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A systematic approach named virtual decomposition is presented for adaptive control of space robots incorpo-
rating motor dynamics. Virtual decomposition imposes a modular structure on both control design and stability
analysis. In the control design, the control problem of the complete system is converted into the control problem of
each subsystem (rigid body or joint), whereas the nonholonomic constraints are represented by a set of constraint
equations imposed on the required acceleration. Two alternative joint control modes, namely, motor current con-
trol and motor voltage control, are considered. Parameter adaptation can be carried out independently for each
subsystem, which makes decentralized parameter adaptation possible. In the stability analysis, each subsystem
(rigid body or joint) is assigned a nonnegative accompanying function. The dynamic interaction between every
two physically connected subsystems is completely represented by a virtual power flow through their connection.
The system Lyapunov function is formed by merely adding all nonnegative accompanying functions assigned to
the subsystems. Lyapunov stability is ensured and computer simulations are conducted. The proposed approach
is a general one that can be extended to treat a variety of space robotic systems due to its modular structure.

I. Introduction
systems with

nonholonomic constraints on the space robotic systems.” Egeland

underactuation!-> The particular problem of space robots is
how to handle the dynamic coupling between the robot manipulator
and the base (a satellite or a shuttle) because the motion of the base
will affect the motion of the manipulator and vice versa. Roughly
speaking, space robots can be classified into three categories®*: 1)
free floating, where neither the position nor the orientation of the
base is controlled for the purpose of energy saving; 2) free flying,
where only the orientation of the base is controlled throughreaction
wheels for the purpose of keeping a communication link with the
ground and generating electrical power from the solar panels; and
3) full controlling, where both the position and the orientation of
the base are controlled through jet thrusts and reaction wheels to
compensate for large external disturbances. For the third category,
the space robot can be treated as a special redundantmanipulator>-®
However, for the first two categories, the number of actuatorsis less
than the degrees of freedom (DOF). This underactuation imposes

and Sagli® addressed motion decoupling between the end-effector
and the base by using resolvedaccelerationcontroland recursivecal-
culationofkinematicsand dynamics.Papadopoulosand Dubowsky?®
studied the similarity between articulated manipulators and space
robots and suggested that nearly any control algorithm used for
articulated manipulators can be employed in the control of space
robots, provided that dynamic singularity’ is avoided. With respect
to the so-called resolved rate control, a very useful method in prac-
tical applications, the conceptof a generalized Jacobian matrix was
proposed by Umetani and Yoshida.'” A relative kinematic control
approach was also developed. Oda'' proposed a coordinated con-
trol scheme in which both the base (satellite) and the manipulator
have their own controllers. A feedforward signal is sent to the base
controllerto compensate for the momentum imposed by the motion
of the manipulator. From a point of view of underactuated systems,
Jain and Rodriguez'? presented a general approach for recursive
calculation of both forward and inverse kinematics and dynamics.
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Control and simulation of multiarm space robots was investigated
by Yoshida et al.,'”® Yokokohji et al.,'* Murphy et al.,’* and Miles
and Cannon.'® In these approaches, dynamic interactions between
the base and the multimanipulator are considered, and recursive
calculations are provided. Coordinated control of two space robots
capturinga common object was studied by Zhu et al.!” and Dickson
and Cannon.'®

All approaches just mentioned are based on the assumption of
exact dynamic parameters. This assumption is sometimes imprac-
ticable because of unprecisely known fuel consumption and oper-
ations with unknown payloads, such as when capturing a satellite.
This motivates development of adaptive control.'®~2’ The nonholo-
nomic constraints imposed on space robotic systems make adaptive
control design a very challenging problem. Walker and Wee'? pro-
posedaLagrangian-model-basd adaptivecontrolapproachcapable
of treating parameter uncertainties by using joint acceleration mea-
surements. Xu et al.”*-?! pointed out that linear parameterizationcan
be done only in joint space but not in Cartesian space. Gu and Xu??
proposed an augmentation approach described in Cartesian space
with complete base accelerationmeasurements. Chen and Cannon?®
and Ma and Huo?* proposedapproachesspecified in Cartesian space
and controlled in joint space. Jean and Fu?> and Shin et al.?¢ dis-
cussed adaptive robust control of space robots subject to bounded
uncertainties. Note that all of these approaches are based on a La-
grangian model, which results in heavy computation. Meanwhile,
mostapproaches'®?22* require accelerationmeasurements. With re-
spectto these drawbacks, Wee et al.”’ recently proposed an adaptive
control approach based on an articulated-body model, which does
not require acceleration measurements. However, this approach can
deal with parameteruncertaintyin only one object(the end-effector).

In this paper, adaptive control of space robots is further general-
ized and simplified by using a systematic approach named virtual
decomposition. The control design of the complete system is con-
verted into the control design of each subsystem, namely, rigid body
or joint, whereas the dynamic interactions between the subsystems
are completely represented by virtual power flows (VPFs). Only
the dynamics of the individual rigid bodies and joints, instead of
the dynamics of the complete system, are required in the control
design. Compared with previous approaches, some features can be
summarized as follows. 1) Computationis cheap because the simple
dynamicsofeachsubsystem (rigid body or joint) are used, while pre-
servingthe full dynamic propertiesof the system without any model
reduction. Compared with Ref. 27, dynamics of a rigid body can be
considered as the simplest form of an articulated-body model. 2)
The modular control structure allows us to take the motor dynamics
into account®®=3! because adaptive control of each joint can be per-
formed independently from adaptive control of rigid bodies. 3) No
joint accelerationmeasurement is required. 4) Parameter adaptation
can be carried out independently.

