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Abstract

‘T'his paper presents a simnple on-line approach for mo-
tion control of rover-mou~]trxf manipulators. Aninte-
prated kinematicinodel of the rover-1) lus-[la]lil)~llatc)r
systemn is derived which incorporates the non-holonornic
rover constraint with the holonomic end-ceffector con-
straint. Thie redundancy introduced by the rover mo-
bility is exploited to perforin a set of user. specified
addit ional tasks during the end-effector moti on. The
configuration coutrol approach is utilized to satisfy the
non-holonomic rover constraint, while accomplishing
the end-cffector moti onand the redundancy resolution
goal sit nultancously.  Vhis frarnework allows the user
to assign weighting factors to the rover movement and
manipulator motion, as well as to cach task specifi-
cation.  The computational efliciency of the contr 01
schieine makes it particularly suitable for real- time im-
plementation.  The proposed method is applied to a
planar two jointed arm mounted on a rover, and comn-
puter simulationresults arc presented for illustration. !

1 1ntroduction

Robot manipulators mounted on mobile platforins will
be utilized inct casingly in both terrestrial and space
applications. For instance, NASA is planning to usca
tracked micro/macro manipulator arin for the Space
Station Ireedom, and to utilize robots mounted on
micro rovers for Mars exploration.  In mobile robots,
the base mobility increases the size of the robot
workspace substantially, and enables proper positioning
of themanipulator for eflicient task execution. Typical
examples of mobile robots are tracked robots, gantry
robots, comnpound robots, and wheeled robots.

1P'le resear ch deseribed in this paper was cartled out at
the Jet Propulsion Laboratory, California Institute of Technol-
ogy, undet contract with the National Aeronautics rind Space
Administration.

Inrccent years, path planning and motion control of
mobi le robots have b een active areas Of research [sce,
e.g.,, 1-13]. When the base mobility is provided by a
track, a gantry, or another robot, the kinematics of
the base platforin has holonomic constraints shinilar to
the kineinatics of the inanipulator itself; thus thie base
can effectively be treated as additional revolute or pris-
matic joints of the manipulator. On the other hand,
whecled mobile platforms, such as rovers, arc subject
to non-integrable kinernatic constraints, known as 101 -
holonomic constraints. Such constraints are gencrally
causcd by one or several rolling contacts between rigid
bodies, and reflect the fact that the nobile platform
must move inthe direction of itsmain axis of sym-
metry. A rover is a typical non-holonomic mechanical
systermn. It can attain any position in the plane of mo
tion with any orientation; hence the configuration space
is three-dimmensional. | Towever, the velocity of motion
mus ¢ al ways satisfy a non-holonoinic constiaint; thus
the space of achicvable velocities is two dilnensional.

The problemns of path planning and motion control
of non-holonomic systeins, such as whecled mobile plat-
fol-ins, have attracted considerable researchinrecent
years [7-1 3]. In a classic paper [7], Bartaquand and
Latombe derive the non-holonomic rover constraint and
discuss optimal maneuvering of mobile robots. Ya-
marmoto and Yun [8 9] address coordination of locoino
tion andnanipulation and solve the problemn of follow-
ing amoving surface. Wang and Kuiner [10-11] asso-
ciate comnpliance functions to the mobile manipulat or
joints and implement rate decornposition using screw
theory. Liu and Lewis [1 2-13] develop a decentralized
robust controller for trajectory tracking of themobile
manipulator end-effector.

In this paper, the configuration control inethodology
devcloped earlier [14- 15] for redundant robot control is
extended to mnotion control of rover-mounted manipu-
lators. The non-holonomic kineinatic constraint of the
rover fitsnaturally in the configuration control forinu-




lation. The non-holonomic rover constraint, the desired
end-cffector motion, and the user-specified redundancy
resolution goal arc combined to form a set of differen-
tial kineinatic constraints. These constraints are then
satisfied using the configuration control approach.

The paper is structured as follows. In Section 2,
we derive an integ rated kinematic model for the rover-
plus manipulator system. The motion control of the
intepr ated system is forimmulated and solved using the
config uration control approach in Section 3, and a siin-
ulation study is presented for illustration. Secction 4
discusses the results of the paper and draws some con-
clusious.

