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Abstract

It is shown in this paper that, for a variety of reasons, conventional
adaptive control schemes can not be generally applied to the control of
space robots. Therefore, in this paper, a robust adaptive control scheme
that can be successfully applied to various applications in control of space
robots is presented. By using a special lagrangian formalism, a globally
valid dynamic model of space robots is derived and its dynamic properties
which are useful for adaptive controller design are investigated. A unified
framework is then presented to formulate the various applications as men-
tioned, based on which, the robust adaptive control scheme is thus derived.
Since the framework is general, the proposed scheme can he actually ap-
plied to wider applications. To demostrate the proposed schemne, the design
process is applied to typical applications such as joint space control and
Cartesian space control of space robots.

L. INTRODUCTION

Robot manipulators with their hases being mounted on spacecrafts
have attracted great attention iu the future space missions [1,2] such as
the construction, repair and maintenance of satellites and space stations.
At the same time, the dynamics and control of space robots called much
researchers’ interest [3-14] since it poses some problems that are not. found
in terrestrial robots. For example, due to the dyuamic coupling between the
robot and the spacecraft, the motion of the robot will disturb the position
and the attitude of the spacecraft and, hence, will induce the drift of the
robot base. This phenomenon makes the kinematics and the dynamics of a
space robot more complicated than those of a terrestrial robot.

Generally, the life span of a spacecraft depends on the amount of the
reaction jet fuel it carries for station keeping and attitude, control. There-
fore during the operat.lon of manipulators, the reaction jets are turned off to

imize fuel ption. Moreover, if the operation duration is so short
that the effects due to sun-radiation moment and gravity-gradient moment
are negligible, then a space robot is only subject to internal forces. Conser-
vation of linear momentum and angular momentum thus provides possible
reduction of the dynamics.

Without use of reaction jets, there are two strategies which are cur-
rently employed to control space robots. The first strategy {3,4] calls for
momentum wheels in controlling the attitude but not the translation of a
spacecraft. Since the fuel of momentum wheels is recoverable, this strategy
will not shorten the useful life span of the spacecraft. In the second strategy
[5-9]{12-14], the spacecraft is completely not controlled and, hence, it will
move freely in response to the motion of the manipulators.

It has been remarked by Papadopoulos and Dubowsky [8] that nearly
any control algorithm that can be used for fixed-based manipulators can
also be applied for the space robot systems. Although this remark indeed
applies to a variety of control schemes, unfortunately, it is not generally
applicable to the current adaptive control schemes [15-21] mainly for two
reasons. First, due to the reduction of the system dynamics by conservation
laws, the linear-in-parameter property may no longer hold [8]. Therefore,
those adaptive control schemes requiring the linear-in-parameter property
can not be directly applied in this situation. Second, due to the coupling
bet ki tics and dy ics, the ki tics can not be determined
by only the knowledge of the kinematic structure of the manipulator [8-10].
As a result, conventional Cartesian adaptive control schemes will fail with
only the knowledge of kinematic parameters. Nevertheless, in some specific
applications or with additional knowledge of dynamic parameters, current
adaptive control techniques [22,23] can still be applied.

In this paper, we address the problem of adaptive controller design that
can be generally applied to various applications in control of space robots
irrespective of which control strategy mentioned above is used. First, using
the lagrangian formalism in its invariant form [24], we derive a globally
valid(i.e., valid in the whole configuration space) dynamic model which is

pplicable whether tum wheels are used to control the attitude of the
spacecraft or not. In comparison with the current literature, the proposed
dynamic model provides a more general point of view to realize the two
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startegies and is useful for controller design in either strategy. For this
model, we also investigate some irportant dynamic properties which are
useful for conventional adaptive controller design. Next, we present a unified
framework to formulate applications in control of space robots, under which
arobust adaptive control scheme is then derived. The main idea in controller
design is the following: (i) decompose the dynamic uncertainties into two
parts, where one part is linear in system parameters and the other part
is upper bounded by a known bound; (ii) combine a robust scheme that
handles the latter kind of uncertainties with an adaptive scheme which can
take care of the former kind. Finally, to illustrate the proposed scheme, we
apply the design process to joint space control and Cartesian space control
of space robots in both strategies, respectively.

The paper is organized as follows: In section 2, the dynamic model of
space robots is derived. In section 3, some useful dynamic properties and
the design process of the robust adaptive control scheme are presented. In
section 4, applications of the proposed scheme are given. Conclusions and
sotne supplementary discussions are presented in section 5.

2. DYNAMIC MODEL

Consider a space robot systei, as shown in figure 1, consisting of an n-
link manipulator mounted on a spacecraft with m momentum wheels. The
systen1 is assumed free-floating but not subject to gravitational force and
other external forces. All joints of the manipulator are assumed revolute.
Each momentum wheel is assumed symmetrical with respect to its axis of
rotation. Hereafter, the spacecraft with the wheels locked is referred as
body 0 aund the i-th link of the manipulator is referred as body i. Body 0
is well-determined owing to the symmetry of momentum wheels.