In this paper, free-flying space robots with orientationcontrol are
studied first. Then this approach is applied to free-floating space
robots. Possible extensions to more complicated space robots are
discussed. Finally, a simulation case study is conducted.

II. Kinematics Description

A typical single-arm space robot is illustrated in Fig. 1. This
is a six-joint manipulator mounted on a base (satellite or shuttle)
that contains three reaction wheels. This system has 15 DOF (6
for the manipulator, 6 for the base, and 3 for the reaction wheels).
However, only nine of them can be position/orientation controlled;
the remaining six DOF are used to deal with the nonholonomic
constraints.

The six joints of the manipulator are numbered sequentially from
1 to 6, whereas the three joints of the reaction wheels are numbered
from 7 to 9. The links are numbered in such a way that joint j
connects link j with link j — 1 for j =2, ..., 6 and connects link
j with the base for j=1,7,8,9. Several coordinate frames are
defined as follows. Frame B is fixed to the base to represent the
base motion. Frame E is fixed to link 6 (the payload is included
in link 6) to characterize the motion of the end-effector. Frame L ;,
j=1,2,...,9,is fixed to link j with its z axis coincident with the
Jjth joint axis. Frame 7 is fixed to link j — 1 for j =2,...,6 and
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Fig.1 Space robot with reaction wheels.

fixed to the base for j =1, 7, 8, 9, with its z axis coincident with the
Jjth joint axis.

Linearand angularvelocitiesand force/moments are all expressed
in the corresponding moving frames instead of the inertial frame /
to allow easy transformation. We denote

X =", %" = [(“R/ . va)T, (“R, -wa)T]T € R®

as a generalized linear/angular velocity of moving frame o, ex-
pressed in frame «. The terms “v € R® and “w € R3 denote the
linear and angular velocities of frame « and expressed in frame o,
respectively, whereas v, € R® and w, € R? denote the linear and an-
gular velocities of frame o expressed in the inertial frame /. The
term®R; € R**3 denotes an orthogonalrotation transformationma-
trix that transforms a 3 x 1 vector expressed in the inertial frame /
to that expressed in moving frame «. Obviously, we have

d
—('R.) = (@) ('Ra) (1)
dt

where x denotes the cross product.

Meanwhile, we denote
O — [oth’otmT]T — [(otRI . foz)Tv (otRI 'ma)T]T c R6

as a generalized exerting force/moment measured and expressed
in moving frame «. The terms ¢ f € R? and “m € R3 denote the
exertingforce and moment measured and expressedin moving frame
«a, respectively, whereas f, € R® and m, € R® denote the exerting
force and moment measuredin frame « and expressedin the inertial
frame /.

Transformation of generalized velocities and forces between two
moving frames « and B that are fixed to a common rigid body can
be expressed as

ﬁX:"UﬁT ¢ )

BF=FU, - *F (3
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where #U,, defined as

By = ﬁR" 0 R6*6
"‘_I:(ﬁrax).ﬁRa ﬁRJG

denotes a generalized force/moment transformation matrix that
transformsa 6 x 1 force/moment measured and expressedin frame
« to that measured and expressed in frame 8. The term #r, denotes
a3 x 1 vector pointing from the origin of frame B toward the origin
of frame & and expressedin frame 8. The term # R, € R** has the
same definition as ! R, except that § is substituted for /.

The velocity of the jth one-dimensionaljointis represented by

Zj-quL/X—T/ULT/-T/X 4)

where ¢; € R denotes the velocity of the jth joint. The term Z; =
[00 1 00 0]" foraprismaticjointand Z; =[0 0 0 0 0 1]” for
arevolutejoint, j=1,2,...,9.

In view of Egs. (2) and (4), the extended velocities of the space

robot are written as
q
X=T- [ by } &)

where ¢ =1[g1,...,q;, ..., 4ol" € R’, whereas
X =7, BxT LixT . EixT ..  LoxT|T ¢ ROF6+9%6)

T =

T 16
z, 0 .0 sUl
L‘ULTZ-ZI Z, 0 0 BULTZ
Luloz, BUL-Z, ... Z, 0 0 0 UL
0 0 .0 Z 0 0 Ul
0 0 .0 0 Z 0 ‘UL
o 0 .0 0 0 z *Ul

c R69>< 15

and [, is a n-dimensional identity matrix.

The term [¢7 2XT]" € RS denotesthe independentvelocities of
the space robot. However, only nine DOF are subject to the control
specifications, whereas the remaining six DOF are subject to the
nonholonomic constraints. It follows that

Bx | 7| v ]| [0 0 By 0 I By
Bw 0 I 0 O
6)
for joint space specification, or alternately
-1 _E —1
i J!.E ULTﬁ 0o —-J ' BULTﬁ
|:8Xi| = 0 I 0
0 0 Is
Is 0 0 o0
0 o0 Ex I 0 quw
X : +1 - 7
0 0 |: L) i| 0 L |: By @
0 L 0 o0
for Cartesian space specification, where ¢, =[q,...,¢;,...,

461" € R®, =147 45 ¢s1" € R*, and

J=["Ul -z, 2Ul-z, Zg] e RO*°

is the Jacobianmatrix of the manipulator. The term [¢] Zv”]" € RS
denotes the independent velocities associated with the nonholo-
nomic constraints, whereas [¢] w”]" € R? or [ X" 80"]" € R®
denote the independent velocities associated with the control spec-
ifications, which are described next.

III. Control Specifications

Two alternative control specifications are 1) the joint space speci-
fication (o = 1), the orientationof the base and the six jointpositions
of the manipulator, or 2) the Cartesian space specification (o =0),
the orientation of the base and the position/orientation of frame E.