2 Kinematics o f Integrated
Rover-plus-Manip ulator Sys-
tem

In this scetion, we develop a siinple kinematic inodel
that represents the rover-plus- manipulator system. We
propose a fully integrated kineinatic representation of
the rover and the manipulator, rather than treating
the rover and the manipulator as two separate enti-
ties. Fromithis view’l]oi)]t, the integrated systemn is
composed 0f two closely inter acting subsystems with
differ ent kinemnatic and dynamic characteristics. The
rover subsystemn, being a wheeled venicle, issubject to
non-holonomic constraints; whereas for the manipula-
tor subsystem, the constraints arc holonomic.
Thekinematics of the rover and the manipulator sub
systems are studied in the following subsections.

2.1 Non-holonomic Rover Subsystem

( Consider a front-whecl-drive four-wheel rover.  The
rover is1 (1M)] esented by atwo dimensional rect angular
object translating and rotating in the plane of motion,
as illustrated in Figure 1. Let I9(ay, yy) denote the
midpoint hetween the two front wheels and 2t{x,, vy,)
repr eacnt the midpaint b etween the two rear w heels of
the rover, where the coordinates arc expressed with re-
speet to thefixed world frame {W}withaxes (or:, @)
shown in Figure 1 The rover configuration is param-
cterized by the 3x 1 vector p:=[xg, ys, ¢}7, where ¢
denotes the orientation of the main axis of the rover
relative to the z-axis of the world frame.

Assuming apurerolling contact betweenthe rover
wheels and the ground- i.e., no slipping-the velocity
of point 1¢ is always along the main axis of the rover.
Hence, we have

T ACOs@ 5 gr: Asing (1

where A is a scaar, Eliminating X\, we obtain
aesing - y,cosg: 0 (2)

Fquation ('2) can be expressed in terins of the coordi-
nates (xy, yy) of the front point }' on the rover. The
coordinates of the rear point R{x,,y,}and the front
point }F(zy,ys) are related by

Ty xpf lcosg  ; yp=oye ol Ising (3)
where ! denotes the distance between R and I, i.e, the
rover length. Thus, the velocities of I2and I arc related

ty

- lgpsing ; yr= Y, - ldcos ¢ (4
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Froin equations (2) and (4), we obtain the following
non-holonomic kinemalic constraint

Gysing - gycosgp ¢l: 0 (5)
or, in matrix formn

[sing
where p = &y, ¥y, #)". Fquation (6) represents a nat-
ural constraint that must be satisfied by the velocity

vector p, [7]. Note that cquation (6) is a specialforin
of the non-holonomnic constraint

Glpyp- 0 (7)

-~ cos¢p lp- 0 (6)

where G is ann X nnatrix and p is then x 1 vector of
generalized coordinates of thesystein. Note that a kine-
matic constraint of the forin (7) is called non-holonomic
if it is non-integrable; i.e, ¢ cannot be eliminated and
the constraint (7) can not be rewritten in terms of g
alone in the forin H{q) - O. Otherwise, the constraint
is called holonomic.

Now, the control variables of the rover are the veloe-
ity » of the front W heels aud the steciing angle 5 be-
tween the front wheels and the inain axis of the rover’
Therefore, the velocity variables are related to the con-
trol variables by

gy = wvcos(¢ )
yr = vsin{¢ 4 v) (8)
A 1; siny

w’here the third eguation is derived from the first two
and the constraint (G). It is seen that at any configura-
tion (z,y7, @), the space of velocities (:h/,y/,d)) achiev-
able by the rover is restricted to a two dimnensional
subspace in view of the constraint (6). This implies




that the velocity vector p is completely deteriined by
the configuration vector pand, say, & anti ys.No-
tice that the achievable configuration space (27, yy, ¢)
of the rover is three-dimensional, i.e., is completely un-
restricted. Finally, given (€7, ¥y, ¢), the rover velocity
v and the steering angle v are found fromn equation (8)
as
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2,2 Holonomic Manipulator Subsystem

IFor siimplicity of presentation, wc consider a planar
two link manipulator arin mounted on the rover, as il-
lustrated in Figure 1. However, the methodology pre-
sentedinthispaperis general ant] is equally applicable
to any type of n-jointed rover-moultccl manipulator.