On the spacecraft, a coordinate frame {/3,} is fixed at the center of
mass of body 0. On the i-th liuk of the manipulator, a frame {B;} is
assigned following the Denavit-Ilartenberg convention (25]. The frame {B,},
i=0,...,n, are uniquely determined by the pairs (R;, p;} where R; denotes
the rot.at.lou matrix of the frame with respect to a preselected mema frame
{B,} and p; is the position vector of the origin of the frame with respect to
{B,}.

It can be shown [26] that the kinetic energy of the space robot men-
tioned above can be written as

m
Z(w w; + il )+ = Z— (2.1.1)
23
m
To = Dger = Y bt} (2.12)
i=1

b= 58] wo + 9;)
where
® w; : the angular velocity of body i;

o I;;i=1,...,n: the inertia matrix of the i-th link;

e m; : the mass of body #;

3 the center of mass of body 1 or its coordinate with respect to {B;};
. l,od : the inertia matrix of hody 0;

® b; : the axis of rotation of the i-th wheel;

® j; : the moment of inertia of the i-th wheel about b;:

. l the angular momenturn of the i-th wheel about b

. 0 : the angle variable of the i-th wheel.
(Al] the vectors and the inertia matrices mentioned above are defined
with respect to {B;})

In the following, we will represent the kiuetic energy in terms of the
Joint variables ¢ and ¢ and the spacecraft’s angular velocity wy. By the
kinematics of the space rohot, we have, for | <i < n,

-—70+ZR;’+1+R,»1{ (2.2.1)
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(2.2.2)
i-1
=g Z“i"’ﬂ’?“ +@ Ryt (2.2.3)
j=0
Wi = wiy+ 44
=wo + Ai(1)d (2.24)

In the above equations, p},, and f are the coordinates of the points p;
and r; relative to {B;}; w denotes a skew- -symunetric matrix such that, for
any vector b € R%, wb = w x b; ; is the axis of rotation of the i-th joint; g; is
the angle of the i-th joint; g = [4, ... 4,,]7 and A;(¢) = [a,...q; 05, _,]
Since there is no external force acting on the systemn, conservation of
linear and angular momentum can be obtained. Furthermore, if the linear
momentum is initially zero, the conservation of linear momentum yields

n
"ITT‘, = E m;r;

i=0
n i1
:11;.71'0+Zvlvi([{ +ZR "] +1)
i=1 j=0
= const. (2.3)

where my is the total mass and r, is the center of mass of the space robot
system.
Using (2.3) to eliminate the position variable ry in (2.2.2), we obtain

+ZR (W = 7] = Gata)

=7+ Z v (2.4)
i=0

e AP

/ ifj=

irj>i

It is noteworthy that the vectors v, 4,j = 0,...,m, are exactly baryceniric
vectors defined in [8]. From (2.4), the kinetic energy can be written as

where ¢; = =3 o and /’;+1 =

n on no o

T=222u D,,w!+22—
i=0 j=0

Z el (2.5)

_[Mule) Mple)
Mig) = [M,‘_,:(,,) M;m]

. T o
L= 5T+ )

STt [ 4] +

where w)) is the absolute angular velocity of the spacecraft expressed in
{B,} and b} is the vector b; expressed in {B;}. The definitions of the

matrices DU, z,j =0,...,n,and My, 4,j =1, 2, are given as follows: For
i,5=0,...
= b= Vi by = mpvgty, iM1<
D= I - o P Vi ifi=j
Df, ifi>j
noon
T
My =3 3 AT DA
i=0 ;=0
n n
My =3 S RID;A;. M= M)
i=0j=0
n n
My, = ZZ RJ ;R
i=0j=0

In the following, by use of Lagrange equation, the equations of tuotion
are presented. Before we proceed, it is noteworthy that w§ is not a general-
ized velocity since it is not a time derivative of any generalized coordinate.
As a result, in deriving the Lagrange equation, it is not meaningful to take
the partial derivative of the kinetic energy (2.5) with respect to w§. To solve
this problem, one can represent w{ in terins of time derivatives of some lo-
cal coordinates (e.g. Euler angles) and then apply the Lagrange equation in
those coordinates. However, the drawhack is that such mmodel is only locally
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valid. As an alternative, by using the lagrangian formalisin in its invariant
form [24], we can adopt a globally defined coordinate in deriving the La-
grange equation to obtain a globally valid dynamic model. The resultant
dynamic model is surmmarized as follows and the detailed derivations can

be found in [26).
M,y (q) Mu(’l)] ['I ] + [("n(’lv’)\“g) ;3(‘l~’l-wo) [ ] [ ]
g Conldt, 4 wg) T

le(’l) Mzz('?) (A‘:”(l],li,u::)