Symbol o is used to distinguish between the joint space specifi-
cation and the Cartesian space specification.

In the case of the joint space specification (o =1), a refer-
ence frame B, is defined. The reference frame B, and frame B
have a common origin but different orientation. For each joint g,
j=1,2,...,6, the reference signal g;, is also given. The con-
trol objective is to make the frame B track the orientation of its
reference frame B, and to make ¢; track its reference signal g4,
j=1,2,...,6. Therefore, the required velocities are designed as

C?mr ‘.IM(/ dmd — 9m
= e 8
|:B“’ri| [BR,-dei| |: 1 i| ®

where subscriptr refers to the correspondingrequired vector; A > 0.
The term g,y = [q1as - - -+ 4}, - - - d6al” € R® denotesthereference
joint positions. The term % € R® is the vector part of a four-
parameter unit quaternion called Euler parameter [£5, 2u”]7 € R*,
defined as

£ = cos(¢p/2), P = sin(pp/2) - Pk
where #k denotes a unit vector kp expressed in frame B. The pair
(¢, k) is determined in such a way that rotating frame B aboutk
through¢p yieldsframe B,. An approachforcalculating[£5, % uu”]
from a given #Rp, is proposed by Klumpp.*? The derivative of
[€5, 21T can be found in Ref. 33 as

b= 420072

d ©)
(0 =3[& a0+ Cawx) - ]

where 2Aw =2 R, - (wp, — wp) denotes the angular velocity error
expressedin frame B.

In the case of the Cartesian space specification (o = 0), the ref-
erence frame B, remains the same. A new reference frame E; is
defined to replace the reference joint positions g,,;. The control
objective is to make frame E track its reference frame E, and to
make frame B track the orientation of its reference frame B,. The
correspondingrequired velocities are designed as

E

Ey Ve, e
|:B ri|=diag{ER,,ER,,BR,}- wp, | +A-| En (10)
wy
Wpy Bl/v

where £e € R® denotes a position error vector pointing from the ori-
gin of frame E toward the origin of frame £, and expressedin frame
E.The term £y € R® has a similar definition as & 1 € R3 except that
E is substituted for B and E| is substituted for B,;. Some literature
related to path planning*~3¢ can be applied here to generate desired
trajectoriessubject to various optimizations. However, in the case of
the Cartesian space specification, the dynamic singularity problem’
should be considered.
According to Eq. (5), we have

X,:T-[Bq);} (1)

where X, denotes the required vector of X’ defined by Eq. (5).
The term [¢7 2XT]" is obtained either from Eq. (6) by replacing
[¢7 EXT]7 with [¢7 X717, [¢] Bw]" with [¢], Pw!]", and
[¢l BvT]" with [¢] BvI1", if the joint control specification

ischosen,orfromEq. (7)byreplacing[¢” #XT1" with[¢] 2XT]",
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[EXT B"]" with[FX] Pw!]",and[¢] ZvT]" with[g] *vT1",
if the Cartesian control specification is chosen.

In view of Egs. (6), (7), (8), and (10), differentiating Eq. (11)
gives

q . iI.wr
: d| 4 . 4r
XY—TE[BXY}‘FT[BXY}—AX i(BUr) +Bx
dr

(12)

where A, and B, are a known matrix and a known vector, respec-
tively, because either (d/df)[¢} Zw!1" or (d/d)[*XT 2a!]",
which is used to generate (d/df)[¢7 2XT]", is obtained from
the derivative of Eq. (8) or the derivative of Eq. (10). Equation (12)
indicatesthat X', is alinear functionof [§]  (d/df)(®v,)"1", which
will be used to handle the nonholonomicconstraintsimposed on the
system, whereas [¢7 Zy”]" can be obtained through inte-

wr

grating [§7. (d/dt)(Pv,)"1".

IV. Dynamics and Control of Rigid Bodies

Following the virtual decomposition, the space robot system is
virtually decomposed into 9 actuated joints and 10 rigid bodies:
6 links (the payload is considered as a portion of the sixth link),
3 reaction wheels, and the base. Therefore, there are a total of 18
cutting points corresponding to the 18 origins of frames L;, T},
ji=12,...,9.

The dynamic equation of a rigid body expressed in the body
attached frame o, « € {B, L, ..., L, ..., Lo}, can be written as

d
My (X) + Cultw) “X =“F (13)

where @ F € R® denotes the net force/moment applied to the rigid
body and expressedin frame «. The term M, is constantand C, (“w)
is skew symmetric. The detailed forms can be found in Ref. 37.

The left-handside of Eq. (13) can be representedby an expression
that is linear in the parameters:

dot o a _ K K
Mot'a( X)+Cot( w) - X_Ya '90( +Yot'90t

where 85 and 6, denote the known and unknown parameter vec-
tors of the rigid body. The terms Y* and Y, are the corresponding
regressor matrices.

