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Adaptive Reactionless Motion Control for
Free-Floating Space Manipulators
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Abstract—This paper investigates the adaptive version of based adaptive Jacobian controller was proposed to atiakk t
reaction null-space (RNS) based control for free-floating sace space trajectory tracking of free-floating space robots wit
manipulators with uncertain kinematics and dynamics in the uncertain kinematics and dynamics [6].

presence of nonzero initial angular and linear momenta. The A th trol d f ioulat f
great challenge in deriving the adaptive RNS-based control mong the control modes of space manipulators, Iree-

scheme is that it is difficult to obtain a linear expression with is  floating space manipulators (FFSM) have their potential ad-
the basis of the adaptive control. The main contribution of his vantages|[[7]. First, the unrenewable and thus precious fuel
paper is that we skillfully obtain such a linear expressionbased can be saved since both the position and the attitude of the
on which, an adaptive version of the RNS-based controller is gyacecraft are not actively controlled in this case, soifa@f
developed at velocity level, taking into account both the kiematic .
and dynamic uncertainties. It is shown that the proposed catmol the.system will be extended. Second, haza.rdous and evd_an fata
achieves both the base attitude regulation and continuousgth ~ collisions that may be induced by the action of the attitude
tracking of the end-effector. The simulation results are pesented control system can be avoided in the free-floating mode of
to show the effectiveness of the proposed controller. operation when the servicing spacecraft is very close taor i
contact with the target spacecraft [3].
It is known that in a free-floating space robotic system,

due to the lack of a fixed base, the spacecraft will move in

N-ORBIT servicing (OOS) has become one of the cufesponse to the dynamic forces caused by the manipulator’'s
O rent hot areas of research for space agencies. For sofftion, and the motion of the whole system is governed by
human manipulation tasks in hazardous space environmdfi¢ principle of momentum conservation. However, from a
e.g., transferring payloads from one place to another e Practical point of view, it is important to keep the basetatte
repairing, maintenance and construction of spacecrafpaces Unchanged as the spacecraft has to always point its antenna
station, and capturing tumbling satellite, the hazard awst-c toward the Earth, whereas disturbing the base translabes d
intensity of human space-transportation system impedels sifot pose any significant side effect [8]. Hence, joint motion
application to most spacecraft systems. Accordingly, ticko algorithms for space manipulators without reaction to the
are now assisting the human as the human-extended arnP@ge are highly preferred. On the other hand, the manipulato
space [[1]. Robotic manipulators in space environments #@d-effector is usually required to track some trajectory i
usually mounted on a movable spacecraft, and such a robofi@rtesian space when executing OOS. Thus, it is meaningful
spacecraft system is the well-known space manipulators Ot9 realize coordinated spacecraft/manipulator motiortrobn
demonstration missions such as the Japanese Engineeshg TéMlany researchers have studied coordination control of a
Satellite VII (ETS-VII) [2], Rokviss [3], and Orbital Expss manipulator and its free-floating base. Vafa and Dubowsky
[4] are successful examples which have shown how to éftoposed cyclic motion of the manipulator joints to change
fectively exploit the exploration and manipulation capitibs the base orientatiori [9]. Nakamura and Mukherjee utilized
of robots in space using different approaches. Howeveh sueyapunov function to achieve the regulation of both the base
tasks executed by space robots are inherently subjectge ladttitude and the manipulator joint angles simultaneous6}.[
kinematic and dynamic uncertainties. Under large parametBspired by the fact that a falling cat changes its orientati
uncertainties or variations, model based controllers tend I Midair without violating angular momentum constraints,
lower the tracking accuracy or even drive the system unstalfiernandes et al. investigated motion planning for a system
[5]. Thus, it is important to develop robot controllers tha®f coupled rigid bodies, which can be used for space robotic
can deal with uncertainties in both kinematics and dynamic@pplications, such as attitude control of the base spaitecra
Adaptive control, as a standard control methodology, is Using internal motion[[11]. Dubowsky and Torres proposed

