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Abstract: - In this paper, the problem of the compliant interaction of a mobile manipulator for home assistance
with the environment is addressed. Robot systems will work directly with people in domestic areas, thus placing
a central importance on making interactions between people and machines as natural as possible. A new kind of
hybrid force/position control algorithm is devised, to provide the manipulator with a flexible controller which
can deal with different interaction tasks. This approach is very simple since it does not require joint torque /
motor current interface but only a positional interface. A new household mobile robot was used to test this
method. The compliant motion performed by this controller allows the robot to execute interaction tasks both
with the environment and with the user and this make it easy to be used by non-experts. A table cleaning and a
path teaching are two example of such a kind of tasks that will be performed from the robot in order to validate
experimentally the results of the paper.
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1 Introduction using the sensor information ignored in the classical

approach to handle critical situations due to imperfect

Fprce and_motlon_control des_lgn has been W'dethsk planning, e.g. an unplanned impact during a clean-
dlsgqssed N r?bOt'C_S' Operational sp;ace force”a}ﬂ trajectory exploiting. In this case the controller

position (_:(_)ntro [31. |mpedapce cpntro [2], para erlnodifies its task geometry models to fit the actual ones.
forcg/ posm_o_n control [1], active stifiness control [g]The designed controller has been experimentally tested
hyb_”d position/force control [B], [5] are among &N a new service robot designed for cleaning tasks in
various methods that have been proposed in ordefig, o onvironments, theleaningAssistant. In Sec-

ensure reg_ulatlon _Of contact force tq a desweq Vangn 2 of this article, design and sensor setup of the
during the interaction of a robot manipulator with thg| o aningAssistant is introduced. This household ro-
enwronment_. In t_hese schemes, however, the meaSLHSfjsystem will work directly with people in domes-

force error is directly converted to actuator force{& area to perform simple housework such as setting

or torques thus they require a joint torque / MOQe table or performing cleaning tasks. Thus plac-

current interface. In [4], a force/position controII(—)Irng a central importance the manipulator compliant be-

!mplemeqted on a mdus{mgl robot-\./wth IOO“:"t'(mEHavior achieved by the hybrid controller presented in
interface IS presented. Th'_s IS a specific way of hyb@ection 4. Another advantage of this controller is its
control which decouples rigidly force control aCt'OnﬁexibiIity. In fact, as explained in Section 4.2, it is

from mo_tlon control actions losing a part of the SENSQfructured in a modular way in order to deal with other
information. very different interaction tasks. The path teaching is

In this paper, a new hybrid controller is proposed. A§2ken as an example. In such a situation the new hy-
cording to [4], our approach requires only a positionﬁf'd controller requires only a S|mple task description
interface, but it improves the classical hybrid controllép Perform the given task (see Section 5).



mobile base, (c) a trinocular stereo-vision system for
gesture and object recognition and localization, (d) a
touchscreen for additional gesture input, e.g. for the
qualitative path specification or object selection in a

displayed scene representation. This kind of sensors
allows the user to communicate with the robot in a nat-
ural way using speech and gesture (see Strobel [10]).

3 The Task Geometry

A kineto-statics analysis of a situation of interaction be-
tween the manipulator and the environment leads the
consideration that along each degree of freedom of the
task space, the environments imposes either a position
or a force constraint to the end-effector (namedtural
_ _ _ _ _ constrainy and the manipulator can control only the re-
Fig. 1: CleaningAssistant: a mobile manipulator ffaining one, the so-calleattificial constraint Thus,
home environments. in order to simplify the task geometry description, a
new coordinate frame is introduced. Thdenstraint
framedefined asR (O, z., y., z.) and obtained from
The experimental results presented in Section 5 wélie base frame by a rotation transformation described
very satisfying also in consideration of the low compipy the rotation matrixR.., is chosen so as to allow an
tational weight of the algorithm which is very imporeasier representation of the natural and artificial con-
tant in a real time application. straint.
Using these considerations, the constraint frame for the
2 Design of TheCIeaningAssistant cleaning task was defined as follows: th(/eaxi.s I?es
along the normal to the surface whereassthexis lies
The CleaningAssistanshown in Fig. 1 consists of aglong the trajectory tangent, tliye axis is consequently
mobile base and a manipulator on top of it. The maerived a%. x x..
nipulator joints as well as the differential drive systemBy this frame definition the task geometry is noticeably
for the mobile base are built from modular drive congimplified in fact during the whole task execution, the
ponents. tool force is exerted along the. axis and its motion
The 7 DOF manipulator is based on a vertical linegfrection lies along thex, axis. Therefore in case of
axis used to enhance the vertical workspace of the si¢sk geometry changing only the constraint frafie
tem. Next a SCARA-like chain of revolute joints argnd then the rotation matriR. will be changed.
mounted on the linear axis. An additional degree Whus on the one hand the task planning is simplified,
freedom is used to switch between the horizontal apgt on the other hand the control strategy will obviously
vertical arrangement of the SCARA-like chain. Intehave to account the rotation matii..
mediate configurations are also allowed. A discussion
of the kinematics together with a solution for the in4
verse kinematics problem can be found in Marrone and
Strobel [6]. In order to control simultaneously both the end-effector
Sensory feedback is provided by: (a) a new kimdotion and contact forces, a hybrid force/position con-
of compliant force-torque-sensor, developed at ttreller (see Craig [8]) is developed. Nevertheless this
German Aerospace Center (DLR) (see Meusel aapproach has the drawback that it is rigidly founded
Hirzinger [7]) mounted between the wrist and then the assumption of perfect task planning. In fact it
end-effector of the manipulator, (b) a 2D range lasestructurally decouples force control actions from mo-
scanner used for position estimation as well as for aisn control actions in terms of the components of the
stacle detection and avoidance while navigating ttesk space, avoiding in this way undesirable interfer-