In the adaptive control design, the required net force/moment of
the rigid body is designed as

afr:Yo{(r'eo{(+Yotr'éot+Kot'(aXr_aX)+Pa

d
K K — 3 o o
Yar'ea +Yotr'90t_Mot'dt(Xr)+C(x( (L)) Xr

%)

Py = ke - e
Leyyg - {e =Ls} and {o =0}

a=B (14)

kg - EM
0 otherwise

whereaw € {B, Ly, ..., Lj, ..., Lo}. The terms YX and Y,, denote
two regressor matrices corresponding to the required vectors. The
term K, is a positive-definite matrix; kp >0, kg; > 0, and kg, > 0.
The first two terms on the right-hand side of Eq. (14) represent
model-based feedforward compensation. The term 6, denotes the
estimate of ,.. The third and fourth terms on the right-hand side of
Eq. (14) represent velocity and position/forientation feedback. The
unknown parameters are updated through

(eot)y = )O;f : K;f : S;‘

S;‘ = (Yotr); ° (aXr _O(X)
R (15)
0 (fu)y, <(6,), and s% <0

Ky =10 (), = 0)F and 5% >0
1 otherwise

where p7 >0 denotes the update gain for the yth parameter. The
term (Y,,), denotes the yth column of Y,,, and (,), denotes the
yth element of 6,. The terms (GW); and (GW); denote the upper
and lower bounds of the physical parameter (6, ), . These upper and
lower bounds should be known a priori. Equation (15) indicates that
each unknown parameter can be updated within its upper and lower
bounds independently.
In view of Egs. (13-15), a nonnegative accompanying function

V, =1(x, —“x)" - M, - ("X, - *X)
+%(9(x _éot)T ) Fot ) (901 - éot) + ll”ot
kg - [BMT : BM + (- 53)2]

1 E_T E
sk - “el - Te

a=2B (16)

v, = . )
thpy - [FuT - Ep 4 (1—&)?] fo=Le} and {o =0)
0 otherwise
ischosenfora €{B,L,,..., L , Lo} so that

.
Vo < —(“X, —*X)" - K, - (“X, —“X)
T+ (X, —*X)" - (“F, = F)

Aokp Pl B «=B8B (17)
Akp -Eel - Ee

+ A kg Eu” - Ep {a=L¢} and {o =0}
0 otherwise

o

where I', =diag{1/p}, ..., 1/p},...}. The term &, has a similar
definition as &5 except that E is substituted for B. The procedure
for deriving Eq. (17) from Eq. (16) is given in the Appendix.

The last term on the right-hand side of Eq. (17) represents the
dynamic interactionsbetween the rigid body and the remaining sub-
systems.

In view of Fig. 1, the net force/moment * F in Eq. (13) can be
represented by

LiF =LiF —LiUg, - To+0F; j=1...5 (8

Lip="tiF, j=6,...,9 (19)
9

BE = By, -T‘F—ZBUT/ T (20)
=7

where L/ F € R denotesthe force/momentexertedby link j —1 onto
link j for j =2, ..., 6,and by thebase onto link j for j =1,7, 8, 9.
Obviously, "F =Ti U, - LiF.

In terms of Eqs. (14) and (18-20), the required force/moment is
designed as

L L .
F, =Y F,;

-

j=6,...,9 (@30
L’Fr=L’f,+L’UL”H)-L”*”Fr; j=5...,1 (22)
subject to the constraint

9
BF, +"Upn - "F+ Y PUy, - UF,

=7

9
="F 4 "U,-"F, =0 (23)
j=1
In view of Egs. (2), (3), and (18-23) and the factthat " F =T/ Uy,
LYFand T F, =0U,, - Y F,, j=1,2,...,9,itfollows that

(L’XY—L’X)T.(L’fr_L/f):WL/; j=6,...,9 (24)
(L/Xr _L/X)T ) (L/Fr _L/F) = WL/ - WT(/+|)
j=1,...,5 (25

9
(BXY—BX)T.(BFV—BF):_WTI _ZWT/ (26)

=
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where

W, = (X, —“X)" - (“F, = “F) 27)
denotes the VPF (Ref. 37) at frame «.

Equations (24-26) together with Eq. (17) show that the dynamic
interactionsbetween a rigid body and the remaining subsystems can
be completely represented by the VPFs at the cutting points of the
rigid body. The sign of these VPFs depends on the reference direc-
tion of each exerting force/moment. These VPFs will be handled in
Sec. VL.

The constraintequation (23) completely characterizesthe control
issue related to the nonholonomic constraints imposed on the space
robotic systems. Compared with Ref. 16, the way of dealing with
the nonholonomic constraints is very simple because only Eq. (23)
is utilized.

V. Dynamics and Control of Joints
In this section we concentrate on independent adaptive control
design of the joints. Two alternative modes—motor current control
and motor voltage control—are discussed.

Motor Current Control

Motor torque control implies that the motor armature current can
be directly applied by the controller. The dynamics of the jth joint
including drive mechanism are

I' i +dy-gy=k; 1, —Z0 M F (28)

where j =1, 2,...,9.Theterm /7 istheequivalentrotationalinertia
of the motor rotor, d; is the coefficient of viscous friction, k; denotes
the unknowntorque/currentconstant, I.; denotes the motor armature
current,and Z] -*/ F is the projectionof the force/moment onto the
joint axis.

The applied armature current is designed as

Ljg =Y 6,420 M F )54k (45 —d)) 05K, (@ja—4;)

(29)
where
. . B T
Y, =14 451, 0, =17 4] . ¢ &2 1/k;
i 0 i 0 4 j=12,...,6
v = i = % =10 otherwise
and where 6 ; and f ; are updated through
(éj)y:pjy"{jy'sjy; y=12
- (er); ° (qu - qj)
R (30)
0 (Qj)y < (91); and Sjy < 0
kiy =10 6), = ©)F and s;, =0
1 otherwise
Z'/ = '0/{' Kf 55
si=[v, -0, +27 1@ —ap
N (31
0 ¢ <1/kl and s <0
K; =190  >1/k; and 55 >0
1 otherwise

where p;, > 0and ,oj > (denotethe updategams The terms (Y,),
and (6;), denote the yth elements of ¥;, and 6;, respectively, and
()T and (-)~ denote the known upper and lower bounds of (-).