(2.6.1)
or written more concisely as
q N KA 965
10 [ 4] et [ 4] = (262)
m
== 1, (2.6.3)
i=1
d
Tui = ml‘. (2.6.4)
where 7, is the vector of driving torques at ummpul.xtor s joints, 7,,; is the

actuation torque on the i-th wheel, i = 1,...,m, and the definitions of

i,j =1, 2, are given in appendix.

g

As mentioned in the introduction, there are two strategies in control
during the operation of the manipulator. Specifically, we refer these two
strategies as turn-on of mementum wheels and turn-off of momentum wheels.
It is noteworthy that the dynamic equatious in (2.6) apply to both strategies
except that the control variables in (2.6} are different in the two strategies.
This difference and its effects are discussed as fullows.

e Turn-On of Momentum Wheels:

In this case, momentum whecls are activated to directly control the

attitude of the spacecraft. As a result, the control variables are ) and

Teir = Looc,me An intuitive question is what s the least number
of wheels so as to control the spacecraft to be pointed to an arbitrary
attitude? This question has been widely discussed ([27) and references
therein). Here, by use of similar arguments in [27], it can be shown
that no smooth control law can he found to arbitrarily control the
attitude of the spacecraft if m < 3. Therefore, throughout this paper
we assurie that there are at least three momentun wheels with their
axes of rotation being linear independent.
Turn-Off of Momentum Whecls:
In this case, the control variables are only the driving torques at robot’s
joints, i.e., 7, = 0. Since the actuation of the momentun wheels, 7,,.,
i=1,...,m,are turned off, the angular momenturm of the wheels about
their axes of rotation, [;, i = L,...,m, are muservml In this sitnation,
it can be found from (2 7) that th velocities w and ¢ are dependent.
Therefore, (2.7) can be viewed as a constraint on the system. On the
other hand, this can he interpreted as that the attitude of the spacecraft
can be controlled through the momentum transfer from the motion of
the manipulator.
The dependence relationship between w) and ¢ can be simplified by
properly controtling the initial momentuim. There are two possible
approaches for this. In the first one, the momentur {;, i = 1,...,m,
and the overall angnlar momentuin of the system are set to zero so that
the all-time constraint (2.7) becomes

Moy + Myi=0, ;=40

In the second one, the momentum wheels are locked and wl and ¢ are set
to zero initially. After a simple agehraic manipulation, the constraint
(2.7) become

Mol + M, 14 =0

where M.:,:, is obtained by replacing [, in the definition of My, with
Dock-

3. ADAPTIVE CONTROLLER DESIGN

To derive adaptive control schemes for a variety of applications in a
general setting, we present the controller design process in two steps. First,
we present a unified framework to forinulate applications in control of space
robots. More specifically, we associate a particnlar application with a new
coordinate of interest and a velocity transformation hetween the new co-
ordinate and the original one. ‘Then, we construct a new dynamic model
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associated with the new coordinate and explore dynamic properties useful
in controller design. Second, we design an adaptive robust control scheme
under the generally formulated dynamical model.

3.1 DYNAMIC REFORMULATION AND USEFUL DYNAMIC PROPERTIES

We first summarize some important dynamic properties of a space robot
system. The proof of these properties can be found in [26].

(P1) The matrix M(q) is symmetric and positive definite.

(P2) The matrix M(q) — 2C(q,§,w})) is skew-symmetric.

(P3) The dynamic equation (2.6.1) or (2.6.2) is linear in a suitably selected
set of dynamic parameters of the system and, hence, the following
decomposition will hold

M(a)i + Cla,dowidi = Y T (g, 4.5, it )

where Y(g,¢,wd, i #) is a known function matrix and the vector 3

denotes the set of system paramneters.
(P4) There are positive constants o, i = 1,...,4, such that

MM < ops 1€ @b < eralal + eyl + ceghorp]

Remark: Although these propertics are similar to those of a terrestrial
robot, some of them (e.g. (P2)) can not he immediately implied by the
widely recognized proof [16,17] for a terrestrial robot. This is owing to that
w) is not a generalized velocity.

In many robot. applications, it is more convenient to describe the dy-
namics in a particularly chosen coordinate instead of the joint coordinate.
This may be either due to the nature of tasks (e.g. tasks specified in Carte-
sian space) or reduction of dynamics induced by constraints. In the fol-
lowing, the dynamic model is reformulated in terins of a new coordinate of
interest and some dynawnic properties are investigated for the new model.

Assume the relation between the new coordinate and the original one
can be described by a general velocity transformation written as

[:g] = E(‘l-'lu)é + v(y.qy) (3.1)

or written more concisely,
[jg] = E(9,)6 + vla.)

In the transformation, g, € R denotes a local representation (e.g. Euler
angles) of the rotation matrix Ry; ¢, = [1T4d]: € € R* is the new coordi-
nate of interest; E(g,) : O — RPI%E; 4(g ) : O — R**3; 0, a bounded
open set in R"*3, is the region in which the transformation is valid. The
matrix E(g,) is full column rank for all 4, € O. The velocity transformation
is further required to satisfly the following assumption.