qualified approach to solve this problem. A prediction errdfDM (Enhanced Disturbance Map) to plan the trajectory of
space manipulators with minimum disturbance on the base
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plish point-to-point planning for FFSM_[15], in which highboth the base attitude regulation and continuous pathitrgck
order polynomials are used to specify the desired pathtiijrecof the end-effector. The main contribution of our work lies i
in joint-space. Nenchev et al. analyzed a redundant frelat it gives the adaptive version of the RNS-based coetroll
floating space/manipulator system based on the momentBorthermore, taking the effects of nonzero initial lineada
conservation equations _[16], where the concept of Reactiangular momenta into consideration, the algorithm progose
Null-Space originated. Two tasks can be realized: 1) enihthis paper can still achieve both the base attitude réigula
effector continuous path tracking with simultaneous adié# and continuous path tracking of the end-effector. A praiany
maintenance; 2) changing the attitude of the base satellitersion of this paper appears in [23], which only considbes t
while keeping fixed position/orientation of the end-eftact case where there are zero initial momenta, and, in this paper
with respect to either the inertial coordinate frame or atre¢ we extend the previous algorithm to the case where there are
coordinate frame. To sum up, only the RNS based methadnzero initial momenta.
can achieve the base attitude regulation with simultaneousthe paper is organized as follows: in Section I, the
manipulator end-effector continuous path tracking. dynamics and kinematics which characterize a free-floating
Reaction Null-Space has its root in the work df|[16]. Thepace robot, and the derivation of RNS are explained. Then,
RNS-based control law was originally proposed to cope withe formulation of adaptive reactionless motion controige
the dynamic interaction problem of flexible structure m&aht developed in Section Ill. To demonstrate the effectivertdss
manipulator systems [17]. A kinematic control scheme basék proposed method, simulation results are shown in Sectio

on reaction null-space can achieve reactionless manipojat |v. Finally, the conclusions and future work are stated in
or Zero Reaction Maneuver, where a combined inertia a®&ction V.

Jacobian matrix is introduced [18]. The RNS-based reaction
less manipulation was carried out and verified in the ETS-VII
project [19]. Later, the implementation of the RNS-based-co Il. PRELIMINARIES
troller for end-effector path tracking with reactionlesstion
and vibration suppression was proposed.in [20]. A reaa®sl A Dynamics of FFSMs
trajectory generation strategy was developed withouttiffg
the attitude of the base for the capture of a target by a 2-The equations of motion of a free-floating space robot
DOF manipulator[[21]. However, it should be noted that thexplicitly including the rotational motion of the spaceitrare
methods proposed above all require the exact knowledgedsfscribed by [24],[[25]
both the kinematics and dynamics of the manipulator.

In the presence of parameter uncertainties or variationg, o Hy, Hpp||ws Cp 0
a few controllers have been developed attempting to resolve H H,||é =
this problem. The great challenge is that it is difficult tadfiem "

appropriate linear expression which is the basis of de_'swr_"where w, € R? denotes the angular velocity of the base

derat dapi fonl " laorith atellite with respect to the inertial frame expressed i@ th
consideration, adapiive reactionless motion algorittnsfce spacecraft framep € R™ denotes the motion rate of the ma-

manipulator was proposed in [22]. However, there is a prable - T . .
. . . . . ._nipulator joints,¢ = [¢1, cee ¢n} is the joint angle vector,
in deriving the linear expression which acts as the basis 3%3 ; L : mxn
- . . . » € R is the inertia matrix of the basé&l,, € R
the adaptive reactionless control algorithm (ARLC), ithg o . ) m s
. o X . is the inertia matrix of the manipulatof,,, € R is the
designed velocity in this expression depends on the actual

values of the dynamic parameters so that it is not measura%?eUpled inertia matrix of the spacecraft and the manipalato