1 et O1and 02 represent, the joint angles and {y and {2
denote the I nk lengths of the manipulator arm. Con-
sider a moving vehicle framme {V} with axes (F'#, I'g)
att ached to therover at the front midpoint I'. let
the position of the manipulator end-effector 15 be the
primary task variable of interest. Then, the Cartesian
coordinates of F with respect to the frame {V} canbe
expressed as

T - licos 0y - Iy COS(01 -4 02) (10)
e+ lysinfy- lasin(0y - 09)
The end-effector position coordinates X¢ o |2, vt
relative to the world fraine {W} arve given by

re o wpl cos{0y + @) +4-lacos(0y 1 071 @) '
ve ys Lisin(0y 4 @) 4 lasin(0y -1 021 ¢)(11)
Ivom equation (11), the Cartesian velocity of the end-

elfector in {W} is related to the rate-of-change of the
configuration variables as

T T f [] (é]‘ff,j))SiH(Ol -1 (,/J)
- 12(01402 4 ) sin(0y -1 021 ¢)
ve = Urali(0r -1 ¢)cos(014¢)

112(01 1 05 é)cos(0; -1 02 -1 ¢) (12)

or, in matrix form

O Jml Jml4 *12 sin 0120 A_/ ) Xr
‘]m?SJm?z(lQ si119120 (f_’ - e

0
(13
where Jyuq3 0 Jmga: - lisin 010 = L2 sin @120, 23 -
Jm?d H [1 Ccos 0]0 +4 12 COSO]Q(), 010 - 01 + q‘;, 0120 =

01 4024 ¢, and O {01, 02]7 is the 2 x 1 manipulator
Joint position vector. Iquation (13) caube written in
the commpact form

I (@) = Xe (14)

where J,,,(¢) is the 2 x 5 manipulator end-cffector Ja-
cobian matrix, and q = [p?, 01" =[x, ys, ¢, O, O2]"
is the 5 x 1 configuration vector of the rover-lImulltcd
manipulator system. Iquation (14) represents a holo-
nomitc kineinatic constraint since it can be expressed as
the position constraint H(g)- O in the form of equation
(12).

We conclude that the kinematics of the rover-
plus-manipulator system can be modeled as the non-
holonomic rover constraint

Jr(g)g= o (15)

where J,(q) = [G(p) :0], together with the holonomic
manipulator constraint

Jo (@) = Xe (16)

Iquations (15) and ( 16) can be combined to obtain
the differential kineinatic inodel of the integrated rover-
plus- manipulator system as

[ j,’,‘.(((i;)) ] q [ )? ] (17)

3 Configuration control of
Integrated Rover-plus-
Manipulator System

In this section, the configuration control methodol-
ogy developed earlier [14-15] for redundantnanipula-
tors is extended to motion control of the rover-plus
manipulator system.

Consider the integrated rover-plus- manipulator svs-
tem. Theintegrated system is kinematically redundant
with the degree-of redundancy 71 - m, wherenand m
arc the dimensions of ¢ and [0, X ]Yln the general case,
respectively. Iquation (17) can produce infinite dis-
tinct rover and manipulator mnotions ¢(t) which yield
the same end-effector trajectory X.(t) while satisfy -
ing the non-holonomic rover constraint, Inthispaper,
we adopt the configuration control approach in which
an appropriate motion is chosen fromn this infinite set
which causes the integrated systemn to accomplish an
addilional user-spccificd task. This additional task is
perforined by direct control of a set of r(=n - 1) user-
defined kinematic functions

7= 9(q) 3)



while controlling the end-effector motion, where Z and
g are r x 1vectors. The additional task constraint (18)
can be expressed inthe velocity form

Jelq)g = 7 (19)
where J, : gg is the X n Jacobian atrix associ-
ated with the kinematic functions #. This approach to
redundancy resolution is wry gencral since each kine-
matic function {zi(¢)} can represent a geometric vari -
able(c.g., coordinate of a poeint onthe systemn), a phys
ical variable (such as a joint gravity torque), or anab>-
stract mathenatical function {e. g., projection of the
gradient of an objective function). Furtherinore, the
user is not confined to a fixed set of kinematic functions
and can sclect different {2i ()} depending on the task
requireinents during the execution of the end-effector
motion.

On combining t h e rover-plus-1 nanipulator con-
straints (17) and the user-simcificd additionaltask cori-
straint (19), we obtain

Je(q) ()
Jm (Q) q = ’Y'e (20)
Je(q) 7

or,inmatrix fol-in
J(q)g: X (21)

where J(g) is the composite n X nn Jacobian mnatrix, and
X: [0, J\';{" A]J Tis they, x1 task velocity vector-.
Suppose that the desired end- effector velocity Xg.
andthe desired rate-of-variatio]l of thekincnatic fuue-
tions /4 are specified by the user. Then we need to
solve the augmented differential kinematic cquation