(H1) All elements of the function matrix £ and the vector v are bounded
functions of g, and their time derivatives are bounded functions of ¢,
and ¢,.

To obtain the dynamics about the new state &, we substitute the trans-
formation (3.1) into (2.6.2) and multiply E7 to the transformed equation.
As a result, the following equation is obtained.

Mg )é + Ty, 4. )€ + ila,.4,) = E™7 (3.2)
where
M(q,) = ETME,
(4o 4.) = ETME + ETCE, 3.3)

o= ET(Mv+Cv)

The following proposition shows that, with some additional assumption
. on the velocity transformation (3.1), the transformed dynaniic equation
(3.2) have similar properties as (P1)-(P3).

Proposition 1: The transformed dynamic equation (3.2) has the following
properties. _
(P5) The matrix M is symmetric and positive definite,

(P6) The matrix M - 2C is skew-symuettic.
For the transformation (3.1), we assume that

(H2) Each element of the matrix E and of the vector v are either completely
known or linear in some unknown constant parameters. As a result,
the following property holds.

(P7) The dynamic equation (3.2) is linear in a set of system parameters and,
similarly, the following decomposition will held.

- - -T
Mis+ Cio+ 5=V (q., ¢, @, 0)C

Proof: First, since E is full column rank, hy the property (P1), (P5)
obviously holds.

Sencond, directly expanding the matrix M=-2C yields

M-3C=E"ME+E"ME+E"ME~2E"ME + ETCE)
=ETME-ETME+ ET(M = 20)E

From above equation and the property (P2), it is easy to observe that (P6)
holds.

Finally, if the elements of E and v are completely known, then (P7)
holds with

V=E"Y (i), (=1

where ¥’ is the function matrix Y after substituting the transformations
= FEw+vandu= Ew+ 0+ Ew. Ou the other hand, if these elements
are linear in sonie unknown constant parameters, it is easy to observe that,
after some reparametrizations, (P7) still holds. [n]

It is noteworthy that, in general, the function matrix E and the vector
v may not satisfy the assumption (112). Therefore, the linear-in-parameter
property (P7) may not hold and, hence, adaptive control schemes based on
this property can not be applied in this situation. However, if the dynamics
contains a linear-in-paramter part such that the remaining part is upper
bounded by a known bound, then robust control schemes can be combined
with adaptive schemes to handle such kind of uncertainties. This-suggests
the following decompositions.

M= M(g)+AM(4,), O =C.(4.4,)+ AC(g,.4.)
i=v.(q)+ Av(¢.). E=E.(q)+AE(q,) (3.4)

Assumne that each element of A, (.. and v, is linear in the system pa-

rameters and the matrix E, is completely known and also full colunin rank.

AM, AC, Av, and AE denote the parts not linear in paraieters. For these

parts, we further assume

(H3) The norms of AM, AC, AE, and Av are bounded by functions of their
arguinents, i.e., there are positive functions 6M(q,), 6C(q,,4,), 6E(q,),
and 8v(g,) such that

1AM (gl < 8M(q,),
HAE(g )N < 8E(q.).

1ACG. gl < 6C (a0 4 )
130(y,)| < u(q,)

3.2 ROBUST ADAPTIVE CCONTROL SCHEME

First, the control objective is stated as follows:

Control Objective:
Given a desired trajectory £4(1) which is bounded and has bounded
derivatives up to sufliciently large order, and with some or none of
the knowledge about system parameters, determine an adaptive robust
control law such that the coordinate of interest, £, tracks the desired
trajectory asymptotically, i.e.,

E=€-6—~0 ml—o0
The following assumptions are essential to the design of a robust adap-
tive control scheme.

(A1) The uncertainty bounds 8Af, 6", 8E, and év are known a priori.
(A2) The measurements of the signals ¢,, q,, £, and £ are available.

Now, we are ready to derive the adaptive robust control scheme. Define
the auxiliary signals £, and s as

£ =€,~kE  s=£- (3.5)
where £, is a positive constant. Design the control signal 7 such that
Elr=ME +CE +v.— Kps+v (3.6)

where v is an auxiliary control signal to be designed and A, €,, and v,
denote the estimates of M,, (7,, and v, respectively. By using the linear-
in-parameter property, (3.6) can be similarly written as

ETr =Y (. d. 6. )0 = Kps +v (3.7)
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where 8 denotes an estimate of 8 which is a properly selected set of system
parameters and Y, is a completely known function matrix.
Applying the control signals (3.6) 1o (3.2), we have the error equation

as
Mi+CTs+ Kps=Y 04y - AME — ACE, —Ave+ AETT
= V04 v+ Awly,, 4..6,,,.7) (3.8)
where 6 = 6 — 8. The auxiliary control signal  is designed as

v = —syn(s)hw (3.9)
b = SMIE, | + 6C|E.| + bv + SEliT]],
san(s,)
sqn(s) = .
squlsy)

whereas the parameter adaptation law is selected as

=-TY.s (3.10)

where [ is a positive-definite matrix.

