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Abstract: The work presented in this paper is devoted to the coordinated control of
wheeled mobile manipulators in the particular case where operational trajectory is
not planned but generated in real-time during the mission. We present a kinematic
control scheme that can be used for operational control and that also gives access
to the redundancy of the system. Redundancy as well as set-point filtering and
actuators’ input scaling are used to take into account all the secondary constraints
associated to mobile manipulation mission. Copyright © 2006 IFAC
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1. INTRODUCTION

Robotic missions are getting more and more com-
plex. From manipulators executing highly spe-
cific and simple tasks in structured environments,
they have evolved to missions implying larger
workspace than before. This workspace extension
is due to bigger expectations in terms of what a
robot should be able to do : explore planets and
oceans, manipulate dangerous products, move in
dynamical environments; examples are numerous.

These new types of missions are characterised
by poorly calibrated environment and goals of
different nature : operational trajectories to fol-
low, operational force to exert or combinations
of both. Moreover, they require the combination
of both locomotion and manipulation means and
the term mobile manipulation mission is often
used to describe these types of robotic missions.
Robots used to fulfil these missions are called
mobile manipulators and we here focus on wheeled
mobile manipulators that are systems combining
a wheeled mobile platform and one or several
robotic arms.

The operational control of wheeled mobile ma-
nipulators, i.e. the control of the end-effector,
requires to take into account their inherent char-
acteristics:

e wheeled mobile platforms, and by extension
wheeled mobile manipulators, are nonholo-
nomic systems;

e they are often kinematically redundant re-
garding the operational task to be achieved;

e sub-systems that compose the whole systems
present very different dynamics.

It also requires to identify constraints associated
to the mission itself :

e obstacles avoidance;

e joint limits avoidance;

e rated inputs for the actuators;

e numerical singularities.

From this set of constraints and characteristics,
a first class of approaches has been proposed to
solve the operational control of wheeled mobile
manipulators. It is based on a theoretical corpus
widely explored for simple robotic manipulators
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(a) Trajectory teaching

(b) Collaborative object handling

FiG. 1. Two examples where operational trajectories are generated on-line

and, considering their inherent characteristics, ex-
tended to the case of those systems. This class
of approach assumes that the only input of the
control problem is the operational trajectory to
be followed or the operational force to be exerted
by the end-effector of the system. Among the
contribution to this class of approach, work in
(Yamamoto and Yun, 1993) and (Seraji, 1993)
concerns modeling and coordinated control of a
particular type of wheeled mobile manipulator.
Coordinated control, i.e. control of the system as
a whole, is also handled in (Kang et al., 2001)
and (Umeda et al., 1999) but from the operational
force point of view. Regarding reactive obstacle
avoidance in the case of an operational task to be
accomplished, it is treated in (Brock et al., 2002)
where redundancy of the system is used to allow
the mobile platform to avoid obstacles. The uni-
fied kinematic modeling issue is treated in (Bayle
et al., 2003). It is based on the classification of
wheeled mobile platforms presented in (Campion
et al., 1996).

The second class of approaches relies on the obser-
vation that the controllability properties of non-
omnidirectional wheeled mobile platform induce
an explicit definition of the platform trajectory
that comes as a supplementary input to the op-
erational control problem. This is the case of the
work in (Fruchard et al., 2005) that is based on
the transverse function approach introduced in
(Morin and Samson, 2003).

With regard to the realisation of mobile ma-
nipulation complex missions, our previous work
presented in (Padois et al., 2004b; Padois et
al., 2004a) focused on the operational control
of wheeled mobile manipulators by dynamic se-
quencing of local tasks whose nature is differ-
ent from an operational point of view but also
from the angle of the constraints (listed herein-
before) that have to be met at a given instant.
Operational trajectories (movement and/or force)
are in that case planned before the mission and
adapted during the mission. This paper discusses
the case of operational control with operational

trajectories generated on-line. Teleoperation, tra-
jectory teaching, collaborative object handling are
example of applications of this particular topic
illustrated on figure 1.

This paper is organized in four sections. The
first one introduces models. Control laws used to
compute actuators set-points are also presented.
In the second one, we propose solutions especially
based on the system redundancy to respect the
different constraints associated to the mission.
The third section presents the principle of the
developed application. We finally show results
associated to a particular example and analyse
these results.

2. OPERATIONAL CONTROL OF A
WHEELED MOBILE MANIPULATOR

We consider the case of a wheeled mobile ma-
nipulator composed of a wheeled mobile platform
with two independent driving wheels and a planar
serial manipulator with two revolute joints such
as depicted on figure 2. Actuators are velocity
controlled and thus, we rely on a kinematic control
scheme.