Combining Egs. (28) and (29) gives
I —ip=—2 - (MF, =Y F)+k; - (Ija — L))
- (dj + k) 'kj) (qjr—4q;) —oj -k k- (qja —q;)

+Y 0= 0+ [V 0+ 27 -HF] k- (g — )
(32)

The corresponding nonnegative accompanying function is de-
fined as

Vj(.:%'17'(4jr_4j)2+0'j'%'k:j'kj'(qjd_qj)z

©,—6)"-T;-0,-6)+1

+ L.
3

ki (=80 /0§
(33)

where I'; =diag{1/p;1, 1/p;2}. In view of Egs. (32), (8), (30), and
(31), the time derivative of Eq. (33) is derived as

Vi=(d; +k; k) - @5 = dp)
=0 [Gjr —4;)) — Gju— g1k, - kj - (qja — q;)
Gy =) =Ty 0]k 6 — 6
F) -y —dp) =, /0]

~ =4 2] - (MF ~"F)

tkjUeja — 1) - (e — 4))

< —(d; +k5; k) - @i =)

—0; kK ki (qa -q;)*

+Wr, =W, +k; - (g — 1) - (G- — 4)) (34)
because from Egs. (30), (31), and (4), it gives

+©0;,—0)" - [Y]

X [(er éj_,_ij L

O, —6)" - [r?
2

= Z [(GI)V - (éj)y] *Sjy

y=1

(qu - ) F 9 ]

(1 —kj) =0 (35)

B+ 20 HEY @y — ) - 25/ 6f]

(1-«5) <0 (36)

ki@ = &) - [(Vr
=k (G =) 55
~yr—4)-Z] - (WF ~"F)

= —(Lix _L/XT.L/F_L/F
N S

K ) T B R

(37

Equation (34) indicates that, when the motor current servo loop
has anideal transfer functionof 1,i.e., I.;, = I;, the dynamicinter-
actions between the jth jointand its connected links are completely
representedby Wy, — W, the VPFs at the two cutting points of the
joint. The term Wy, — W, will be treated in Sec. VI.

Note that, if k; is known, by setting ¢; =¢; = 1/k;, the motor
current control changes to conventional motor torque control and
Eq. (31) is omitted.

Motor Voltage Control

Motor voltage control can be used to replace motor currentcontrol
when I('jd # I('j .

The motor dynamics of the jth joint can be written as

aj -l +bj - Ij+ci-q;=u; (38)
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where u; denotes the control voltage. The term /; denotes the mo-
tor armature current, a; represents the inductance of the motor, b;
denotes the armature resistance, and c¢; denotes the motor electro-
motive force constant.

The control u; is designed as

wj = D; - sign(ljg — 1) + Y 07 +kej - (Ija — ;) (39)

where Y =[1; ¢; q;;—q;1.0] =1[b; ¢, k;1", and k;; > 0.
Theterm I, is designedin Eq. (29), whereas I,; is a measured motor
armature current. The term D; in Eq. (39) has to satisfy

D; = la; - Il (40)

The term éj’” is updated through
(9?)y:p?y'K7y'S?y; y=123

s = (V7)) - Ueja = 1)

0 (@) <), aa <o

Jv

Kiy =10 (é;”)yz(ej")j and s" >0

Jv

1 otherwise

where p7 >0 denotes the update gain for the yth parameter.
The terms (Y}"), and (67"), denote the yth elements of Y7" and
o7, respectively,and (9/'.”); and (9}”); denote the known upper and
lower bounds of the physical parameter (67'), .

The corresponding nonnegative accompanying function is de-
fined as

VI=Vit+3i-a; (ga— 1)

A T m m Am
SR CHC/) RER VR AR “2)
where V¢ is defined in Eq. (33) and ' =diag{1/p}}, 1/0},,
1/p7, }. Substituting Eq. (39) into Eq. (38) gives

aj - (i('j(/ - j('j) = [aj ) I('jd - Dj : Sign(lrjd - I('j)]

Y7 (0] = 07) — ke (a — L) =k - (@5 — 4)) (43)

In view of Egs. (34), (40), (41), and (43), the time derivative of
Eq. (42) can be obtained as

V< —(d; +k5 k) (G5 — ) =0y Ak K

X (qja — q/')z - krj cLgja — I(-j)z + WT, - WL, (44)
because from Eq. (41)

(9/’” - éjm)T : [YIMT ) (I('jd - I(-j) - F;ﬂ . é;n]

=X 1), - @), - (1=wp) <0 (45)

y=1

In the motor voltage control mode, Eq. (40) is a sufficient con-
dition that ensures Eq. (44). In view of Eq. (29), I, is a lin-
ear function of (d/df)(“ F,) and §;. Using Egs. (21), (22), (14),
and (12), (d/dt)(“/ F,) can be represented by a linear function
of [¢" (d/dr)(®X)"1". Therefore, I.;, is a linear function of
[¢7 (d/dr)(BX)T]", which contains both joint and base acceler-

ations and is bounded by the joint drive torques v =[k; - Iy, ..., k; -
Ij,... ko I.9]". Thus, we can specify
D;=a;@) ||+ b () (46)

so as to hold Eq. (40), where a;(t) and b;(¢) are two bounded
positive scalars that are functions of measurable variables.

This subsection provides a flexible way for performing adaptive
control of each joint. Motor torque control can be used only when
I.;a =1, i.e., the current servo loop has an ideal transfer function
of 1. Otherwise, motor voltage control is recommended.