Remark: In (3.4), if the matrices M_, (', v, are caupletely known, (For
example, they are evaluated by using a fixed estimate of the vector 6.), then
there is no need to update the paramneters. As a result, the control law (3.6)
or (3.7) becotnes a pure robust control scheme.

The main result of this section ix stated ux follows.
Theorem 2: In addition to assumptions (A1) aud (A2), we further assune
(A3) 6 is small enough such that the watrix 7 + 8E - 11 is full row rank,
where IT is any & x (n + 3) matrix containing only 1 and -1.
(A4) The state g, will not leave the region () so that the velocity transfor-
mation (3.1) is always valid.
Then, the control objective is achieved provided the control law (3.7},

(3.9) and (3.10) is applied.
Proof: Define the paositive function

V)= %x‘r/\_l(q').s' + %I;T r-10
Taking the time derivative of V(£) along trajectories of (3.8)-(3.10), we have
r“V(t) =s (%M—(-—')s—srl{ns .
45T 0+ p+ Aw)y+ 670710

v
—s7 KNps + E(Siﬁwi — |s;l6w) €0

i=)

As a result, all signals in V(1) are
From the definition of s,

in which the property (PG) is used.
bounded and, furtherniore, s is square-inegrable.
we have

.«':E:-Fk'_é

It is well-known [28] that the output of a strict proper stable system with
the input square-integrable will converge to zero asymptoticatly. Hence, the
tracking error £ converges to zero asymptotically. This, in addition, implies
the boundedness of £ and E

In the following, the houndedness of the control signals 7 is investigated.
From above discussions, the boundedness of €, 5 5, (md 0 is guarenteed. By
virtue of (A4) and (H1), the boundeduess of ¢, ¢, w(), ¢, are guaranteed.
Furtherinore, from (3.3), (3.4), (3.6}, and (3.7), the norm of the function
matrix Y, is bounded. It is easily observed that the cquation (3.7) can be
rewritten as

ETr 4 6Esgn(s)san(r)Tr = Y. = Kpys = (SMIE, | + SCIEL| + bv)sgn(s)

Owing to the above discussions and (113), the right hand side of the above
equation is bounded. Since sgn(s)syn(7)7 is a k x (n+3) natrix containing
only 1 and -1, by (A3), the matris ET + 8 Esqn(s)syn(r)T is full row rank.
As a result, bounded solutions for 7 can he solved to satisfy (3.7). o

4. APPLICATIONS OF THE ROBUST ADAPTIVE SCIEME

In this section, we show how to apply the adaptive control scheme
derived in section 3 to the four cases: (i) control in joint space when mo-
mentum wheels are turn on; (i) control in Cartesian space when momentum

wheels are turn on; (iii) control in joint space when momentunm wheels are
turn off; (iv) control in Clartesian space when momentum wheels are turn
off. Specifically, in each case we will show the selection of the new coordi-
nate together with the associated velocity transformation and discuss the
validness of the assumiptions (A1)-(A4) and the realization of the driving
torque T.

4.1 JOINT SPACE (CONTROL WHEN
MOMENTUM WHEELS ARE TURNED ON

In this case, both the joint angles of the manipulator and the attitude of
the spacecraft are controlled. Accordingly, the coordinate & and the velocity
transformation are

E=q.=|"
A 'S

el _ 1! 0 q
[“’u’] - [U N(‘ln)} ['i(w] (4'1)

where N(qg,) is a known function matrix and is nonsingular for all ¢, in its
domain of definition.

From the above equation, it is easily abserved that E(q,) is completely
known and v(g,) = 0. As a result, there is no uncertainty which is not linear
in parameters, i.e., AM = AC' = 0, and AE = 0. Moreover, the signals
q. and g, are, in pratice, basic measnrements of a space robot systern.
Accordingly, the assunptions (A1)-(A3) are satistied. Since g, is directly
controlled, (A4) can be ecasily satisfied.

Finally, the control torque 7 is determined as

r= [(’J N(r/o‘.lT] (MLE + C.E — Kps) (4.2)

Note that the control law (4.2) is indeed realizable since the spaceacrft
has at least three momentum wheels with their axes of rotation linearly
independent.

4.2 CARTESIAN SPACE CONTROL WIEN
MOMENTUM WHEELS ARE TURNED ON

In this case, the Cartesian position of the end-eflector together with
the attitude of the spacescraflt are controlled. Therefore, the coordinate of

interest is
¥
= 4.3
e=r] (4.3)

where z € R® denotes the Clartesian coordinate (i.e., position and orienta-
tion) of a frame attached on the end-ceffector. Tu the following, only the case
n = 6 is considered.

