattering, which wears the
thrusters and increases fuel consumption, or in deadband-induced limit cycles, that reduce
fuel consumption but also positioning accuracy [18], [71], compared to non on-off control.
A form of PWM, called Pulse-Width-Pulse-Frequency (PWPF) modulator, can take into
account minimum on and off times, and therefore can be (and is) employed in space

systems, along with simple on-off thruster operation [10]. However, such modulators are
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used in attitude control where thruster firing is sparse, and not in trajectory tracking of an

object, where the controller must update thrust values several times per second.

A spatial system of robotic servicers handling a passive object, is highly non-linear.
However, a general non-linear system robustness theory is not developed yet [69]. Rather,
most works focus on the special characteristics of the system under discussion, taking
them into account to prove stability under uncertainties, as, for example, in [13], [2]. A
possibility is to use linearization, under certain assumptions, in order to be able to use

linear systems robustness tools [28].

1.3 Contribution

The main contributions of the present work are:

1. The introduction of a number of manipulator-equipped free-flying servicers for the
cooperative manipulation of passive objects on orbit, where both on-off thruster propulsion
and manipulator continuous forces/ torques are used for passive object handling. It is
shown that, since the relative motion between the servicers and the passive object only
needs to be bounded, the servicers can be free to move in some envelope with respect to
the passive object under scarce thruster firing, while their manipulators can apply
continuous forces on the passive object, filtering the on-off thruster force effects on it.

2. The introduction of a system (manipulator-equipped free-flying servicers) that can
handle a passive object in space, both for the case of firm grasp and for the more general
case of point contact, between the servicer manipulator end-effectors and the passive
object. The latter was deemed necessary, even though it is a far more restrictive case, since
appropriate appendages that can be used as firm grasp handles, are not always available
(e.g. in the case of orbital debris handling).

3. The design of a controller for the free-flying servicer manipulators that enables the
stable handling of the passive object by the servicers, in trajectory tracking scenarios.

4. The design of a controller for the free-flying servicer bases that enables them to
move within the workspace of their manipulators, under the influence of the reaction
generalized forces from their manipulator bases.

5. The development of a two-layer optimization process that allows for (i) optimal
selection of contact points between the manipulator end-effectors and the passive object,
for both contact cases and for (ii) force distribution so that the required control generalized

force for the passive object motion, is applied by the manipulator end-effectors.
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6. The sensitivity of the controller for the 3D motion of the handled passive object in
space in terms of parameter estimation was also studied in this work.

7. An initial study of the limits of the motion of the passive object, when the servicers are
utilizing only their manipulators (thrusters being turned off), was also conducted.

8. An initial comparison between the choice of three small free-flying robotic

servicers and a single, larger one was also conducted.

1.4 Thesis Summary

This thesis consists of five chapters. The first chapter is an introductory one, which
includes the motivation and the contribution of this work, as well as the literature review.
The second chapter presents two servicing concepts and analyses them through simplified
one-dimensional models. In the first concept, to capture orbital debris, a net held by a ring
is controlled by a number of free-flying robotic servicers equipped with manipulators. In
the second concept, a passive object is handled by a number of free-flying robotic
servicers equipped with manipulators, in order to perform a trajectory tracking motion,
while at the same time mitigating the limit-cycle effects. Two one-dimensional simplified
models are presented (one for each concept) and basic insight is obtained to evaluate the
concept feasibility. This leads to the adoption of the second concept as the more promising

and the one that is to be further analyzed in the subsequent chapters.

In the third chapter the main issues of a spatial system of a number of manipulator
equipped robotic free-flying servicers handling a passive object are presented. The
dynamics of such a system are developed, with the free-flying servicers using both on-off
thrusters and manipulator continuous forces/ torques applied on an object, in order to
remove the effect of limit cycles on the object, and improve its handling both in terms of
accuracy and of fuel consumed. Both the case of object firm grasp by manipulator end-
effectors, and the more restrictive case of point contacts are presented and studied. The
main differences in the passive object motion between the cases of a single, large servicer
versus a number of smaller servicers are also discussed. An initial study of the limits of the
motion of the passive object, when the servicers are utilizing only their manipulators
(thrusters being turned off), is conducted for the case of object firm grasp by manipulator
end-effectors. Then, the controller of the passive object trajectory tracking motion is
derived, based on insight gained by the one-dimensional model study, for both contact

cases. The main issues for such a controller are discussed, such as force distribution and
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generalized forces constraints, and a two-layer optimization process is proposed as a
solution. The top-level optimization is running off-line and providing the optimal contact
points for the manipulator end-effectors, while the low-level is running on-line and acts as
a force constrained distribution method. Then, the controller for the robotic servicer bases
motion is developed. Since the relative motion between the servicers and the passive
object only needs to be bounded, the servicers are allowed to freely move in some
envelope with respect to the passive object under scarce thruster firing, while their
manipulators can apply continuous forces on the passive object, filtering the on-off
thruster force effects on it, thus aiming at lower fuel consumption and tracking errors.
Finally, the stability and parametric uncertainty robustness of the passive object motion is

also presented at this section.

In the fourth chapter, the validity of the developed theory for the spatial system is
demonstrated via simulations. First, the simulation environment is briefly presented. Then,
a number of simulation results are presented in order to verify whether or not it is better, in
terms of fuel consumption, for the same passive object tracking errors to have pure on-off
control (i.e. servicers firmly attached on the passive object) or manipulator equipped
servicers, for both manipulator end-effector grasping modes, when the goal is trajectory
tracking control of a passive object. Finally, simulation results on the comparison between
the case of a single, large servicer versus the case of a number of small servicers, for the

handling of a passive object, are also presented.

In the fifth chapter, the main conclusions of this research are briefly presented, as

well as the suggested future work.

The thesis is accompanied by a CD in which the full text of the thesis is included, as

well as the files needed to reproduce the simulation results.

The main parts of this thesis have been published in refereed international

conferences and a journal [98], [101], [100], [96], [97], [99].
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2 Servicing Concepts

In this section, a number of concepts of OOS tasks are presented and briefly discussed.
Concepts for the two most promising OOS tasks are presented in more detail. The first
task is the capture of tumbling orbital debris, by a net deployed by a number of
manipulator-equipped, free-flying robotic servicers. A simplified model is presented and a
controller is derived, in order to gain basic insight on the concept. The performance of the
system is then briefly discussed. The second task is the handling of a passive object in
space, by a number of manipulator-equipped, free-flying robotic servicers. A one-
dimensional simplified model is presented and a controller is developed, in order to gain
basic insight on the concept. The performance on the system is briefly discussed and based
on the performance of the simplified models, a choice is made regarding to which one

shows more promise, in terms of feasibility and performance.

2.1 On-orbit Servicing

There are several tasks in the field of OOS that are quite important in terms of addressing
real orbital servicing problems, while at the same time posing significant research
questions. At the early stages of this work, two OOS areas with particular merit were
discussed, namely the one of capturing/de-tumbling an uncontrollable passive object and

the one of handling an already captured uncontrollable passive object.

To tackle these challenging tasks, a number of novel ideas were created, as can be
seen in Figure 2-1. In Figure 2-1a, the capturing of a tumbling passive object by means of
a net controlled by a number of free-flying servicers, is depicted. The servicers control the
position of a ring, on which the net is secured. The net has some degree of elasticity,
allowing a bouncing motion that keeps the passive object in contact with the net. In Figure
2-1b, another scenario for the capturing of a tumbling passive object is depicted. In this
case, a somewhat flexible appendage with an actuated hook-like end-effector gripper is
used to hook on an appropriate appendage of the passive object and then firmly grasp it.
The flexibility of the servicer appendage would provide enough time to the end-effector
gripper to firmly grasp the passive object appendage. This approach would lead the
servicer to a tumbling motion along with the passive object, a motion that can be mitigated
and eventually brought to a halt, by the servicers’ thrusters. In Figure 2-1c the scenario of

capturing a tumbling passive object by hitting it by a harpoon-like object, fired from the
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servicer and connected to it by a tether, is depicted. Again, the servicer may be forced to a
tumbling motion, which can be alleviated by its thrusters. Note that this method can be
used only on passive objects that are characterized as non-reparable orbital debris, since it

may very well be catastrophic for the passive object.

In Figure 2-1d and e, the task of handling an already captured passive object, by a
number of manipulator equipped servicers, is depicted. In Figure 2-1d the manipulator
end-effectors can firmly grasp the passive object by an appropriate appendage, while in

Figure 2-1e there is only point-contact between the end-effectors and the passive object.

Capturing/Detumbling
of Passive Object

(d)

Handling of Captured
Passive Object

(e)

Figure 2-1. OOS concepts. (a) — (c¢) capturing and (d) — (¢) handling tasks.

In Table 2-1, the advantages and disadvantages of each scenario are presented. Case
(c) is rejected, not only because it can be used only where the integrity of the passive
object to be captured is of no concern (debris), but mainly because of the risk of producing

additional small orbital debris, during the impact. Even though case (b) displays lower risk
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of harming the captured object, the higher complexity in the motion matching and the

higher risk of losing the object led to the choice of case (a) to be studied. Moreover,

because of the risk of harming the passive object during the impact with the net, this case

will be studied as an Orbital Debris Disposer, even though this is somewhat restrictive.

Finally, both cases (d) and (e) are going to be studied as two alternative (but very similar

nevertheless) scenarios of the handling of an already captured passive object task.

Table 2-1. Advantages and disadvantages for the proposed OOS concepts depicted in Figure 2-1.

Advantages Disadvantages
(a) | * No need for motion alignment * May harm an operable satellite
* Can capture both debris and satellites
(b) | * Can capture both debris and satellites, | * Need for hook position matching with
with lower risk of harming a satellite the object appendage motion path
* Higher risk of losing the object
(c) | * No need for any motion alignment * Harmful and invasive. Only valid for
debris retrieval.
* No need for motion control during
capturing * Impact may result in additional small
debris creation
(d) | * More secure * Need for an appropriate appendage on
the passive object
* Proportional manipulator forces
provide more flexibility than pure on-
off control
(e) | * No need for appropriate appendage on | * Less secure

the passive object (more general case)

* Proportional manipulator forces
provide more flexibility than pure on-
off control, in terms of accuracy and
higher manipulation capabilities

The two chosen scenarios, namely the capturing of a passive object by means of a

net controlled by free-flying servicers (for capture) and the handling of a passive object by

a number of cooperating, manipulator-equipped free-flying servicers (for handling) are

studied in detail both for the firm grasp and point contact case, through simplified one-

dimensional models.
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2.2 Orbital Debris Disposer

A main problem in capturing orbital debris is that there is no predetermined way of
grabbing them, since they include no attachment points. Moreover, their motion can be
complex, as they may be tumbling in orbit, making it even more difficult to track and
capture, even if their motion itself is predictable. This work studies a method of capturing
orbital debris, employing a coordinated swarm of free-flying robots. Using their
manipulators, these free-flyers move a rigid ring with a net, and fly before the debris with
a relative velocity such that the debris is slowly approaching the net, see Figure 2-2. As the
debris is approaching, for safety and fuel economy reasons, the robots turn to free-floating
mode, i.e. their satellite base is uncontrolled [92], and wait for the collision. The collision
must be such that the robot system and the debris will continue moving together, with the
debris in the net, thus making it much easier to remove it from the orbit. To do this, the
robot system initial configuration and velocities, as well as the gains of the manipulator
joint control algorithms must be chosen appropriately. In the present work, the study of a
one-dimensional model of the interaction is presented as a proof of concept, but also

aiming at a better understanding of the behavior of such systems.

Free-flying robots

Figure 2-2. Graphic representation of the Orbital Debris Disposer.
2.2.1 Simplified Model Analysis

The system in Figure 2-2 is modeled as a uni-dimensional three-body system, see Figure

2-3. Body m represents the debris, body m> with the spring £ and the damper b represent
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the net, and body ms3, the free-flying satellites. The manipulators apply forces u. The

natural spring length is xo.

debris X, et X, robots
Y \ ml Ig\ m2 » m3 /
X
1
> <& |==| ¢
aH \
(ONO) ele) @I[®)
/. /
*2 actuator
*3
Figure 2-3. A 1D model of the orbital debris disposer.
The system equations of motion, describing the system, are:
mx, =0
m,X, =—u I X=X =X > X,
mx, =u
.. . (1)
mXx, +b(x1 —x2)+k(x0 —(x2 —xl)) =0

m,Xx, —b()'c1 —)'cz)—k(xo —(x2 —xl)):—u if X =x,-x<x,,

m,Xx, =u

where xne0 1s the unloaded spring length of the mass-spring-dumper subsystem that
describes the net. The upper part of Eq. (1) describes the system before the debris / net

contact, while the lower part describes the system following the debris / net contact.

The above system has no external forces acting on it, therefore its linear momentum
is conserved. Thus, by adding all three of them and integrating the result once to obtain,

mx, +myx, +myx, = L 2)

where L is the system linear momentum. Note that if two of the velocities are driven to
their desired values, the third will be given by Eq. (2). This allows us to study the first two
equations of motion, in which x3 is missing. Without loss of generality, we assume that the
free spring length is zero (xo = 0), and obtain,

mX, +b(x1 —X2)+k(x1 —xz) =0

)

m,Xx, _b(x1 _xz)_k(xl _xz) =—u
2.2.2 Control Law and Constraints

The problem addressed next is how to actuate the manipulators so that after the
collision transient, all bodies move with the same velocity. This is important, because
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otherwise, in the absence of mechanical handles or special latching mechanisms, after the
impact, the debris will separate from the net and be lost before it is captured.

From an analytical point of view, this means that two relative speeds (i.e. of the
debris m; and of the free-flyer m3) must be set with a single control force u (under-
actuation). To achieve this, the control force ¥ must be such that the net (mass-spring-
damper) returns to its equilibrium point without overshooting, while at the same time the
net and the debris acquire the desired speed. Should the mass-spring-damper system
overshoot the equilibrium, the debris will acquire a velocity resulting in its loss from the

net, as will be shown later on the chapter by simulation.

The analysis starts by observing that if all body steady state velocities X, are equal,
then they must be equal to the system center of mass (CM) velocity given by:
xl,s.v = 'X':z,SS = x3,sx = L /M (4)

where M is the total system mass. This observation directs us to controller force choice as:
u(x, %, L) = K, (5,(t) = %,()) + K, (1,(t) - L/ M) )

where K and K> are unknown control gains. In Eq. (5), the first term attempts to make the
relative velocity of the debris and the net zero, while the second one to make the absolute
velocity of the net equal to the CM velocity. If two of the three bodies’ velocities attain the
velocity given by Eq. (4), then, Eq. (2) guarantees that the third will also be the same.

Therefore, in principle this controller can achieve the goal of equal velocities.

If the input u for the system described by Eq. (3) is as shown in Eq. (5), then the

general form for the response for x1( ¢ ) and x2( ¢ ), is given by:

x,(t) = ¢t +c, +c e +c e+ e (6)
x,(t) = eyt + ¢y + e + ey +cye™ (7)

where the ¢; (i =1, 2, j = 1,..., 5) coefficients depend on system parameters and initial
conditions, while the 4; eigenvalues depend on system parameters, only. The fact that the
system has an initial non-zero velocity and thus momentum (see Eq. (2)), results in the
appearance of the terms ci1f and c21t in Egs. (6) and (7) respectively. This means, in
steady-state, the position x; of the debris and the position x> of the net are linear functions
of time and that these objects move with constant steady-state velocities, equal to c¢11 and

c21 respectively. Note that both A; and ¢;; are, in general, complex numbers.
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Next, the constraints under which the system will yield the desired response are
studied. These constraints are classified as (a) “stability” constraints (SC), so that the
velocities of the debris, the net and the robots will converge to certain real values, (b)
“contact” constraints (CC), so that the debris will not separate from the net after the impact
and, (c) “assumption” constraints (AC), so that the development of the SC and the CC hold
true. Starting from Egs. (6) and (7), certain ACs are made in order to separate the different
types of responses. For example, in Egs. (6) and (7) real 4;’s may be assumed, in order to
avoid oscillations in the response, and this would be an initial AC type of constraint. Then,
we examine under which SCs and CCs, each type of response yields the same steady-state
velocity for all three objects, i.e. debris, net and servicer. Note that, during this process,
additional ACs may have to be made. Different ACs result in different groups of
constraints to be satisfied. The SC, CC, and AC combinations are grouped together and
used to compute feasible solutions. In more detail, using a set of initial conditions, namely
the observed relative velocities, and the system parameters, such as the body masses and
the spring-damper coefficients, the various groups of constraints result in some feasible
control pairs K and K>. To this end, for a set of system parameters and initial conditions,
plots of a group of constraints are drawn in the gain space (R 2, denoting all possible
combinations of control gains Ki and K>), for identifying the feasible subspaces in which
the acceptable sets of control gains lie. If at least one such set exists, it will ensure the
desired response of the system. If such a subspace does not exist, a different set of
constraints is tried, until a feasible set of gains results. Otherwise, since the debris velocity
cannot be changed, the capturing system approach velocity may have to be adjusted by
thruster firing. For brevity, here we present the analysis of only one such constraint group.

First the initial AC of real 4;’s is made. Real 4;’s are more likely to yield a feasible
solution, since complex 4;’s mean that the response shown on Egs. (6) and (7) would
include oscillations. Nevertheless, the cases of 4;’s being complex or some of them being
complex and some real can be treated the same way as the one that follows. With the AC
of real 4;’s and by differentiating Eqgs. (6) and (7), it can be shown that all steady state

velocities can be made equal to the constant ¢;1, defined in Egs. (6), (7), with i =1, 2, if,
Ay Ay, A5 <0 (8)

Equation (8) yields the only set of SC constraints, which must be satisfied to attain
the desired goal. Moreover, taking into account Eq. (4), it can be shown that the following

condition must hold,
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Cn:czl:L/M )

Equation (9) is the first CC that must be satisfied, in order for Eq. (4) to hold true.
Next, the remaining CCs are derived. These result from the fact that, after the first time at
which the net starts deforming, the debris must be in contact with the net. Using Eq. (9),
Egs. (6) and (7) yield the initial form of the single CC:

3
X =x,(0) = x (1) = (cp =€) + Z((Cznz ~Cliv )e/h[) <x =0 (10)
i1

Next, Eq. (10) is analyzed aiming at obtaining conditions that are independent of
instance. To this aim, additional conditions are derived from Eq. (10).

The steady state of Eqgs. (6) and (7) is reached at infinite time. Then, the following
must hold,

lim (x, (£) —x,(£)) = x, =0=>¢,, —¢,, =0 (11)

Thus, the CC given by Eq. (10) becomes:
(Cyy —Cp)e™ +(cyy —cpy)e™ +(cys —ci5)e™ <0 (12)
At ¢t = 0 (first contact) we have x2(0) — x1(0) = xo = 0, thus, from Egs. (6), (7), (9) and
(11), we have:
(¢ —Cp3)+(cyy =) +(cps —,5) =0 (13)
It is clear that the three terms in Eq. (13) cannot have the same sign. Two
possibilities exist here, i.e. we may have one or two negative terms. For brevity, we will
present only case (b). Without loss of generality, we assume:
Cyy—C3 <0, ¢,—c,, Cs—c520 (14)
Inequalities in Eq. (14) yield another set of AC, which must hold in order for the
following development of the CC given by Eq. (12) to hold. Different assumptions will

lead to a different development of the contact constraint and, thus, to a different group of

constraints. Dividing Eq. (12) by ¢23 — c13, the CC yields:

Coy —Cuy el Cys —Cis B s (15)
Cp3—Cp3 Cp3—Cp3

From Eq. (13), we see that constraint (15) holds as equality for # = 0. Thus, Eq. (15)
holds true if and only if:

A,-2 <0 and A,—A <0 (16)
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Inequalities (16) are another CC for this case. SC (8), AC (14) and CCs (9) and (16)
along with the AC that 4; are real, make the first group of constraints that, if satisfied, the
system will have the desired response. For different assumptions, such as Egs. (14),
different groups of constraints have been derived. As mentioned above, to each such

group, a range of control gains may correspond and yield the desired response.
2.2.3 Simulation Results

In order to display the performance of the proposed system described by Eq. (1),
several simulations were run. In those, a debris of mass m; is assumed to approach and
finally hit the moving net(m2)-robot(ms) system, as seen in Figure 2-3. The system
parameters are m; = 20 kg, ma = 20 kg, m3 = 140 kg, k = 500 kg/s?, b = 40 kg/s, and xo = 0.
The initial conditions are x1(0) = 200 m/s, x2(0) = 199 m/s and x3(0) = 196.5 m/s. The
system is simulated in MATLAB. The result of the impact of the three bodies, for the
given set of system parameters and initial conditions, is shown in Figure 2-4. Note that the
chosen control gains in this case, do not correspond to any constraint set. As seen in Figure
2-4a by the relative distance x> — x1, the debris bounces off the net at the moment this
distance exceeds xo = 0, and then they part rapidly, moving with different constant speeds,
as also seen in Figure 2-4b. Note also that, as seen by the relative distance x3 — x> in Figure
2-4a, the manipulator, after a small initial compression, starts extending indefinitely, since
the constant steady-state free-flyer velocity X3 is larger than the constant steady-state net

velocity X2, as also seen in Figure 2-4b.
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(a) (b)

Figure 2-4. (a) Relative positions response and (b) velocities for control gains K; = 80 kg/s and K>

= 400 kg/s, that do not satisfy any constraints for successful capture.
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Next, the control gains are chosen so that they satisfy a constraint set, according to
the presented method, while the initial conditions and system parameters remain the same
as before. That the presented gains are obtained by the same group of constraints as the
one of the previous section. The three objects velocity response for this case, shows that

they end up moving with the same speed %, = x, = L/ M , while %, = ¥, =0, see Figure 2-5b.
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Figure 2-5. (a) Relative positions response and (b) velocities for control gains K; = 250 kg/s and

K> =30 kg/s, that satisfy the constraints for successful capture.

Figure 2-5a shows the relative position x> — xi, between debris and net and the
relative position x3 — x2, between net and the robot base. It can be seen that the relative
position between debris and net, does not exceed xo = 0 after the first impact, as desired,
while the net ends up at a distance of about -1.5 m from the robot base. Figure 2-5b shows
the velocities of the three bodies. It can be seen that debris, net and robot base end up
moving together, with the same steady-state velocity of about 197.2 m / s. Figure 2-6
shows three snapshots of the system motion, namely the instant of the first contact, that of

the net’s maximum deformation and finally the instant in which the steady state is reached.

Free-flyers ‘/IM%‘

Debris
Ve Ve i
Net, underformed ™ Derformed Underformed -~
(@ (b) ©

Figure 2-6. Motion snapshots of the orbital debris disposer during capture. (a) ¢ = 0.0 s, first

contact, (b) = 0.32 s, net’s maximum deformation, (c) ¢ = 7.8 s, all bodies move together.

45



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

Next, the robustness of the controller strategy is investigated. Typically, the debris
mass, its initial velocity, or both, may be inaccurately estimated. Thus, another simulation
was run with underestimated debris mass, e.g. 10% less than the actual. As shown in
Figure 2-7, the velocities of the debris and the net converge on the estimated CM velocity
Lest / Mes: and not on the correct L / M. Due to momentum conservation, this results in the
robot bases moving at a lower steady state velocity. In this case, at the instance the debris
and the net attain their common velocity, a convergence force is applied between the net
and the robot bases, so as to slowly decelerate the net and slowly accelerate the robot
bases. This slow deceleration of the net must happen in such a way that the debris (also
decelerating inside the net) remains captured. Note that all three bodies keep on moving
towards their initial direction, so that this slow deceleration can be performed without loss
of contact between the debris and the net. This deceleration, though, must also happen fast
enough, so that the system would reach a common velocity in time, avoiding the
possibility of a extending the manipulator to its limits. Also, note that since this force
decelerates the net, it will not result in debris loss, but will keep it captured. For a 3 m
reach manipulator, we assume that the common velocity must be attained before the net
carrying end-effector reaches 2.75 m. In Figure 2-7, the transient of the debris-net system
is over when the end-effector is at 2.60 m, i.e. less than 2.75 m. At this point, the

convergence force must act to make all three velocities equal to L / M.
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Figure 2-7. (a) Relative positions response and (b) velocities for control gains K; = 250 kg/s and
K> = 30 kg/s that satisfy the constraints of Egs. (8), (9), (14) and (16) for successful capture, but
with inaccurate estimation of the debris mass, thus resulting in non-zero steady-state relative speed

x3 —x2 # 0, as opposed to Figure 2-5.
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Next we study the case in which the mass of the debris is overestimated. In this case,
the free-flying robots finally move with greater steady-state velocity than the net-debris
system. A way to compensate for this, after the net and the debris have the same velocity,
is to fire the jets of the free-flyers, to slowly decelerate the whole system. This motion will
keep the debris on the net, while at the same time will stop the distancing of the robots
from the net.

This one-dimensional model analysis demonstrates the concept feasibility.
Nevertheless, as can be seen from Figure 2-5 and Figure 2-7, in order for the proposed
system to result in capture, the initial relative velocity X1 - x> between the debris and the
net must be very small (in the simulated example x; - X = 0.5 m/s), in order to complete
the capture before reaching the manipulator reach limit. Thus, it is concluded that the
feasibility of the proposed concept is marginal, even for a simplified one-dimensional

model.

2.3 Concept On-Orbit Manipulation of a Passive Object by Cooperating
Free-Flying Robots

Several methods exist that can be applied in handling a passive rigid object on orbit. One
such method requires using thruster on-off forces only, e.g. by thrusters attached to the
object, by firm grasping of the passive object by gripper equipped free-flying servicers
with rigid appendages or merely by gripper equipped thruster packs, as seen in Figure
2-8b. In this case, the servicers and the passive object become a single rigid body,

controlled by the thrusters of the servicers.