and thus unknown in the control, which leads to a result th&t <R’ I: t_he veIocﬂy-d_ependent nonllnea_r term of the base,
the expression cannot be used to derive the ARLC. In additiof’” € R Is the veIogt_y-depende_nt nonll_ne_:ar term of the
only the angular velocity of the base spacecraft is conedierman'pmator’ and- € R" is th? r.n-ampulator joint torque.
However, the attitude of the base spacecraft will be aftecte In the case of nonzero 'n't'f"‘l angular mc.)ment.um, the
during the adaptive control, which is undesirable in pccti integral of the upper set ofl(1) with respect to time gives] [19
In this study, we skillfully obtain a linear expression wiiic . _ .
can be used to estimate the unknown parameters. Based on the R.(t)(Hywy + Hom @) = Hyws + Hpmp = Lo (2)
linear expression, we propose an adaptive reactionlesi®mot _ _
control algorithm that can deal with both the dynamic an@here H, = R:(t)Hy, Hy = Ri(t)Hpm, Lo is the
kinematic uncertainties. These uncertainties could drima initial angular momentum of the space manipulator system,
the lack of accurate knowledge of the manipulator pararaetdt:(t) € SO(3) is the spacecraft orientation matrix with
or the unknown target that is captured by the manipulator, Espect to the inertial frame, adi, ., represents the angular
our algorithm can also handle the capture problem. In centrd0mentum generated by the manipulator motion. The momen-
to the work of [22], the proposed algorithm can regulate tH&m conservation equatiohl(2) is simpler than the equatfon o
attitude of the base spacecraft during the adaptive corStep Motion at acceleration level, yet, reflects almost all atspet
by step, the joint motion algorithm is designed at veloaityel the system dynamics [26].
to achieve 1) the base attitude regulation with simultaseou Equation [2) depends linearly on a set of dynamic pa-
optimization of a rather general performance index, and Egmetersa; = [adl,adg,...,adpf and the initial angular

1)
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momentumLg [27] period of time. What is worse, the FFSM may collide with
Hyw, + Hypép — L the target s_pacecrgft_ _if the thrusters or other actga_\t_orsqllo
bb bm 0 work. Just like the initial angular momentum, the initiaddar
ad] 3) momentum is also not desired in practice, and it should also
Lo be eliminated by the thrusters or other actuators. However,
it is also inevitable to have some linear momentum in space
environments due to some disturbances. So, in this paper, we
where we callY, = [Yd(eb,qb,o-’b,d)) _ E3x3} the gen- assume that the initial linear momentum is small, which rsean

eralized dynamic regressor matrix, we call = [a} LT]" that the norm ofl, is small.

the generalized dynamic parametdfs,3 is a3 x 3 identity
matrix, €, € R* are quaternions used to represent the spad@- Reaction Null-Space

craft attitude, andY q(ey, ¢, ws, @) € R**P is the regressor  pojiowing the work of [19], we briefly describe the basic
matrix. idea of Reaction Null-Space.

REMARK 1. The angular momentum conservation law The angular momentum equation with zero initial angular
holds for free-floating space manipulators, which illugsahe omentumL = 0 and zero attitude disturbanee, = 0

invariability of the spatial rotation. Bigger angular mom&m pecomes

shows that the FFSM rotates faster around a certain fixed H;,,¢ = 0. (6)
axis. Intuitively, when the initial angular is much biggdr,

is difficult to make the manipulator end effector track some Equation [(6) yields the following null-space solution
desired trajectories in the inertia frame. Hence, bigggiain : =

angular momentum is not desired in practice, and it should ¢ = (B~ Hy, Hyn)( (7)
be eliminated by the thrusters or other actuators. Howétverwhere(-)* = (-)T((-)(-)T)~! denotes the right pseudoinverse
is inevitable to have some angular momentum for FFSMs gt (-), and noting that-)(-)* = E, with E being an identity
space environments due to some disturbances. In this papedtrix of proper dimension. The joint motion given by (7) can
we assume that the initial angular momentum is small, i.@nsure zero disturbance to the base attitude. The vécisr

= [Yd(ebv(ﬁawba(b) _E3><3]

=Y,a4

the norm ofLg is small. arbitrary and the null-space of the inertia matiy,,, € R3*"
is called the reaction null-space. The expresdtgn) = E —
B. Kinematics of FFSMs H;’ H.,,, appearing in[{7) denotes the projector onto the null-

l\ﬁpace of the coupled inertia mati,,,,.