J(g)g - Xa %)

for q, where Xy - 0. X2, 237 o avoid large ve-
locities ¢, the nser can impose the velocity weighting
factor W, diag{Wa, W,} on {p,8}, and attemnpt
to minimize the weighted suin-of-squares of velocitices
I p1%. -t | 0 1%, Typically, the rover movement
is slower than the arm motion and W, is larger than
Wy, In addition, the user can assign prioritics to the
cnd-effector and additional task requirements and non-
holonomic rover constraint by selecting the appropri-
ate task weighting factor Wy = diag{W,, W,, W,}, and
scek to minimize the weighted sumn of task velocity
errors || For N3 4 T Ee B, 4 | Fo ll%,, where
D g q, e Xgo~ Xe and o, = Z4 - 7 are the
non-holonomic rover, end-effector, and additional task
velocity errors, respectively. Hence, we seek to find the

optimal solution of equation (22) that minimizes the
scalar cost function

Lo g7 Wapt 07 Wo0A ETW, Bt BT W, oot EYW, B,

(23)
The optimal damped-least-squares solution of (2'2) that
minimizes (23) is given by [15]

g [JTW W, TP X (24)

Note that in the special case where r = n - m and
W,: O, cquation (24) gives g - J ' X4, assuming
det[J]/ O, which is the classical inverse Jacobian so
lution. To correct for task-space trajectory drift which
occurs inevitably due to the linearization error inher-
ent in differential kinematic scheines, we introduce the
actual configuration vector X inequation (24) as [15]

g [JIWI W) WX g K (X - X)) (25)

where K is an (m - r) x (1n - r) constant diagonal ma-
trix wit h %€l o or positive diagonal elements. Notice that
for the non-holonomic rover constraint, the appropriate
clements of X and Xa arc set to zero since the con-
straint is non-integrable. T'hie introduction of the crror
correction terin K(Xg - X)in (25) provides a “closed-
loop” characteristic whereby the difference between the
desired and actual configuration vectors is usedas a
drivi ng termnin the inverse kineinatic tra nsfor mnation.
Note that for task- space trajectories with const ant fi-
nal values, Xa(t)-0for ¢ > 7 where 7 is the motion
duration, using (24) weobtaing(t): O for t>1; i.e,
the ianipulator and rover degrees of- freedon will cease
motion for t > 7 and any task track ing-crror at ¢ - 7
will continue to exist for ¢t >7, However, by using (25)
the manipulator and rover degrees-of-freedomn continue
t o 1move for ¢« > until the desired configuration vector
is reached,i.c., X -» Xyast-»o00, [15]. The value of
K detenmines the rate of convergence of X to Xa.

The proposed damped- least-squares configur ation
control scheme provides a general and unified frame-
work for motion control of the intepr ated rover-plus-
manipulator systemn. i'his scheme allows independent
weighting of rover movement and manipulator inotion,
and enables awide range of redundancy resolution goals
to be accomplished. Note that multiple goals can be
defined for redundancy resolution and weighted appro-
priately based on the current task requirements.

Let us now re-visit the two jointed maunipulator arin
mounted on the rover as illustrated in Figurel. This
integrated system has the degrec-of- redundancy r -
71- m=- 2, andtherefore two configuration-dependent
kinematic functions Z, (q) and z2(g) can be specified aud
controlled independently of the end-effector motion and
the non-holonoinic rover constraint. Ior this system,



we choose the rover orientation ¢ relative to the world
frainc and the manipulator elbow angle 4 between the
upper-arin and forearin as tile additional task variables.
Hence

21(9) = ¢ 2097 ¢=180-0;,  (26)

or, in velocity forin

00100
0000 -1

- [1) 727

where g - [dn,,y,,:j),ol,(}g]"', and ¢g and ¥4 arc the
desired rate-of-variation of ¢ and ), respectively. On
coinbining the rover-plus-manipulator model (17) with
the additional task specifications (27), we obtain

sing - cos¢ 1 0 0 iy 0
! 0 Joz 3, J . vy T de
0 1 Lz Jag Jas ¢ Vde
0 0 1 0 0 6, b
0 0 0O 0 -1 05 Va
(28)

where .793 B JQ4 = -llsin(ho — lQSiIlolgo; .]33 =
Jag : licosOi0 | [y cosOyg0; Jos = ~lgsinOyg0; Jas =
Iy cos0190; 010 = 011 ¢; 0320 = 01 02+ ¢. Fquation (28)
represents a set of five equations in the five unknown

clanents of ¢ that canl~csol Jecl LIsilIC t}1cc181111)ccl- least-
squares configuration control approach describedd earlier

in this scction. By direction calculation, the deterini-
nant of the 5 x 5 auginented Jacobian matrix appearing
onthe left-hand side of (28) is found to he

det|J] =l cos 0y -1 ly cos(0y4 02, ) =4, (29)

T'herefore, Jis non-singular and (28) can be solved ex-
actly provided that 3. +/ 0; ie. theend-effector 1 dots
not lie on the Iy axis of the vehicle frame {V}.