Another method is by controlling the passive object via free-flying robotic servicers,
equipped with manipulators that handle the passive object and with on-off thrusters and
reaction wheels in order to apply external generalized forces to the servicer-passive object
system, as seen in Figure 2-8a. In this case, the only external forces being able to move the

system’s center of mass are the ones applied by the on-off thrusters.

Moreover, the total forces and torques acting on the passive object are of
proportional nature, i.e. those exerted by the manipulators. This, as will be demonstrated
later on, has the effect of filtering the on-off forces/torques of the thrusters and enabling

both point-to-point and trajectory tracking control of the body.
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Servicer with
manipulator

Thruster

Passive
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Figure 2-8. (a) Servicer equipped with thrusters, reaction wheels and a manipulator for the

handling of a passive object (b) Handling of a passive object by firmly attached thruster pack (pure

on-off control).

Note that, to avoid damaging an object, the thrusters pointing towards it, would have
to be turned off. The robots should also deactivate any thrusters pointing towards each
other, for the same reason. Thus, the placement of the robots around the passive object
should be carefully planned, so as to keep as many thrusters operational as possible, while

keeping the robots and the object secured.

Another issue that needs to be pointed out is the type of attachment of the
manipulators to the passive object. To manipulate a passive object, three forces and three
torques must be exerted on it, so as to control its six degrees of freedom (DOFs). The
obvious solution for the attachment of the free-flyers is to firmly grasp the passive object.
However, this is not always feasible. It is easy to see that the minimum number needed for
3D manipulation is two robot servicers, attached roughly opposite to each other, when the
servicers firmly grasp the passive object and in the case of turned-off thrusters towards the
passive object. Nevertheless, the number of the robots required depends also on whether
they are capable of applying the required forces/ torques. When firm grasping is achieved,
a single free-flying robot can produce the required control on the six DOFs of the passive
body. Since some thrusters of the robot must be inactivated for safety reasons, one single

servicer may face the problem of not being able to exert any thruster force towards one or
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more directions. Thus, a number of cooperating free-flyers is needed, even in the case of

firm grasps.

Whenever firm grasping is not an option, the manipulators can only push the passive
body (unilateral constraint). This is a far more complicated problem and the minimum
number of robots required for this task depends on many issues, such as how many
manipulators each robot has, how easily each end effector can slip on its contact
point/area, the nature of the desired motion etc. Such issues have been studied for
terrestrial systems but not for systems in zero-g, where the absence of a fixed base or of
gravity, pulling all bodies towards one direction, makes the aspect of losing contact a

possibly fatally important parameter.

To study the handling of objects on orbit, we first study the dynamics of orbital
robotic servicers firmly attached to a rigid passive body, without the use of manipulators

(Figure 2-8b). The equations of motion of such a system are

Hq+C(q,q):JTQ (17)

In Eq. (17), q is the n % 1 vector of the generalized coordinates, that includes the 3 (p
+ 1) positions and 3 (p + 1) Euler angles of the p robot bases and those of the passive
body, along with the joint variables of each robot’s manipulator. Q is a £ x 1 vector of the
generalized forces, that is the forces of all thrusters and the torques of all reaction wheels
of the p robots and the joint torques of all robot manipulators, J is a £ x n Jacobian matrix
of the generalized forces, H is an n x n mass matrix related to the inertia properties of all

the bodies in the system, and C is an n x 1 vector that contains nonlinear velocity terms.

In the case of handling a passive object by attaching thrusters on it, or by using free-
flyers with rigid appendages (as opposed to employing manipulators), the result would be
the same as trying to control a rigid free-flying system (such as a satellite etc.) by its
thrusters only. At present, the normal practice for the control on these systems is on-off,
initiated by PD control on an error variable. On-off control is used in order to protect the
thrusters from the extreme space environment and especially to prevent ice from forming
in the nozzles of the thrusters. This type of control, leads to limit-cycles around a desired
state or even chattering, a phenomenon that consumes a lot of fuel and wears out the

thrusters.
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2.3.1 Object Control with Direct Thrusting

To demonstrate the issues arising in this direct actuation method, the dynamic equations of

motion of a simplified, one-dimensional model are derived as,
mx =u, +u, (18)

where m is the passive object and servicers system mass, x its position, u; and u> are the

on-off control forces acting on it, see Figure 2-9.

uy u,

_— m —

Figure 2-9. Model of a passive object / servicers system controlled by thrusters.

A PD initiated, on-off controller is given by

u ifK,e+K,ée>
ul:{ max P D ft (19)

0 ifK,e+K,ée< f,

max (20)

~u,, ifKe+K,e<—f
u, =
0 ifK.e+Kpe>—f

where e = x4es — X, 1s the position error of the controlled body, umax is the force applied by
an open thruster and f; inserts a deadband on the controller, in order to avoid chattering, i.e.
rapid on-off switching of thrusters near zero error [18], [71]. Figure 2-10 shows a typical
response of such a system, where a limit-cycle is observed, even though chattering is
avoided. The dotted lines in Figure 2-10b denote controller limit lines. A state between
these lines lies in the deadband area and thus the thrusters are off. A state to the left or to
the right of both lines leads to the application of the corresponding thruster force. As can
be seen in Figure 2-10, the passive object does not reach a final position, but rather
oscillated around one, resulting in non-zero steady-state errors. Note that, in order to keep
the passive object close to the desired position (xzes = 1.6 m in Figure 2-10), the thrusters
must keep on firing quite frequently during the limit-cycle, resulting in significant fuel

consumption.

To enhance the control performance of the passive object, the introduction of
manipulators in the control of the body is studied next. Our goal is to perform fine

positioning of a passive rigid object and even trajectory tracking, without any limit-cycle
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effects on its motion, while the controlling robotic servicers stay within the range of their

manipulators. We will also look at the fuel consumption problem, which is very important

in space.

2
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Figure 2-10. Typical response of On-Off PD control, with limit cycle.
2.3.2 Object Control with Manipulator-Equipped Servicers

To obtain basic insight on the dynamic behavior and the control requirements of the
dynamic system, a simplified one-dimensional model is analyzed. A passive rigid object of

mass mo moves along a line grasped firmly by robots via manipulators.

As already discussed, to protect each body from the thruster plumes, the robot
thrusters pointing towards other bodies must be inactive. Thus, more than one robot are
needed, to be able to apply forces on the object in both directions. As a result, two robots
of masses m1 and m> are chosen to manipulate the object. The only external forces acting
on the system and moving its center of mass are the thruster forces u1 and u», as shown in
Figure 2-11. The position vectors xo, x1 and x2 refer to the controlled body, and the robots

of masses m1 and m> respectively.
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Figure 2-11. A passive (center) object handled by servicers with manipulators.

First, to find by how much the passive object can be moved without any thruster
firing, the motion of the passive object is studied when the servicers use only their
manipulators. In this case all the servicer thrusters are inactive and no external force is
applied to the system. Thus, the system center of mass state remains fixed. Without loss of
generality, it is assumed that the system center of mass velocity is zero. The initial state of
the system is shown in Figure 2-12a. In this figure, J; denotes the constant distance from
the i servicer center of mass to its manipulator base, do; denotes the constant distance
from the passive object center of mass to the contact point with the ™ servicer
manipulator, dx; denotes the distance of the i servicer base from the passive object, i.e.
the current manipulator reach of the i™ servicer. In Figure 2-12, xoo and xo1 denote the
initial and final distances from the passive object center of mass to the system center of
mass, respectively. Note also that dx;” (in Figure 2-12a only dx2” is shown) denotes the
additional reach the i servicer manipulator can have on top of dx;, in order to reach its

maximum manipulator reach x;, i.e.
.
ox;, +0x; =x,, (21)

Since the only external forces acting on the system are the thruster forces, by moving
the servicers, using only their manipulators, the passive object also moves accordingly, in
a way that the system CM remains fixed. The passive object displacement dxo = xo1 — Xxo0

that can be achieved without using the thrusters and its maximum value are obtained next.
At the initial state, the following is obtained (see also Figure 2-12),
(8, +6x,+ 8y, — X0 )y = (8, +6x, + 8y, + Xy )y + Xpom, (22)
or equally,

. - (51 +0x, +c50])ml —(52 +0x, +502)m2 (23)
v my +m, +m,
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System center of mass

(a)

System center of mass
(b)

Figure 2-12. Handling of the passive object by use of manipulator forces only. Initial (a) and final

(b) position of the system.

Assume now that the two manipulators change their configuration, exerting forces
on the passive object. As already mentioned, the system center of mass remains stationary,
but all three bodies move and the relative distances ox; change to Jx;’, while the distance of
the passive object center of mass from the system center of mass becomes xo1, as seen in

Figure 2-12b. At this final state, the following is obtained,
(51 +Ox, + 68, —x,, ) m, = (52 +0x, + 8, + X, )m2 + X, (24)
or equally,

(51 L ox +§01)m1 —(52 Lo, +502)m2
Xor = (25)

I’I’lo-l-n’ll-i-l’l’l2
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Thus, the displacement dxo = xo1 — x00 of the passive object was:

(5)(1' - 5x1)m1 - (5x2' - 5x2)m2

Sx, = (26)

my +m, +m,

Note that dx;” - ox; is essentially the motion of the manipulator of the i (i = 1, 2)
servicer. Thus, from Eq. (26) it can be seen that the same type of manipulator motion from
both servicers (e.g. if both manipulators are extracting, pushing the corresponding servicer
away from the passive object) results in opposing forces on the passive object. Note also
that the magnitude of the allowed motion of each manipulator is bounded by ox; if it is
trying to pull the servicer base towards the passive object, and by dx;" if it is trying to push
the servicer base away from the passive object. Nevertheless, dx;” also depends on Jx;,
because of Eq. (21). This means that the maximum motion that the passive object can
perform when only the manipulators are used, depends on the three masses of the passive
object and the servicers, and on the initial state Jox; of the two manipulators. This maximum
passive object motion is obtained assuming that one servicer will push as much as it can,
while the other will pull as much as it can. Assuming, without loss of generality, that the
servicer of mass m; is pushing and the servicer of mass m> is pulling, the maximum motion
that the passive object can perform without any thruster firing, is obtained by substituting
ox1” of Eq. (26) with dx1” and dx>” with zero, while also using Eq. (21) to obtain dx;" as a

function of x,;1 and ox1:

(xm1 —20x, )m1 +0x,m,

27

5x0—max r =
N mo + I’I’l1 + I’I’l2

Note that Eq. (27) results in a passive object motion towards the right, as seen in
Figure 2-12. For a passive object motion towards the opposite direction, the servicer of
mass m2 must be pushing and the servicer of mass mi must be pulling. The maximum
motion that the passive object can perform without any thruster firing is obtained then by
substituting dx>" of Eq. (26) with ox2" and dx1” with zero, while also using Eq. (21) to

obtain dx»" as a function of x,»2 and dx2:

_ —Oxym, — (x,, +20x, ) m,

(28)

m0+ml+m2

The absolute maximum motion that can be achieved in this way results from an
initial manipulator state in which, one servicer is initially almost in contact with the

passive object (thus being able to move from zero extension to its full reach), while the
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other is initially at its maximum manipulator reach. If the first servicer pushes the passive
object away until it reaches it maximum manipulator reach, while the other servicer pulls
the passive object until it is almost in contact with it, then the passive object maximum

displacement dxo-max is obtained,

xmlml + xm2m2

5x0—max = (29)

my +m, +m,

If the desired motion of the passive object exceeds the limits set by Eq. (29) (or by
Egs. (27) and (28), in case the initial manipulator configurations dx; and dx» are given),
then the system center of mass must be moved. In this case, the servicer thrusters are the
only ones that can provide external forces, in order to move the system center of mass.
Next, the motion of the system under both manipulator and thruster forces, is studied. Note
that, since here the motion is one-dimensional, C in Eq. (17) is zero. The generalized
forces vector Q, consists of the thruster (#1 and u2) and manipulator (u10 and uo2) forces,
where the later are the ones acting on the robotic servicers. Thus, the forces —u10 and —uo2,
are the only ones acting on the object, filtering the on-off thruster force effects on it. Using

Eq. (17), the error-dynamics equations are

-1 -1
0 — — 0
m m u ..
0 0 1
e() 1 1 xOfdes
. .. - m, +m - u
é=|¢ [=| — 21 — 0 L ) (30)
5 m, - mym, m, Uy
5
0 1 omy-m, 1|4
L m, mym, m,| @
HflJT

with u1 > 0, u2 < 0 in an on-off mode, while ¢; are defined as

€ = X0 X0 des

e =X,-X-Xx,/2 (31)

e, =Xy =X, +X, /2
where xo 4es 1s the desired position of the passive object and x, is the manipulator
maximum reach, which is assumed the same for both servicer manipulators, for simplicity.
The actual relative distance between each of the servicers and the passive object, must
remain lower than x,, in order for both manipulators to remain within their workspace, i.e.
X0 — x1 <Xm and x2 — xo < x». It is important to point out that, by trying with the appropriate

control, to set these error variables to zero, the passive object is forced to follow its desired
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trajectory, while the free-flying robots are forced to stay at a distance from the passive
object, as close as possible to half the maximum manipulator length, i.e. as close as
possible to the center of the manipulators workspace. This is in order to maximize the

space (in all directions) in which each servicer is free to move.
2.3.3 Control Design

Many methods exist in the literature in order to derive the desired controller and in this
case a backstepping methodology [69] is used, because of some important characteristics it
displays. According to this method, we “step back” at each iteration, in order to create the
control inputs from the simple subsystems of a more complex dynamic model. By
transforming into new variables at each iteration, a nonlinear system can be lead to display
linear behavior, if there are no uncertainties on the modeling of the dynamic system. A
very important characteristic of backstepping is that, in the process of wvariable
transformation, it avoids the elimination of nonlinear quantities, important for stability and
trajectory tracking, as opposed to feedback linearization. Thus, it ensures stability of the
controlled system and assists trajectory tracking algorithms, and for that reason it is used
in order to derive the system controller. Other control approaches like optimal or H”
control can also be used. Nevertheless, a more realistic 3D system is highly nonlinear, with
joint friction and actuator nonlinearities. In those cases, backstepping is easier to

implement.

To apply this methodology, we first focus on the equations of motion of the passive

object. Thus, from Eq. (30), we obtain:

éO = _(%+Ll()2+x0_de.¥J (32)

m, m,
Defining zo and z; as
z,=¢
0 .0 (33)
2=2,=6
then, Eq. (32) yields:
20 =4
34

Z.l :_(ui-kui-i_xodesj ( )

mO mO

Step 1
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Assume for the moment that z; is controllable and that we use the following

controller:

z, =y, (Zo) =-Kyz, (35)

with the following Lyapunov function:

&zg >0 (36)

VOI(ZO): >

with fo > 0. By differentiating Eq. (36), we obtain:
Voi(20) = Brzozo = Bozom (37)
Using Eq. (35), Eq. (37) yields:
Vo (20) = =BoKyz; <0 (38)
However, z1 =¢, is not directly controllable.
Step 2
We define wy as:
w, =z, —¢01(zo)zz1 +K,z, (39)
which, ideally, should be zero, thus rendering the tracking errors eo and ¢,equal to zero. By
differentiating Eq. (39) and using Eq. (34), the following is obtained:

T Uy, + Uy,
Wo = X0 _des — +Kyz, (40)
m,

Then, by use of Egs. (35) and (39), Eq. (40) yields:

to Tl +K,w, —KOZZ0 (41)

Wo = X0 des —

m,

Since the directly controlled quantities are the control forces uio and wuo2, the

following controller is assumed instead of the one in Eq. (35):

Uy gy =Py, (20921 ) (42)

with the following Lyapunov function:

Voz(zoaz1):V01(Zo)+a70W§ZO (43)
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with ao > 0. Differentiating Eq. (43) leads to:
I/';)2 = Vm +aywyW,
and then, by also using Egs. (36) and (41), to:

Uy + Uy

;o . . 2
Vir = ByzoZy + agw, (‘xom - +Kyw, —K; Zo]

m,

Employing Egs. (34) and (39), leads to
Zy =z, =W, — Kz,
Thus, Egs. (42), (45) and (46), lead to:

) .. i 2
Voo = By2, (Wo — Kz ) +a,w, [_xo_des -2+ Kow, = Kz,

0

or

oo 2 . ¢02 2 2
Vo = BozoWy — ByKozg +agw, (_x()_des “m j"‘ a,Kowy —a,Kyw,z,
0

By defining
B, =a,K; >0

then Eq. (48) becomes

P

s 2 . 2
Vo = =BoKozy + agw, (‘xotzes “m ]"' a,K,w,
0

Now the control forces of Eq. (42) can be derived. By using
U+, =@ =M, (Kowo - jéO_des)
Eq. (50) yields
Voz = _ﬂoKozg = _ﬂoKoeé <0
Note now that, by use of Egs. (33), (36), and (39), Eq. (43) yields:

_,30 2, 4y

v, (zo,zl)_7e0 +7(e0 +Kye,) 20

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(1)

(52)

(33)

Thus, since Vo2 > 0 and ¥,,< 0, Vo2 is bounded (Vo2 cannot tend to -co since it is positive

and it cannot tend to +oo with Voz being negative). Moreover, since Vo> is bounded and both
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terms of Eq. (53) are positive (since ao, fo > 0), both terms of Eq. (53) must be bounded

too:
0< limL%ejj < 400
(54)
0< }ijg(%(éo +K0e0)2j< o0
or

—o0 < —B, <lim(e,) < B, <+
—o0 < —B, <lim(¢, + K,e,) < B, <+

t—

where Bi, B> > 0 and bounded.

Note that Eq. (55), yields:

—o0 < —C, <lim(¢,) < C, < +o0 (56)

t—00

with C; > 0 and bounded.
Moreover, differentiating Eq. (52), leads to
Vi, = -2B,K €6, (57)
Thus, by use of Egs. (55) and (56), Eq. (57) leads to the fact that 17'02 is also bounded:
-0 < =D, SI'/.OZ <D, <+ (58)

where D1 > 0 and bounded. Thus, VOZ is uniformly continuous, which, along with Egs. (53)

and (57), allows the use of Barbalat’s theorem for Vo>, which yields:

lim(¥,,)=0 (59)

t—

Substituting VOZ in Eq. (59) from Eq. (52), leads to:

lim(é,)=0 (60)

t—

Thus the tracking error eo is proven to tend to zero, when the controller of Eq. (51) is
used, proving controller stability. By use of Egs. (34), (35) and (39) on Eq. (51), the final

form of the passive object controller is derived:

Uy +uy, =m, K, (éo +Ke, ) —Mmy Xy g (61)
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Note that the right-hand side of Eq. (61) is a typical model based PD controller. The
only additional constraint is that, according to backstepping stability requirements, the

control gains K, and Kp should satisfy the following condition,
K,=K; (62)

Similarly, applying the backstepping methodology for the control for the robotic

servicer bases, results in
u,+u, =m K, (é1 +Klel)—m] K, (e'0 +Koeo) (63)
and
Uy, +u, =m, K, (e'2 +Kzez)—m2 K, (e'o +Koeo) (64)

Note that the system controller of Egs. (61), (63) and (64) provides the total force
acting on the passive object and the servicer bases respectively. In order to obtain the

control forces themselves, we split Egs. (61), (63) and (64) as follows:
m, ) A
Uy = TKO (eo +Kye,) +mK, (el +Ke )+

m
) o -
-m,K, (ez +Kzez)_ ) X0 _des

(65)
m . )
Uy = 70K0 (eo +Koeo)_m1K1 (el +K161)_
+m,K, (ez + Kzez)_TOxo_des
u = 70X07des +m,K, (62 +Kzez)—(7°+mle0 (eo +Koeo)
(66)

u, = %xow +mK, (¢, +Klel)—(%+m2jK0 (éy+Koey)

where K; (i =0, 1, 2) are the controller gains, and u; and u are assumed to be proportional
forces. In our case, though, u; and uy are thruster unidirectional on-off forces. Thus, a
switching strategy must be employed, based on Eq. (66). A possible strategy is to turn
each thruster on when the backstepping derived proportional value exceeds a threshold

value f;. Thus, the final control algorithm is given by Egs. (65) and (67).
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. m . .
S if 70x0_d63+m2[(2(e2+1(262)—
m,
—(20+m1jK0(é0 +K0€o)2f,

. m, . .
0 if 7x07des +m,K, (ez +K262)_

_(n;o*'”ﬁj[(o (e’o +K0e0)<ft

it 0w emK, (¢ +Ke)-
m 2 0_des 1771 \M1 1~1

m
_(OJ’mzjKo (éo +K0€0)§—f,
2

. my . .
0 if 7x0_des +m K, (el +K161)_

m
—(20+m2)K0 (e‘o +K0e0)>—ft

(67)

It is clear by Eq. (65) that, each manipulator controller takes into account the
requirement to stay within each manipulator’s reach. In addition to that, since the only
force exerted on the passive body is the sum of the manipulators forces, this controller
leads to a simple PD control on the tracking error, as seen in Eq. (61), whose stability has

been proven already in Eq. (60).

For the relative motion between the robots and the passive body, asymptotic stability
with respect to a specific position is not of interest. However, it is important to ensure that
the displacements are bounded. What makes the analysis harder, is that some of the forces
are continuous (i.e. Eq. (65)), while the rest are switched (i.e. Eq. (67)), resulting in a non-
continuous controller. Moreover, backstepping (see Egs. (63) and (64)), results in forces
for each servicer manipulator that depend also on the tracking errors of the passive object
and the other servicer, as seen in Eq. (66) and the resulting switching strategy of Eq. (67).
This makes the analysis even more difficult, although the system under this set of control
forces, displays very good behavior, as will be shown in Section 2.3.4. A way to bypass
this obstacle is to use backstepping only in the derivation of the passive object controller,
which results in Eq. (61). What follows is the derivation of a series of controllers for the
system, each one solving a problem the previous one had, thus showing a step-by-step
reasoning for the final controller derivation. By using backstepping for the manipulator

forces only, then only Eq. (61) must still be valid instead of all Egs. (61), (63) and (64). To
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obtain individual manipulator forces, in place of Eq. (65), Eq. (68) is initially proposed, in

which the manipulator forces depend only on the passive object tracking errors:

1 . ..
Uy =Uyy = E(moKo (&0 + Kyey) =my ) (68)

where uz0 = —uo2, so that both w190 and uyo are the forces applied on the passive object.
Furthermore, in place of the switching strategy of Eq. (67) for the thruster forces, a

switching strategy based on a model based PD is introduced:
£, if mK (é+Ke)=

u, =
Lloif mK (¢+Ke)< S,

—f, it mK, (6 +K,ey) <,
270 it mK, (61 Ke)> S

(69)

Note that, with the manipulator and thruster forces as introduced in Egs. (68) and
(69) respectively, the servicers cannot be pushed away from the passive object when they
get too close. This is so since, as already mentioned, the servicer thrusters facing the
passive object are switched off for safety reasons. The only forces capable of performing
this task are the manipulator forces. But the manipulator controller of Eq. (68) does not
take into account this task. To solve this problem, a second version of the manipulator

controller is introduced in Eq. (70).

1 ) .. . .
E(mOKO (e0 + KOeO)Jr moxoides) if mkK, (e1 +K1e1) >—f

1 ) ..
Uy = 5<m0K0 (eo +KOeO)+m0x0_des)_

£

-mK, (¢ +Ke) if mK (é+Ke)<—f

(70)
1 ) .. . ) R
E(mOKO (e0 + KOeO)Jr moxoides) if mK, (e2 +Kzez) <f
1 ) .

Uy = E(moKo (eo +K060)+m0x07des)_

-m,K, (é,+K,e,) if mK,(é,+K,e,)> [,

By employing the manipulator force controller of Eq. (70), whenever the quantity

mK,(é+Ke), withi=1,2 (71)

62



PhD Thesis GEORGIOS REKLEITIS

exceeds a threshold value of f;', requiring a force to push the corresponding servicer away
from the passive object, the force of the corresponding manipulator is augmented by this

same quantity.

Note, though, that by employing the manipulator controller of Eq. (70), the total
force applied on the passive object (410 + uo2), 1S no longer equal to the passive object
model based PD of Eq. (61), derived by backstepping. Thus, a final manipulator controller
is introduced in Eq. (72). In this controller the following strategy is: if no extra “pushing”
force is needed to drive the servicers away from the passive object, then the manipulator
controller is the passive object model based PD, split in half for the two manipulators, as
shown in Eq. (68). Whenever one (or both) of the servicers requires a “pushing” force,
then, not only this force is added to the existing force of the corresponding manipulator,
but its opposite is also added to the existing force of the other manipulator. Thus, not only
each servicer gets pushed away from the passive object whenever this is required, but also
the sum of the two manipulator forces acting on the passive object constantly follows the
backstepping derived Eq. (68). The architecture of the controller of Egs. (69) and (72), is

also seen in Figure 2-13.
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l(PDO +myX, des) 1 ]:t
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—f" and
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2 - PD, > f
—f and
l(PDO +my%, 4. )-PD,+PD, if < S
2 - PD, > f
PD, >—f" and
l(PD0 + M%) 4 ) if ! f
2 - PD, < f,
—f" and
l(PDO +my%, 4 )+ PD, if =/
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PD, >—f and
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where
PD, =myK, (e'0 +Koeo)
PD, =mK, (¢ +Ke) (73)
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INPUTS
xO_des - .

s = |0 | | e=| CONTROL FORCES

5 Xo T %m X e e g

- N\ . thrusters | OUTPUTS

as 1] e

: ' ) 5 T
Eq. (73)] | 4= %

(i=0,1,2) Eq. (30) 5 : |>
faes o e L

DYNAMICS

Figure 2-13. Flowchart of the control algorithm for the simplified one-dimensional model of two

free-flying robotic servicers, handling a passive object.