2.1 Kinematics

The configuration of such a system is completely
defined using vector q = [qg q;‘f ]T where q; =
T T
[qbl qbQ] and q, = [a: y 9 o <pl] respec-
tively represents the manipulator configuration
and the platform configuration. The situation of
the end-effector is defined as a m-dimensional
vector £&. We consider in this paper that the ori-
entation of the end-effector is not to be controlled
and we have m = 2 and £ = [:UEE yEE]T. From
a geometric point of view, £ can be expressed as
a non linear function f (q) of vector q. Differenti-
ating f (q), the relation between € and q is given

by :
E= ()4 1)
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Figure 2. A planar mobile manipulator

with J(q) the Jacobian matrix of f(q). Relation
(1) does not take nonholonomic constraints on
the platform wheels (rolling without slipping) into
account. Actually components of vector ¢ cannot

vary independently. However, one can define a vec-

tor u = [ubT uZ]T of independent 9,,,,, control

parameters, related to vector q by a configuration
dependent matrix S (q,) such as:

q=25(qgp)u.
Defining J (q) as:

J(@) = J(a)S(qp),

equation (1) becomes :

£=J(qu (2)
Equation (2) completely describes the system
kinematics. A natural choice for u is u =
[qu v w]T where v and w are respectively the
linear velocity of point O, along vector x, and
the angular velocity of the platform with respect
to vector z,. In our particular case the system is
said to be kinematically redundant of degree two.
This property provides the ability to choose a par-
ticular vector u among those giving the prescribed
end-effector velocity €. Solutions are given by the
following relation :

u=J(@é+(T-J(@ J(@)uw, ()
where J (q)° is any generalized inverse of .J (q)
and ug any d,,0p X 1 vector.
2.2 Kinematic Redundancy

Access to internal motions of the system is given
by the null space projection term of equation (3).

This term is associated to the system kinematic
redundancy and correponds to motions that do
not provide any end-effector motion. From the
dynamic point of view, this is only true for a
particular choice of j(q)‘i (cf. (Khatib, 1987)).

Remark 1 : A particular set of generalized inverses
of J(q) is called the set of weighted pseudo-
inverses. When m < 8,05 and rank (J (q)) = m,
these generalized inverses are defined as :

(@i, = M (@ [7 (@M (@]

where M, € ROmov*9mob is a positive definite sym-
metric matrix. Replacing j(q)u by j(q);\/]ar in (3)
leads to the solution minimizing the M,-weighted
euclidean norm of (u — ). For M, = Z, J (q)},.
is called the pseudo-inverse of matrix J(q). De-
tailed results and proof regarding generalized in-
version are presented in (Doty et al., 1993) and
(Ben Israel and Greville, 2003).

2.8 Operational kinematic control

Given a desired end-effector trajectory £(¢)* and
assuming that actuators’ low-level control loops
can ensure rejection of perturbations associated
to unmodeled dynamics, the following operational
kinematic control law :

u(t)” = (@}, (&0 +W €W -€w))
+ (I — j(q);\h j(q)) ug

ensures the convergence of error eg = £(t)* — &(¢)
to 0 if W is a positive definite matrix.

3. MISSION CONSTRAINTS SATISFACTION

The listed constraints are not always active during
the mission. Thus one has to first define activa-
tion/deactivation threshold values for each con-
straint. These threshold values are, for example,
a distance or a joint angle. Arbitration has to be
done so that there is only one active constraint at
each time. This arbitration is based on the evolu-
tion of indicators (distance to obstacle, joint angle
value) with respect to their associated threshold
value. It is also based on priority of each constraint
relatively to the others. Switchings between active
constraints is based on this arbitration.

In order to take advantage of the kinematic re-
dundancy of the system, constraints that are not
directly associated to the operational movement
can be modeled as scalar function P (q) called po-
tential function. Using local optimisation methods
such as the steepest descent method we can ensure
the local optimisation of these functions. Consid-
ering a potential function P (q) to be minimised,
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one has to ensure P (q) < 0. To do so, ug can be
chosen as :

g = —K (V7P () S () (T - J (@}, 7 (@),
where K is a positive definite matrix. To ensure
rated acceleration of the redundancy term, P(t)
has to be of class C? and to switch smoothly
between two potential functions, a transition func-
tion can be created. Defining ¢;; and t;. respec-
tively as the time when the transition begins and
the time when it ends, we have :

0 if t <ty (a)
80 = (ke ) (t—tw) i tu <t <ty (8)
and :
Pora(t) (a)
P(t) = ¢ Prew(t)B(t)> + Pota(t) (1 - B(t)*) (b) .
Pnew (t) (C)

Regarding inputs for the actuators, we must en-
sure rated acceleration and speed. If the desired
operational trajectory is defined on-line, a solu-
tion is to filter this desired trajectory so that op-
erational acceleration and speed are rated. Their
maximum values can be calculated in the worst
case in order to comply with the maximum values
associated to each actuator and by extension to
control vector u.