On the basis of motor current control, which gives I.;; from
Eq. (29), motor voltage control is designed by incorporating the mo-
tor dynamics. Therefore, some terms related to the motor dynamics
are added to the right-handsides of both Eq. (42) and Eq. (44). How-
ever, an importantpointis that both motor voltage control and motor
current control impose the same dynamic interactions (Wy, — W)
on the connected links; see Egs. (44) and (34) with I;, = I;. This
indicates that the dynamic interactionsbetween the jth joint and its
connected links are completely represented by the VPFs at the two
cutting points of the joint, which are invariant to the control mode
used. Therefore, motor voltage control and motor current control
can be used alternatively and can be replaced with each other.

Similar as for rigid links, every joint parameter can be updated
within its upper and lower bounds independently; see Egs. (30),
(31), and (41).

VI. Lyapunov Stability

The stability analysis consists of two steps. In the first step, each
subsystem (link or joint) is assigned a corresponding nonnegative
accompanying function as describedin the preceding section. Then,
in the second step, the system Lyapunov function is formed by
merely adding all nonnegative accompanying functions assigned
for the subsystems, i.e.,

9

j=1

where

Vj" motor current control
Vi = V; motor voltage control

In view of Eqs. (17), (24-26), (34) with 1., =1, and (44), all
VPFs at the cutting points of the subsystems canceloutin V, i.e.,

9 5
—Wr, — Z WT/ + Z (WL/ - WT(/H))

j=1 j=1

9 9
+ZWL,+Z(WT,_WL,):O

j=6 j=1
It follows that

V< —Z [(x, —*x)" K, (“X, —“X) + 7.]

9
=2 [ k- k) - G =)
j=1
oy h ko k(g — )+ 85 ke (ga— 1)*] <0
(48)
where Y, is defined in Eq. (17) and
5 {O motor current control
j

1 motor voltage control

The Lyapunov stability is therefore guaranteed. The term V <0
implies that V' is a nonincreasingpositive function. Thus, it follows
from Eqs. (17) and (48) that

Vf_)»'kB'BMT'BM

such that

/ (A.kB.BMT.BM)dtf—/ Vdt <V(0) < +o0
0 0
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i.e., ®u € L,. Note that “e, i, Gyug — G, 4, — 4, X, — ®X, and
I.;4 — 1; canbe handledin the same way. It follows from Eqs. (16),
(33), (42), (47), and (48) that

‘el )L
(e’ Fu"1" € Ly [ ) Luo

Gnd — G eLzﬂLm

o=0
o=1

qr_q€L2ﬂLm
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their correspondingrequired velocities. Using Eq. (12), the required
extended accelerationsare linear functionsof [¢]  (d/dt)(®v,)"]",
e, (d/dD)(X,) = A - [4], @/d)(*v)"]" + By, where A,
and B,, are a known matrix and a known vector, respec-
tively. Therefore, (d/d?)(* X, ) is represented as a pair (A,,, Bya).
Obviously, [¢7 Bv']" can be obtained through integrating
(47, (d/dny(*v)"17

In part 2, Egs. (14) and (15) yield the required net force/moments
of all rigid bodies and the corresponding parameter adaptation.
Note that all required net force/moments are linear functions of
(47, (d/dy(v)"T7

In part 3, the constraint equation (23) is considered. Based on
the calculations carried out in part 2, Eq. (23) can be written

BX,—BXeLzﬂLm as
Lja—ILj € Ly ﬂ Lo motor voltage control i
. . . Al d,, (| +B,=0 (49)
The stability results ensure [¢]  ZvI1" —[¢] Zv"]" — 0. The d—( v,)
nonholonomic constraints imply that [¢] #v"]" is a function of !
[4¢] Bw™]" (Ref. 7). Therefore, the boundedness of [¢]  ZvI]" is
guaranteed. where
( 06 x 6
[06 0, My, BUL, My, ... BUL, - My, PUL - My, |T | o=1
03 x 6
Ay = 4 [O6xo. My, UL, My, PUL My, P UL, - M, T
JUEUL 00— BUl 06 x6
0 I 0 Is o=0
0 0 16 0'5 x 6

VII. Control Algorithm Overview

The control system, illustrated in Fig. 2, consists of four parts.
Parts 2 and 4 can be carried out in parallel for all subsystems. Only
parts 1 and 3 should take into account the overall design.

In part 1, the joint positionsivelocities of the manipulator, the
orientation of the base, the linear/angular velocity of the base, and
the velocities of the reaction wheels are measured. Equation (5) is
calculated to get the extended velocities. Then control specification
is conducted in terms of either Eq. (8) (joint space) or Eq. (10)
(Cartesian space). The required extended velocities are calculated
from Eq. (11) and Eq. (6) or (7) by replacing the real velocities by

is a 6 x 6 known matrix and B, € R® is a known vector. The term
My, a€{B,L,,...,Lj,..., Ly}, denotes the estimate of M, de-
finedinEq. (13). For exactinertial parameters, the invertibilityof A,
is guaranteed by proper arrangement of the three reaction wheels.
Therefore, it is believed that, with an appropriatechoice of the upper
and lower bounds of these inertial parameters, the invertibilityof A
stillholds. Equation (49) gives the solutionof [¢] . (d/df)(Bv,)"]".
Afterthat,“/F,, j = 1,2,...,9,is calculatedthroughEgs. (21) and
(22).