Thus, instead of the initial Egs. (65) and (67), the new controller consists of Egs.
(69) and (72). Even in this case, the complexity, introduced by the fact that the applied
forces are switched, is still present. For the one-dimensional, simplified model, though,
there is a way to bypass this problem, at least partially, since there is an analytical solution
for the equations of motion. Using this analytical solution, we have shown that at least for
the phase of this switched control in which the servicer is moving away from the passive
object, the relative motions are bounded. This boundedness is independent of the previous
phases, or the initial state of the system for the current phase. Moreover, the robustness of
the controller in parameter estimation uncertainties has also been shown, for the same
phase. The proofs are presented at Appendix C. Note, though, that those proofs cannot be
applied in a more complex three-dimensional system, since there is no analytical solution
for such a system. The phase in which the servicer is moving towards the passive object is

more demanding and only stability in certain special cases can be ascertained.
2.3.4 Simulation Results

To display the stable performance of the controller and verify the soundness of the

proposed method, a series of simulations was run. To this end, we assume a rigid passive
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body of 400 kg mass, manipulated by two free-flying robots of 90 kg each. Each robot has
a thruster pointing away from the controlled body, which, when fired, delivers a force of
50 N. The triggering value f; for the thrusters’ initiation is set to 40 N. Both robots

manipulators have a reach of 3 m.

2.3.4.1 Initial controller

Simulation 1

First, a simple motion is simulated, where the passive body has to follow a trapezoidal
profile on its velocity. The body accelerates with constant acceleration of 0.05 m/s? for 10
s. Then, its desired velocity remains constant at 0.5 m/s for 40 s. Finally, it decelerates till
zero velocity for 10 s, and then it remains still. The controller presented in Egs. (65) and
(67) is implemented to demonstrate the concept. The gains of the controller for this
simulation were set to Ko = 1.5, K1 = 0.8 and K> = 0.8. The gains are chosen as a tradeoff
between lower tracking errors and lower fuel consumption. Higher Ko results in lower
tracking error eo, but also in demand for higher control forces, applied by the servicers, and
thus in higher disturbances for the motion of the servicers. In order to keep the servicers
within their manipulators workspace, more frequent thruster firing is required, thus leading
to higher fuel consumption. Similarly, higher K1 and/or K> gains result in more restricted
motion of the corresponding servicer around its desired position (the manipulator

workspace center), but also in more frequent thruster firing, thus higher fuel consumption.

Figure 2-14 shows the motion of the three bodies, the tracking error of the passive
body and the distances between the two robots and the passive body. Figure 2-15 shows
the manipulator applied forces and the on-off thruster forces. As shown in Figure 2-14 and
Figure 2-15, the passive body follows its desired trajectory very well, while the distances

between the robots and the body remain within the manipulator workspace limits.

Another important issue shown in these plots is that, even in this case, there is a very

small limit-cycle effect remaining, at the steady state part of the simulation.
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Figure 2-14. Response of the system with manipulators, for a trapezoidal profile desired velocity.
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This is occurring because, to keep the passive body inactive with ever smaller
position error, manipulators apply a small remaining force. Due to this reason, a small
remaining relative motion between each robot and the passive body, forces the robots to
move slowly towards the boundary distances from the body, i.e. the manipulator reach.
When they move too close to these limits, the controller briefly activates the thrusters
setting this small motion towards the opposite direction, as seen in Figure 2-14, after 70s.
However, the effect of these motions on the passive object, as will be shown later, is far

less intense than the classic limit-cycle occurring on pure on-off controlled systems, see

Figure 2-10.
Simulation 2

The next simulation corresponds to a more demanding passive body trajectory, since it
corresponds to a sinusoidal motion with a 5 m amplitude and a 0.07 rad/s frequency.
Figure 2-16 and Figure 2-17 display the same features as those in Figure 2-14 and Figure
2-15 respectively.
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Figure 2-16. Response of the system with manipulators, for sinusoidal position.
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Figure 2-17. Required forces of the system with manipulators, for sinusoidal desired position.

This demanding trajectory is followed also, with the distances between the robotic
servicers and the controlled object remaining within limits. As expected, the fuel
consumption is now greater since the desired motion is time varying. Note that, the higher
the frequency and the magnitude or the required sinusoidal motion, the harder would be
for the free-flying servicers to apply the desired generalized forces on the passive object,

while still following within their manipulator working spaces.
Simulation 3

Having demonstrated the stable performance of the controller, we examine next its
robustness. Several tests with inaccurate parameter estimations and measurements were
conducted. Again, the same trapezoidal profile on the desired passive body velocity was

used, as introduced at the beginning of Section 2.3.4.1.

In Figure 2-18 and Figure 2-19, the same variables as in Figure 2-14 and Figure 2-15
respectively, are displayed. However, here inaccurate estimation of the three masses is

assumed, with a 15% error for the passive body, 10% for one robot and 5% for the other.
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In addition to that, the measurement of all three velocities is assumed to include
Gaussian noise, with variance 0.04. Moreover, one thruster is assumed to have a lag of 0.3
s. Finally, one manipulator is assumed to be flawed and to always apply 10% less of the

required force.

It can be observed that the controller displays a very robust behavior, even though
four very important types of inaccuracies occur simultaneously. The position error of the

passive body motion is obviously larger, but still remains reasonable.
Simulation 4

A comparison is made between the performance of the proposed controller and a pure on-
off control, as described in Section 2.3.1. Thus, the one-dimensional motion of the system
without manipulators is modeled as shown in Eq. (18) and the controller is the one shown
in Egs. (19) and (20). Note that, if the same backstepping approach as we used to derive
the controller for the system with manipulators, is used for the system of Eq. (18), the

same PD on-off controller as the one shown in Egs. (19) and (20) is obtained.

Trapezoidal velocity profiles for the passive object were selected for both systems.
The performance of both cases is illustrated in Figure 2-20 in which the motion of a
system without manipulators Figure 2-20 (a), (c¢) is compared to a system with
manipulators Figure 2-20 (b), (d). Figure 2-20 displays the position errors on the motion of
the passive body, as well as the energy consumption for both cases. The latter is computed
as the integral of the work produced by both thruster forces (chemical energy) and
manipulator forces (electrical energy). Note that, depending on motor drives, it may be
possible to recuperate the electric energy supplied to the motors when the applied force of
a manipulator is opposing the relative motion of the passive body and the corresponding
free-flyer. If this possibility does not exist, then the brake energy is dissipated to heat. The
energy for both of these cases is displayed in Figure 2-20 (d).

To reduce the position error without manipulators, the control gains must be
increased, or equivalently, the threshold f; must be decreased. This results in even larger
fuel consumption, since the thrusters fire more frequently. Note, though, that the system
with the manipulators yields a passive object position error which is two orders of

magnitude smaller than the one of the system without them (Figure 2-20a and b).
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Figure 2-20. Position error as a function of time and corresponding consumed energy (a), (c)

without manipulators, and (b), (d) with.

Moreover, it also uses about half the fuel (Figure 2-20c and d), making the
introduction of manipulators a significant improvement, over the simple PD on-off control.
A number of simulations showed that, when the desired trajectory for the passive body is
more demanding, like the sine trajectory in Figure 2-16, the comparison is even more in
favor of employing manipulators in controlling the passive object. Thus, the proposed
initial controller of Egs. (65) and (67), even reaching a type of a small limit-cycle as

mentioned in the previous sections, is greatly improved over the simple on-off control.

2.3.4.2 Final controller

The controller of Egs. (69) and (72) is implemented, for the same system of passive object
and servicers and the same desired passive object trajectory with the trapezoidal velocity
profile. The gains of the controller for this simulation were even less than before and were
set to Ko = 1, K1 = 0.8 and K> = 0.8, using the same method as in Simulation 1 of Section

2.3.4.1 to obtain them. In Figure 2-21, the same variables as in Figure 2-14 are used.
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Figure 2-21. Response of the system with manipulators, for a trapezoidal profile desired velocity

(second controller).

As can be seen from Figure 2-21a and b, the passive object moves along the desired
trajectory, with very low position error, while the servicers keep it between them. From
Figure 2-21c and d, it can be observed that this motion is achieved with the servicer bases
remaining well within their corresponding manipulator reach. In Figure 2-22 a comparison
is made between the initial controller of Egs. (65) and (67) and the final controller of Egs.
(69) and (72), both in terms of passive object position tracking error and in terms of
consumed energy. The latter is again computed as the integral of the work produced by

both thruster forces (chemical energy) and manipulator forces (electrical energy).

As can be seen from Figure 2-22, the proposed controller of Egs. (69) and (72) is
even better than the one of Egs. (65) and (67), which in turn was shown to be superior to
the pure on-off control, since not only it has almost half the energy consumption (Figure
2-22¢ and d), but also it has about 35 time less position tracking errors for the passive

object motion (Figure 2-22a and b).
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Figure 2-22. Comparison between the two proposed controllers. Passive object position error for
(a) the controller of Egs. (69) and (72) and (b) the controller of Egs. (65) and (67). Energy
consumption for (c) the controller of Egs. (69) and (72) and (d) the controller of Egs. (65) and (67).

2.4 Conclusion

In the first part of this section, a novel concept for an orbital debris capturing system has
been presented, including a number of orbital free-flying robots, holding a net, by which
the orbital debris is to be captured. To better understand the behavior of this complex
system, a simplified one-dimensional system has been developed. The dynamics and
control of the system and the desired system response led to the derivation of sets of
constraints that must hold between system parameters and initial conditions. Satisfying the
constraints results to a set of control gains that are used in a velocity-based controller. The
response of the simulated system has confirmed the constrained control method. The
robustness of the method was studied in the case of inaccurate estimation of the debris
parameters. It was found that the method shows robustness, keeping the debris in the net,
although an additional force may be needed, whenever the steady state velocities result in
the net with the captured debris to move away from the robot base. Nevertheless, the
demonstrated feasibility of the proposed concept is marginal, even for a simplified one-
dimensional model. For that reason, another OOS concept was also studied.
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The concept of cooperative manipulation of a rigid passive object, via manipulators
based on a number of free-flying robots in zero-g environment, was also introduced in the
second part of this section. The system dynamics arising from the unilateral constraints
and the on-off thrusting were discussed and the manipulation concept was illustrated using
a simplified one-dimensional model. A novel controller was presented, based on
backstepping and Lyapunov stability methodologies. It was shown that the introduction of
manipulators in the handling of a passive object is a vast improvement over the simple on-
off control, currently used in the control of orbital systems, both in terms of errors and in
terms of fuel consumption. Moreover, several controllers for this system were presented,
while two were evaluated via simulations. From the analysis presented in Appendix C, the
use of the controller of Egs. (69) and (72) can guarantee the boundedness and robustness
of the relative motion between the passive object and the servicers, at least for the phase in
which the servicer is moving away from the passive object and in some cases also for the
phase in which the servicer is moving towards the passive object, while nothing of the sort
can be said about the response of the system under the controller of Egs. (65) and (67).
Taking also into account the fact that the (simulated) response of the system under the
controller of Egs. (69) and (72) is better than the response of the system under the
controller of Egs. (65) and (67), as seen in Figure 2-22, the controller of Egs. (69) and (72)
is chosen for the control of the simplified one-dimensional system. Although the motion of
an actual 3D system is far more complex, the simplified model of the cooperative
manipulation concept displays far more promising behavior than the debris disposer
concept, showing that it can assist in the control of novel orbital robotic servicers required
in future space projects and in the exploitation of space. Thus, the cooperative
manipulation concept is chosen to be studied further, through a more realistic three-

dimensional model, presented in the next chapter.
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3 On-Orbit Passive Object Handling by Cooperating

Space Robotic Servicers

A passive object on orbit can be manipulated employing two main techniques: In the first,
the servicers come into direct, firm contact with it and use their thrusters to control its
motion, as illustrated in Figure 2-8a. In the second, servicers establish contact with the
object using manipulators, as seen in Figure 2-8b, and control its motion with manipulator

and servicer base coordinated actions.

In employing the first technique, the object motion response is essentially the same
with that of a rigid free-flying system, such as a satellite, controlled by its thrusters only.
At present, to protect thruster valves from the extreme space conditions, the control for
these systems is on-off, initiated by a PD law acting on error variables e, é&. However, on-
off thrusting results either in chattering, which wears the thrusters and increases fuel
consumption, or in deadband-induced limit cycles, that reduce fuel consumption but also
positioning accuracy [18], [71] . Note that although satellites employ on-off thrusting, this
thrusting is used mainly for point-to-point attitude corrections and not for complex

trajectory tracking, as required in a number of activities.

In employing the second technique, manipulators may contact the object either with
a firm grasp or with a point contact. In the latter case, a manipulator’s end-effector just
touches the passive object, without being able to pull it (unilateral constraint) or to exert
moments on it. The introduction of manipulators results in smoother passive object
handling (since continuous forces are applied on it) and smaller errors, while the
specifications for positioning the servicer bases are relaxed, lowering the need for thruster
firing, and for fuel consumption and thruster wear. Although firm grasp is safer and more
practical, point contact is considered, since firm grasp is not always feasible (e.g. as in the

active orbital debris removal case).

The aim of this thesis is to study the fine positioning of a passive object in space,
while eliminating on-off control effects on its motion, and minimizing the required thruster
fuel. To this end, the introduction of manipulators, for both the point contact and firm
grasp cases, is compared to the direct contact on-off technique. For servicers equipped
with manipulators, three assumptions are made: (i) single manipulator servicers are

employed for simplicity, (ii) the servicer and passive object masses and inertias are
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considered as much larger than those of the manipulators, while all relative accelerations
and velocities, and thus the manipulator joint accelerations and velocities, are very small.
For these reasons, manipulator inertia effects are neglected, (iii) gravity effects are
neglected due to small operation durations compared to orbital times. Manipulator
kinematics, i.e. manipulator posture, workspace size, and force/torque propagation, are

taken into account.

Successful execution of a manipulation task is subject to a number of requirements,

described briefly below.
(a) Manipulator workspace constraints must be respected.

(b) For safety reasons, thrusters pointing towards the object or towards another

servicer should be turned off.

(c1) In the firm grasp case, at least two servicers are needed. To control an object in
six degrees of freedom (DOF), three forces and three torques must be exerted on it.
Therefore, a single servicer equipped with a single manipulator could achieve handling.
Nevertheless, because of requirement (b), a single servicer will face the problem of not
being able to exert thruster forces in one or more directions. Thus, even in the case of firm
grasps, a number of cooperating free-flyers are needed, with two servicers being the
minimum. In practice, the number of the servicers also depends on whether they are

capable of applying the required magnitude of forces/ torques on the object.

(c2) In the point contact case, at least three single-manipulator servicers are required
to produce any required force and torque vector on the passive object. This results from the
fact that the moment applied by a force along an axis is:

T=dxF (74)
where d is the distance from the force application point to the axis. If the distance is zero
(i.e. if the force is applied at a point on the axis), then the resulting torque 7 is also zero.
Thus, the two manipulators with point contacts are not able to exert on the passive object a
torque around an axis parallel to the line /. connecting the two contact points, i.e. the two
servicers in Figure 3-1 cannot exert any moment around axis l. Therefore, a third single-
manipulator servicer would be required, in order to apply a force along an axis that does
not have common points with the line connecting the two contact points. Thus, the
required torque along that line (that the two initial servicers could not exert on the passive

object) would be provided.
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Servicer with

manipulator Passive Object

Figure 3-1. In the point contact case, two single-manipulator robots cannot exert a moment around

the line defined by the two contact points A and B.

(d) To protect thruster valves from space conditions, continuous or pulse-width-
modulation (PWM) thruster control is avoided in space. This is because the generation of
low control thrusts (e.g. when the tracking errors are small), requires rapid thruster
switching (up to several thousand times per second). However, electromechanical thruster
valves cannot follow rapid PWM commands, deteriorating controller response and
performance. Rapid switching may result in valve closing before it has opened fully, or
opening before it has closed fully. This can result in nozzle ice formation, deterioration of
thruster performance, and eventual damages. For example, the performance of thrusters
deteriorates to levels below 80%, if the duration of thrust pulses is less than 300 ms, even
for 1N thrusters [11]. Simple on-off or Pulse Width Pulse Frequency (PWPF see Appendix
D) modulation, both with minimum on and off times, are not subject to these limitations
and are preferred in space applications [9], [10], [106], [109]. However, their use is limited
to satellite attitude control where thruster firing is sparse, and not in trajectory tracking,

where the controller must update thrust values several times per second.

(e) In the point contact case, manipulators can only push a passive body, introducing
unilateral constraints and complicating manipulation. Such issues have been studied for
terrestrial systems, but not for systems in zero-g, where the absence of a fixed base or of
gravity pulling all bodies towards the same direction, makes the aspect of losing contact
critically important. Thus, to avoid end-effector slipping, or risking losing the object, the

applied forces must stay within the local friction cone.

Since the focus of this chapter is on minimizing thruster fuel during accurate object

cooperative manipulation on orbit, and having introduced the manipulation concepts as
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well as the related assumptions and requirements, an important question arises: Is the
introduction of manipulators beneficial for passive object manipulation? Or more
specifically, can they result in accurate trajectory tracking control of a passive object
avoiding limit cycles, while limiting thruster fuel use? Next, we will demonstrate that the

answer 1s affirmative on both counts.

3.1 Spatial System Dynamics

As already mentioned in assumption (i7), the dynamics of the manipulators of the servicers
are not considered significant, compared to the dynamics of the passive object and the
servicer bases. Thus, only the dynamics of those bodies are taken into account, although
the dynamics of the manipulators are also taken into account through Jacobian matrices
introduced later on. The dynamics of a system of n orbital robotic servicers controlling a
rigid passive body via manipulators is studied next. The equations of motion for passive

object (i =0) and free-flying servicer bases (i =1,..., n) have the form [83]:

Hygq, +Ci(qnqi):Qi (75)

where q; are the generalized coordinates for the object (i = 0) and the servicer bases (i =

1,...,n),

qiTZ[riTa ef}T:[xn Vis Zps 9;" ®;» l//f]T (76)

where [x; i zi]” is the position vector r; of the CM of body i with respect to the Cartesian
frame and [0 ¢: ;] T denote the Euler angles 0; of the same body. Note that the use of
Euler angles introduces the possibility of representational singularities. Nevertheless, those
are known singularities and can be dealt with by a simple change of the Euler angles set,
when the object approaches the singular points. Because of assumption (ii), the
manipulators act as an end-effector force/torque transmission to the servicer base. The

matrices H; are the 6x6 mass matrices of body i:

[diag(m,,m.,m)) 0,
H - g(m,,m;,m;)  0s }:

l O3x3 EITRIIIRITEI
- (77)
I3x3 03x3 diag(mi’ mi s mi) 03x3 —
= =E, H,
03x3 EzT 03x3 RzlthTEl

where I3x3 is the 3x3 identity matrix, R; is the rotation matrix transforming vectors from

the frame i to the Cartesian frame, I; and m; are the inertia matrix and mass of body i
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respectively, E; is a 3x3 matrix mapping the Euler rates 0, of body i to its inertial angular

velocity @; :

o =E0 (78)

1 171

The C; are 6x1 vectors containing the nonlinear velocity terms. By denoting (for the

remaining of this work) the symbol (*)* as the cross-product matrix of vector (*), i.e.,

0 -a, a, a,

X __ —

a’=|a, 0 —a |, wherea=|a, (79)
-a, a 0 a,

Then the C; are defined as
T

C = {Oms (EIT (RiIiRiTEiei +(Eiei )X RiIiR?Eiei))T:| =E, [Om er }T (80)

l

In Eq. (75), Qi (i = 1,...,n) are 6x1 vectors that include thruster forces, reaction wheel

moments and manipulator forces/ torques acting on the i’ servicer base,

ifij'+fbi
_ J=1 l=1, »H 81)
Q= . L . ’ j=1...n, (
E/|n +n,+> (d:f,)+pf,
. ‘i:1 -

where 7, is the number of thrusters, f; and n; are the thruster forces and reaction wheel
moments acting on the i servicer base, fy; and ny; are the forces and moments transmitted
to the i servicer base by its manipulator, d; is the vector locating the j thruster of the i
servicer base with respect to the base CM, and p; is the position vector locating the i

manipulator mount with respect to the base CM, see also Figure 3-2.

The manipulators can be attached to the object through a firm grasp or through a
contact point. In the case of firm grasp, the vector Qo includes forces and moments applied

on the passive object by the n end-effectors:

ifa‘
QO _ {Qf} _| = ) (82)
B[St e

i=1
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where fz;, ng; are respectively the forces and moments applied to the passive object by the
i"™ end-effector, andd’is the cross-product matrix derived from vector d;, i.e. the vector

locating the i manipulator contact point A; at the passive object, with respect to the

passive object CM, see Figure 3-2.

Passive
object 0

Figure 3-2. Passive object (0) and the i free-flyer with a single manipulator.

In the case of point contact, Eqgs. (75) to (81) still hold; however here, end-effectors
cannot apply torques. Thus Eq. (82) becomes

ZfEi
Q, {Q’l =" (83)

£ (af,,)
i=1

Combining the above equations for all the » + 1 bodies to a single matrix equation,

the following is obtained:

H{+C(q,4)=Q (84)
where:
a=[a).q/.q..q] | (85)
H=diag[H,H H,,...H, ] (86)
c=[c.cl.c...c] (87)
Q=[Q}.Q.0:...Q] | (88)
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In the point contact case, and in accordance to (c2), three servicers are needed, as
opposed to at least two for the firm grasp case, see (cl). In the rest of the paper, for

comparison reasons, we assume three servicers for both cases.

3.2 One Large vs. a Number of Small Servicers

As already mentioned, for the case of a number of small servicers, each servicer has the
thrusters that face the passive object deactivated for safety reasons. Thus, the only force
that can push a robotic servicer away from the passive object can come from its
manipulator. For this reason, the manipulator force required for the control of the passive
object should be at least equal to the force required to repel the corresponding servicer
base from the passive object, whenever this is needed. Moreover, the thruster force should
be larger than the maximum manipulator force, in order for the servicer to be controllable.
When there is a need for a repelling force and the manipulator force required for the
passive object control is not adequate to also act as repelling force, then this manipulator
force is augmented by the required amount in the required for repelling direction. In that
case, though, the total manipulator force is no longer the one required for the passive
object control and thus acts as a disturbance to the passive object motion. Nevertheless, its
effect is cancelled out by appropriate counter forces applied by the other servicer

manipulators. For more details, see Section 3.3.5.

In the case of a single, large robotic servicer, the above approach cannot be applied,
since there are no additional servicers whose manipulators would cancel out the effect the
extra repulsive force would have on the passive object. In order to overcome this problem,
we assume that in the case of a single robotic servicer, the servicer controller would orient
its base (relative to the passive object) such, that there would always exist pairs of thrusters
with forces fi; along lines that do not pass through the passive object, but would have
components fi; along the desired direction, as can be seen in Figure 3-3. Moreover, the
other components of the thruster forces (fi;5), would roughly cancel out each other, leaving
a small remaining force acting as a disturbance in that direction. The freedom the servicer
has to move within its manipulator workspace, makes it easier to deal with this small
disturbance. For example, if f11, is larger than fi2, (Figure 3-3), then the servicer base will
start moving mainly away from the passive object, but also to the side. The thruster that

delivers a force opposite to fi1 along with fi» can be used to cancel the side motion, when
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its deemed necessary by the controller of the servicer base, in order to keep it within the

manipulator workspace.

Robotic
servicer

Figure 3-3. Pushing the servicer away from the passive object, in the case of one, large servicer.

This type of control is simpler than the one opted for the case with three servicers, as
the latter is described above, and in more detail in Section 3.3.5. Nevertheless, the use of
pairs of forces like fi1 and f12 in Figure 3-3, leads to extra fuel consumption, because of the
simultaneous existence of opposing forces like fi1, and fi2,. Fuel consumption depends
heavily on the existence of forces in the null space of the servicer base. Thus, in order to

mitigate this effect, another switching strategy is opted.

As will be mentioned in more detail in Section 3.3.5, the first step in deriving the
servicer base controller, for both the one large and the several small servicers cases, is to
use a model-based PD control to compute the continuous generalized control force, and
then use a switching strategy to provide the thruster control inputs. This continuous control
force of the servicer is first transferred to the servicer base frame, whose axes coincide
with the thruster firing lines. Then, the new switching strategy is to turn each thruster on
whenever the corresponding force component exceeds a pre-set threshold. Moreover, the
servicer base orientation controller keeps the servicer base at an orientation relative to the
passive object such as the one described in the previous paragraphs and also seen in Figure
3-3. This method leads to lower fuel consumption, as will be demonstrated in Chapter 4,
since it mitigates the appearance of forces in the null space of the servicer base motion.
Nevertheless, the existence of a number of servicers, as opposed to one, makes the system
more flexible in terms of gain and servicer positioning tuning, a fact that can further lower

fuel consumption as will be demonstrated in Chapter 4, also.
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Another difference between the system with a number of small servicers and the
system with a single large servicer lies on the required type of contact between the
manipulator end-effector and the passive object. If one large servicer is used, firm grasping
of the passive object is required. In the case of a number of small servicers, firm grasping
of the passive object is still an option, but this configuration allows for point contact, for
whenever firm grasp is not feasible. For example, this is the case of orbital debris
handling, where appropriate appendages for firm grasping may not exist, or may not be

available.

An additional difference between the two cases stems from the fact that there is a
limit in the maximum size of the servicers, due to the limit in the payload capacities of the
launchers. Thus, the option of several small servicers handling large passive objects, in

some cases it may be the only one.