It has been shown [4] that the kinewatics of a space manipulator is
equivalent to the one of an inertially fixed manipulator called virtual ma-
nipulator. As aresult, the following kinematic relationship can be obtained.

z = higy. ) = hla), &= Jola Mo+ Ja.)d (2.4)
where J, = % and J = ?T"- It is noteworthy that, on contrast with the

kinematics of a terrestrial rohot, the kinematics (4.4) contains not only
kinematic parameters (e.g. link length, link twist, link offset and ete.)
but also the dynamic parameters i, y,‘ i = 1,...,n. This is due to
reduction of the dynamies by conservation of linear miomentun. In case
that all kinematic paraineters together with the dynawic parameters my, vf,
i=1,...,n, are known, then h, J, and J, are computable and, hence,
the Slglldlb x and & can be obtained through (4.4). Thus (Al)-(A3) are
immediately satistied, If the bounded open set () is chosen such that J(q,}
is invertible, then the velocity transformation

i Jt J"JU] [4]

= . 4.5
[W:: ] [ 0 Nyy) Hy A (.5)
is well-defined. By suitably planning the trajectory, (A4) can be satistied.
The control torque is deteriuined as

J- o 1 s .
[]UTJVT N('I)} (M€ + (L& — Kps) (4.6}

In practlce it is more difticult to accurately measure the dynamic pa-
rameters v, i = l,...,n, than to measure kinematic parameters or the
dynamic ]mmmeters my,i=1,. . Therefore, if the knowledge about r}
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i=1,...,n, is not exact, then the control law (4.6) mnay fails to achieve the

cont.lol obJectlve However, if »}, i = 1,...,n, can be determined up to a

compact region D, then the matrices J and Jy can be decomposed as
J=J,4+Al J,=Jo.+4AJ,

where J, and J,, are evaluated at a point (r},,...
the bounded open set O as

,rh) € D. If we define

0 = {q,| [det(J(g )} > & > 0.¥(r]....,7}) € D.},

then we have

JoU oI
E,=|"" 2 el AR=E-E, 4.7
[ 0 N(’ln)] . . @.n

The bound §E is determined as

§E = su}:{”AE"qu_ €0, (v],...,r") e D.}

and the bounds §M and (" can be determined by using (3.3) and the prop-
erty (P4). Therefore, (Al) is satislfied. It is noteworthy that the signals =
and Z can not be computed through (4.4). Therefore, 1o fulfill the assump-
tion (A2), extra sensors are nceded. Furthermore, the uncertainty region
D has to be sufficiently small to satisly assumption (A3). To restrict ¢,
in the region O, the trajectory must he carefully planned. Finally, in this
situation, the control tofque 7 is deterniined as

r=ETT(ME 4+ CL& +1v, - Kps+v) (4.8)

4.3 JOINT SPACE CCONTROL WHEN
MOMENTUM WHEELS ARE TURNED OFF

In this case, only the joint angles ¢ of the manipulator are directly
controlled, i.e., £ = ¢. Due to the conservation of angnlar momentum (2.7),
we have the velocity trausforination

7] l . B
[‘”8] - [_M:'_QIM:'I] L [ /L'(Z"’ ”’?‘fo)] (@9

where ¢® = RJ ¢ is the angular momentum of the overall system expressed
in {By}: It is easy-to check that,.in this case, (3.3) is written as

M Mll_MIZMﬁ Alﬂl
T =Cyy = My M3} Cay = CraMyy My, + My My Cyy M My,
5= CaMayto, + MMy CoaM 3 v, (4.10)

where v, = Y70 ;b — ¢®. Since the right hand sides of the equations in
(4.10) contain the inverse of M.,,, the dynamics is not linear in parameters.
Therfore, decompose Mz,' as

M3 = Wy, + AW,

where each element of W,,, is linear in parameters and [JAW,,|| < 6W,,. By
using the property (P1) and (P4), a possible solution to the decomposition is
to select W,,, as a positive diagonal matrix. After a proper decomposition
of M{;,’ , the matrices M., C,, E. and the vector v, are obtained by replacing
M{z' in (4.9) and (4.10) with W,,,. By using the property (P4), the bounds
M, §C, and v can be obtained accordingly. Now, it is clear that (A1) and
(A2) are satisfied. It is noteworthy that in this case the assumption (A3) is
not needed because 7, = 0 and

0

AE= | M5 My + Wy My,

and, hence, AET7 = 0. As observed from (4.9), the velocity transformation
is globally valid and, hence, (A4) is trivially satisfied.
In this case, the control law (3.6) can be rewritlen as

Er=7=ME +C.E +o, —Kps+v 4.11)
in which the auxiliary signal 1+ is modified as

v = —syn(s) (M| + 8CIE,| + bv)

because there is no uncertainty on AET ¢

4.4 CARTESIAN SPACE CONTROL WHEN
MOMENTUM WHEELS ARE TURNED OFF

In this case, only the Cartesian position of the end-effector is controlled,
i.e., £ = z. By virtue of (4.4) and (4.9), we have the velocity transformation,

§i1_[1 —JL N - I L
[ug]'[o I+ M3 My J=1 I N~ MMy, TR

0 .
it )

Remark: Note that, as compared with case (ii), for the velocity trans-
formation to be valid, additional configurations, in which the matrix / +
Mz My J=1JyN™" is singular, should be avoided. Since these configura-
tions can not be predicted by the kinematic stricture of the manipulator,
they are called dynamic singunlarities(s).