In part 4, either Egs. (29-31) in the case of motor current control
or Egs. (29-31) together with Egs. (39-41) in the case of motor

»| Space Robot

L) Z[MF,
Pkt

. Nonholor}omic
L)) 2 Z.T‘L’F,. Constraints Kinematics
W d R and. Calculations |-

ecursive

M Calculations

T gt (g ) — Z]“F,
Part4 Part 3 Part 2 Part 1
(29)-(31) (23) and (49) (14) and (15) 5
or (21) and (22) (6) or (7)
(29)-(31)yand (39)-(41) (8)(1){)(10)

Fig.2 Control algorithm.
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voltage control are used for each joint. Equation (46) is used to
ensure Eq. (40).

Most of the computationsare performedin parts 2 and 4 in which
parallel processing is possible. The information exchange between
these parts is quite limited. Meanwhile, each parameter can be ad-
justed independently within its upper and lower bounds without
coupling to other parameters [see Egs. (15), (30), (31), and (41)].
This makes decentralized parameter adaptation possible. All these
featuresimply the possibility of a modularity-basedadaptive control
design that can be implemented in modular hardware particularly
designed for rigid bodies and joints to meet the practical case of
spaceborne computers with relatively low processing capability.!!

VIII. Free-Floating Single-Arm Space Robots

Free floating means that the three reaction wheels are not con-
trolled with zero torque, i.e., I.; =0 for j =7, 8, 9. Accordingly,
from Eq. (29) it follows that

Y 0+ 20 HF 4k k(@ —d,) =0
j=17.8,9 (50)

where I?,- = 1/5,-, Equation (23) plus Eq. (50) gives a total of nine
constraintequations. Therefore, nine instead of six variables should
be released to meet these constraints. Consequently,the independent
velocity equations (6) and (7) should be changed to

. Gm - .
q . Is | . 0 Gw
[”X}_ b _[0]‘1’”[19 [X} ey
X -

for the joint space specification (o = 1) or
J—I_EUT 0 _J—I_BUT_
L Le

q
[Bx} = 0 L 0
O O 16 _

(s e

for the Cartesian space specification (o =0). Only ¢,, or £X is
subject to the control specifications as

. . . . Ee
X, = diag{*R,, "R, } - [vbd } +A- [b } (54)
WL, 23

whereas [¢F ZXT]" € R® is released to meet the nine constraint
equations of Egs. (23) and (50).
Combining Eq. (23) with Eq. (50) yields

or

qwr
Ay - i(BX) +B; =0 (55)
drt
where
O)X)
nf-T-[ ° (}
19
Asp = J7UEUT 0
6
n, T- 0 I
0 0
Osx6 Os 3 My BUL]'MLI
_ r o0 o
! Osx6 0 Ir 0 056 O3x6
0 0 I

The term A ;s € R?*? is a known matrix, and B, € R’ is a known
vector. The invertibility of A, is guaranteed in the same way
as Ay in the last section. Equation (55) gives the solution for
¢, (d/d)(®X,)T1". After that [¢T 5XT1" is obtained through
integrating [¢]  (d/dt)(®X,)"]".

With the same Lyapunov functiondefined in Eq. (47), by replacing
Eq. (49) with Eq. (55) the Lyapunov stability is still guaranteed with
all signals bounded.

IX. Potential Extensions

The proposedapproachcan be extended easily to treat more com-
plicated cases due to its modular structurein both controldesign and
stability analysis.

For systems of / six-joint manipulators mounted on a common
base, the approach can be applied directly. Each arm is treated inde-
pendently. The differenceis only related to the base. Consequently,
Eq. (23) should be changed to

PF,+ Ziv LI F,+ iU LIF, =0

i=1j=1 =7

The Lyapunov function (47) is also changed to

ho 6 Ed
V=Vt Y Y (Vi + V) + ) (Ve + V)

i=1j=1 =7

When the & manipulators grasp a rigid object, closed kinematic
loops are formed, and the corresponding internal forces are gener-
ated. However, note that these internal forces just exist within the
closed kinematic loops without making any contributionto the base.
Thus, the internal force control problem can be isolated.

Two space robots grasping an object (see Ref. 17) have
154+ 15—-6=24 DOF. This system can be viewed as a special
tree type 15-joint redundant manipulator mounted on a base. Sup-
pose the base of the first space robot is viewed as the base, while
the first manipulator and the second space robot form the redundant
manipulator of which the 6th link represents the 6th links of the two
space robots plus the payload, and the 12th link represents the base
of the second space. Thus, the proposed approach can be applied
directly. Certainly, optimization can be performed with respect to
the redundant manipulator.

X. Computer Simulations

The simulated system s a one-arm spacerobot movingin a plane.
The manipulatorhas three rotational joints. Only one reaction wheel
is considered. Therefore, there are total seven motion DOF.

Two typical cases are simulated. Case 1 is for robot joint tracking
control with base orientation control (free flying). The total control
dimension is four, whereas the released dimension is three (for the
nonholonomic constraints). Case 2 is for robotjoint tracking control
without base orientation control (free floating). The total control
dimension is three, and the released dimension is therefore four.

The control objective of case 1 is to make the three joints of
the manipulator and the orientation of the base track their desired

o=1
AL
6x6
0 |: i| o=0
Iy
Is
BUL7'ML7 BULS'MLs BULu'MLu
Z7T-1\;[L7 016 016
O]X(, ZgT'MLg Ol><6
Ol><6 Ol><6 ZQT'MLg
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trajectories while starting from considerable initial errors. The de-
sired trajectories are designed as

[1.2—plan 1.3 +plan 1.3 +plan 0]
where
0.2 -cos[(/20)-1] 0<1t<20
plan =
—-0.2 t > 20
with initial positions
[1.1 14 155 —0.05]"€R!