One more difference between the two handling options, is that the system with a
number of small servicers is more complex, with at least two or three servicers (depending
on the contact case) interacting with each other and with the passive object. This leads to a
more complex passive object controller, since the existence of more than one servicers
results in the need for a force distribution method, such as the optimization process

proposed in this work.

A final difference between the two cases is that, in the case of a single and large
robotic servicer, a failure in the performance of the servicer would result in the failure of
the trajectory tracking motion of the passive object. In the case of a number of small
robotic servicers, failure in the performance of one of them may not have catastrophic
results on trajectory tracking of the passive object, since the remaining servicers may be
able to adequately control the passive object, depending on the type of the failure and on

the type of the desired motion.

Based on the above comparison, also displayed in Table 3-1, the case of several,
smaller servicers is chosen. In Chapter 4, the two cases are going to be compared in terms
of fuel consumption, for the same trajectory tracking maximum errors of the passive object
trajectory tracking motion, further verifying the correctness of the several, small servicers

choice.
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Table 3-1. Comparison between the single, large servicer and the several smaller servicers cases

Single larger servicer Several smaller servicers

More flexible in terms of

gain and servicer - +
positioning tuning.
Both contact cases vs. only +
firm grasp.
Max servicer size issues. - +
Simpler controller + -
Sensitivity to servicer +
failure
TOTAL 4-,1+ 1-,4+

3.3 Control Design

The task at hand is the trajectory tracking control of a passive object in space, by three
single-manipulator servicers. The goal is to minimize, or even eliminate the passive object
tracking errors, while keeping the servicer bases bounded within their manipulator
workspaces. In deriving a controller to eliminate errors, a number of methodologies can be
used. Nevertheless, systems such as the one in discussion are highly nonlinear; and
therefore, backstepping [69] that can accommodate nonlinearities directly, is a good
candidate. According to this method, we “step back™ at each iteration, in order to create the
control inputs from the simple subsystems of a more complex dynamic model. By
transforming into new variables at each iteration, a nonlinear system can be led to display
linear behavior, if there are no uncertainties on the dynamic system modeling. Moreover,
backstepping can avoid the elimination of nonlinear quantities in the controller, important

for stability and trajectory tracking, ensuring the controlled system stability.
3.3.1 Passive object motion without use of thrusters

As in the simplified one-dimensional model of Chapter 2, first is studied the case of the

maximum passive object translational motion that can be obtained by using only the
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servicer manipulators. Note that, since in the case of point contact thruster firing is
necessary in order to keep the servicers in contact with the passive object, the following
analysis is done for the firm grasp case only. Here, as in the one-dimensional simplified
case also, all the servicer thrusters are inactive and no external force is applied to the
system. Thus, the system center of mass state remains constant. The manipulators can be
used to exert a non-zero total force and zero total moment on the passive object, leading to
pure translation. The servicer bases would then move with respect to the passive object,
thus limiting the duration of the exerted total force by the corresponding manipulator
workspaces. A typical case for the initial state of the system is as shown in Figure 3-4.
Without loss of generality, the system CM (Xcm, Yem, Zem) 1S assumed to coincide with the

origin of the inertial frame, thus leading to
‘xcm = ycm = ZCI?I = 0 (89)

Robotic

ervicer
System Center
of Mass

Servicer

workspace

Servicers

Figure 3-4. Spatial handling of the passive object by use of manipulator forces only.
Moreover, x.n is obtained as:
3
Z x.m,
i=0

O (90)
my +m, +m, +m,
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where x; are the coordinates along the inertial x-axis of the CM of the passive object (i = 0)
and the servicer bases (i = 1, 2, 3), see also Eq. (76) and Figure 3-4. By denoting the

relative distances between the passive object an the servicers as

f=x-x, fori=12,3 1)

1

and using Eq. (89) then, Eq. (90) becomes

3
myx, + Z(xo +)~cl.)ml.
= — =0 (92)

m0+ml+m2+m3

By denoting x; i» and x; rthe initial and final values of x; respectively, Eq. (89) leads

to
xcmiin = xcmﬁf = O (93)
Then, Egs. (92) and (93) result in
3 3
myX i, + z (xofm X )mi myXx, ,+ Z (xoff X s ) m;
i=1 — i=l1 (94)
my +m, +m, +m, my +m, +m, +m,
or, equally,
3 3
(m0 +m, +m, +m, )xoim + Z)E[Jnm[ = (m0 +m, +m, +m, )xOJ + z%iijmi (95)
i=1 i=1
By denoting,
ox, = Xo r = X0 in (96)

OxX, =X P -x. . fori=12,3

i i i_in

then Eq. (95) leads to

3
Z ox.m,
Ox, =— = 97)

m0+m1+m2+m3

In this way, Eq. (97) provides the motion along the inertial x-axis of the passive

object dxo, with respect to the relative motions 0x, between the servicers and the passive

object, without the use of the thrusters. The maximum passive object motion that can be

achieved without thruster firing depends on the maximum relative motions 0X, , which are

functions of the initial relative distances X, , and the workspace of each servicer.
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Next, a simplified example is used in order to illustrate the method of obtaining the
maximum passive object displacement without thruster firing, with specific workspace
limits. In this example, it is assumed that the system center of mass velocity is zero, and
that the motion studied is along the passive object fixed frame x-axis, as seen in Figure
3-5. Note that the notation for the servicers m; and m: is the same as in the one-
dimensional case, since the relative motion between these servicers and the passive object
that can cause collision, is along the axis of the motion, as is the case in the one-
dimensional case. Thus, for i = 1 or 2, §; denotes the distance from the i servicer center of
mass to its manipulator base, while d; denotes the projection of d; along the passive object
x-axis. Note that, while 0, is fixed (as is in the one-dimensional case), d; is a function of the
relative orientation between the corresponding servicer and the passive object. Moreover,
oo denotes the constant distance from the passive object center of mass to the contact point
with the i servicer manipulator, along the passive object x-axis, dx; denotes the distance
of the i servicer base from the passive object, i.e. the current manipulator reach of the i
servicer, again along the passive object x-axis and xoo denotes the initial distance from the

passive object center of mass to the system center of mass, along the passive object x-axis.

Servicer workspace
=
xm3
y 3111 A- v 5x31uaa-|_
-+ s ) +
%5 \—;i | X \
z X 5 . \J_“,:N — ’
E ooxy B i Robotic
_ : < : . Servicers
Robotic i <

Servicer

ofMass  idi & i 8, | 8y | &y | o,
! : a B X

Figure 3-5. Spatial handling of the passive object by use of manipulator forces only, in simple

motion.
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Note also that dx;” (in Figure 3-5 only dx," is shown) denotes the additional reach the

i servicer manipulator can have on top of dx;, in order to reach its maximum manipulator

reach xp, 1.e.
Sx, +0x, =X, (98)

Moreover, taking into account Figure 3-5,% , which was defined in Eq. (91),

becomes

X, =—d, —0x, =90,

- (99)
X, =d,+0x,+0,,
while, since do; is constant, o, defined in Eq. (96), becomes
OXy =X, ,—X, i,
0 0_f 0 i (100)

oxX, =X, ;=X ;, fori=12,3

For the third servicer (m3) the notation is different, since different values are
important for this motion. Thus, dx3 is the distance from the m3 servicer center of mass to
the passive object left side, along the passive object x-axis, as seen in Figure 3-5. The
allowed relative motion between this servicer and the passive object along the passive
object x-axis, starting from this initial relative position, is limited by the servicer
manipulator workspace, with respect to the passive object, as seen in Figure 3-5. Note that
these limits of dx3 and dx3" are functions of the relative distance between the m3 servicer
and the passive object, along the passive object y-axis, while the maximum value these

limits can take are denoted by dx3max” and dx3max', as also seen in Figure 3-5.

By using an approach similar to the one used in the one-dimensional model of
Chapter 2 and by using the subscripts ;» and s for the initial and final values of the
variables shown in Figure 3-5 that change with time (e.g. d> changes with time, thus its
final value is d> r while d2 does not change with time), the motion dxo of the passive object

center of mass without the use of thrusters, is obtained,

_i[(dif -d, ,,+6x, ,—0x, , )mi ] _(53637 0%, 4, )ms
Ox,=—=

(101)
my +my +m, +m,

In order to obtain the maximum value of dxo, it should be noted that, for the servicers
of mass mi and my (i.e. for i =1, 2), even though d; is not fixed, the maximum value of
(Oxi p+di 1) - (0xi in+ di in) 1,
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(di,f -d, , +0x, ,—6x, , )

=(ox, ,+d, ,)-(5x,,

i_in

+ difin)

=x_ (102)

mi
max max

Moreover, for the m3 servicer, the maximum value for dx3 - dx3 in is (dx3” + dx37), as
can be seen in Figure 3-5. Thus, the maximum relative motion this servicer can have along

the passive object x-axis, is:

=0Xy,, +O0Xy . (103)

max

= (§x3_ + 5x3+)

(5x3_f - 5x3_m )

max

Finally, using Egs. (102) and (103), Eq. (101) provides the maximum motion of the
passive object center of mass along its x-axis, when using only manipulator forces (i.e. all

thrusters are switched off):

- +
Xy + X, +<5x3max + 05 0 )ms

(104)

5x07max =
mo + I’I’l1 + m2 + m2

Note in Eq. (104) the difference between the contribution of the m3 servicer of the
passive object motion and the contribution of the other two servicers. This is so because of
the different relative orientation of the servicers with respect to the passive object motion,

for the motion under discussion.

By using a similar approach, the maximum passive object motions, when using only
manipulators, along the passive object y-axis and z-axis can be obtained, for both contact
cases. Note that, for the passive object y-axis motion, the contribution of the m3 servicer is
of the same type as the contribution of the m; and m> servicers for the x-axis motion and
vice versa. Finally, for the passive object z-axis motion, the contribution of all three

servicers is of the same type as the contribution of the m3 servicer for the x-axis motion.

The above analysis does not mean that the space in which the passive object can
move when using only manipulator forces, is a rectangular box of sides dx0-max, 0y0-max and
0zo-max- As already mentioned, the maximum allowed motion for the passive object is a
function of the initial servicer configurations (see Eq. (101)), and what Eq. (104) provides
are the absolute maximum x-axis motions of the passive object for the two contact cases,
for the ideal initial conditions, i.e. initial relative positions between the passive object and
the three servicers. For a given set of initial state of the system and in order to check if a
desired final passive object position is feasible without the use of thrusters, the following

approach can be used:
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1. First, the feasibility of the motion to the desired position along its x-axis, by using
only manipulator forces is checked. To do so the desired x-position is checked with respect
to the maximum feasible one given by Eq. (101), for the given initial conditions. If the
desired x-position is feasible, the passive object is moved to this desired position along its
x-axis. Note that the coupling of the translational and rotational motions would result in a

different final system state.

2. This state is used as initial configuration for the next step, in which the feasibility
of the desired y-position is checked, given this initial configuration. If the motion to the
desired y-position is feasible, the passive object is moved there and again the coupling of

the translational and rotational motions would result in a different final system state.

3. This final state is used as an initial configuration for the final step. In which the
feasibility of the passive object motion to the desired z-position is checked, using the same

strategy as in the previous two steps.
3.3.2 Controller derivation and generalized forces constraints: firm grasp case

When the passive object desired motion exceeds the limits set in Section 3.3.1, thrusters
must be used to displace the system center of mass. In the firm grasp case, the
backstepping methodology results in a model-based controller, which is used to compute
the necessary inertial forces and moments to be applied to the passive object. The
application of the backstepping methodology is similar to the one already presented in
Section 2.3.3, when dealing with the simplified one-dimensional model. Nevertheless,
there are differences, since now we use vectors and matrices instead of purely scalar
quantities. To apply this methodology, we first focus on the equations of motion of the

passive object. Thus, if

€ =90, 4o (105)

with qo« being the passive object desired trajectory, from Eq. (84), we obtain:

€& =gy —H;‘(QO—CO) (106)

Defining zo and z; as
(107)

then, Eq. (106) yields:
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Z) =17,

~ (108)
z,=q,, _Hol (Qo _CO)

The variables zo and zi as presented in Eq. (108), are in strict feedback form
allowing us to apply the backstepping methodology.

Step 1

Assume for the moment that z; is controllable and that we use the following

controller:

zZ, :¢01(Zo):_Kozo (109)

with the 6x6 matrix Ko = diag (ko(1)... ko(6)) and ko(i) > O for i = 1...6. Assume also the

following Lyapunov function:
1.
VOI(ZO)=EZ0B0ZOZO (110)

with the 6x6 matrix Bo = diag (fo(1)... fo(6)) and So(i) > 0 for i = 1...6. By differentiating
Eq. (110), we obtain:
Vo (zy) =2Byz, =z, Bz, (111)
and, using Eq. (109), Eq. (111) yields:
Vo (20) =—2;B, Kz, <0 (112)
Unfortunately, z1 =¢,1s not directly controllable.
Step 2
We define wy as:
wo=zl—(1)01(zo)=z1+Koz0 (113)

which, ideally, should be zero, thus rendering the tracking errors e and ¢, equal to zero. By

differentiating Eq. (113) and using Eq. (108), the following is obtained:
W, =q0’d—Hgl(Q0—C0)+Kozo (114)
Then, by use of Egs. (109) and (113), Eq. (114) yields:

W, =g -H,'(Q,-C,)+K,w,-Kiz, (115)
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Since the directly controlled quantities are the control generalized forces Qo, the

following controller is assumed instead of the one in Eq. (109):
Q=0 (z.7) (116)
with the following Lyapunov function:
vw(zo,zl):v01(20)+%ng0w0 >0 (117)
with the 6x6 matrix Ao = diag (ao(1)... ao(6)) and ao(i) > 0 for i = 1...6. Note also that
Vi, (29,2,) =02, =2,=0 (118)
Differentiating Eq. (117) leads to:
V,, =V, + Wl AW, (119)
and then, by also using Egs. (110) and (115), we obtain:
Vi =20 Byz, + wy A, (5, - H,' (Q, - C, ) + K, w, —K(z, ) (120)
Note that, use of Egs. (108) and (113), results in:
Z,=2,=wW,—-K.Z, (121)
Thus, Egs. (116), (120) and (121), lead to:
Vi =2oB, (W, — Kz, ) +wi A, (i, ~H,' (¢, —C, ) + Kow, —Kiz, ) (122)
or

Voz =12,B,wW, —2,B Kz, + WA, (qo,d =i (¢ o O )) +wo A KW, —wiA Kz, (123)

By defining
B, =AK; (124)
then Eq. (123) becomes
Vi = —2B Kz, + wi A (i~ H,' (0, —Cy)) +wy A K W, (125)

Now the control generalized forces of Eq. (116) can be derived. By using

Q,=¢,=C,+H, (qo,d +K0W0) (126)

Eq. (125) yields
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V,, =—2,B,K,z, = -/ B, K e, <0 (127)
Note that, by means of Egs. (107), (110), and (113), Eq. (117) yields:

\2 :%eOTBoeo +%(é0 +Koeo)r A, (& +Ke )20 (128)

Thus, since Vo2 > 0 and V,,< 0, Vo2 is bounded. This is so because Vo2 cannot tend

to -oo since it is positive and it cannot tend to +oo with V02 being negative, if the initial

value of Vo2 is non-infinite. By assuming that the initial errors ep and &y are not infinite,
which is a reasonable assumption, and since all matrices Ao, Bo and Ko are diagonal, with
positive, constant and non-infinite terms, then by means of Eq. (94), the initial value of V2
is indeed non-infinite. Moreover, since Vo2 is bounded, both terms of Eq. (128) must be
bounded too:

0< lim(legBOeoj < B, <+

t—w\

(129)
0< lim(l(éO K8, ) A, (€ + K€ )j < B, <+

11— 2

where Bi, B> > 0 and bounded.

Assuming that eo = [eo(1), eo(2),..., eo(6)]" and since all matrices Ao, By and Ko are
diagonal, with positive, constant and non-infinite terms, as already mentioned, Eq. (129)
leads to:

—o0 < lim(e, (i)) < C, < +o0
= , foralli=1,...,6 (130)
—oo < lim (&, i)+, (i) e, (i)) < C, < +oo

t—

where Ci, C2> > 0 and bounded. Note that Eq. (130), yields:

—o0 <D <lim(¢,(i)) < D <+ (131)

—

foralli=1,..., 6, where D > 0 and bounded. Moreover, differentiating Eq. (127), leads to

V,, =—2¢;B,K,¢é, (132)
Since the matrix BoKp is also diagonal. Thus, by use of Egs. (130) and (131), Eq. (132)

leads to the fact that V,, is also bounded:

~0<—E <V, < E <+ (133)
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where £ > 0 and bounded.

Thus, Voz is uniformly continuous, which, along with the already shown fact that Vo,

is bounded, consist the two requirements of Barbalat’s lemma for Vo, which states that if
the differential function f ( ¢ ) has a finite limit as t — oo, and f is uniformly continuous,

then f(¢) — 0 as t — o [107]. Thus, we obtain

lim(V,,)=0 (134)

11—

Substituting V02 in Eq. (134) from Eq. (127), leads to:

lim(&,)=0 (135)

t—o0

Thus the tracking error eg is proven to tend to the zero 6x1 vector, when the
controller of Eq. (126) is used, proving controller stability. By use of Egs. (108), (109) and
(113) on Eq. (126), the final form of the passive object controller is derived:

Q, =[0,,.C | +H, (i, +K e, + Kot ) (136)

where Kpo, Kpo are constant gain matrices, with Kpo = Ko and Kpo =K}, =K;. By

applying Eq. (136), the desired trajectory provides the required generalized object forces.

Note that backstepping/ model-based control such as the one in Eq. (136) uses
knowledge of inertial properties, which may not be available always, as is the case with
non-man-made objects. In those cases, these properties can be obtained by parameter

identification methods, such as those in [8], [37] and [38].

The Qo forces and moments in Eq. (136) must be applied by the three end-effectors
grasping the passive object, i.e. by the three fz; forces and three ng; moments. However,
these are subject to constraints. The first constraint stems from the fact that, as mentioned
earlier, thrusters facing the passive object are deactivated. Therefore, no forces are
available to push a servicer away from the passive object, if its distance is less than a
preset threshold. This task can be accomplished by its manipulator through the application
of an appropriate reaction fy;, see Eq. (81) and Figure 3-2. The free-flying servicer
controller (presented later on) calculates the required repulsive force, denoted by f;; » and
defined in Eq. (150), to push the servicer away from the object. This force is obtained
based on the same idea as in the simplified one-dimensional model and thus is applied as a

component of the manipulator reaction fy. In this way, to move the servicer away from the
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object, this component of f5;, must be at least equal to the calculated f;; .. Contact force fx;
is subject to the same constraint, since, due to assumption (ii), fs; is equal to - fz;. Thus,
whenever there is a need for a repulsive force for the i servicer along the r-direction in the

no-thrusting area, Eq. (137) must hold:

(£, o8 )F = — (£, F)E > 1

i e 1=1,2,3 (137)
where r denotes the unit vector along the r-direction. For the firm grasp case, Eq. (137) is

the only constraint on the Qo generalized forces.
3.3.3 Controller derivation and generalized forces constraints: point contact case

The controller development so far, was accomplished for the firm grasp case.
Nevertheless, the model based control of Eq. (136) and the constraint of Eq. (137) hold
also for the end-effector generalized forces Qo for both contact cases, although in the point
contact case, the generalized forces Qo are defined by Eq. (83), instead of Eq. (82).
Moreover, in the point contact case, unilateral constraints are introduced for the contact
forces fri. To avoid loss of contact, these forces must have a normal component towards

the object. Thus the following constraint must hold
—f,. s, <0, i=12,3 (138)

where s; is the unit vector at the i™ contact point A;, perpendicular to the surface of the
passive object and facing outwards, see also Figure 3-2. In addition, these forces must
remain within the friction cone of the contacting surfaces, so that slip of the end-effector
on the surface of the passive object is avoided. Therefore, an additional constraint for fz;

must hold,

atan2 (”sf (—f)

8, ) <atan (1), i=1,2,3 (139)

where y; 1s the corresponding friction coefficient between the two contacting surfaces. In

Eq. (139), the function atan? is used to take into account the direction of fz;.
3.3.4 Manipulator force distribution

Although Eq. (136) computes the generalized forces Qo to act on the object, end-
effector forces and torques fz; and ng; cannot be calculated by equating Eqs. (82) (or (83),
depending on whether firm grasp or point contact case is studied) and (136) due to

redundancy and the existence of the abovementioned constraints. Therefore, to solve this
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problem, a method for resolving applied to end-effectors forces must be employed, a task

generally known as force distribution.

Several methods for force distribution, developed for terrestrial systems, exist in the
literature, mainly for grasping mechanisms [15], [23], [25], [74], but also for more general
cases [24]. Even on the same field of gasping of a passive object, there are several
different works depending on the problem solved, i.e. number of contacts, type of contacts
(i.e. fingertip grasping [74], human-like grasping [23], “whole-limb” manipulation [15]
etc.), type of motion expected (or even the requirement for passive object equilibrium
[25]), or even contact point selection [23]. In our case no fixed bases exist, and servicer
bases are "flying" consuming scarce thruster fuel. To address the problem of force
distribution on orbit, a two-layered optimization method is developed here. The first layer
of the method is defined so as to lower the demands in control forces/moments and thus fit
the aim of lowering the thruster fuel consumption. This is because on orbit, the applied
control forces/moments on the passive object appear as disturbance reactions on the
servicers, and their rejection requires use of reaction wheels and thrusters. Note that this
optimization is used as a means of force distribution and so, any solution is acceptable. It
is an extra bonus if the provided solution is an optimal one, in terms of further lowering
fuel consumption, but sub-optimal solutions are also acceptable. The second layer of the
optimization method is developed so that the maximum control forces/moments needed
are further reduced by identifying the optimal set of contact points, thus further lowering
the fuel consumption. Having set up the problem as described, we adopt an appropriate
constrained nonlinear optimization method to yield both end-effector forces/moments and

contact point locations.

First layer. For the firm grasp case, we set the three end-effector forces fz; and the
three end-effector moments ng;, as the design parameters. Thus, the optimization process
returns the contact forces fr; and moments ng; that must be applied by the manipulators so
that the object trajectory is followed, while the forces/moments norm is minimized and the
constraints observed. To that end, the performance index is chosen as,

Sz (a0

i=1 i

A() = %mlfn

gt

so that the weighted sums of the squared norms of both the applied forces and moments is

minimized. In Eq. (140), w» is a weighting factor with appropriate units. The initial guess
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for each optimization step is the fz; and ng; of the previous step, while for the first step, the
initial guess is fz; = ng = 0. The dynamics Eq. (82) acts as a linear constraint for the
optimization, while Eq. (137) is a nonlinear constraint to be observed along with control

Eq. (136), which also acts as a nonlinear constraint for the optimization.

For the point contact case, the three end-effector forces fz; are again set as the design
parameters, since no moments can be applied by the manipulators. Moreover, the return of
the optimization process includes only the contact forces fr; that must be applied on the
passive object by the servicer manipulators, so that the object trajectory is followed, while
the forces norm is minimized and the constraints observed. Thus, the performance index in

Eq. (140) is now reduced to,

3
A1) =%rrggnizl(f§[) (141)
so that the sum of the squared applied forces is minimized. In this case, Eqgs. (138) and
(139) apply as additional linear and non-linear constraints respectively and dynamics Eq.
(83) is used as a linear constraint instead of Eq. (82), while control Eq. (136) and Eq. (137)

are again used as non-linear constraints.

The required generalized forces Qo are resolved into the nine contact force

components fz; by optimization. The two vectors are related by:
Af, =Q, (142)

where the 6x9 matrix A depends on the positions of the three contact points, with respect
to the passive object center of mass. It should be noted that, the solution to this problem
requires that the matrix A AT is of full rank, i.e. six. This holds true always if the
determinant of A AT is positive. Three cases when this does not happen are the following:
(7) if at least two of the contact points coincide with the passive object center of mass, (i7)
if one contact point lies on the line connecting the other two contact points and (iii) if two
contact points coincide. Obviously these are cases that degenerate the tree-contact-point
case into a two-contact-point case and can be easily avoided. Nevertheless, when choosing
the optimal contact points (see Second layer bellow), it must be ensured that the
determinant of A AT is positive. Under this assumption/constraint, the problem of force
distribution has infinite solutions, as stated in requirement c2. As is true for all

optimization techniques, a local minimum may result, pointing to a suboptimal solution.
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However, the primary task for the optimization is to resolve the Qo to the three contact

forces; this task is achieved still.

Second layer. In the above analysis, it was assumed that the contact point locations
of the end-effectors were given. However, the obtained solution depends on these
locations. A poor choice may result in high end-effector forces and in turn, in excessive
servicer thrusting and fuel expenditure. Therefore, it is beneficial to search beforehand
(off-line) for optimal contact point locations. To this end, an additional optimization is set
up, having the coordinates of the contact point vectors d; as the design parameters. The

performance index is now of min-max type,
A, = n}]in(rnax Al(t)) (143)

where the maximization over time ¢ means that, for a given set of d;, the trajectory tracking
motion is simulated and the overall max Ai(¢), i.e. the worse force requirement over time
is obtained. The optimization process then chooses a different set of d; until max Ai(¢) is
minimized during object desired motion. The procedure yields the optimal contact point
vectors d;, subject to geometrical constraints defined by the object geometry, as well as the
abovementioned constraint on the determinant of matrix A AT. With the completion of the
optimization process, both the optimal contact points and the force profiles for the free-

flying servicers are obtained.