REMARK 3. Eqg. [T) can not be linearly parameterized with
respect to a set of physical parameters due to the advent of
Hfjm, which is a great challenge to the application of the

x = Jywp + qub +1 (4) conventional adaptive control.
In this paper, we assume that there exists the reaction null-
whe_rer(eb,_gb) € R™** andJ,, (ey, @) € R™>™ are the Ja- gpace. A necessary condition for the existence of the meacti
cobian matrices, and the appearance of the initial tranaiat null-space is the availability of any of the following feags:

motion terml is due to the nonzero linear momentum, Notinginematic redundancy, dynamic redundancy, selectiveticrac

Denote bym the dimension of the task space. The FFS
end-effector velocityx € R™ in the inertial frame can be
expressed as [28]

thatl, is a constant vector. _ null-space, and rank deficiency of the coupled inertia matri
And the kinematic equatiori]l(4) depends linearly on a 5[“1t7]_

of kinematic parametera, = [a1, a2, ..., ar;] and the

initial translational motion terniy [29], [30] lIl. ADAPTIVE REACTIONLESS CONTROL

FORMULATION
ak} In this section, we will derive an adaptive reactionless

x=Jywy +Imd + 1o

(5) kinematic controller for FFSMs with unknown kinematic and

= [Yi(es, ¢, wp,¢) Esys] , :
dynamic properties.

lo
= Ykék

where we callY), — [Yk(eb,qb,wb,qb) E3x3} the general- A. Problem Formulation

ized kinematic regressor matrix, we cajl = [aT IT]T the When the dynamic parameters of FFSMs are unknown, we
’ ko 0 cannot use the control law if](7). Replacing the unknown

generalized kinematic parametes; (e, ¢, w;y, ) € R™*J . . . . . .
is called the kinematic regressor m;trix. dynamic parameters; in () with their estimates,, we get
the following kinematic control law

REMARK 2. In fact, 1 is the initial velocity of the center
of mass of the whole system. The linear momentum conser- é. = (E— ﬁﬁmﬁbm)é’ (8)
vation law holds for free-floating space manipulators, \hic .
illustrates thatl, is constant. Intuitively, we can see thawhereH,,, is the estimate of the coupled inertia matkdy,,,.
the end effector of the manipulator can track some desiredHence, the objective of the adaptive reactionless kinemati
trajectories in the inertial frame only over a relativelyogh controller design for FFSM can be stated as: assuming that



there exists a dynamic control law so that— ¢>: ast — We assume that the base spacecraft attittydethe angular
oo, seek an adaptive kinematic control law which includegelocity of the base spacecraft,, the manipulator joint angle
the estimated parameters and a parameter adaptation lawgprand the manipulator joint velocity are available from
updating the estimated parameters to achieve both thedsatitthe sensors. Therefore, the signal is measurable. For the
regulation of the base spacecraft and continuous pathitigackattitude regulation problem, the desired valueugf is zero,

of the manipulator end-effector. That is;, — 0, R, — Ryq, and thus the regulation error of the angular velocity of the
Ax — 0 andAx — 0 ast — oo. Here,Ax = x — x4 is the base spacecraft Aw;, = w, — 0 = wy;, which means thay;
tracking error of the end-effector, and;, € R™ is a desired can be rewritten as

trajectory of the end-effector. The boundedness gfx,, and

X4 is assumedR,; andR,, are the current and desired attitude y1 = fIb(Awb + MAepy) + f{bm(é — ¢>:) (14)
matrices of the base, respectively. For the attitude re¢igula
problem, the desired attitude mati;,, is constant. Now the gradient estimator of the standard form is adopted