In the planar case, there are four parameters

80( = {(m) (m ) rxot) (m ) ryot) [Iot +m - (r,\?(x + ryz'ot)]}T
a€{B,L,,...,Ly}

for the base or each link, where m is the mass. The terms r,, and
ryo denote the coordinates of the mass center expressedin frame o.

The parameters used in the simulations are listed in Tables 1
and 2. All motors are working with motor voltage control mode.
The upper and lower bounds of each parameter are set to be 200
and 50%, respectively,of the real value. All parameters are updated
starting from their lower bounds.

The sampling time in the simulationsis chosenas 5 ms. However,
1 ms is used for calculating Egs. (38) and (39) in the motor voltage
control mode.

Table 1 Parameters of the rigid bodies

Area [, m Ty, M ry, m m, kg I, kg - m?
Base 0.1 0.1 5000 1000
Link 1 5.0 2.5 0.0 100 100
Link 2 5.0 2.5 0.0 100 100
Link 3 2.0 1.5 0.0 1000 100
Reaction wheel _— 0.0 0.0 100 50

Table2 Parameters of the joints

Joint I*,kg-m?> d,N-m-s k,N-m/A aH bQ ¢ V-s
1 100 5.0 200 0.005 5.0 20
2 100 5.0 200 0.005 5.0 20
3 100 5.0 200 0.005 5.0 20
4 5 2.0 20 0.010 5.0 4

Position/Orientation Errors

015 T T T T
— Joint 1
- - - Joint2
Ot~ e Joint 3 q
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\\ ----- Base Orientation
A
\
)
005, . 1
— \ N
° A
& AN \
= \ .
o
~0.05
_01 . . . . .
0 5 10 15 20 25 30

T {second}

Fig.3 Position/orientation errors in free flying.

The control constants and gains are

A= 1.0, ky = 50
2500
Ky = 2500
1000
500
K, =Ky, 500
1000
1000 50
K., = 1000 : K., = 50
2000 50

ki, =k, =k'y =25, ke, =10

Ky =k, =k =0.25

krl = kfz = kfj; = 20, k-[4 =5.0

The simulation results are illustrated in Figs. 3-5. Figure 3
gives position/orientationtracking results in free flying. The control
voltages of all motors are presented in Fig. 4. Figure 5 gives po-
sition/orientation tracking results in free floating. These figures

Motor Voltages
6 T T T T

PR : - U4

5 10 15 20 25 30
T {second)

Fig.4 Control voltages in free flying.

Position/Orientation Errors
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--- Joint2
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N
AY
\
AY
AY
0.05f Y i
AY
= \
o \
ol
-0.05F q
01 . . . . .
0 5 10 15 20 25 30

T (second)

Fig.5 Position/orientation errors in free floating.
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demonstrate good tracking performance with reasonably bounded
control input.

XI. Conclusion

A general modularity-based approach named virtual decompo-
sition is proposed for adaptive control of space robots. Virtual de-
composition results in a modular structure for both control design
and stability analysis.

For control design, the control design of the complete system is
converted into the control design of each subsystem (rigid body or
joint), whereas the nonholonomic constraints are represented by a
set of constraint equations about the required accelerations. Only
the dynamics of the rigid body and the dynamics of the joint incor-
porating motor are needed in the control design of the subsystems.
Parameter adaptation is carried out independently for each param-
eter. Most of the computations in the control algorithm can be per-
formed in parallel. All of these features support the possibility of
implementing the control algorithm in modular hardware particu-
larly designed for rigid bodies and joints to meet the practical case
of spaceborne computers with relatively low processing capability.

For stability analysis, a modularity-based two-step approach is
presented. The first step searches for a nonnegative accompanying
function for each subsystem (rigid link and joint). This step is rela-
tively simple because of the simple dynamics of the subsystems. The
second stepis to formthe system Lyapunov function.Itis also simple
because the system Lyapunov function is formed by merely adding
all nonnegativeaccompanyingfunctionsassignedto the subsystems.

Computer simulations have been conducted to verify the valid-
ity of the approach. The simulation results support the theoretical
results.

The proposedapproachcanbe extendedto deal with more compli-
cated spacerobotic systems, including multiple robot arms mounted
on a common base, coordinated multiple robot arms mounted on a
common base, and coordinated multiple space robots.

Appendix: Proof of Equation (17)
Subtracting Eq. (13) from Eq. (14) gives
d o d o o o _«a
F,— f=Ma[5(X,)—5< X)}+Ca< o) (“X, —*X)
s+ 0n = 00) (A1)

Note that M,, is a constant matrix and C, (*w) is a skew-symmetric
matrix. Differentiating Eq. (16) and then using Eq. (A1) gives

+K,- ("X, = *X)+ P, — Y,

. d
v, = (X, —“x)" Ma[%(axr) - E(“X)}

— (O =0 Ty 0, + W,

= —(“X, —*X)" - K, - ("X, —“X)

—[(x. —*x)" - P, - @]

+ O =67 [V ("X, —“X) =T, -6,]
. Fr _

+(*X, —*X)" - (“F, —“F) (A2)

In view of Egs. (9), (10), and (12), it is easy to obtain
(X, —x) P, -0, =T, (A3)

where W, is defined in Eq. (16) and Y, is defined in Eq. (17). From
Eq. (15) the third term on the right-hand side of Eq. (A2) can be
rewritten as

O =87 - [YL - (X, —*X) =T, - 4,]
=Y (6, — @] sz (1—k) <0 (A4)

14

Substituting Eqs. (A3) and (A4) into Eq. (A2) gives Eq. (17).
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