Note that the two-layer optimization yielding the optimal contact points is the same
for both contact cases. Moreover, it does not need to be executed in real time. In fact, it
must be performed off-line, so as to obtain the optimal contact points for capturing the
passive object, subject to geometric constraints, before the actual motion. During the
actual motion, only the first-layer of the optimization method needs to be running, to
resolve the required control force/ moments to the end-effectors, while the contact points

are assumed to be given. This improves the execution time of the algorithm.
3.3.5 Free-flying servicer control

Next, the design of the servicer controllers, both in terms of manipulator and in
terms of servicer base position and attitude (pose), is presented. Planning the desired
servicer trajectory is a complex process, as the servicer manipulator will have to apply the
required fz; on the object while maintaining a desired pose of its base that takes into

account workspace and collision avoidance requirements. To this end, appropriate initial
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servicer base pose with respect to the passive object is chosen. It is then desired that it is
maintained within certain safety limits, throughout the motion. Hence, the desired servicer
base trajectory q;« is computed based on the object trajectory and sent to its motion
controller. Note that the servicer controller is a two-part controller. The first part is the
general motion controller, regarding the thrusters and the reaction wheels. The second part
consists of the calculation of the manipulator force component fj; ,, required to push the
servicer base away from the passive object (also needed in Eq. (137)). These two parts,
inspired by the final controller used on the simplified one-dimensional model, are

presented next.

In the case of firm grasp, the servicer motion controller takes as feedback the pose of
the servicer base and uses it to compute the motion tracking errors, with respect to q;a.

Employing a model-based controller, the control inputs on the i servicer are given by,

T
{i(fi ), n} =H; (4, +K,e +K,¢)+W, (144)

where,

T

T
6
W, =| -, (Cj —n, —Z(f;dg)”;p,-] (145)
j=1
while, f;; are the thruster forces and n; are the total reaction wheel moment acting on the

servicer base, as also seen in Eq. (81) and in Figure 3-2. The Kp;, Kp; are control gain
diagonal matrices, H; and C; are defined in Egs. (77) and (80), €; = qi« - q; is the tracking

error, and fi;, ny; are the reaction forces and moments transmitted to the i servicer base by
its manipulator. Note that the usual practice in space systems is to have either three
reaction wheels in right angles or even four reaction wheels on axes that form a pyramid.
Thus, there remains the issue of resolving these reaction wheels moments to the servicer
base principal axes, resulting in the total reaction wheel moment n;. Nevertheless, if the
reaction wheel system is well designed, this is not a difficult issue. In this work it is

assumed that the total reaction wheel moment n; is observable and controllable.

To apply the controller given by Egs. (144) and (145), the reaction force fi; and
moment ny,; must be available. These are related to the manipulator end-effector force f;

and torque ng; by the manipulator force transmission equation,
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T
ERIAR .
0,, L, ng n,

where J; is a 3x6 matrix, which resolves the end-effector force fz; and torque ng; to the

base, and is given by:

J=d;, (147)

1

where d, is the cross-product matrix of dz (see also Eq. (79) and Figure 3-2), which is

the vector from the manipulator base, to the corresponding contact point. Note that dg;
depends on the manipulator posture (joint angles) as well as the manipulator Denavit-
Hartenberg parameters (kinematic properties). Because of assumption (i7), where Eq. (146)
yields f,; = -fzi. Resolving fz; and ng; to joint torques is achieved using the manipulator
end-effector Jacobian, also a function of the manipulator posture (joint angles) and the

manipulator Denavit-Hartenberg parameters (kinematic properties).

Taking into account the very slow motions of space systems and their design
specifications, it is reasonable to assume that manipulator actuators will be able to provide

the required joint torques.

Equation (144) can be separated into two parts. The upper part of Eq. (144),
consisting of the first three equations, is independent of n; and thus can be solved for
thruster forces fj;, once fy; is obtained by Eq. (146). This, at first, results in a continuous
control force Xf;. To accommodate on-off thrusters, a switching strategy is needed. This
strategy includes the following steps: (a) transformation of the Xf; to the corresponding
servicer base frame (b) projection of the force along the three thruster axes, obtaining three
bi-lateral continuous forces, (c¢) turning each thruster on, when the corresponding
continuous force value exceeds a preset threshold value f;, as can be seen in Figure 3-6.
The result of this strategy is six uni-lateral on-off fj; forces. The resulting controller will
not lead to asymptotic stability, but this is not a restriction, as for the servicers we require
error boundedness only, such as the one achieved in satellite attitude control. After
obtaining the on-off f;, they can be used in the lower part of Eq. (144) along with f5; and

ny;, in order to obtain n,.
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Figure 3-6. Switching strategy for a single thruster, for the servicer position control.

Since wheel-applied moments are subject to limits, moments exceeding these limits
can be applied by employing pairs of on-off thrusters. In this case, the continuous n;
obtained by Eqgs. (144) and (145) is also discretized, using the same switching strategy as
in the case of fj;, with a preset threshold value n, that corresponds to the reaction wheel
limits, as can be seen in Figure 3-7. It should be noted that, the required continuous
moment below the threshold limit, as seen in Figure 3-7, is actually applied by the reaction
wheels. Whenever there is a need for more moment than what the reaction wheels can
provide, then the on-off thruster pairs can provide it effortlessly. This on-off moment
application may be seen as a disturbance to the continuous controller. Nevertheless, since,
for the motion of the servicers only boundedness within the manipulator limits is required
and since these relatively large on-off moments are doing exactly that, this is not an issue.
In the present work, the on-off moment values were chosen by trial and error in simulated
experiments, making sure that the on-off moments are not too large, thus resulting in
sending the servicer base quickly towards the opposite limit of the corresponding reaction

wheel and leading to a type of limit cycle.
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Figure 3-7. Servicer attitude control, with switching strategy when the reaction wheels (continuous

moment) reach their limits.

Recall at this point that the computation of the fj; - required to keep the servicer away
from the passive object, and needed in Eq. (137), is yet to be defined. This force is
obtained by employing model-based control. To this end, a model-based PD control force

Fu,i 1s calculated first according to,

F,,, =diag(m,,m.,m)(E,+K e,  +K, & ) (148)

m rPi~r_i rDi™r i

where K,p; and K,p; are control gain diagonal matrices, while
-, (149)

is the error between the desired position of the servicer r;s and the actual position r;
defined in Eq. (76). Note that, Fus; provides position control for the servicer base, but is
only needed when there is a need to push the servicer base away from the passive object
and the pushing direction lays in the no-thrusting area of the servicer. Thus, when the
direction of's;, defined in Eq. (138), lies in the no-thrusting area, and depending on the sign
of Fup,’s component along the direction of s;, the need for the repulsive force fj - is
decided. A negative sign for this component implies the need for a repulsive force, to push
the servicer away from the object, and equal to the component of the F,;; along the
direction of s;. A positive sign implies the opposite. In this case, the force can be supplied

by the thrusters, and thus, f;; , is zero. Therefore, f;; - is obtained as:
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(F,.8;)s, ifsgn((F,,es;)s,)<0

£, = (150)
0 if sgn((F,,es,)s,) =0

The two parts of the servicer motion controller (Egs. (144) - (145) and (148) - (150)),

are distinct. The controller of Eqgs. (148) - (150) is used to compute, by means of the
optimization process, the required repulsive component of fz;, and thus, because of
assumption (ii), of f. This fy; is used in its turn, in Egs. (144) - (145), to compute the
thruster forces. The controller in Eqgs. (144) - (145) computes a thruster repulsive force
twice, once as a PD quantity in Eq. (144) and once by means of the f;; - component of fz;,
in Eq. (145). Because of the requirement (b), thrusters in the direction of fj; , are turned
off, thus discarding the thruster repulsive force, and allowing only the manipulator to

apply the f; , as an f; component.

Note that the only difference in the point contact case, is that Eq. (151) is used
instead of Eq. (146).

JinEi = [fbir nbiT ]T (151)

Having obtained fj; ,, the required end-effector force fz; can also be obtained, as
shown earlier in this section, and then the servicer actuator inputs are computed using Egs.
(144) - (145) and (146) or (151). In this way, the optimization process (see earlier in this
chapter), which provides the forces fz acting on the passive object, provides also the

forces fi; -, acting on the servicers as components of the reaction of fx; on the servicers.

Figure 3-8 displays the block diagram of the servicer control system for both contact
cases. The inputs are the desired trajectories (pose, velocity and acceleration) of the
passive object and the servicers and the output is the actual trajectory (pose and velocity)
of the servicer, for both contact cases. The differences between the firm grasp case and the
point contact case, include a difference in the optimization process (Eq. (140) or Eq. (141)
), a difference at the passive object applied forces/ moments (Eq. (82) or Eq. (83)) and a
difference in the calculation of ny; (Eq. (146) or Eq. (151)), see Figure 3-8. In both cases,

the forces/ moments acting on the passive object are the same.
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Figure 3-8. Flowchart of the servicers control algorithm.

3.4 Stability and Robustness

3.4.1 Stability of the Passive Object Motion

Despite switching controls acting on the servicer bases, applied forces/ moments on the
controlled passive object are continuous, as applied by the manipulators. This is because
the servicer base mass filters thruster forces, and because joint motors compensate actively
for any residuals, as thruster firing and its effects on the manipulator are known a-priori.
Thus the passive object motion can be controlled with vanishing errors, a response that

cannot be achieved using switched forces only.

The stability of the passive object response under the proposed controller, for both
contact-type cases, can be shown using Lyapunov’s global stability theorem, with the

following Lyapunov function,
. 1
Vo(eo,e0)=§(eg A K e, +wy Agw, )20 (152)
with

wy=6, +K, K, "' €, (153)

and
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A, =diag(a,(1),...,a,(6))>0 (154)
with ao (i) > 0, not all equal to zero.

Differentiating Eq. (152) and using Egs. (75) to (80) for i = 0 along with Egs. (136),
(82) (or (83)) and (154), we obtain

V, = -ef A K} e, <0 (155)
simply by selecting the following condition
K, =K, (156)

Using Barbalat’s Lemma, as shown earlier in the backstepping methodology

derivation and also in [83], it can be shown that

lim(V,)=0 (157)

t—©

and in conjunction to Eq. (155), the following is obtained

lim(e,)=0 (158)

t—

Thus, the error eo converges to zero (see Eq. (158)), proving the stability of the
passive object response under the proposed controller. Examining the stability properties
of the servicer controllers is more involved. As seen previously, backstepping/ model-
based control was used as an intermediate step in developing a switching strategy for the
on-off thruster forces. The nature of these forces introduces errors in the relative positions
and attitudes between the passive object and each servicer. As mentioned already, these
errors need only to remain bounded within certain limits; therefore the lack of asymptotic
stability is not a limitation. The boundedness analysis is complicated since some of the
forces are continuous (i.e fz;), while others are switched (i.e. f;j). However, the bounded
control response can be realized similarly to the on-off attitude control of satellites. The

boundedness of servicer motions is demonstrated in Chapter 4, via simulation results.
3.4.2 Robustness of the Passive Object Motion

The analysis so far assumes perfect knowledge of the passive object parameters, in order
for them to be used on the model based PD controller. Nevertheless, this is not always
feasible. The work in this section studies the controller robustness in the presence of
parametric uncertainties during passive object controlled motion, via a linearization

methodology. Assuming that the parameters of the man-made servicers are adequately
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known, we focus on the passive object inertia parameters (mass and inertia matrix), that
are needed in the model based PD control developed in Eq. (136). The tracking errors of
the passive object motion are shown to vary within bounded values that can be obtained a-
priori by simple knowledge of the desired trajectory and a maximum bound in parameter

uncertainty. This is also demonstrated by simulations in Chapter 4.

For quick-reference, the model based PD controller that was chosen for the passive

object is rewritten here:
Qo = Co +H, (QOd + K€, + KDOéO) (159)
where

€ =4q0s — 4o (160)

and qoq 1s the desired trajectory for the passive object and Kpo and Kpo are control gains.
Use of the controller in Eq. (159) leads to asymptotically stable motion of the passive

object, as already proven in the previous section by use of Lyapunov stability theory.
Assume now that there is some uncertainty in the estimation of the passive object
mass mo and inertia matrix °Io and that the uncertain quantities used in the controller (Eq.

(159)) are denoted by m, and Ofo respectively, where (’?‘) is the estimated value of (*). The

Iy

corresponding matrices Co and Ho become C; and ﬁo respectively. Thus, Eq. (159)

becomes:

A

Qo :Co +I:Io (qw +KPOe0 +K00é0) (161)
Uncertain matrices H, and éo can also be written as:

H,=H, +5H (162)
and

C,=C,+45C (163)
where JH and 6C denote the variation of the uncertain (estimated) matrices I:I0 and éo

from the real ones Ho and Co respectively.

Equations (161) and (75) (for i = 0), provide the dynamic equation of motion of the
passive object, in the case of uncertain parameter estimations:

A

Hd, +C, =C, +H, (d,, + K€, + K poé,) (164)

106



PhD Thesis GEORGIOS REKLEITIS

or equivalently,

A

q, = g(qmqo) = H(;I (Co -C, ) + Halﬁo (qu + K€, + KDOéO) (165)
Using Eq. (160), we obtain

Qo =Yo, —€ =Yg, + 99,
Qo = o, =€ =y, + 54, (166)
Qo =0y, —€, =0y, + 94,
Thus, using Eq. (166) on the left-hand side of Eq. (165) and linearizing the right-

hand side of Eq. (165) at the desired point o4, we obtain:

qu + 5‘10 = HSI (Co - Co ) + H(;II:I() (QOd + Kpoeo + KDOéO ) dog +
q[)d
(167)
+i oq, +i 0q,+HOT
aqO Qoa qO Qoa
Qoa Qoa
where,
£ (€54,) = Hy' (€, = C, )+ H'Hy (i, + K o€, + K oty (168)
where HOT stands for Higher Order Terms. Using Eqs. (162) and (163), we obtain,
[ (90480050, ) = Hy'6C+H,'6Hd,, +i, (169)
Thus, Eq. (167) becomes
8d, =(H,'5C+H,'sHi,, ), I g+ 2 5q,+ HOT (170)
‘lgj 6qO Qoq Ao |90
oa oa
We define the following
0
9 -,
aqo Goa

e (171)

l =F,;

aqO Goa

YQoa

Assuming that we are close enough to the desired trajectory, the higher order terms

of Eq. (170) become insignificant. Thus, Eq. (170) becomes

64, - F,,0q, - F,;6q, = (H815C+H815Hi10d) (172)

Qod
od

107



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

The right-hand side of Eq. (172) depends on the desired trajectory and on the small
uncertainty terms 6C and 6H. Therefore, it is a small, bounded term that drives the second

order system of the left-hand side, which is essentially a mass-spring-damper-type system.

By differentiating £, given in Eq. (168), according to Eq. (171), we have

F,, =—K,, +(-H,'0HK ,, +T,) |
£, 4o (173)

Qoa

ST, =H,' _aéc
oq,

Note that, for no uncertainty (0H = 0C = 0), the right-hand side of Eq. (173)

becomes equal to —Kpo and thus negative definite. Note also that,

K (174)

Qa DO
Goa

K, —H,'6HK ,, = — (L, + H,'SH)

where Isx is the 6x6 identity matrix. The term —Ho'6H in Eq. (174) depends only on the

desired trajectory (qod4,q,,) and the uncertainty. Thus, it can be used to obtain an

uncertainty area, for which the term Is~6 + Ho'0H is positive definite, leading to the right-
hand side of Eq. (174) being negative definite. Since JT; is a small term depending also
only on the desired trajectory and the uncertainty, it can also be used to determine another
uncertainty area, for which 6T, is dominated by the negative definite term — (Isx¢+Ho ' dH).
The common ground of these two uncertainty areas define the maximum allowable
uncertainty area, for which, large enough control gains, result in Fap being negative
definite. The same method can be used to obtain the maximum uncertainty for which Fap

is also negative definite, since the term Fgp is

F,, =K, +(-H,'0HK , + 5T, ) ,

& . (175)
-1 -1
OT, = M, 50+ H,' %€, ( M, 5+ H,' ooH ] Gy,
0q, oq, \ 0q, aq,

In this way, the need for the negative definite matrices Fap and Fup can be used as a
design tool. For a class of desired trajectories and a bounded range of expected
uncertainty, a range of Ep and Ep can be found and thus the minimum required control

gains Kpo and Kpo can be obtained.
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With the negative definite matrices Fap and Fgp, the second order system of Eq.
(172) is stable. At the steady-state, the first and second derivatives of 0qo are zero. The
small, bounded term on the right-hand side of Eq. (172), though, is not constant during the
trajectory tracking motion. Nevertheless, the closed-loop frequency of the controller (and
the resulting bandwidth) can be high enough by design, so that the fastest frequency of the
desired motion is far lower. This is a realistic claim for controller design, especially for
motions in space, in which the desired trajectories are quite slow by design. Thus, the
second order system of Eq. (172) responds as if the right-hand side is a quasi-constant
driving term, as will be displayed by simulations in the following chapter. Then, the

acceleration and velocity errors (dq,and Jq,respectively) tend to zero and

position/orientation errors tend to

5q, > -F,, (H,'sC+H,'sHg,, ) (176)

Yoa
Yoa

Note that the vector on which the position/ orientation error is attracted is a-priori
known, since it depends on the desired trajectory and on the uncertainty, for which we can

estimate its expected maximum range. Thus, if the following hypotheses apply:

1. The initial errors as well as the known vector on which the position/ orientation error
is attracted are close enough to zero, so that the linearization that led to Eq. (172) is
still valid (both valid assumptions for a trajectory tracking problem such as the one
at hand, especially when using standard parameter identification methods [8], [37]

and [38], to lower the parametric uncertainty),

2. The control gains Kpo and Kpo are high enough and the parametric uncertainty is low
enough, that the claim for negative definite Fap and Fgp is still valid, as discussed in

conjunction to Egs. (173) to (175),

3. The controller bandwidth is high compared to the bandwidth of the desired motions,

so that a quasi-steady-state response can be obtained,

then the original non-linear system of Eq. (75) for i = 0 (with the control generalized force

as in Eq. (161)) is stable, with tracking error of

[ & =—[5a] 64;] —|F.}(H,'5C+H,'sHi,,.)

. 0}:Ad (177)

Yoq
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where dqo is defined in Eq. (166). Moreover, the system is immune to small disturbances
that do not raise the tracking errors to values that invalidate the abovementioned
hypotheses. Summing up, if we start with small enough tracking errors and we do not have
severe disturbances (both valid assumptions for a trajectory tracking problem such as the
one at hand), then the passive object motion is stable, as long as the abovementioned
hypotheses, whose validity can be determined a-priori, are true. Moreover, if the motion is
slow enough (a realistic assumption, especially in space), the tracking errors follow Eq.

(177), as will also be shown in Chapter 4.

As mentioned above, for a system without uncertainty, then from Egs. (162) and

(163), we obtain

SC=5H=0 (178)

Thus, from Eq. (177), we obtain

[e" ¢] >0, (179)

This response is the expected one, since the system without uncertainty is
asymptotically stable, as has been proven in the previous section. This can also be seen by
assuming no uncertainty on the linearized system described by Eq. (172), in which case it

leads to

54, +K 64, +K,,6q, =—(¢+K e +K ) =0 (180)

which is equal to the error-dynamics equation of motion of the passive object, under the
model-based controller of Eq. (159), in the case of no uncertainty. The second order Eq.

(180) is easily proven to be asymptotically stable, by using Lyapunov stability theory.

Using an analytical form for the passive object inertia matrix, the above analysis can

be developed further. The general form of the inertia matrix %Iy is given by Eq. (181):

I(y2 +zz)pdV IxypdV IxzpdV
\% \% \%
1, [wpdv [(¥+2)pav  [yzpdv (181)
v v \Y%
szpdV '[yzpdV J‘(x2 +y2)pdV
L % % % |
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where V is the volume of the passive object and p is its density. Assuming that the

uncertainty is in the measurement of V and the measurement and distribution of p, then the

estimated V and p are:

If:V+5V (182)
p=p+op

By defining the top-left element of %Iy as °lo.., then the estimated top-left element of

07 e
I, 1s:

T = [(37+27) paV (183)

¥

Eq. (183) can be written as:

I(yz+zz),6dV:J-(y2+zz)pdV+j(y2+zz)5pdV+
\% v

v 184
+I(y2+zz)pdV+J(y2+zz)5pdV (159
oV 2%

Note that all terms of Eq. (184) are elements of appropriate inertia matrices. The last
term on the right-hand side of Eq. (184) is an integration over a very small volume 3V, of
a term that is proportional to the very small term dp. This means that the last integral term

is negligible, compared to the other three terms. Then, Eq. (184) becomes:

v

I(yz+zz),6dV:J-(y2+22)pdV+I(y2+zz)5pdV+I(y2+zz)pdV (185)
\4 v oV

%/—J
0
l()ixx

Thus, from Eqgs. (183) and (185), we obtain:

"o = [ +2) pdV + [ (3 +27 ) dpav + [ (v +2°) pav (186)
N4 2%

\4

Oy Sy e
Using the same method, we also obtain the remaining estimated elements of Oio.
Thus, the estimated °T,becomes:
I, = °1, + 61 (187)

where the JI matrix also has inertia properties. Then matrices JH and JC of Egs. (162) and
(163), based on Egs. (77), (80) (for i = 0) and (187), become

111



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

SH = diag(om,,om,,om) T03x3 ) (188)
0, E'R SIR'E,
and
T
5C= [om, (Ef (R,SIRTE B, + E8, xR SIRTE,H, ))T} (189)
where omyo in Eq. (188), is given by
om, = poV +opV (190)

Thus, Eqgs. (188) and (189) can be used directly in Eq. (177), to obtain the steady

state error.
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4 Simulation Results

In the previous chapters, the concept of trajectory tracking handling of a passive object by
a number of single manipulator robotic servicers in space was introduced. Moreover, the
dynamic modeling of such a system was presented, as well as a controller, both for the
motion of the passive object and for the relative motion of the servicers with respect to the
passive object. Finally, the parametric sensitivity of the passive object controller was
studied, while the benefits of having several small servicers as opposed to a single larger
services, were also examined. To demonstrate the developed methodology, we study the
case of three single-manipulator servicers, both when applying point contact forces on the

passive object and when having a firm grasp over it, as seen in Figure 4-1.

Single manipulator

servicers ) )
Single manipulator

Figure 4-1. Concept of a passive object in space, handled by three single-manipulator robotic

servicers.

Each servicer base has thrusters capable of producing forces or moments (thrusters
facing the object are deactivated), reaction wheels, and a single typical six degrees of
freedom manipulators, such as a PUMA-type manipulator [26]. A series of simulations is
run, with realistic parameters in terms of thruster and reaction wheel capabilities. The
system parameters, including the object/ servicer mass ratio, are chosen taking into
account realistic scenarios. In particular, if the object/ servicer mass ratio is too large,
obviously either an extreme number of servicers will be needed, or the task will be
physically impossible, depending on the required trajectory. With this ratio too small, the

interaction between servicers and the object can be ignored. What is of interest here is the
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case in which the masses are comparable; this yields the mass of the object. The
parameters and characteristics of the passive object and the servicers, are also shown in
Table 4-1. Note that, for attitude control, the servicers have additional pairs of thrusters
that develop torque of 2 Nm per axis, with the trigger threshold being set to n; =1 Nm, and
reaction wheels that can develop continuous torques up to the trigger threshold value of #,
per axis. Moreover, the manipulator on each servicer has a maximum reach of 2.1 m i.e.
three times the cubic servicer base side. The three contact points lie on the object surfaces

with normal vectors parallel to the X,,—X, and y, unit vectors of the object body-fixed

axes, in order to have two contact point on opposite surfaces of the passive object and one

on a side surface.

Table 4-1. Passive object and servicer characteristics.

Passive Object Servicer
Dimensions 2m x 3m %X 2m 0.7m % 0.7m % 0.7m
Mass 180 kg 70 kg
Thruster force N/A 20N
Thruster force trigger threshold N/A 10N
Thruster torque N/A 2 Nm
Thruster torque trigger threshold N/A I Nm
Reaction wheel maximum torque N/A I Nm
Manipulator max. reach N/A 2.1m

The simulations are run on Matlab/ Simulink, in which both the dynamics and
control of the whole system are simulated in Matlab-code, as seen in Appendix B. The
dynamics of the system are modeled in Simulink as seen in Appendix A, based on Egs.
(75) to (88) derived in Chapter 3 of this thesis. The non-linear constrained optimization
function fmincon [58] is used to obtain optimal end-effector forces/ torques (low level
optimization) and contact points (high level optimization). The low level optimization is
acting as an online force distribution for the control generalized force acting on the passive
object, as the system motion is simulated. The optimization code running on a current
average computer (i7 processor with 12GB RAM, without SSD hard disc, and with
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Windows 7 operating system) takes about 100 ms. Note that the optimization time dropped
to 50 ms just by upgrading computer memory to 16GB RAM and by adding an SSD hard
disc. In a dedicated computer with optimized and compiled code, this time will be far
smaller, making the assumption of a total loop time close to 100 ms, a realistic one.
Although a performance gap between space and ground processors exists, long delays also
occur in implementing new methods in space, during which, space-qualified hardware
advances; thus this performance should be realizable by future space systems. The high
level optimization is used to obtain optimal contact points, by means of lowering the norm
of the manipulator applied forces on the passive object, during a simulated motion of the
system. Since the total generalized force acting on the passive object is obtained by the
corresponding controller, lowering the manipulator forces equals to lowering the norm of
the null-space forces. To that end, at each step of the optimization process a set of contact
points is chosen and the motion of the entire system is simulated. Thus, the maximum
manipulator generalized forces norm for the whole motion, are obtained and act as

performance index in the process.