Now, suppose that the rover length is I = 20cm and
the link lengths arc {1: 1, 10cam. Let the initial
confipm ation of the rover-plus-manipulator system be
piven by
q" {xy
This yields the initial task vector

X' {a,: 35.18cm,y.: 1bem, ¢ =:0°4:- 30°}

as shown in Figure 2. Suppose that the desired final
task vector at time7:  1second is specified as (see
Figure 2)

X1 o {xe: 65.18cm,ye = 4bem, ¢ =~ 30°, 4 = 90°}

This corresponds to a rapid end-effector motion of
{{ A2c)? -1 (Aye)?} 1= 42.4cm in one second. Notice

30cin, yp=15em,¢p= 0°,01 = - 757 02 = 150°}

that the target end-effector position is not attainable
without rover motion. Task-space motion trajectories
arc specified as

iy owloat
st - { 20T s )

, fort>r7

where (2f, /) arc the initial and final values and is the
duration of motion. Sinilar trajectorics are specified
for ya(t), ¢a(t), aud ¥a(t). These traject ories produce
a straight-line end-effector motion in Cartesian space
from (zf, i) to (af,yf). Notice that the target clhow
angle 1y = 90° gives maximum end-effector manipula-
bility at the final configuration.

A computer simulation study is performed to cal-
culate the required configuration variables g(t)-
{2, (1), ys (), $(t), 01(1), 92(1)} to accomplish the tasks
of end-effector motion, and ¢ and 4 control, while
satisfying the non-holonomic rover constraint. 111
the simulation, we set, 7z = 1,At - 001, W
diag{1, 1,1, 1,1}, W, = diag{0, 0,0,0, O}, and K :
diag{0, 0.1,0.1,0, O}. The simnulation results arc shown
in Iligures 3a-3d. The path traversed by the end-cffector
I¢ is shown in Figure 3a. It is scenthat the end-effector
moves on a straight line from (%, yi) to (£, yf), as
specified. Iigure 3b verifies that the rover orientation
¢ andthe elbow angle ¢ change from their initia values
to the specified final values in one second, as desired.
The path traversed by the rover front mid-point I and
the variations of the armn joint angles 01and 92 arc de-
picted in Figures 3¢ and 3d. The rover non-holonomic
constraint function f = &y sing - yysing -1 ¢l is com-
puted and is found to be equal to zero throughout the
motion; i.e., the rover constraint is satisfied. Note that
the required rover velocity v and stecring angle vy can
be computed from equation (9).

4 Conclusions

Iffectiveutilization of rover-llloullted manipulatorsre-
quires that the motion of the rover and themanipula-
tor be planned and controlled in a coordinated man-

ner. This coordination poses a technically challenging

problemn since the rover and the manipulator possess
very different kinematic characteristics.  Because the
rover is a wheeled vehicle, it is subject to non-holonomic
constraints, that is, constraints expressible interins of
generalized velocities and not generalized coordinates.
This is in coutrast to the inanipulator, which possesses
a holonomic structure with constraints depending di-
rectly on gencralized coordinates This kineinatic dis-
sitnilarity substantially increases the difficulty of coor-
dinated motion planning and control problem for rover-
mounted manipulators.



Inthis paper, a siinple schemne is presented for on-line
control of rover-~uoullted manipulators. The configura-
tiou control approach is extended to incorporate the
non-holonomic rover constraint with the desired end-
effector motionand the user-spccifkxi redundancy reso-
lution goal. The key advantages of the present approach
over the previous schiemes are its flexibility, siimplicity,
and computational efliciency. The ability to change the
task specifications and the task weighting factors 07 L-
line based on the user requirements provides a flexible
framework for mobile robot control. Iurtherinore, in
contrast to previous approaches which arc suitable for
ofl-line motion planning, the simplicity of the present
approach leads to computational efficiency which is es
scential for on-line controlin read-ti~rlc iinplementations.
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Figure 1. Rover-mounted manipulator

Figure 2. Initial and finalconfigurations in the emulation study
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Figure 3b. Variations of the rover orlentation ¢ and elbow angle y
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