REMARK 4. The role of the existing dynamic control law isto update the generalized dynamic parameter estigatand
to make the current joint motion rate track the designedtjoithe updating law is given by
motion rategb: which can be regarded as a reference velocity. . -
Note that, the torque control input does not appear exlicit ag=-T,Y y, (15)
in (8). However, joint velocity can be achieved by velocity-
based closed-loop servo controller straightforwardlyeldasn whereT'; is a diagonal positive definite estimator gain matrix.
the work of [31], and thus it can be considered as an inpBased on the work of [33], we know thgt € Lo, anda, €
command to the system. Actually, precise velocity contrdle.
of mechanical system can be easily achieved with the rapidDifferentiating [13) with respect to time, we get,
development of mechatronics technology, so it is reasenabl '
to assume that velocity control of robot manipulators can be :ﬁb(wb + MAey,) + flb(cbb + MAéyy)
accomplished with high precision [32]. ' (16)

_ _ o | + Hym (b — ;) + Hiym (6 — ;)

B. Adaptive Controller Design Considering the Base Attitude
Regulation where ¢ is the time derivative oth,. We assume that under

In order to achieve the attitude regulation of the basm existing dynamic control law which can guarantee ihat
spacecraft, the designed joint motion rate[ih (8) needs to bg ast — oo, the entire dynamic system is stable, i®., ¢,
modified as follows wy, @, wy, and @ are all bounded. Since the desired attitude

o A o matrix of the spacecralR,, is constant, the vector part of the
¢, = (B~ H+ Hbm)C+H+ (Lo + HyAvAepw)  (9) error quaternionAe,, and its derivativeAé,, are bounded.

where Ly is the estimate of the initial angular momentumit is reasonable to assume thaie Lo and¢ € Lo, so [9)
X\, > 0 is a constant, and\e,, is the vector part of the error leads to thaip, € L., and from [IB), we obtaily; € Lo,

quaternion corresponding to the error attitude mafxiR, = i.€., the signaly, is uniformly continuous.
RLR, [37]. Here, we introduce a sliding variable [37],

Premultiplyi i
pIylngz both*3|deAs 0[29) bH,,.,, we have, o = Awy + N A an

Hym @, = Lo + HyA\y Aep,. (10)
o far, we have known thag; € L, andy; is uniformly
ontinuous, and thug; — 0 ast — oo [34]. We assumed
R R that the;re exists a joint motion control law which can guszan
Hyn ¢, — Hyh\y A€y, — Lo = Hywy, + Hyp — Lo, (11) ¢ — ¢, ast — oc. Hence, we obtain, froni{14}, — 0 as
t — oo if Hy is uniformly positive definite.

According to the analysis in the work af [37], the fact that

Due to the nonzero initial momentum, combiniag (2) dnd (10
we get,

Subtracting both sides df (IL1) froﬁbwb + f{bmé, we have,

5 & P sy — 0 ast — oo implies thatAe,, — 0 and Aw;, — 0 as
Hb(uib * )\bAebf) +.Hbm(¢ 2 t — 0o, which means thav, — 0 andR; — Ry, ast — oo.
= AHpwp, + AHpme — ALg REMARK 5. Here we assume that the estimate of the inertia
. Aay (12) matrix of the baseH, is positive definite, which can be

= [Yd(eb, o, wy, P)  — E] A guaranteed by the parameter projection algorithm [35]].[36

_ Lo Now, summarizing the above analysis, we will state the
=YgAay following theorem.

where AH, — ﬁb _H, AH,, = ﬁbm —H,,, AL, = Theorem 1. The kinematic control law {9) and the parame-

ter adaptation law[{15) achieve the base attitude regulatio
prowded that there exists a dynamic control law so that
. A . » ¢—>¢> ast — oo. That is,w, — 0 andR;, — Ryg as
y1 = Hy(wp + MAep,) + Hpp (¢ — ¢,.). (13) t— oc.