4.1 Spatial Control of a Passive Object

Initially, the response of the system of the passive object handled by three single-
manipulator servicers, under the proposed control scheme, is presented. This is done for
both the point contact and the firm grasp cases and, as already mentioned, for PUMA-type
servicer manipulators. The motion of the passive object and the three servicers is simulated
with the passive object following a typical trajectory (control in Cartesian space), such as a
velocity trapezoidal profile in all DOF, as seen in Figure 4-2 (for the inertial x-axis desired
trajectory) and in Table 4-2. The desired accelerations of the passive object were chosen to

be compatible with the servicers force/moment capabilities.

Table 4-2. Passive object desired motion parameters (Trajectory 1).

const. accel. | up to (s) |const. veloc. | up to (s) |const. deccel. |up to (s)
(m/s?)/ (rad/s?) (m/s)/ (rad/s) (m/s?)/ (rad/s?)
DOF
X0des 0.0003 56 0.0168 84 -0.0003 140
Yodes -0.00036 50 -0.018 90 0.00036 140
Z0des 0.0002 59 0.0118 81 -0.0002 140
Oodes 5*107 60 0.003 80 -5*107 140
Qodes 7*107 55 0.00385 85 -7*107 140
Wodes 10 65 0.0065 75 -10* 140
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Figure 4-2. Passive object inertial x-axis desired trajectory.

The desired servicer relative position with respect to the passive object is its initial
relative position. This position is chosen so as to accommodate adequately the expected
relative motion between each servicer and the passive object, and maintain the manipulator
in its kinematic and force workspace [92]. Thus, the servicer position task is to keep the
manipulator base at a distance of 1 m for two servicers contacting opposing sides of the
passive object and of 0.6 m for the third servicer, measured along the object surface
normal vector passing from the end-effector contact point. The servicer attitude control

task is to maintain a relative attitude with respect to the object approximately constant.
4.1.1 Point contact case

First the case of point contact is demonstrated, as seen in Figure 4-3, in which the
top-view of a 3D case is shown. The bandwidth that corresponds to the control gains is
constrained by reaction wheel and thruster limits. Taking this bandwidth into account, the
servicer attitude control gains are tuned by trial and error in such a way, that the resulting
control torque would be provided as much as possible by the reaction wheels, with only
scarce need for torque-thruster firing. The gain tuning showed that, as expected, higher
gains result in lower tracking errors, but more frequent thruster firing, thus higher fuel

consumption.
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The tradeoff between tracking errors and fuel consumption can be used to obtain the
desired gains, for a given motion. In this case, the control gains in Eqgs. (136) and (144) are

shown in Table 4-3.

Table 4-3. Control gains for the point contact case.

Passive Object Servicer (fori=1, 2, 3)

Translational DOF | Rotational DOF | Translational DOF | Rotational DOF

Kepo: Kopo: Kepo: Kpo: Kepi: Kbpi: Kepi: Kbpi:

3.24 1.8 0.64 0.8 0.16 0.4 0.5625 0.75

For the object desired trajectory in Table 4-2, the actual trajectory is displayed in
Figure 4-4. Figure 4-5 shows the object tracking errors, the servicer base position tracking
errors, and the servicer attitude tracking errors, for one of the servicers. For the same
servicer, Figure 4-6 shows the end-effector applied forces, the servicer thruster forces and
torques, and the reaction wheel torques. The same variables for the other servicers are

similar and are not shown here.

Robotic

Servicer 2

Desired relative
position (0.6m)

Robotic
Servicer 1

Robotic
Servicer 3

Passive Object

iDesired relative: iDesired relative:-

position (1m) ‘position (1m)

Maximum reach (2.1 m)

- >
- >

Figure 4-3. Top view of the passive object and three single manipulator robotic servicers at their
desired relative position and relative orientation. For Servicer 1, the maximum manipulator reach

position is also shown.
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Figure 4-4. Actual trajectories of the passive object coordinates.

As seen in Figure 4-4, Figure 4-5 and Figure 4-6, the passive object follows its
trajectory very well. The errors in displacements from the desired servicer base location
with respect to the object, oscillate around zero, indicating that the manipulator base
remains within bounds, see Figure 4-5c. Figure 4-5d shows very small servicer attitude
errors. By increasing the position control gains of the servicer, the error displacements are
reduced accordingly. As expected, more frequent thruster firing is observed, thus

increasing the fuel consumption, as will be shown latter on, in Figure 4-8.

% 10" | 45X 10°
3 5 52
S8E 858
£550 =350
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Figure 4-5. Point contact case: Tracking errors in (a) object position and (b) attitude, (c) servicer

base displacement, and (d) attitude.
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Figure 4-6. (a) Tracking errors in servicer base displacement, (b) typical manipulator applied

forces, (c) thruster forces and (d) torques by reaction wheels and thrusters for one of the servicers.

This behavior demonstrates how the introduction of the manipulators enhances the
performance of the system, letting the servicer base move freely in the manipulator
workspace, firing the thrusters only when the manipulator approaches its workspace limits,
as seen by comparing Figure 4-6a to Figure 4-6¢, while constantly applying a continuous
manipulator force on the passive object, as seen in Figure 4-6b. By applying these control
forces, the passive object position tracking error is less than 1 mm and the passive object
orientation tracking error is less than a tenth of a degree, as seen in Figure 4-5a and b
respectively. Thus, the servicers filter the infrequent thruster on-off forces, resulting in
continuous control forces on the object. As a result, thruster forces are sparse, see Figure
4-6¢. The moments required by the servicer are low enough to be applied by reaction
wheels. At the infrequent cases when the required moment exceeds the corresponding
reaction wheel limits, pure-torque on-off thruster pairs apply 2 Nm thrusts, as seen in
Figure 4-6d. If the wheels become saturated, torque-thrusters fire-up, operating at one-
tenth of the thruster maximum propulsion capability, a case that does not happen in this
specific simulation, since the required reaction wheel torques vary around zero,

desaturating the reaction wheels, as can be seen for the servicer shown in Figure 4-6d.
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In Figure 4-7a, the manipulator angles for the first servicer are shown, for the case of
a PUMA manipulator, see Figure 3-2 (with angles #;; and ;> corresponding to the joints at

the base of the manipulator and with axes parallel to the servicer base z and y axes

respectively).
180
~ 90
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Figure 4-7. Typical manipulator joint-angles (a) and joint-torques (b).

In Figure 4-7b, the corresponding joint torques are shown. As can be seen, no angle
exceeds manipulator reasonable physical limits, while the torque requirements are less
than 0.8 Nm, which is assumed to be acceptable. Note that the physical limits for both
angles 011 and 012 are £90 deg. The sudden changes in the slope of the joint angles
responses are due to thruster firing or to manipulator pushing the servicer away from the

passive object (in both cases, there is a change in servicer direction).

As shown in Figure 4-7a, the typical manipulator joint-angles vary around their
initial values, which correspond to the initial distance of each servicer base from the
passive object, keeping the manipulator end-effectors into their workspace. These
variations can be reduced further by increasing control gains Kp;, K,ri, Kp; and K,p;. Then,
smaller servicer base deviations around their desired (initial) positions and smaller
variations of the corresponding manipulator joint-angles 0; from their initial values will
result. Higher gains are expected to lead to more frequent thruster firing and therefore

increased consumption of fuel. This tradeoff can be resolved by system operators.

To show this, we assume that fuel consumption is proportional to the integral of all

thruster forces, and compare the response corresponding to the initial gains with that that
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results from a set of higher gains, Kp; = K,pi = 0.25, Kp; = K;p; = 0.5. A direct comparison
between Figure 4-8a to Figure 4-8b shows that manipulator joint angles vary less around
their initial positions for higher gains by about 20.8% for 812 (from 1.01 rad maximum
variation for the initial servicer control gains case, to 0.8 rad maximum variation for the
increased gains case), by about 34.8% for 013 (from 0.69 rad maximum variation for the
initial servicer control gains case, to 0.45 rad maximum variation for the increased gains
case), while, even though the maximum variation of the 811 angle is practically the same
for the two gain cases, it can be seen that 011 varies less throughout the simulation in the
increased gains case (a fact that can be observed for all three angles). Moreover, a
comparison between Figure 4-8c and Figure 4-8d shows that fuel consumption has
increased by about 27% (from 667 in the initial servicer control gains case, to 918 in the

increased gains case).
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Figure 4-8 Typical manipulator joint-angles and fuel consumption, for the initial servicer control

gains (a and ¢) and for increased gains (b and d).

Next the response of the developed control law of Egs. (136) and (144) - (145), is
compared to the one where the forces/torques are applied to the passive object by thruster
equipped servicers (without manipulators) in direct contact to it and actuated by (a) pure
on-off control with a deadband and, (b) by PWPF control (see Appendix D), for the same

passive object desired motion (Table 4-2). All mass properties and the desired trajectory
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are kept the same. In both cases, the control law is model-based as in Eq. (136), where the

required Qo is transformed to the passive object frame.

a) In the pure on-off control case, each thruster is turned on, when the corresponding
continuous force or torque value exceeds a preset threshold value f; or n, respectively. The
control gains were chosen as Kpo = 2.25, Kpo = 1.5 (for all passive object translational
DOF), Kpo = 6, Kpo = 3 (for all passive object rotational DOF), while the threshold values
were chosen as f; = 18N and n, = INm. These gains were chosen so that the tracking errors
of the passive object controlled by pure on-off control would be of the same magnitude
with the tracking errors of the passive object controlled by PWPF control, i.e. less than

0.01 m and 0.01 rad (see Figure 4-9¢ and f).

b) In the PWPF case, the PWPF modulator developed in [10] was employed and is
presented in Appendix D. The control gains and the signal filter parameters were chosen as
Kpo = 12.25, Kpo = 3.5, kn = 1, ©» = 0.5 (for all passive object translational DOF), Kpo =9,
Kpo =3, kn =1, 7 = 0.95 (for all passive object rotational DOF), while the threshold U,
= [ n]" values were chosen as f; = 18N and n, = INm and the U,y values (hysteresis)
were set at 80% of the U,, ones (thus leading to /yans = 3.6 and 4. = 0.20). These
parameters ensure minimum pulse duration of 100 ms. The applied thruster forces/ torques

were again f,, = 20N and n,, = 2Nm respectively, for both the pure on-off and PWPF cases.

Figure 4-9 shows the tracking errors and the corresponding fuel consumption, which
is again obtained as described in Figure 4-8c and d, as a function of time. In this figure, it
can be seen that the performance of the proposed system is superior to that of the system
without manipulators, for both pure on-off and PWPF control cases. Indeed, for the same
fuel consumption (Figure 4-9a and b), the position error for the proposed system is

approximately six times less than the one for the PWPF control (Figure 4-9d and e).

Moreover, it can be seen that the performance of the PWPF control system is, as
expected, superior to that of the pure on-off control, since, for slightly higher maximum
tracking errors for the pure on-off control case (Figure 4-9¢ and f) the fuel consumption is
more than double (Figure 4-9b and c). The tracking error of both the PWPF and the pure
on-off control can be lowered with higher control gains (or equally with lower triggering
thresholds), but that would result in a further increase in the fuel consumption. Moreover,
the fuel consumption of the pure on-off control system can be lowered to the levels of the

other two systems, but that would result in very high tracking errors. Note that for the
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thrusting of servicer bases with manipulators, pure on-off control was used for simplicity.

If PWPF control were used, the fuel consumption of the proposed system would be even

lower.
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Figure 4-9. Tracking error and corresponding fuel consumption as a function of time. (a), (d) with
manipulators, (b), (¢) without manipulators (PWPF thrusters), and (¢), (f) without manipulators

(pure on-off thrusters).
4.1.2 Firm grasp case

The same desired motion scenario is simulated for the case of firm grasp. In Figure
4-10, the same variables as in Figure 4-5 are shown for the case of firm grasping. In Figure
4-11, a comparison on tracking errors and fuel consumption is being made, between the
case of point contact (Figure 4-11 a, ¢) and firm grasp (Figure 4-11 b, d). It can be seen
that, as expected, the case of firm grasping of the passive object by the servicer
manipulators, displays about 17% lower fuel consumption (from 667 in point contact, to
553 in firm grasp), with about 50% lower tracking errors on the motion of the passive
object (from a maximum peak of 0.00133 in point contact to a maximum peak of 0.00063

in firm grasp).

123



Motion Planning And Control Of Cooperating Robotic Systems In Orbit GEORGIOS REKLEITIS

4 4
Kg 7x10 | | 5D 2x10
AN
-— ohb
=580 J ~ 22’
-7 ‘ ‘ ‘ ‘
0 50 100 160 4,0 50 100 160
(a) (b) o t (s)
9L q g2 gX
55 %§66
85¢€ =884
c£=0 £se,
$ 8 58 8
B3 2£00
“% 1o 50 100 160£° 0 50 100 160

(c) t (s) (d) t (s)
Figure 4-10. Firm grasp case: Tracking errors in (a) object position and (b) attitude, (c) servicer

base displacement, and (d) attitude.
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manipulators. (a), (¢) point contact case, (b), (d) firm grasp case.

It should also be noted that the required manipulator torques for the firm grasp case

are of the same order as the ones of the point contact case (the latter shown in Figure 4-7),
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with maximum required torque about 0.5 Nm, which is considered acceptable and well

within the feasible limits.

4.2 Robustness of the Passive Object Motion Demonstration

To demonstrate the parametric uncertainty robustness of the developed methodology, we
run another set of simulations for the same system of a passive object handled by three
manipulator-equipped robotic servicers, as the one described at the beginning of Chapter 4.

The desired motion for the passive object is again the one shown in Table 4-2.

Again, the bandwidth that corresponds to the control gains is constrained by reaction
wheel and thruster limits and, as already mentioned in the previous section cases, higher
gains would result in lower tracking errors, but more frequent thruster firing, thus higher
fuel consumption. The chosen control gains are kept the same as in the first simulation of

the previous section.

As an initial approach on the investigation of the proposed controller robustness to
parameter variations, parametric inaccuracies, lag in applying thruster forces, and error in
the application of a manipulator force were introduced, as shown in Table 4-4. These are
four typical parameters in which errors can occur, with randomly picked-up errors in the

range of 5% to 20%. The same controller and gains as before were used.

Table 4-4. Introduced inaccuracies

Object mass error Thruster f34 lag Thruster f3 lag Error in force fxi
-20% 04s 04s -15%

Figure 4-12 displays the same variables as those of Figure 4-5, but for motion using
a controller with parametric inaccuracies. It can be seen that the tracking capability of the
system is still remarkable, i.e. tracking errors of less than £1.5 mm in translation and less
than +0.25° in rotation, while the servicers are still within their workspace limits. This
indicates that the developed controller is quite robust with respect to parametric and

modeling errors.

Note that the developed controllers can be extended to include adaptive capabilities.
However, one should first consider the benefit in the obtained response versus the

complexity and limitations of such algorithms. Simulations validating the analytical
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parameter estimation robustness of the passive object motion, presented in the previous

chapter, are shown on the next section of the present chapter.
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Figure 4-12. Point contact case with inaccuracies: Tracking errors in (a) object position and (b)

attitude, (c) servicer base displacement, and (d) attitude.

To further analyze the parametric uncertainty sensitivity of the passive object

motion, we take into account that the passive object is assumed to be a homogenous

rectangular block, of dimensions axbxc. Then the passive object inertia matrix °Io,

expressed in the body-fixed frame, is defined by Eq. (191):

b4l
12

0

a’ +c?
12

0

a’+b*
12

(191)

Assuming that the uncertainty is in the measurement of mo and in the measurement

of the dimensions a, b and ¢, we have:
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where o; are uncertainty factors, with ¢; = 1 meaning no uncertainty. Then, Egs. (191) and

(192) provide the estimated inertia matrix Oio :

I @b’ +a;c’ 0 0 ]
12
- a,a’ +a.c’
OIO =am, 0 % 0 (193)
0 0 aarab’

Linearizing Oio at the point with no uncertainty (a; =1 for all i =1, 2, 3, 4), yields:

. o'l . o'l .
1, ="1, 8m00 a_l( 0 m0)+ 8a0 . (a—a)+
ot " o4 ” (194)
L, (6-b)+ L (e-¢)+mor
ob | _ oc |

where HOT stands for Higher Order Terms. Note again that, by using standard parameter

identification methods [8], [37], [38], the parametric uncertainty can be lowered to levels

where the HOT are negligible. Then, Eq. (194) becomes:

. o'l o'l o'l A o'l
T =°1 0 n, —m, ) +—2> a—a)+—= b—b|+—=2 ¢—c) (195
0 0 amo a_l( 0 0) aa a_( ) ab a_l( ) 80 a_l( )( )
From Eq. (191), we obtain:
-, _
b-+c 0 0
12
0 2 2
[0k _ 0 a +c 0 (196)
om, 12
2 2
0 0 a +b
0 O 0
0°1, u
. =m,| 0 5 0 (197)
a
0 0 %
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b4
12

0

aOIO —

ob

8010
oc

a’ +c?
12

m,| 0

m,

a’ +b*

s
+myb| 0

0

)
(o)

e
X

Yem

which, in turn, can be written as:

Then matrices 0H and 0C of Egs. (162) and (163), become

where

and
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xc'm

a, +mya

Thus, taking into account Egs. (196) to (199), Eq. (195) becomes:

i
&

Yem

Z

i

_ {diag(mo, my,m) 0,

03x3 EgRO OIngEO

ol

|:03x3 03X3

03x3 EgRO ’ ItRZ)-EO

SH=(a,—-1)H, +(a,-1)H, +(a,—-1)H, +(a, -1)H

|

},withiza,b,c

c

(198)

(199)

(200)

T, =1, +(a, 1) L, +(a,~1)"L,_ +(a,-1)"1, +(a,~1)°L_ =°I,+51 (201)
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and
oC = (a1 —I)Cm —i-(a2 —I)Ca —i-(a3 —I)Cb +(a4 —l)Cc (205)

with
T

C = [om, (E7 (R, "LRTE S, +E 8, xR, "LRIE, ))T} (206)

1

Thus, Egs. (202) and (205) can be used directly in Eq. (177), to obtain the steady

state error. Choosing as uncertainty parameters the following:
a, =038, a,=1.15, a,=0.9, a,=1.1 (207)

the tracking errors of the passive object motion are shown in Figure 4-13b, as opposed to
the tracking errors of the passive object motion for the system without uncertainty, which
are shown in Figure 4-13a. Note that, even though the maximum tracking errors for the
system with uncertainty are larger than those for the system without uncertainty, they are

still quite low, i.e. below 2mm.

The upper six elements of the expected steady-state errors vector Ay (see Eq. (177))
that correspond to qo, are shown in Figure 4-14a. Note that the lower six elements of A,

corresponding toq,, are constantly equal to zero throughout the simulation (not shown

here for brevity).
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o -

I

|

e, for system

without uncertainty

|
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-
I
|
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|

| |
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Figure 4-13. Tracking errors eo for the passive object motion, for the system without (a) and the

system with (b) uncertainty.
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Figure 4-14. Upper six values of vector Ay, corresponding to the position/orientation steady-state

errors for the passive object (a) and actual passive object position/orientation errors (b).

As can be seen from Figure 4-14a, throughout the simulation the elements of Ay are
of the order of 10™*. Thus, the requirements for Eq. (177) are fulfilled and the expected
steady-state errors should be the ones shown in Figure 4-14a. The actual
position/orientation errors for the passive object, throughout the simulation, are shown in

Figure 4-14b.

Note that the maximum actual errors in Figure 4-14b are more than an order of
magnitude larger than the expected ones (Figure 4-14a). This is because of two reasons.
First, the discontinuities in the desired accelerations of the passive object (see Table 4-2)
result in discontinuous expected steady-state errors, as can be seen in Figure 4-14a from
50s to 90s. These discontinuities act as disturbances, which the controller overcomes,
converging again on the expected error values. Also, in the above analysis, we have
assumed a smooth application of the required Qo as shown in Eq. (82). Nevertheless, small
disturbances due to thruster firing at the servicers pass on to the passive object through the
manipulators. Those disturbances are very small, but not zero and can also affect the, also
very small, position/orientation tracking errors of the passive object, as can be seen in
Figure 4-14b from about 23s to 38s and from about 125s to 135s. Nevertheless, the
controller overcomes these disturbances and quickly converges on the predicted by Ag

values, as seen in Figure 4-15.
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Figure 4-15. Comparison between position/orientation tracking errors (b, d, f) and the

corresponding expected values (a, ¢, ¢), for zero to 25 s (a, b), 38 sto 48 s (¢, d) and 103 s to 126 s
(e, D).

In Figure 4-15 the comparison between the position/orientation tracking errors and
the corresponding elements of vector Ay, is displayed for some time-spans during the
simulation in which no disturbances affect the tracking errors. As can be seen, the tracking

errors are converging on the corresponding values of Ag.

It should also be noted that all twelve elements of vector Ay are constantly equal to
zero throughout the simulation, in the case of no uncertainty (a; = 1 for i = 1,2,3,4),

verifying Eq. (179).

In order to verify the dependency of the method on the need for matrices Fup and Fap
of Egs. (173) and (175) to be negative definite, the same simulation is run, but with
unrealistically large errors that lead to both of these matrices having at least some positive
eigenvalues. The chosen uncertainty parameters, replacing in this case the ones of Eq.

(207), are:

a,=04, a,=14, a,=0.55, a,=0.6 (208)
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As can be seen in Figure 4-16a and b, the uncertainty parameters of Eq. (207), lead
to negative eigenvalues of both matrices Fup and Fgup, resulting to the expected system
responses seen in Figure 4-13, Figure 4-14 and Figure 4-15. On the contrary, the
uncertainty parameters of Eq. (208), result in some positive eigenvalues for both Fap and

Fap matrices, as seen in Figure 4-16¢ and d.

Parametric uncertainty according to Eq. (189)

s g 0
2 o 3 405 |
S’ Su”® _
& -2 & -1
() - o) _
w 3O 50 100 160 W 1]'350 50 100 160
(a) t (s) (b) t (s)
Parametric uncertainty according to Eq. (190)
s 05 S 05
o 3 0 o
© -0.5 gLL_D
E _1 5 '05
S -15 2
L 0 50 100 160 W 50 100 160

0
(¢) t (s) (d) t(s)
Figure 4-16. Eigenvalues of matrices Fsp and F4p for the case with uncertainty parameters of Eq.

(207) ((a) and (b)) and for the case with uncertainty parameters of Eq. (208) ((¢) and (d)).

Since the assumption for negative definitiveness of both matrices Fap and Fap is no
longer valid, the expected values of the steady-state tracking errors As do not coincide
with the actual tracking errors eo, even for time intervals that no disturbance occurs. Thus,
as seen in Figure 4-17, even though some tracking errors converge to the expected values,
others oscillate wildly, without even oscillating around the expected values. Note that the
system response is still stable, although the tracking errors are far larger than before,

reaching values of more than 107 (an order of magnitude larger than before).

In a simulation with another desired trajectory, a triangular profile on the desired
velocities is used (no constant-velocity area), with higher accelerations, see Table 4-5.
This time, the general equations for the robustness analysis are used (Eqgs. (181) to (190)
instead of Egs. (191) to (206)). Assuming random (but not negligible) uncertainty values
of +15%, -10% and +10% for the passive object dimension measurements, leads to an

11.4% uncertainty at the measurement of its volume.

132



PhD Thesis GEORGIOS REKLEITIS

_ x10° e x10°
s 6 S =8
5 4 s °4
c ©
£ 2 2 50
<0 & ~0 =
@0 10 2023 S0 0 20 23
_ x10 e x 10
T 0 5 = 0
s -2 5 8 -2
° 4 > 54
=6 < E6
L © 5
(@110 120 1305 (4110 120 130

Figure 4-17. Comparison between position/orientation tracking errors (b, d) and the corresponding
expected values (a, c), for zero to 23 s (a, b) and 110 s to 130 s (c, d), for uncertainty parameters as

in Eq. (208).

This uncertainty, in addition to a passive object density measurement uncertainty of -
35.4%, result in an uncertainty at the passive object mass of about -20%. Note that these
uncertainties are the same as the ones for the first trajectory (see Eq. (207)). Thus,
uncertainty parameters dp and 0V of Eq. (182) become:

op=53 ke

30
m

SV =2.85m° (209)

Table 4-5. Passive object desired motion parameters (Trajectory 2).

const. accel. | up to (s) | const. deccel. [up to (s)
(m/s?)/ (rad/s?) (m/s?)/ (rad/s?)
DOF
X0des 0.0004 70 -0.0004 140
Yodes -0.00046 65 0.00046 130
Zodes 0.0003 75 -0.0003 150
Bodes 6*10~ 67 -6*10 134
Qodes 7*107 73 -7*107 146
Wodes 1.1*10* 70 -1.1*¥10* 140

The tracking errors for this trajectory are shown in Figure 4-18a for the case with
uncertainty. A noticeable fact is that there are fewer disturbances, as opposed to the first
trajectory case, since now there are fewer discontinuities in the desired trajectory (compare
Figure 4-18a to Figure 4-13b, from about 40s to about 100s), but these are somewhat

larger, since the motion is faster and the discontinuities more abrupt.
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Figure 4-18. Passive object tracking errors eg (a), and comparison between position/orientation
tracking errors (¢ and e) and the corresponding expected values (b and d), for the system with

uncertainty.

In the remaining of Figure 4-18 the passive object tracking errors are compared to
the expected values, for some time periods where no disturbances occur. Again, the

tracking errors converge on the corresponding steady-state values of €.

4.3 One vs. Three Servicers

The two cases to be compared include (a) three single-manipulator servicers, firmly
grasping a passive object and (b) a single, scaled-up, single-manipulator servicer, firmly
grasping the same passive object. Again, each servicer base has thrusters capable of
producing forces or moments, (in the case of three servicers, thrusters facing the object are

deactivated), reaction wheels, and a single PUMA-type manipulator.