Hybrid Force/Position Control



ence between motion and force controllers. But éh2 Task Manager

the other it cancel part of the sensor measuremegts shown in Fig. 3 the control law requires the de-
on the assumption that this information is not usefyired value of the forceff) and velocity §,4). These
Thus when hybrid control has to operate under impggference values and the selection maSisee Sec-
fect task planning e.g. unplanned impact the systeigh 4.3) describe the desired end-effector behavior and
behavior may become quite critical. The hybrid cofnen they will be definetbehavior parameterwhereas
troller shown in Fig. 3 handles these critical situatiogge rotation matridR.. (see Section 3) which describes
using the sensor information ignored in the classical §fg task geometry is nameask geometry parameter
proach. . Thus geometry task and system behavior changes don't
In Sgctlon 4.1 the control system is introduced thent‘@quire to change the control law but only those pa-
Section 4.2, 4.3 and 4.4 each controller componepineters. Therefore the controller needs a subsystem
will be explained. which evaluates these parameters according to the task
target. This subsystem is namegk manageend, as
4.1 Control Scheme get. This S 9 .

. . . shown in Fig. 3, its input values are the feedback vari-
A chssmal fgedback control is designed for the rObQB‘BIes and the task object. Using these inputs it evalu-
manipulator in order to take advantage of the stabilifyes the desired force and velocity, the selection matrix

property of this kind of control scheme. and the rotation matrix.
As shown in Fig. 2, only a positional interface is us&qoyy the question is how these parameters are evalu-
L ated. The task object is the answer. In fact it is a
TASK CONTROLLER %1 MANIPULATOR complete description of the task which includes also
ﬂ the algorithms for evaluating both the behavior and the

task geometry parameters from the feedback variables.
Thus the task manager outputs are calculates from the
input values by the task object algorithms.

In order to achieve a high level of flexibility, an object

in this approach (see also Lange and Hirzinger [4]), amiented language (C++) is used for the implementa-
fact the command variable is the joint vector tion. Thus the definition of a generic parent class (task)
allows to define a variety of children class(cleaning

Fig. 2: Manipulator control scheme.

Z; task, path teaching task, etc.) very different from each
q= , (1) other but the task manager can deals with them always
' in the same way.

47 Another improvement achieved by the task manager is
whereg;, for i=1,---,7, is the i'th joint variable. The the ability to overcome critical situations. In fact it re-
feedback data is the end-effector position ceives the entire sensor datagndx) and, before to

lose part of them in the control law, it can check if

To there is a critical situation due, for example, to imper-

x= gz 2) fect task planning. In this case the controller modifies

its task geometry models to fit the actual ones and con-
evaluated by forward kinematics from the joint anglgequently also the strategy for executing the given task.

sensor data and the force vector Thus the task specification is actively upgraded by au-
fxy tonomous learning.
f=1 fw 3)
[z 4.3 Selection Matrix

defined by measured force expressed with respeciCor approach follows the idea of Khatib [3] who intro-
the tool center point and with compensated weight. THaced thegeneralized task specification matria di-
controller inputs are the feedback data andttfs ob- vide the force control from the motion control. In fact
ject that describes the kind of task but which will balong each axis of the constraint frame only either a po-
explained in following Section 4.2. sition or a motion control action is exerted. Thus it is
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Fig. 3: Controller scheme.