We also have to ensure that the sum of the term
associated to the operational motion and the term
associated to the kinematic redundancy of the
system is such that actuators’ inputs maximum
values are respected. A solution is to scale dy-
namically the term associated to the kinematic
redundancy. Given the following notations :

w, = J (@7, (&0 +W () — 1),
Weea = (2= J ()}, J (q)) uo,
a scaling factor « is obtained using the relation:
o =min (ascalea amaa:) )

where :

T marsion () — v
scale ‘ured,i| 1=1...6.

mob

In the worst case, a = 0. It means that the opera-
tional task does not let any margin to optimise
the potential function associated to the active
constraints (one or more components of u is fully
dedicated to the operational task). In the best
case, & = Qupgr Where g, is a value chosen so
that the term associated to the optimisation of the
potential function is not exaggeratedly magnified
(it is, for example, no use to generate large ma-
neuver of the system in order to avoid an obstacle
very far from the system, even if the actuator
limits are far from being reached). In case of a

small « (potential function is slowly optimised),
one can scale the operational movement in order
to allocate more power of actuation to the internal
movement. A way to do this is to slow the opera-
tional movement. The geometric path followed by
the end-effector remains the same but the speed of
movement along this path is reduced for a better
optimisation of the active constraint.

The control law is then given by :

MWJmm%m»+w@m;st
ta(Z-J(@h, J(@)uw

where £(t)’]’2 can be written as a function of : £(¢)*,

&0 (associated to Wpaz), & associated to

Y max (
Upaz), P(t) and a.

4. VIRTUAL TELEOPERATION OF A
WHEELED MOBILE MANIPULATOR

In this paper, we consider the case of on-line
generated operational trajectory. This trajectory
is filtered to comply with the actuators’ limits
but also to slow down the operational movement
to the benefit of the active secondary constraint
optimization.

We have developed a simulator using Matlab /
Simulink software. This simulator allows the sim-
ulation of the system kinematics and dynamics
(continuous) as well as the various control loops
(discrete time) : low level PID of each actuator,
operational control law, operational trajectory fil-
tering. The operational trajectory is generated
in real time by a user interacting with Simulink
via a software joystick. A 3D visual feedback of
the scene is generated using GDHE software. The
principle of this application is given on figure 3.

For filtering purpose, we have chosen a first order
filter (low pass) F(s):

F(s) = o (4
such as : . .
£(s)f = F(s)E(s)", (5)

where £(t)* is the norm of the operational speed
set-point generated by the user using the joystick
and §(t)} the norm of the filtered operational
speed set-point. Maximum operational speed is
dynamically set using Ky, a function of émm, P(t)
and «. Using relations (4) and (5) and choosing
§(t)} to the maximum value émaz, parameter T is
given by :

T
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3D visual feedback

Simulator

F1a. 3. Principle of the virtual teleoperation of a wheeled mobile manipulator

5. RESULTS

Here are presented the results of a simulation. For
real time interaction purpose, simulation of the
robot dynamics is simplified. Three different types
of potential functions are considered:

e one for low obstacles avoidance; this poten-
tial function aims at maximising the distance
between the wheeled mobile platform and
the obstacles; it also aims at generating a
tangential movement of the platform with
respect to the obstacle;

e one for each joint limit avoidance; these func-
tions are bowl-shaped and take their max-
imum values around the joint limit values.
They have to be minimised ;

e one for numerical singularities avoidance;
these singularities occur when J (q) is rank
deficient or has a bad condition number ;
maximising the manipulability of the system
is a way to avoid singular configurations.

Figure 4 presents the effect of filtering the oper-
ational speed set-point issued from the joystick.
The five time zones where the filtered speed is re-
ally lower than the unfiltered one are those where
the active constraint is obstacles avoidance. In this
particular simulation no joint limit avoidance was
needed and when redundancy is not used to avoid
low obstacles, it is used to maximise manipulabil-

*

ity. This figure also presents signal e(t)} = £(¢)* —

E(t)} This signal shows the effects of operational
speed set-point reduction as well as the difference
induced by the respect of maximum operational
acceleration.

Figure 5 gives a planar view of the whole move-
ment (blue curve : path of the end-effector, red
curve : path of point O, of the platform). In this
example, obstacles (green points) are, without loss
of generality, modeled as points (no specific shape
or size). These obstacles are efficiently avoided
using a totally reactive control scheme. This ro-
bust reactive behaviour is also enlightened by the

platform trajectory that exhibits not explicitly
planned cusps.

6. CONCLUSION

We propose an application of coordinated control
for a wheeled mobile manipulator. Two types of
constraints are present. The first one is the respect
of the operational trajectory generated on-line
by a user via a virtual joystick. The second one
corresponds to all the secondary constraints that
have to be respected when dealing with mobile
manipulation. Using redundancy and local opti-
misation methods, we are able to switch between
those constraints according to their importance
at a given instant during the mission and thus
to optimise the right constraint at the right time.
Respect of actuators’ limits is also achieved using
set-point filtering and input scaling.
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