The characteristics of the passive object are the same as in the previous section, i.e. a
2mx3mx2m orthogonal block of mass of 180 kg. For the case of three, small free-flying
servicers, again the characteristics are kept the same as in the previous section (see Table

4-1).
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For the case of a single, large servicer, the servicer mass is 210 kg, and its base is of
cubic shape with a 1 m side. The contact point lies on the object surface with normal

vector parallel to the —X, unit vector of the object body-fixed axes. The servicer thrusters

develop per axis a pure force of 60 N, while their trigger threshold is set to f, = 25 N. For
attitude control, the servicers have additional pairs of thrusters that develop pure torque of
6 Nm per axis, and reaction wheels that can develop proportional torques up to n; =3 Nm
per axis. The servicer manipulator has a maximum reach of 3 m. The abovementioned
parameters for the large servicer result in a roughly three times scaled up servicer,
compared to each one of the three smaller ones, making this a fair system for the

comparison.

Several sets of simulations were run for both cases, in which all bodies were
involved in 3D motions. Here we present two characteristic simulation runs, (a) one with a
realistic 3D passive object desired trajectory and (b) one with step commands for all
passive object DOF. For both simulation sets, the servicer position control task is to keep
the manipulator base at a distance equal to 1 m for the three-servicers case and 1.5 m for
the single-servicer case, measured along the object surface normal vector passing from the
end-effector contact point. The servicer attitude control task is to keep the surface of the
servicer that the manipulator is mounted on, parallel to the corresponding contact surface
of the passive object in the case with the three servicers or, in the single-servicer case, to
keep two adjusting surfaces of the servicer on angles of —n/4 and m/4 respectively, with
respect to the corresponding contact surface, so that the thrusters on those servicer
surfaces, will be able to fire without harming the passive object. The simulations are run
on the Matlab/ Simulink package. To obtain the required contact forces in the case of three

servicers, the fmincon non-linear constrained optimization process is employed.
4.3.1 Simulation (a)

First, the 3D motion of all bodies, for a general 3D passive object desired trajectory, is
simulated, in which each of the six DOF of the passive object follows a trapezoidal profile

for the linear velocity or Euler angles rate for both cases, see Table 4-2.

For the single-servicer system, the control gains in Egs. (136) and (144) are shown in
Table 4-6. Note that these gains are chosen in order to keep the servicer within its

manipulator workspace.
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Table 4-6. Control gains for the single-servicer case.

Passive Object Servicer (fori=1, 2, 3)

Translational DOF Rotational DOF Translational DOF Rotational DOF

Kpo: 3.24 Kpo: 1.8 | Kpo: 0.49 | Kpo: 0.7 | Kp1: 0.09 | Kpi: 0.3 Kpi:9 | Kpi: 3

For the three-servicers system, the control gains in Egs. (136) and (144) are shown

in Table 4-7.

Table 4-7. Control gains for the three-servicers case.

Passive Object Servicer (fori=1, 2, 3)

Translational DOF | Rotational DOF Translational DOF Rotational DOF
Kepo: Kpo: Kepo: Kopo: Kepi: Kopi: Kepi: Kbpi:
3.24 1.8 0.49 0.7 0.09 0.3 9 3

(except: (except:
KPIX, Kpox: KDIX, Kpax:
0.16 0.04
Kpsy: 0.2025) | Kpsy: 0.45)

Note that the gains for the three-servicer system are a little bit changed from the
initial simulation presented in this chapter, even though the system and the passive object
desired trajectory are the same. This gain tuning is done in order to obtain the same
passive object maximum tracking errors for both cases, thus making it easier to compare

the cases by comparing their fuel consumption (see Figure 4-19).

In Figure 4-19, the passive object tracking errors (a and b) and the total fuel
consumption (¢ and d) are shown, both for the case of three servicers (a and c) and the
single-servicer case (b and c). As can be seen in Figure 4-19, for the same maximum
passive object tracking errors, we have about 40% higher fuel consumption in the single-

servicer case (from 250 in the three-servicers case, to 350 in the single-servicer case).

In Figure 4-20, the reach of each servicer manipulator is shown throughout the

simulation, both for the three-servicer (a) and single-servicer (b) case. As can be seen, all
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manipulators in both cases have approximately the same minimum and maximum reach

throughout the simulation.
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Figure 4-19. Passive object tracking errors (a, b) and fuel consumption (c, d), for the case of three

servicers (a, ¢) and single-servicer (b, c).
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case.

In Figure 4-21, all thruster forces are displayed, both for the three-servicers (a) and
the single-servicer (b) case. Moreover, the reaction wheel torques, as well as the thruster
pure torques, are also displayed for both cases (c and d). As can be seen, the three servicers
together have more frequent thruster firing, since there are three of them to be kept within

their manipulator workspaces, but the single, large servicer has far more powerful
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thrusting, resulting in higher fuel consumption, as seen in Figure 4-19. In Figure 4-21c¢ the
reaction wheel torques for the three-servicer case are displayed. As can be seen, these
torques were not adequate and the pure-torque thrusters had to ignite briefly for one of the

servicers, a little bit after 50 s.
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Figure 4-21. Thruster firing (a, b) and reaction wheel and thruster torque (c, d), for the three-

servicers case (a, ¢), as well as the single-servicer case (b, d).

On the contrary, for the single-servicer system, no such thruster firing was necessary,
as can be seen in Figure 4-21d. Nevertheless, the three-servicer system still has lower fuel

consumption.
4.3.2 Simulation (b)

Next, a 3D motion of all bodies is again simulated, but in this case the command for the
passive object is not a desired trajectory, but different step commands for all six DOF, as

seen in Table 4-8.

Table 4-8. Step commands.

DOF X0 30 20 6o 0o Wwo
Initiation
10s 15s 20s 10 s 15s 20s
time

For the three-servicers system, the control gains in Egs. (136) and (144) are shown in

Table 4-9.
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Table 4-9. Control gains for the three-servicers case.

Passive Object Servicer (fori=1, 2, 3)
All passive object DOF Translational DOF Rotational DOF
Kpo: 0.0196 Kpo: 0.14 Kpi1: 0.16 Kpi1: 0.4 Kp1:2.89 | Kpi: 1.7

For the single-servicer system, the control gains are shown in Table 4-10.

Table 4-10. Control gains for the single servicer case.

Passive Object Servicer (fori=1, 2, 3)
All passive object DOF Translational DOF Rotational DOF
Kpo: 0.0225 Kpo: 0.15 Kpi: 0.16 Kpi: 0.4 Kpi:2.25 | Kpi: 1.5

Note that the control gains for the servicers (for both cases) were chosen so as to
keep the servicer bases within their corresponding manipulator workspaces. These plots
are not shown here for brevity, since in both cases the servicer bases are kept well within
their manipulator workspaces and the important difference between the two cases lies in
the different response of the passive object. In Figure 4-22, the passive object tracking
errors (a and b) and the total fuel consumption (¢ and d) are shown, both for the case of
three servicers (a and c) and the single-servicer case (b and c¢). The fuel consumption was
obtained as the integral of all thruster absolute forces. As can be seen in Figure 4-22, in the
three-servicer case we have not only lower maximum passive object tracking errors than
the single-servicer case, but also about 13.8% lower fuel consumption, from 634 in the
single servicer case to 546 in the three-servicers case. This verifies the theoretical study of

Section 3.2 and of Table 3-1.

Moreover, note that lowering the control gains for the passive object motion in the
single-servicer case would result in a lower need for manipulator force/ torque application
and thus lower disturbances on the servicer base, and lower fuel consumption in order to
keep it within the manipulator workspace. This though, would result in increasing the
passive object tracking errors. Moreover, rising the control gains for the passive object
motion in the single-servicer case to values closer to the ones of the three-servicers case,
would result in lowering the passive object tracking errors, but at the same time also in
further rising the fuel consumption.
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Figure 4-22. Passive object tracking errors (a, b) and fuel consumption (c, d), for the

case of three servicers (a, ¢) and single-servicer (b, d), for the second simulation.
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5 Conclusions and Future Work

5.1 Conclusions

The research in this thesis focused on modeling and control of systems performing On-
Orbit Servicing tasks. Initially, two concepts were considered. The first was a novel
concept for an orbital debris capturing system, by means of a semi-elastic net controlled by
a number of free-flying robotic servicers, via their manipulators. This concept was initially
evaluated by means of simplified one-dimensional model, and valuable insight was gained.
Sets of constraints that must be held between system parameters and initial conditions
were derived by studying the dynamics and control of the system and the desired system
response. A set of control gains to be used in a velocity-based controller resulted by trying
to satisfy these constraints. The response of the simulated system has confirmed the
constrained control method, while the robustness of the method was studied in the case of
inaccurate estimation of the debris parameters, via simulations. It was found that the
method shows robustness, keeping the debris in the net, although an additional force may
be needed. Nevertheless, the demonstrated feasibility of the proposed concept was not
adequate, even for a simplified one-dimensional model. For this reason, an alternative

concept that deals with a different On-Orbit Servicing task, was also studied.

This was the novel concept of cooperative manipulation of an already captured on
orbit passive object via free-flying servicers, employing both on-off thrusters and
manipulator continuous forces. This concept was tested for two contact cases between the
manipulator end-effector and the passive object: point contact and firm grasp. The system
dynamics arising from the unilateral constraints (in the point contact case) and the on-off
thrusting were presented, and the manipulation concept was again illustrated using a
simplified one-dimensional model (for the firm grasp contact case only). A novel
controller was presented, based on backstepping and Lyapunov stability theories. It was
shown that the introduction of manipulators in the handling of a passive object is a vast
improvement over the simple on-off control, currently used in the control of orbital

systems, both in terms of errors and in terms of fuel consumption.

The simplified model of the cooperative manipulation concept not only displayed
adequate feasibility, but also is an important concept that can assist in the design and

control of novel orbital robotic servicers required in future space projects and in the

141



exploitation of space. Thus, the cooperative manipulation concept was chosen to be further

studied, through a more realistic three-dimensional model.

Based on the insight gained by the simplified one-dimensional model of the
cooperative manipulation concept, a more realistic spatial model was then studied, for both
contact cases. As in the simplified case, the generalized control forces acting on the
passive object are realized by means of manipulators, based on the free-flying servicer
bases. In this technique, the on-off servicer thruster forces, which are the only external
forces of the system, are filtered by the manipulator-servicer system, allowing accurate
passive object motion, while at the same time reducing fuel consumption, compared to

pure on-off control.

First, initial work on the question of whether it is better to handle a passive object by
a number of small robotic servicers or by a single one was studied. To this end, a number
of characteristic trajectories were simulated, while for simplicity, single-manipulator
servicers were assumed in both cases. As the first alternative, three small, identical
servicers were assumed while as the second one, a single scaled-up servicer was assumed.
The total fuel consumption was used as a performance index, while the tracking motion
error was kept the same in the two cases. It was found that the system comprising a large
servicer has higher fuel consumption than the system with three small servicers. Moreover,
the three-servicer system has some further advantages, such as higher flexibility in gain
tuning and servicer initial positioning, higher robustness in servicer failures, higher
payload capabilities and more versatility in acceptable types of contact between the

passive object and the servicer end-effectors.

The dynamics of three cooperating single-manipulator free-flying robotic servicers,
handling a larger passive rigid object were further studied, for both the contact cases of
firm grasp and point contact between the manipulator end-effectors end the passive object.
Using a two-layer optimization process, a planning strategy for trajectory tracking of a
passive object including optimal end-effector contact point selection and a novel adapted
model-based controller, derived again by using the backstepping methodology, were
developed. For both cases studied, the performance of the manipulation method was
shown by simulations to exhibit desirable response characteristics, such as remarkable

positioning accuracy and reduced thruster fuel consumption, when compared to the typical
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pure on-off control, or even to a restricted PWM and a restricted PWPF control of the

same passive object.

Finally, this concept was further extended by demonstrating the parametric error
robustness this method displays in the passive object controlled motion, under the
application of the continuous total generalized force by the servicer manipulators.
Assuming adequately known parameters of the man-made servicers, this work focused on
the passive object inertia parameters, needed for the chosen model-based PD control. A
linearization methodology was used to provide a scheme with which the proposed
controller robust behavior can be ascertained a priori, without the need to run experiments,
by simple knowledge of the desired trajectory and a maximum expectancy in parameter
estimation uncertainty. The system robust performance was also illustrated in a realistic
3D scenario and verified via simulations, in which, not only the tracking errors of the
system converge to the expected error values, but also the response overcomes certain

disturbances, imposed on the controller.

5.2 Future Work

This thesis presented the analysis of the system of the single-manipulator, free-flying
robotic servicers handling a passive object in a trajectory tracking task, in zero gravity.
Besides the presented results, there are still some issues open in this, rather new, field of

robotics.

At the beginning of Chapter 3, we assumed that the servicer and passive object
masses and inertias are much larger than those of the manipulators, while all relative
accelerations and velocities, and thus the manipulator joint accelerations and velocities, are
very small. For these reasons, manipulator inertia effects were neglected, which is a
realistic assumption. Nevertheless, an even more realistic and accurate model would also

take into account the manipulator inertias.

As discussed in Section 3.3.5, whenever the servicer controller of Eqs. (144) and
(145) results in a need for more moment than the one the reaction wheels can provide, the
on-off thruster pairs provide ample (also see Figure 3-7). This may be seen as a
disturbance to the continuous controller. Nevertheless, since, for the motion of the
servicers only boundedness within the manipulator limits is required, and since these

relatively large on-off moments are doing exactly that, this is not an issue. Having said
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that, it should be noted that care must be taken in order for the on-off moments not to be
too large, thus resulting in sending the servicer base quickly towards the opposite limit of
the corresponding reaction wheel and leading to a type of limit cycle. In the present work
no analytical study of this aspect has been done and the on-off moment trigger values were

chosen simply by trial and error in simulated experiments.

In Sections 2.3.2 (simplified uni-directional model) and 3.3.1 (realistic, spatial
model), the feasible motion of the passive object, when there is no need to move the
system center of mass, thus without the need for using servicer thrusters, was studied.
Nevertheless, deeper analysis on this case can be undertaken, possibly resulting to the

development of an appropriate controller for this special case.

In Section 3.2 an initial analysis on the comparison between one large servicer as
opposed to three smaller servicers was presented. This analysis should be developed
further. Moreover, since, for simplicity, we assumed single-manipulator servicers, an
analytical comparison between single- and multiple-manipulator servicers must also be

conducted.

Finally, the boundedness of the relative position/orientation between the servicer
bases and the passive object, needs also to be examined analytically. This is a more

demanding task, due to the on-off nature of the servicer thrusters.

Besides the remaining theoretical issues, there is also the issue of experimental
results. Currently, at the Control Systems Lab (CSL) of the National Technical University
of Athens (NTUA), a two dimensional emulator of systems in zero gravity, is being
developed. This emulator consists of a flat granite table, on top of which robots move
practically without friction, by means of air bearings. Since the weight of each robot is
canceled out by the table normal force, the robots move without external forces, as they
would in zero gravity, with the additional constraint of a two dimensional motion (on the
table). As the NTUA-CSL 2D emulator is at the final stages of development, it would be
very interesting to observe the response of the proposed control scheme on a real system,
even a simplified two dimensional one. For this purpose, and also for comparison reasons,
it would be interesting to obtain a simplified two dimensional model and to adapt to this

model the proposed control scheme.
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Appendix A

In Figure A 1 the block diagram of the simulated system of three free-flying servicers

handling a passive object, as it is modeled in Simulink, is displayed. In this model, the

dynamics of the system are calculated in a Matlab Function (cyan box, also see Appendix

B), while the passive object controller (right green box) uses the dynamics output, along

with the passive object inertia properties, to provide the desired Model Based PD control.

The output of this box, along with the output of the dynamics box and the system

parameters, are used as input for the robotic servicer controller (left green box).
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Figure A 1. Simulink block diagram of the simulated system of three free-flying robotic servicers

handling a passive object.
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Appendix B

The simulated dynamics of the system of three free-flying servicers handling a passive

object, as modeled in a Matlab Function, are shown in this Appendix.

function xDD=WithManips3D 02 (u)

% Coordinates of the contact points on the base frame

al = u(l);
a2 = u(2);
a3 = u(3);
bl = u((4);
b2 = u(5);
b3 = u(o);
cl ul(7);
c2 u(8);
c3 = u(9);

o

°

Inertial characteristics of passive object

mO0 = u(10);

I0x = u(ll);

I0y = u(l2);

I0z = u(1l3);

% Calculated aplied manipulator forces

FE1x = u(l4);

FEly = u(l5);

FElz = u(l6);

FE2x = u(l7);

FE2y = u(18);

FE2z = u(19);

FE3x = u(20);

FE3y = u(21);

FE3z = u(22);

% Defining the FE forces acting on the passive object, in a way that it
% can be used for each of the 1 robots (for each of the three vectors
% 1 th element stands for i th robot

FEx = [FElx; FE2x; FE3x];

FEy = [FEly; FE2y; FE3yl;

FEz = [FElz; FE2z; FE3z];

% Calculated aplied manipulator torques

nElx = u(l1l85);

nEly = u(186);

nElz = u(l1l87);

nE2x = u(188);

nE2y = u(189);

nE2z = u(190);

nE3x = u(191);

nE3y = u(192);

nE3z = u(193);

% Defining the nE torques acting on the passive object, in a way that it
% can be used for each of the 1 robots (for each of the three vectors
% i th element stands for i th robot

nEx = [nElx; nE2x; nE3x];

nEy [nEly; nE2y; nE3y];

nEz = [nElz; nE2z; nE3z];

% Thruster forces of the i robots (i=3 in this case) in the inertial frame.
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oe

Each matrix defined below has one of the j thruster forces per robot
(3 = 1...5 in this case).
E
(

oe

oe

ach collumn of the matrix is the force
i columns for each one of the j matrices for the j th force of the i th robot)
fil = [u(23) u(26) u(29); u(24) u(27) u(30); u(25) u(28) u(31)];

oe

£fi2 = [u(32) u(35) u(38); u(33) u(36) u(39); u(34) u(37) u(40)];
fi3 = [u(41l) u(44) u(47); u(42) u(45) u(48); u(43) u(46) u(49)];
fid = [u(50) u(53) u(56); u(51) u(54) u(57); u(52) u(55) u(s58)1;
£fi5 = [u(59) u(62) u(65); u(60) u(63) U(66); u(6l) U(64) u(67)];

oe

Torques Ni applied on the base of each of the i robots, by reaction

wheels and purtorwue thrusters, in the inertial frame.

The i th column of the matrix represents the x-y-z vector n i of the
reaction wheel and pure-torque thruster torques, applied on the i th
robot.

Ni = [u(68) u(71) u(74); u(69) u(72) u(75); u(70) u(73) u(76)1;

o° P o

oe

oe

Torques Ti applied on the base of each of the i robots, by its
manipulator, in the inertial frame. The i th column of the matrix
represents the x-y-z torque vector T i applied on the i th robot.
The first (x) element of each vector is an internal torque, which we
cannot control. The other two (y and z) are controlled torques.

Ti = [u(77) u(80) u(83); u(78) u(8l) u(84); u(79) u(82) u(8s)1;:

oC oo o

oe

o)

% Distance vectors from aplied forces to CM of passive body
dlx = u(86
dly =
dlz =
d2x
d2y
d2z
d3x
d3y =
d3z =

~e

(L T T
cecocgcgocgocgogc
@
B wW N - O o

~e

O W W W W o
~

~e

% Distance vectors dij from j thruster of i robot to the i robot base CM
% Each collumn is the vector (i columns for the j th distance
% of the i th robot)

dil = [u(95) u(98) u(l01l); u(96) u(99) u(l02); u(97) u(l00) u(l03)];

di2 = [u(104) u(107) u(110); u(l05) u(108) u(lll); u(l06) u(l09) u(ll2)];
di3 = [u(113) u(l1l6) u(l1l9); u(l1l4) u(ll7) u(l20); u(ll5) u(l1l8) u(l21)1];
di4 = [u(122) u(125) u(l28); u(l23) u(l26) u(l29); u(l24) u(l27) u(1l30)1;
di5 = [u(131) u(134) u(l37); u(l32) u(l35) u(1l38); u(l33) u(l36) u(l39)1];

% Distance vectors p i from base of manipulator of i th robot, to the
i th robot CM. The i th column of the matrix represents the
% x-y-z distance vector p i on the i th robot
i = [u(l40) u(143) u(l46); u(ld4l) u(l44) u(l47); u(l42) u(l45) u(l48)i];

% Inertial characteristics of bases of 1 robots
mi = [u(149); u(1l53); u(l57)];

Iix = [u(150); u(l54); u(l58)1;
Iiy = [u(151); u(155); u(159)1;
Iiz = [u(1l52); u(l56); u(le0)];

o)

% Euler angles and angle rates of all four bodies
th0 = u(l6l);

ph0 = u(l62);
psO0 = u(l63);
thi = [u(l64); u(l6e7); u(l70)];
phi = [u(l65); u(le68); u(l71)1;
psi = [u(l66); u(le9); u(l72)]1;

thOD = u(173);
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ph0D
ps0D
thiD = [u(176); u(179); u(l1l82)1]1;
phiD = [u(177); u(1l80); u(l83)1];
psiD [u(l78); u(l81l); u(ld84)];

u(l74);
u(l75);

% Non-linear velocity and Coriolis velocity terms for the passive object
V = [(-1).*I0x.*phO0D.*ps0D.*cos (ph0) ."2.*cos (ps0)+I0y.* ((-1).*cos (thO0)
.*sin(ps0) +cos (ps0) . *sin (ph0) . *sin (th0)) . * (psOD.*th0D. *cos (ph0) . *
cos (th0)+(-1) . *ph0D.* (thOD+ps0D.*sin (ph0)) .*sin (th0) )+ (-1) . *I0z.* (

phOD. *cos (th0) . * (thOD+ps0D. *sin (ph0) ) +ps0D.*thO0D. *cos (ph0) . *sin (
th0)) .* (cos (ps0) .*cos (th0) . *sin (ph0) +sin (ps0) . *sin (th0) ) +cos (ps0)
.*(phOD.*cos (th0) .”2.*((-1) .*I0y.*ps0D+I0z.*ps0D.*cos (ph0) ."2+
I0y.*thOD.*sin (ph0) )+ (I0y+(-1) .*I0z) .*cos (ph0).*cos (th0).*( ...
ph0D. "2+ (-1) . *ps0D."2+ps0D.*th0D. *sin (ph0)) . *sin (th0) +ph0D.* (I0x.*
ps0D. *sin (ph0) . *2+ps0D.* ((-1) .*I0z+I0y.*cos (ph0) ."2) .*sin (th0) .2+
sin(ph0) .* ((-1) .*I0x.*th0D+I0z.*thOD.*sin (th0) ."2)))+(=-1/2) .*(
thOD+ (-1) . *psO0D.*sin (ph0)) .*sin (ps0) .* (psOD. *cos (ph0) . * (2. *I0x+ (
-1) .*I0y+(-1) .*I0z+(I0y+(-1) .*I0z).*cos(2.*th0))+((-1) .*I0y+I0z) .*
phOD.*sin(2.*th0)), (-1) .*ps0D.*th0D. *cos (ph0) ."3.*cos (ps0) . * (I0z.*
cos (th0) .7"2+I0y.*sin (th0) .”2) +ph0D. *cos (ph0) ."2.* (((-1) .*I0y+I0z)
.*thO0D.*cos (ps0) . *cos (th0) . *sin (th0) +ps0D. *sin (ps0) . * ((-1) . *I0x+
I0z.*cos (th0) .”"2+I0y.*sin (th0) ."2))+cos (ph0) .* ((I0y+(-1) .*I0z) .*
cos (th0) . * (ph0OD."2+ (-1) . *ps0D."2+2.*ps0D.*th0D. *sin (ph0) ) . *sin(
ps0) .*sin (th0) +ps0D. *cos (ps0) . * (I0x.*th0D+(-1) .*I0x.*ps0D. *sin (
ph0) +cos (th0) ."2.* (I0y.*th0OD+I0z.*ps0D.*sin (ph0)+(-1) .*I0z.*thOD.*
sin(ph0) .”2)+I0z.*th0D.*sin (th0) ."2+I0y.*ps0D.*sin (ph0) .*sin (th0)
M2+ (-1) .*I0y.*thOD.*sin (ph0) .”2.*sin (th0) .”2) )+ (-1) . *phO0D.* (cos (
th0) ."2.* (I0y.*ps0D+(-1) .* (I0y+(-1) .*I0z) .*th0D.*sin (ph0)+I0z.*
ps0D.*sin (ph0) ."2) . *sin (ps0) +sin(ps0) .* (I0z.*ps0D.*sin (th0) ."2+
thOD.*sin (ph0) .* (I0x+ (I0y+(-1) .*I0z) .*sin (th0) ."2)+sin (ph0) ."2.* ((
-1) .*I0x.*ps0D+I0y.*ps0D.*sin (th0) ."2))+(-1/4) .* (I0y+(-1) .*I0z) .*
thOD.* ((-3)+cos (2.*ph0)) .*cos (ps0) . *sin(2.*th0)), ((-1) .*I0y+I0z) .*
ph0D."2.*cos (th0) . *sin (ph0) . *sin (th0) + (-1) . *phO0D. *cos (ph0) . * (cos (
th0) ."2.*%(((-1) .*I0y+I0z) .*th0D+2.*I0z.*ps0D.*sin (ph0) )+ (-2) .*
ps0D.*sin (ph0) . * (I0x+(-1) .*I0y.*sin (th0) .”2)+thOD.* (I0x+ (I0y+(-1)
.*I0z) .*sin(th0) ."2) )+ (I0y+(-1) .*I0z) . *ps0D.*thO0D.*cos (phQ0) ."2.*
sin(2.*th0)];