ﬂo — Lo, and Aa; = a; — ag4 is the generalized dynamic
parameter estimation error. Let



C. Adaptive Controller Design Considering Both the Base the signaly, is measurable. And the kinematic parameter
Attitude Regulation and Continuous Path Tracking estimates are updated by

When FFSMs are executing OOS, it is usually not enough i T
to control only the attitude of%he base spacecrayft. Undisr tr? =~ Yiy2 (25)
circumstance, the end-effector of the FFSM is usually negui whereI';, is a diagonal positive definite estimator gain matrix.
to track a desired trajectory; € R™. Here, we assume thatHere, we introduce another sliding variatlel[38],
:jhe spgce_manlpglator is operating in a workspace where the s, — Ak + ALAx. (26)

ynamic singularity does not occur.

Let d; andd.(= m) be the number of task variables forBecause the new kinematic controller](19) with the gradient

the spacecraft task and the end-effector task, respectisl estimator [(15) has all the properties which the previougkin
long as the number of the manipulator joimtss not smaller matic controller [[D) with the same kind of estimator bears,
than the total number of task variablés+ ds, i.e.,n > di + thus, we know that, € L., andw, — 0 ast — oo. Due
dz2, the base attitude regulation and simultaneous continuagsthe property of the gradient estimatér [33], we conclude
path tracking of the end-effector will be achieved by makinghat a, € L., andy,; € L,. And also we assume that the
appropriate choice of [16]. Son > d; + d» is assumed in whole system is stable under an exiting dynamic control law

this paper. . _ guaranteeing thay — &, ast — oo, i.e., e, ¢, wy, ¢,
Next, we will exploit the property of to achieve both the ¢, andé are all bounded, so the end-effector position in the
base attitude regulation and continuous path tracking. inertial frame is also bounded from the forward kinematics,

If the parameters of the FFSM are exactly known, for thend it implies that bothx and % are bounded from the
task of continuous path tracking with simultaneous spadecrkinematic equatiori{4). Thus(1L9) gives th}gt € L... Hence,
attitude maintenancg, is designed as [16], yo is bounded, which means thg is uniformly continuous.

- — o L. The fact thatys € Ly andys is uniformly continuous leads to
¢ = (Im(B = Hy, Hom))"Xa- (18) thatys; — 0 ast — oo [34]. Since we have had, — 0 and

When both the generalized dynamic parameters and the— gb ast — oo, the definition ofy, means that, — 0
generalized kinematic parameters are unknown, we prop@sg — oo.
the following kinematic control law According to the analysis in the work of [38, — 0 as
t — oo implies thatAx — 0 and Ax — 0 ast — oo, which

¢, = (E - H L Hy)C + H+ (Lo + Hy M Aey,)  (19) means thak — x,; andx — %, ast — oo.
where Now, summarizing the above analysis, we have the follow-
o . . . . ing theorem.
¢ ={ImP) [~lo+%xa— A Ax—J, H (Lo+Hy\Aew)]  Theorem 2: The kinematic control law[{19) and the pa-
(20) rameter adaptation law§ (15, {25) achieve the base aititud
and A, is a constant symmetric positive definite matrix.  regulation and the convergence of the FFSM end-effector
Since the new control law(19) is a special case of theacking errors provided that there exists a dynamic céntro

previous control law[(9),[(19) will certainly ensure the ®asjaw so thatp — ¢ ast — oo. That is,w, — 0, Ry — Ryyg,
attitude regulation. Next, we will show thaf {19) can als;\x — 0 andAx — 0 ast — oo.

achieve continuous path tracking of the end-effector.
Premultiplying both sides Omg) b.ym, we get, IV. SIMULATION RESULTS

jmqb: = %4 — Ay Ax — 1. (22) In this section we present simulation results for the prepos
- adaptive control law via a three-DOF planar space manipulat
Combining [4) and[(21), we have, (Fig.[dD). The base attitude regulation and simultaneoyedra
X4 — A Ax — jmqb* —lop=%— Jpwp — Imep —1y. (22) tory tracking of the end-effector in task space is requikd.
assume that the velocity servo control is fast enough so that
Adding Jyw;, + J,,¢ to both sides of[{22), and after somane designed joint motion ratﬁ can be tracked very quickly,
simple calculations, we obtain, so in the simulationp = ¢ holds.