It can be found that in ahove transformation all kinematic parameters’
and dynaimic parameters are involved. Let y denote the vector consisting of
all kinematic and dynamic parameters. If the vector 5 can he determined
up to a compact region 2, then £, and v, are estimated as

g oo [T= I N U+ M,-.'_M.,. 17 0 N MG My ]
.= —( + M My IV T N M M, .
1 STV N e
=0 1-mgk 11”_1 L N —Mgl,
where J,, Jo,, May,, and AL, are evaluated at a point in D. Define the
bounded open set O as
0= {.,e,| [det())] > @, > 0.

ldet(1 + Mz My = SN 7| > 0, > 0,¥n € D.}

and compute 8 E as
4E = mq:{HAE"lV:}P €0, neh}

Again from the property (P’4), (A1) can be satisfied. To fulfill (A2), the
two methods mentioned in case (i) can be used depending on whether the
knowledge of 7, ¢ = 1,...,n, is available. Furthermore, the uncertainty
region D has to be sufficiently small to satisfy assutiption (A3). The tra-
Jectory must be carefully planned to satisfy (A4).
The control law (3.6) can be rewritten as
Elr=(I=J7 g N7 + Mz My JT W N~ M My, ) T

=(ME+CE+ (4.13)
It is proved in the appendix that the matrix

(F= I Jou N7HT 4 Myt My T g N7 My My )T

is nonsingular for all ¢, € 0. As a result, 7; can be realized from (4.13).

b, - Kps+w)

5. CONCLUSIONS AND DISCUSSIONS

In this paper, we have shown that, due to either the dynamics reduc-
tion by conservation Jaws or the coupling between kinematics and dynamics,
conventional adaptive control schernes generally can not be applied to con-
trol of space robots. Therefore, we present, in a unified fmmewbrﬁ, an
adaptive robust control scheme which can be successfully applied to general
applications in control of space robots.

To show the generality of the scheme, we have applied it to joint space
control and Cartesian space control of the system employing two different
strategies, namely, to turn on momentum wheels and to turn off momentum
wheels. In addition, the proposed scheme can also be applied to constrained
motion control in the presence of uncertainties on constraint surface. In fact,
nearly any motion control problem can be formulated by the unified frame-
work proposed in section 3.1, and, lience, can be solved by the proposed
control scheme.

APPENDIX

Definitions of C;;: We directly give the delinition of C (q,q, wd). Let o;
denote the (i,j) entry of the matrix C. Fori, j=1,.

» Z ()m.’ l dm ﬂnr’
4= ’21. t A '2 r):, “’n

1423




where 6 denotes an estimate of # which is a properly selected set of system
parameters and Y, is a completely known function matrix.

Applying the control signals (3.6) to (3.2), we have the error equation
as

Ms4+Cs+ Kps =Y 0+v—AME — ACE, —Av+ AETr
= )'_T&+1/+A|l/(|’r,1jr,f,_,é,,‘r) (3.8)

where § = 6 — 9. The auxiliary control signal » is designed as
v = —syn(s)hw (3.9)

S = SMIE,| + 8CIE | + dv + 6B,

sgn(s))
syn(s) =
syn(sg)
whereas the parameter adaptation law is selected as
0=-Ty,s (3.10)
where I is a positive-definite matrix.
Remark: In (3.4), if the matrices A/, (', v, are completely known, (For
example, they are evaluated by using a fixed estimate of the vector 0.), then

there is no need to update the parameters. As a result, the control law (3.6)
or (3.7) becomes a pure robhust control scheme,

The main result of this section is stated as follows.
Theorem 2: In addition to asstnptions (A1) and (A2), we further assume
(A3) 65 is small enough such that the watrix £7 + 85 - 1T is full row rank,
where 11 1s any & x {n + 3) matrix containing only 1 and -1.
(A4) The state g, will not leave the region O so that the velocity transfor-
mation (3.1) is always valid.
Then, the control objective is achieved provided the control law (3.7),
(3.9) and (3.10) is applied.
Proof: Define the positive function

Vi{t) = %ST}\_I((I,)N + %I)T r-'o

Taking the time derivative of V(1) along trajectories of (3.8)-(3.10), we have

%V(l) :ST(%A;{ - (_').s' - ,':T/\',,s

STV a4 v+ Aw) 40700
i
= ~sTKps+ Z(siAmi — |s;]8w) <0

i=|

in which the property (P6) is used. As a result, all signals in V(1) are
bounded and, furthermore, s is square-integrable. Fromn the delinition of s,
we have

5 :f-{— k&

It is well-known [28] that the output of a strict proper stable system with
the input square-integrable will converge to zero asymptotically. Hence, the
tracking error gcon\'mges to zero asymptotically. This, in addition, implies
the boundedness of £ and €.