% Non-linear velocity and Coriolis velocity terms for the robot bases

% Predefining the size of Vix,y,z to increase calculation speed
Vix = [0; 0; 0];
Viy = [0; 0; O];
Viz = [0; 0; 01;

for i=1:1:3

Vix (i) = (-1).*Iix (i) .*phiD(i).*psiD(1i).*cos(phi(i))."2.*cos(psi(i))+Iiy (i) .*((-
1) .*cos (thi(i))

.*sin(psi(i))+cos(psi(i)).*sin(phi(i)) .*sin(thi(i))).*(psiD(1i).*thiD (i) .*cos (phi (
i)).~* ..
cos (thi(i))+(-1) .*phiD(i) .* (thiD(i)+psiD(i) .*sin(phi(i))) .*sin(thi(i)))+ (-

1) .*Iiz (i) .*(

phiD (i) .*cos (thi(i)) .* (thiD (i) +psiD (i) .*sin(phi(i)))+psiD(i) .*thiD (i) .*cos (phi (1)
) .*sin(

thi(i))).*(cos(psi(i)).*cos(thi(i)).*sin(phi(i))+sin(psi(i)).*sin(thi(i)))+cos(ps
i(1))
.*(phiD (1) . *cos (thi (1)) ."2.* ((-

1) .*Iiy (i) .*psiD(1i)+Iiz (1) .*psiD(1) .*cos(phi(i)) . 2+
Tiy (i) .*thiD (i) .*sin(phi(i)))+(Iiy (i) + (-
1) .*Iiz (1)) .*cos(phi(i)) .*cos (thi(i)).*(
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phiD (i) . "2+ (-
1) .*psiD (i) ."2+psiD (i) .*thiD (i) . *sin(phi(i))) .*sin(thi (1)) +phiD (i) .* (Iix (i) .*
psiD (i) . *sin(phi(i)) ."2+psiD (i) .* ( (-
1) . *Tiz (1) +Iiy (i) .*cos(phi(i))."2).*sin(thi(i)) .2+ ...
sin(phi(i)) .*((-1) .*Iix (1) .*thiD(i)+Iiz (i) .*thiD(i).*sin(thi(i))."2)))+ (-
1/2) % (
thiD (1) + (-
1) .*psiD(1) .*sin(phi(1))) .*sin(psi(i)) .* (psiD(i) .*cos(phi(i)) .*(2.*TIix (1) +(
=1) . *Iiy(i)+(=-1) .*Tiz (1) +(Iiy(i)+(-1).*Iiz (1)) .*cos(2.*thi(i)))+((-
1) .*Tiy(i)+Iiz(i)).*
phiD (i) .*sin(2.*thi(i)));
Viy (i) = (-1) .*psiD(i) .*thiD(i).*cos(phi(i))."3.*cos(psi(i)).*(Iiz(1).*
cos(thi(i)) .”"2+Iiy (i) .*sin(thi(i)).”2)+phiD (1) .*cos(phi(i))."2.%(( (-
1) .*Iiy(i)+Iiz (1))
.*thiD (1) . *cos(psi(i)) .*cos(thi(i)) .*sin(thi(i))+psiD(i) .*sin(psi(i)) .*((-
1) *Tix(1)+ ...
Tiz (i) .*cos(thi(i)) ."2+Iiy (i) .*sin(thi(i))."2))+cos(phi(i)) .*((Iiy(i)+ (-
1) . *Tiz (1)) .*
cos (thi(i)) .* (phiD (1) ."2+ (-
1) .*psiD(1) ."2+2.*psiD (1) . *thiD(i) . *sin(phi(i))) .*sin(
psi(i)) .*sin(thi(i))+psiD(1i).*cos(psi(i)) .*(Iix (i) .*thiD(i)+ (-
1) . *Iix (1) .*psiD(i) .*sin(
phi(i))+cos(thi(i)).”2.*(Iiy (i) .*thiD(i)+Iiz (i) .*psiD(i).*sin(phi(i))+ (-
1) .*Tiz (1) .*thiD (i) .*

sin(phi(i)) .”2)+Iiz (i) .*thiD(1i) .*sin(thi(i)).”2+Iiy (1) .*psiD(i) .*sin(phi(i)).*sin
(thi(i))
A2+ (=1) L *Iiy (1) .*thiD (1) .*sin(phi (1)) ."2.*sin(thi(i)) ."2))+ (-
1) .*phiD (1) . * (cos(
thi(i)).”2.*(Iiy (1) .*psiD(1i)+(=1) .*(Iiy(i)+ (-
1) .*Iiz (1)) .*thiD(i) .*sin(phi(i))+Iiz (i) .* .

psiD (i) . *sin(phi(i)) ."2) .*sin(psi(i))+sin(psi(i)) .*(Iiz (i) .*psiD(1i).*sin(thi(i)).
2+ ..
thiD (1) .*sin(phi (1)) . * (Iix (i) +(Iiy(i)+ (-
1) .*Iiz (1)) .*sin(thi(i)) .”2)+sin(phi(i))."2.* ((
-1).*TIix (1) .*psiD(i)+Iiy (i) .*psiD (i) .*sin(thi(i)) ."2))+(-1/4) . *(Iiy(1)+ (-
1) . *Tiz (1)) .* ...
thiD (1) .* ((=3)+cos(2.*phi(i))) .*cos(psi(i)) .*sin(2.*thi(i)));
Viz (i) = ((=1).*Iiy(1)+Iiz (1)) .*
phiD (i) .”2.*cos (thi(i)) .*sin(phi(i)) .*sin(thi(i))+ (-
1) .*phiD (1) . *cos (phi (1)) .* (cos(
thi(i)).”2.*%(((-1) . *Iiy(i)+Iiz(i)) .*thiD(i)+2.*Iiz (i) .*psiD(i) .*sin(phi(i)))+ (-
2) % ..
psiD (i) . *sin(phi (1)) .* (Iix (1) + (-
1) .*Tiy (i) .*sin(thi(i)) ."2)+thiD (i) . * (Iix (1) +(Iiy (i) +(-1)
LFIiz (1)) .*sin(thi(i)) .72))+(Iiy (1) + (-
1) .*Iiz (1)) .*psiD(i) .*thiD (i) .*cos (phi(i))."2.*
sin(2.*thi(i));

end

% Inertia matrix of passive object
M= [mOOOOOO;, OmOOOOUO; OO0 mO OO O0; .
0 0 0 I0x*cos (ph0) *cos (ps0) -I0y* ((cos (th0))"2)*sin(ps0)+(I0y-
I0z)*cos (ps0) *...
cos (th0) *sin (ph0) *sin (th0) -I0z*sin (ps0) * (sin (th0)) "2 cos (ph0)* ((-I0y+I0z)*...
cos (th0) *sin (ps0) *sin (th0) +cos (ps0) *sin (ph0) * (-
I0x+I0z* ((cos(th0))"2)+I0y*sin (th0)"2));
0 0 0 I0Ox*cos (ph0)*sin(ps0) (IO0y-I0z)*cos(th0)*sin (ph0)*sin(ps0)*sin(th0)+...
cos (ps0) * (I0y* ((cos (th0))"2)+I0z*sin (th0) "2) cos (ph0) * ((I0y-
I0z) *cos (ps0) *cos (th0) *sin (th0) +. ..
sin (ph0) *sin (ps0) * (-I0x+I0z* ((cos (th0))"2)+I0y*sin (th0)"2));
0 0 0 -I0z*sin (ph0) (I0y-I0z) *cos (ph0) *cos (th0) *sin (thO0)
I0x* ((sin(ph0))"2)+...
((cos (ph0))”"2)*(I0z* ((cos(th0))"2)+I0y*sin(th0)"2)];
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o)

% Determinant of the passive object inertia matrix
DMO = det (M) ;

% Forces/Torques applied on the passive object
FE = [FE1x+FE2x+FE3x; FEly+FE2y+FE3y; FE1z+FE2z+FE3z;
dlz*FEly-dly*FEl1z+d2z*FE2y-d2y*FE2z+d3z*FE3y-d3y*FE3z+nEl1x+nE2x+nE3x-V (1) ;

dlx*FEl1z-dlz*FEl1x+d2x*FE2z-d2z*FE2x+d3x*FE32z-d3z*FE3x+nEly+nE2y+nE3y-V (2) ;

dly*FE1x-d1lx*FEly+d2y*FE2x-d2x*FE2y+d3y*FE3x-d3x*FE3y+nElz+nE2z+nE3z2-V (3) ] ;

% Accelerations of passive object
xDD0 = M\FE;

% Predefining the size of xDDi to increase calculation speed
xDDi = [0; 0; O0; O; O; O0; O; O; O; 0O; O; O; O; 0O; O; O; O; O1;
% Motion of the i robots
for i = 1:1:3

% Inertia matrices of the bases of the robots

Mtot = [mi(i) 0 0 O 0 O; O mi(i) O O O O; O O mi(i) O O O;

0 0 0 Iix (i) *cos (phi(i)) *cos (psi(i)) -
Iiy(i)*((cos(thi(i)))"2)*sin(psi(i))+(Iiy(i)-TIiz (1)) *cos(psi(i))™*
cos (thi(i))*sin(phi(i))*sin(thi(i))-Iiz (i) *sin(psi(i))*(sin(thi(i)))"2

cos(phi(i))* ((-Iiy(i)+Iiz(i))*...
cos (thi(i))*sin(psi(i))*sin(thi(i))+cos(psi(i))*sin(phi(i))*...
(=Iix (1) +Iiz (i) *((cos(thi(i)))"2)+Iiy(i)*sin(thi(i))"2));
0 0 0 Iix (i) *cos (phi(i)) *sin(psi(i)) (Tiy (1) -
Tiz (i))*cos(thi(i))*sin(phi(i))*sin(psi(i))*sin(thi(i))+...
cos(psi(i))*(Iiy(i)*((cos(thi(i)))"2)+Iiz(1i)*sin(thi(i))"2) cos(phi(i))*

((Iiy(i)-Iiz(i))*cos(psi(i))*cos(thi(i))*sin(thi(i))+...
sin(phi(i)) *sin(psi(i)) * (-
Tix(i)+Iiz (1) *((cos(thi(i)))"2)+Iiy (i) *sin(thi(i))"2));

0 0 0 -Tiz (i) *sin(phi(i)) (Iiy(i)—IiZ(i))*cos(phi(i))*éos(thi(i))*sin(thi(i))
ITix(i)* ((sin(phi(i)))"2)+
((cos(phi(i)))"2)*(Iiz(i)*((cos(thi(i)))"2)+Iiy(i)*sin(thi(i))"2)];

% Forces/Torques applied on the base of the i th robotic servicer
Fil = [£f1i1(1,1i)+£fi2(1,1i)+£i3(1,1i)+£i4(1,1)+£1i5(1,1)-FEx (1),
£fi1(2,1)+fi2(2,1i)+£fi3(2,1)+f14(2,1)+£fi5(2,1)-FEy (i)
£i1(3,1)+£1i2(3,1)+£1i3(3,1)+£1i4(3,1i)+£i5(3,1)-FEz (i) ];
Nx = Ni(1,i)-Ti(1,1i)+dil(3,1i)*£fil(2,1i)-dil(2,1)*£fi1(3,1)...
+di2 (3,1i) *fi2(2,1)-di2(2,1i)*£i2(3,1i)+di3(3,1) *£i3(2,1) -
di3(2,1i)*fi3 (3, 1)

(
+di4 (3 )*f14(2,i)—di4(2,i)*fi4(3,i)+di5(3,i)*fi5(2,i)—
di5(2,1) *f15(3 i).
-p_1(3, 1)*FEy(i)+p7i(2,i)*FEz(i)—Vix(i);
Ny = Ni(2,1)-Ti(2,1)+di1(1,1)*£1i1(3,1)-dil(3,1i)*£fil1(1,1)...
+di2 (1,1)*fi2(3,1)-di2(3,1)*fi2(1,1i)+di3(1,1i)*£fi3(3,1)-
di3(3,1)*fi3(1, 1)
+di4d (1 )*f14(3,i)—di4(3,i)*fi4(1,i)+di5(l,i)*fi5(3,i)—
di5(3,1) *f15(1 i).
-p_1(1, 1)*FEz(i)+p7i(3,i)*FEx(i)—Viy(i);

Nz = Ni(3,1)-Ti(3,1i)+dil(2,1i)*£fi1(1,1i)-dil(1,1i)*£fil1(2,1)...

+di2 (2,1)*fi2(1,1i)-di2(1,1i)*fi2(2,1i)+di3(2,1i)*£fi3(1,1i) -
di3(1,1)*fi3 (2, 1)

+di4d (2 )*f14(1,i)—di4(l,i)*fi4(2,i)+di5(2,i)*fi5(l,i)—
di5(1,1) *f15(2 i).

-p_1(2, 1)*FEx(1)+p i(1l,1)*FEy(i)-Viz (i),

F = [Fil; Nx; Ny; Nz];

o)

% Acceleration of position variables and Euler angles of the base of
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o)

% the i th robotic servicer
xDD = Mtot\F;

xDDi (6*1-5) = xDD(1);
xDD1i (6*i-4) = xDD(2);
xDDi (6*1-3) = xDD(3);
xDD1 (6*i-2) = xDD(4);
xDDi (6*1-1) = xDD(5);
xDD1i (6*i) = xDD(6);

o)

% Determinant of the i th robotic servicer base inertia matrix
DMi (i) = det (Mtot):;

end

xDD = [xDDO; xDDi; DMO; DMi(1l); DMi(2); DMi(3)1;
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Appendix C

The boundedness of the relative motion between the passive object and the servicer bases,
for the one-dimensional case, is studied in this Appendix. Assume the simplified 1-D
model of a passive object handled by two robotic servicers equipped with manipulators, as
seen in Figure 2-11. Furthermore, assume the controller of Egs. (69) and (72) is applied
and that the maximum force each manipulator can exert on the passive object iS fmax, as
also see in Figure C 1, in which only one of the two servicers is shown. The following
analysis is made for the relative motion between the passive object and servicer mi, but the

same is also true for the relative motion between the passive object and servicer m,.

thruster force

manipulator max forces

Figure C 1. Passive object with one servicer and maximum manipulator forces.

First the bound on the maximum distance between mo and mi, when the system is
moving under the controller of Egs. (69) and (72), is studied. Note that, for the maximum
distance between the passive object and the servicer base, the worst case happens when the
manipulator constantly applies the maximum force fuax, pushing the servicer base further
away from the passive object. Any other manipulator force uio, lower than fy.x, results in a
lower maximum relative distance, as also seen in Figure C 2. Recall also Eq. (31) from

Chapter 2,

€ = X0 = X0 des
e =X,—x—x,/2 (210)
e, =X,—X,+x,/2

Assume that the servicer base is initially moving under the manipulator force,

without the need for thruster force (miKi(¢é1 + Kier) < f;'). Furthermore, assume that the
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relative distance under the manipulator force is rising (¢1 > 0). Then, the relative motion
will result in the triggering of the thruster at a relative distance and relative velocity of e in
and ¢é; i, respectively (point A in Figure C 2). For simplicity, assume that this happens at ¢
=0.

€14 = mK (& +Ker)

el_in

\ ulO :fmax

Figure C 2. Relative motion between the passive object (n10) and one servicer base (m;).

Since
é ;, >0 (211)

the relative position error e; will keep on rising and the relative motion will pass on the
right-hand side of the line i = m1K1(é1 + Kie1) of Figure C 2, while at the same time the
corresponding servicer thruster is turned on. As already mentioned, the worst case is when
the manipulator is pushing the servicer away from the passive object by applying its
maximum force fnax. Under these forces, the equations of motion for the servicer base m;

and the passive object mo, are:
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mOX.O = 2f‘max

mljél = fm - f;nax
or
j‘f:() — 2fmax
m
x’l — f;n _fmax
ml

(212)

(213)

From Eq. (213) a constraint on the applied thruster force with respect to the

manipulator maximum force is obtained. In order for the thruster to be able to counter the

manipulator force that keeps on pushing the servicer away from the passive object, the

following is required:

fm > fmax
Integrating Eq. (213) results in Egs. (215) and (216):
2 finax
m

N S

X=X gt
m

xO = xOJ’n +

While integrating Egs. (215) and (216), results respectively in:

fmax t2

0

LS = foa

‘xl :xl in +x1 int+
- -2 m

Xo =Xg s T Xyl +

t2

where x; i» and X; j» with i = 0,1, are defined as:

eliin = xOfin _‘xliin

€ in =X in X i T /2
Subtracting Eq. (216) from Eq. (215), results in,

(2m1 +m0)fmax _mOfm

mym,

t

e =¢

_in

While subtracting Eq. (218) from (217), results in,
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(215)

(216)

217)

(218)

(219)

(220)



(2m1 +m, )fmax -myf, £
2mym,

(221)

e=e ,te I+

Note that Egs. (220) and (221) result in a parabolic line at the ¢i-e; plot, as seen at
the right-hand side of the line i = m1Ki(¢1 + Kie1) in Figure C 2, for uio = fuax. When the

relative velocity €1 becomes zero (point B in Figure C 2), then Eq. (220) results in,

Ozél . +(2m1+m0)fmax_mofmt

_in f
mym,

(222)

Thus, the time # required to reach the maximum relative distance is obtained from
Eq. (222):
él_inmoml

tf o (2m1 + mO)fmax _mOfm (223)

Since it must be #r > 0, the following constraint must apply:

(2m1 + 1)) frox <o 1, (224)

Note that the constraint of Eq. (224) is stricter than the constraint of Eq. (214). Thus,
it is enough to take into account only Eq. (224) as a constraint. Note also that, subtracting

the two parts of Eq. (213), results in,

él — (2m1 +m0)fmax _mOj;n (225)

mym,

The need for a decelerated relative motion, thus negative acceleration of Eq. (225),

results in the same constraint as in Eq. (224).

The maximum relative distance is obtained from Eq. (221), by substituting the time ¢

of Eq. (223).

-2
myme, ;,

elif B elJn B 2((277’11 +m0)fmax _mofm)

(226)

As can be seen from Eq. (226), the maximum relative distance between the passive
object and the servicer base is also a function of the relative distance e ;, and relative
velocity €1 i, at the moment when the thruster is triggered on. The maximum e ;, and
€1_in, can be obtained by also taking into account the worst case scenario. By assuming that

the passive object and the servicer base are initially almost touching and that at this
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moment the manipulator applies a constant f,..: repulsive force until the line ;" = m1K1(&1 +
Kier) in Figure C 2 is reached, while at the same time the other servicer is pulling the
passive object with a constant f.x force, then the maximum e i, and €, i», can be obtained,
by using the same methodology as above. Thus it can be shown that the maximum e
and ¢€; j, are also bounded, thus bounding the maximum relative distance e; rand that these
bounds are known. As already mentioned, the same approach can be used in order to
display the boundedness of the relative motion between the passive object and the other
servicer base (my).

f:* = ’%1K1(é1 tKe))

e
1 A i ; g

¥ : ! Uio =fmax

\

A / \ \\ 5
ml > m1 /. /\
A A

my=my; myps

Figure C 3. Parametric uncertainty effect on the thruster trigger ;.

The abovementioned method can also be used to show the robustness of the motion,
when the servicer is moving away from the passive object. Since the applied forces in the
worst case are the maximum manipulator force fn.x and the thruster force f,, which are
independent of the estimated masses, the only parametric uncertainty issue is on the

estimated servicer base mass 7, and how this uncertainty is affecting thruster triggering.
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Overestimating the mass m (m, > m1) leads to the quantity m, K1(é1 + Kie1) reaching
the trigger value f; at lower values of ¢ and e; than in the case of no uncertainty. This is
also displayed at Figure C 3, where the line f;' = i, Ki(é1 + Kie1) has been moved to the
left of the no-uncertainty line. This leads to a lower maximum relative displacement than
the already obtained no-uncertainty case (see Eq. (226)). Nevertheless, underestimating the
mass my (m, < mi) leads to the quantity m, Ki(¢1 + Kie1) reaching the trigger value f; at
higher values of ¢; and e; than in the case of no uncertainty. This is also displayed at
Figure C 3, where the line f;" = s, Ki(é1 + Kie1) has been moved to the right of the no-
uncertainty line. This leads to a higher maximum relative displacement than the already
obtained no-uncertainty case (see Eq. (226)). The new maximum relative displacement is

ft(ml _ﬂ/ll)

227
mlrthlz 227

e ,=e +0e, =e¢ ,+

The quantity dep is obtained by noticing that it is equal to how much the line f;" =
m, K1(é1 + Kier) has been moved to the right. This, in turn, can be obtained by setting &, =
0inf;' = m, Ki(é1 + Kie1), thus finding the value of e; when the line £, = iy, Ki(é1 + Kie1)
intersects with the ej-axis, both for the case with and without uncertainty. Subtracting
these two values provides des as seen in Eq. (227). As can be seen from Eq. (227), the
maximum relative displacement is a function of f;, K12, the real and the estimated mass m;.
Thus, the introduction of the parametric uncertainty may result in higher maximum

relative displacement, but the motion is still bounded.

The study of the relative motion between the servicer base and the passive object,
when the servicer is moving towards the passive object, is more difficult. In this case, there

is no need for thruster firing and the worst scenario is when the manipulator forces are:
1 .
Uy, = E(PDO TMXo e ) - PD,

Uy = %(PDO +my%y 4 )+ PD,
(228)
where:  PD, =mK, (¢, +K,e,)
PD, =mK, (¢ +Kpe)
PD, =m,K, (&, +K,e,)
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Note that these are the manipulator forces acting on the passive object and that, in
accordance with Eq. (72), PD: is negative. Note also that, if the servicer of mass m> was
close to the passive object too and there was also a need for extra pushing force PD>, this
force quantity would have been positive and a negative quantity —PD> would have been
added to the manipulator force acting on servicer of mass mi, according to Eq. (72). This
would have made the case easier, since the manipulator repulsive force would have been
augmented, while at the same time the total force acting on the passive object would have
remained the same. Thus, the worst case scenario for the relative motion between the
servicer of mass m1 and the passive object, when the two objects are closing in, is the one
presented in Eq. (228). Under these manipulator forces and without firing need from the
thrusters of the servicer of mass mi, the equations of motion of the passive object and the
servicer m; are,

%, = (PDO + mOXO_des) (229)

m,

—1(PDO+mO5c'0 4o )+ PD;
i =—2 N (230)

m,

Subtracting Eq. (230) from Eq. (229), results in,

&+ K +Kie =Ky (é+Koe, )+, dm)[1+2m—°j (231)
) "

=Xy

The only thing that can be said for this relative motion tracking error is that is
converges to zero when the actual acceleration Xo of the passive object is zero. Since there
is no need for error e; to converge to zero (boundedness is all that is needed), the fact that
this convergence is not guaranteed for the general case of non-zero passive object
acceleration Xo is not a problem. This is also shown in Section 2.3.4, in which the results of

the simulations with the system under the controller of Egs. (69) and (72) are presented.

168



Appendix D

Pulse-width modulation (PWM), is a modulation technique that encodes the amplitude of a
signal into the width of the pulse of another signal. The proportional signal can be a
communications signal or even a desired force to be applied. Thus, the mean result of a
proportional signal can be approximated by a rapidly switching on-off signal. The
switching frequency has to be far higher than the frequency of the load, enough so that it
would not affect the load. Typically switching has to be done several times a minute in an
electric stove, 120 Hz in a lamp dimmer, from few kilohertz (kHz) to tens of kHz for a
motor drive and well into the tens or hundreds of kHz in audio amplifiers and computer

power supplies.

The proportion of on-time to the regular interval or one period of time, is called duty
cycle. Thus, a low duty cycle corresponds to low power, because the power is off for most

of the time. Duty cycle is expressed in percent, with 100% being fully on.

A width-modulated rectangular pulse wave is used in PWM, resulting in the
variation of the average value of the waveform. Consider a pulse waveform f{¢), with a low
value ymin, a high value ymax, a period of 7 and a duty cycle D. then, the average value of

the waveform is given by,

y Z%ﬂf (t)dt (232)

Since f(¢) is a pulse wave, then for 0 < ¢ < D*T its value 1S ymax and for D*T <t <T

its value is ymin. Thus, (232) becomes:

_ 1 ¢or T
y :?(J.O ymaxdt-i-IDTymindt):Dymax +(1_D)ymin (233)

Equation (233) can be further simplified in many cases where ymin = 0. In that case,

(233) becomes,
y=D*y_ (234)

From both Egs. (233) and (234), it is obvious that the average value of the signal y

is directly dependent on the duty cycle D.
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A variation of the PWM is the Pulse Width Pulse Frequency (PWPF) modulator, in
which the distance between the pulses (frequency) is also modulated, in addition to the

modulation of the width (duration) of the pulse. Its basic structure is shown in Figure D 1.

PWPF modulator

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, To thruster

\ :

Uﬂ? ””” :

1 : J E

F(I) i-l- e(t) km f(t) _U(m _Uaﬁ’ Y Urn(t)i
— > —> > - = =S - >

i = fmS +1 (](J_;ﬁr U(m E

filter —1-U, :

] Y E

Schmitt Trigger E

Figure D 1. Pulse-width pulse-frequency (PWPF) modulator.

For a required input »(¢), the error for the PWPF modulator is defined as the
difference between this signal and the on-off output of the modulator. This error is passing
through a filter, where 7, ad k, are the filter coefficients and then, the resulting filtered
error signal is passing through a Schmitt trigger, as seen in Figure D 1. For the Schmitt
trigger, U, and U,y are the on-trigger and off-trigger values, while U, = [fm, nn] are the
active thruster generalized forces. Note that the fact of the on and off trigger values not

being equal, leads to a (desired) hysteresis of
h=U, -U, (235)

for both pure-force and pure-torque thrusters.
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