Jywp+Jm(d—d,) — (Ax+ A, Ax) = ATywy+ AT+ Alg For the system considered here, the number of the manip-
" ' ! " (23) ulator jointsn = 3, and the number of task variables for the

whereAJ, = J, — J3,, AJ,, = J,, —J,,, and Al = 10 — . spacecraft task id; = 1. If we are interested in the position
From [B), the right hand side @3) can be linearly param@nd the linear velocity of the end-effector, the number skta
terized, so we get, variables for the end-effector tagk = 2. Thus,n = d; + da,

A L, - which implies that the available redundancy can be utilized

Jywp + I (P — b,) — (A% + AL AX) = Yy (s, ¢, wi, ¢)Ad,only to coordinate the end-effector-spacecraft motion;jnso
this simulation the attitude of the base spacecraft is requi

(24) to be regulated to a desired state, meanwhile, the FFSM end-

whereAa, = a, — a,, is the generalized kinematic parameteeffector is required to track a desired trajectory in thek tas

estimation error. We assume that the position and the wglocspace. Without loss of generality, the desired value of tseb

of the end-effector are available from certain sensors.célenattitude is assumed to be zero, iy = 0.

Y2



The angular velocity of the base (degree/s)

x Fig. 2. The angular velocity of the base spacecraft (theipusvcontroller).

The Inertial Frame R

Fig. 1. A three-DOF planar space manipulator.

TABLE |
THE MANIPULATOR PARAMETERS

i-th body m;(kg) I;i(kg-m2) [;(m) 7;(m)

o

!
N

0 60.0 11.2500 0.75 0.75 -4t
1 6.0 1.1250 0.75 0.75
2 5.0 0.9375 0.75 0.75 -6
3 5.0 0.9375 0.75 0.75

!
®
T

The attitude of the base (degree)

|
N
o
T

The physical parameters of the space manipulator are liste«
in Tablel, wherem; andI; (i =0,1,2,3) are the mass and 14
moment of inertia of the-th rigid body about the center of Time (s)
mass, respectively; andr; are shown as Fid. 1, and the 0-th
body denotes the base spacecraft. The sampling period uBed3. The attitude of the base spacecraft (the previoutraiter).
in the following simulations is 2ms.

Matrix expressions foH,, Hy,,, J,, andJ,, can be found
in [39]. And the kinematic parameters and dynamic pararsetéf Table[l,

are listed in Appendix. B T
In simulations, the desired end-effector trajectory of 3ae ak = [0'5921 1.2434 1.3520 1.4507 0.1 0'1] ’

DOF FFSM is a circle in inertial space which is given by ag = [11.5461 13.9885 4.6628 5.0699 6.6612 2.2204
_ [3-7+ 0.3 COS(ﬂt)]. 57.2516 38.8964 16.8997 3.5650 3.7500]".

%4 = 10.2 + 0.3 sin(t)
L i , The actual value of the initial angular momentunilis =

The initial sta‘FeT of the 3-DOF space manipulator is as fob—1915, and the actual value df is 1y — [0.1064 0'1007}@
lows: the position of the center of mass of the spacecraft.l.h desi ;
: T o . . e design parameters of the proposed controller are deter
is Reo = [0 0], the initial colflflguranon of the FFSM .4 asl, — diag([30 30 10 10 10 10 10 10 10 10 1]),
is q(0) = [0 /3 —2x/3 «/3]" and the initial position T, = diag([20 20 20 20 2 2)).
of the FFSM end-effector i, = [3.75 O]T. The FFSM If we use the previous controller (19) in our wofk [23], i.e.,
is not initially at rest and the initial velocities are set athe effects of the nonzero initial linear and angular moraent
Rco = [0.1 0.1]T, and¢(0) = [-0.05 0.05 0.05 0.05}T. are not considered in the controllér{19), the performarfce o
The initial values of the generalized kinematic and dynamtbe previous controller is shown in Figs[R-4.
parameter estimates are chosen as By contrast, the performance will be improved if the new
controller [I9) proposed in this paper is adopted. Under
the circumstances, we estimate both the generalized dgnami
parameters,; and the generalized kinematic parametgrs
taking into consideration the nonzero initial momenta. The