In the following, the boundeduess of the control signals 7 is investigated.
From above discussions, the houndedness of £, €, s, and 0 is guarenteed. By
virtue of (A4) and (111), the boundeduess of g, 4, w{, 4, are guaranteed.
Furthermore, from (3.3). (3.4), (3.6), and (3.7), the norm of the function
matrix Y, is bounded. It is easily observed that the equation (3.7) can be
rewritten as

ET 7+ 8Esyn(s)syn(r)T7 = Y.T0 = K s — (SM|E.] + 6CIE, | + 8v)sgn(s)

Owing to the above discussions and (13), the right hand side of the above
equation is bounded. Since syn(s)sgn(r)T s ak x {n+3) malrix containing
only I and -1, by (A3), the matrix ET 4 8 Esgu(s)squ(7)7 is full row rank.
As a result, bounded solutions for 7 can be solved 1o satisfy (3.7). =]

4. APPLICATIONS OF THE ROBUST ADAPTIVE SCHEME

In this section, we show how ta apply the adaptive control scheme
derived in section 3 to the four cases: (i} control in joint space whenw mo-
mentum wheels are turn on; (ii) control in Cartesian space wlhen momentum

wheels are turn on; (iti) control in joint space when momentum wheels are
turn off; (iv) control in Cartesian space when momentum wheels are turn
off. Specifically, in each case we will sliow the selection of the new coordi-
nate together with the associated velacity transformation and discuss the
validness of the asswmptions (A1)-(A4) and the realization of the driving
torque 7.

4.1 JOINT SPACE (CONTROL WHEN
MOMENTUM WHEELS ARE TURNED ON

In this case, both the joint angles of the manipulator and the attitude of
the spacecraft are controlled. Accordingly, the coordinate € and the velocity
transformation are

b
=y, =
o

el _[r o i
Lh’}_[u /\’(qﬁ)HqU] (.0

where N(qg) is a known function matrix and is nonsingular for all g, in its
dormain of definition.

From the above equation, it is easily observed that E(q,) is completely
known and »{q,) = 0. As a result, there is no uncertainty which is not linear
in parameters, ie., AM = AC' = 0, and AE = 0. Moreover, the signals
g, and ¢, are, in pratice, basic measurerents
Accordingly, the assumptions (A1)-(A3) are s
controlled, (A4) can be easily satistiod.

Finally, the control torque 7 is determined as

of a space robot systern.
isfied. Since ¢, is directly

o0 1 s v
T= 10 Nyt &Gl - Kp) “2)

Note that the control law (4.2) is indeed realizable since the spaceacrft
has at Jeast three womentimn wheels with their axes of rotation linearly
independent.

4.2 CARTESIAN SPACE CONTROL WHEN
MOMENTUM WHEELS ARE TURNED ON

In this case, the Cartesian position of the end-effector together with
the attitude of the spacescraft are controlled. Therefore, the coordinate of

interest is
&
= 4.3
=[] (43)

where z € IR® denotes the Cartesian coordinate (i.e., position and orienta-
tion) of a frame attached on the end-effector. In the following, only the case
n = 6 is considered.

It has been shown [4] that the kinematics of a space manipulator is
equivalent to the one of an inertially fixed manipulator called virtual ma-
nipulator. As a result, the following kinematic relatiouship can be obtained.

&= hgg,g) = hle.) &= Jolydio + I e, )d (4.4)

where J, = g—;; and J = %‘—

It is noteworthy that, on contrast with the
kinematics of a terrestrial robot, the kinematics (1.4) contains not only
kinematic parameters (e.g. link length, link twist, link offset and ete.)
but also the dynamic parameters i, 7,‘ i = l,....n. This is due to
reduction of the dynamics by conservation of Linear momentutn. In case
that all kinematic paraeters together with the dynamic parameters m;, »i,
i = 1,...,n, are known, then h, J, and J, are computable and, hence,
the signals  and & can be obtained through (4.4). Thus (Al)-(A3) are
immediately satisfied. If the bowmmled open set O is chosen such that J(g,)
is invertible, then the velocity transformation

i Joi ,1-'.1,,] [1]
= : 4.5
[“’:)' J [ 0 N{q) 1o . ¢ )
is well-defined. By suitably planning the trajectory, (A4) can be satisfied.
The control torque is determined as

N T R (4.5)
- 'I(TJ‘T N(‘IU]T Hatr il *p%) 7

In practice, it is more difticult to accurately measure the dynamic pa-
rameters ¢}, ¢ = I,...,n, than to measure Kinematic parameters or the
dynarmic parameters m;, i = 1,...,n. Therefore, if the knowledge about 7},
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