The actual values of the kinematic parameter and dynansicnulation results of the proposed adaptive controller are
parameter are obtained based on the physical parameters gashown in Figs[B-12. Fid.]5 arid 6 shows the angular velocity

a,(0)=[2 3330 0],

44(0)=[30 20 3 3 3 5 100 50 30 2 0] .
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and the attitude of the base. Higl. 7 gives the FFSM end-effect
tracking errors.

Since the magnitude of the initial angular momentum and
the initial velocity of the FFSM are rather smaller compared
with that of the dynamic parameters and the kinematic pa-
rameters, for clarity, we shall not present the estimateth®f
generalized dynamic parameters and that of the generalize
kinematic parameters in one figure, respectively. Instézel,
estimates of the initial angular momentum and the initial
velocity of the FFSM are given in Fifg] 9 and FigJ11. Fig. 8 and
Fig.[10 show the dynamic and kinematic parameter estimates
respectively. Figl_12 describes the desired and actuabpth
the FFSM end-effector. Fi@, 113 presents the estimation ef th
inertia matrixHj.

Fig.[d shows that the angular velocity of the base spacecrgff.

tends to zero as time evolves. From Hig. 6, we see that the
attitude of the base spacecraft tends to zero which is the

desired value. Compared with their counterpart, no sigaitic nonzero momenta. The comparison between them illustrates
differences were made when we investigate the convergerice effectiveness the new controller. Fig] 13 shows that the
of the base angular velocity and the base attitude. Howewvestimated inertia of the base spacecraft is always positive
the difference lies in the tracking error of the end-effects definite (hereH, is alx 1 matrix), so the parameter projection

Fig.

x 10

N

o

-2

-4t

-6}

The attitude of the base (degree)

-8t

-10}

-12 I I . . . .
0 1 2 3 4 5 6 7

Time (s)

6. The attitude of the base spacecraft (the new coatjoll

0.1 T

X error
— — — Y error

Tracking errors (m)

-0.15

. 7. FFSM end-effector tracking errors (the new contmll

100

90 Ay
- "8
80| ——ag |l
A4a
—~ 70f __ _a
) s
: —.—.a
2 6or s ||
£ a7
o | O _— e e o —— e —— = — ]
g " - %
£ Y
§ 401 do |4
< 410
30 =~ T
D e
101 _
0 [ \“\7 e 1 — = — T— 77\77 = 7\:77 777:\ |
0 1 2 3 4 5 5 7
Time (s)

8. The dynamic parameter estimates.

seen from Figl[ K4, large tracking errors are induced due to thkgorithm is not required here.
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V. CONCLUSION
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In this paper, we have developed an adaptive version of
RNS-based control for free-floating space manipulator wit
uncertain kinematics and dynamics in the presence of nonzer
initial angular and linear momenta. We skillfully obtain a

-02; ‘ ‘ ‘ s ‘ ‘ linear expression which is crucial to estimate the unknown
Time (s) parameters, based on which, we then proposed an adaptive
reactionless joint motion controller at velocity level. Bx-

Fig. 11. Estimation of the initial velocity of the FFSIJ. ploiting the feature of the vectd}, the controller can guarantee
that the end-effector tracks the desired path in inertialcep
and meanwhile the attitude regulation of the base spadecraf

To illustrate the convergence of the proposed controlleran be accomplished. It is worth noting that the adaptive
in the simulation, we give a desired trajectory that inigial controller can also deal with the capture of an unknown targe
deviates from the end-effector position, as shown in Elg. flom which uncertainties arise. Next, we will develop the
and[12 and as time evolves the end-effector approaches ddaptive reactionless joint motion control law at accdiena
desired trajectory. level, which will be our future work.
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