worth to define the selection matrix as a 3 x 3 matrix Similarly along the motion controlled direction it is de-

o 0 0 sired to have a given velocity; and thus the desired
s— | o0 o o (4) Positionis
0 Oy o Xg=X"4+vg-T (6)

v@ere alsov, is an output of the Task Manager.
Considering now both motion and force control and
separating their effects with the selection matrix yields

where o; are binary numbers assigned the value
when a free motion is specified along thaxis, for
i = z,y, z, of the constraint frame. This matrix se
lects th_e directions of force contro_l With respect tq the X =8 - Xéf +(I-8)-x! )
constraint frameR . whereas the directions of motion

control are described by the matiix- S wherel des- wherexj is expressed in the constraint frame as well as
ignates the 3 x 3 identity matrix. Thus the input valuele other variables in the equation.

must be translated iR and similarly the outputs mustUsing (5) and (6) the desired end-effector position (7)
be translated fronR . into base frame, this means thatan be rewritten as

the controller scheme must take into consideration the

rotation matrixR... xg=x"+S-(fa—£)+XT-8)-vg-T (8)

4.4 Force and Motion Control Finally the desired joint vectot, will be calculated

The high stiffness of the robot could be problematfaom the desired position translated in the base frame,

. the manipulator inverse kinematics (see Marrone
for the stability of the whole system. Nevertheless thg b (
) e . and Strobel [6]).
force/torque sensor inserts an artificial compliance be-
tween the last link of the robot and the end-effect

which avoids stability problems furthermore the cleag Interaction Tasks

ing tool used during the cleaning task introduces ahe mobile manipulator presented in this paper was de-
additional compliance. Those compliance can be dggned to perform housekeeping cleaning tasks in col-
scribed by coefficients of elasticity expressed by thghoration with the user. A typical housework in every-
estimated diagonal matri,.. The robot as well as theday domestic setting is the cleaning of a surface. It is
environment can be regarded to be stiff. Thus, if thetige aim of this task that a special tool (e.g. a sponge)
is no movement in the motion controlled direction, thgtached to the end-effector follows a path on the sur-
desired value of the position is face while along the surface normal it exerts a force of
XZ; — X4 B, - (£ — £9) 5) given value (see Fig. 4). To perf_orm this surfa(_:e _cle.an-
ing the system need an appropriate task description: the
wheref, is the desired force vector and it is evaluask object. This one will be defined by targets for the
ated by the Task Manager as will be explained in Seabsolute value of the force vectfy| and for the ab-
tion 4.2. solute value of speefl,4|, by the plane to be cleaned



be the data force in constraint frame with friction
compensation. If

fre > fiim (13)

wheref;,, is a constant value,then a probable col-
lision was detected. In this case an error mas-
sage is sent to an higher control level (see Sec-
tion 7) and in order to avoid the obstacle, a com-
plete reconfiguration procedure is started:

e Set the desired velocity direction $q. that

. . ields
Fig. 4: Cleaning task. y 0
V4 = ‘Vd’ (14)
0
expressed by the normal unit vectoand by the clean- o
ing path vertices. e Add the x. direction to the force control.
Using these setting and the sensor data the task object Thereforef; andS are changed:
evaluates behavior and task geometry parameter as fol- 155
) m
lows. £, = 0 (15)
1. Set the rotation matriRk. as outlined in Section 3 —Ify|
i.e. thez, axis lies along the normai to the sur-
face whereas the&. axis lies along the line be- and .
tween the actual position and next path vertex, the S=I-j-] (16)
y. axis is consequently derived as x x.. wherej = (0 10).

2. Set the desired velocity, as a vector inR . with

o This reconfiguration try to avoid the obstacle
directionx. and norm|v/|, thus

moving the cleaning tool around it.

vl Another interaction task which is taken as an example
Vag = 0 9 isthe path teaching (see Fig. 5). In every day setting,
0

3. Set the desired fordg as a vector inR. with di-
rection—z. and moduléfy|, thus

0
£,=| o (10)
—|f4]

4. Set the selection matrix to

S=k- Kk (11)

Fig. 5: Path teaching task.

wherek = (00 1), in order to yield a force control
alongz. and a position control or.—y. plane.
in fact, it is possible that the robot user wants to show

5. Check critical situation. Let the robot a path e.g. a cleaning path, then a compliance
fx. behavior of the manipulator is required. In this case the
f =1 fy. (12) force applied by the user is translated in a displacement.

fze This means that only a force control is required. The



system flexibility allows to achieve this aim. In facthe real time behavior in order to make interactions be-
the object task set the rotation matrix to the identitween man and robot more as natural as possible.
matrix R. = I, the selection matrix to the null matrixFurther improvements of the system will consider how
S = 0, the desired force to the null vectfyy = 0 and to deal with a collision at a higher level (supervisor).
the desired velocity to a linear combination of the forda fact it is not difficult to imagine the improvements

feedback vector
V4 = —kf

could be achieved in future developments of this ap-
(17) proach which take into consideration also other kind of

sensor input e.g. visual information.

wherek is a transduction coefficient between force and
velocity.

6 Experiments for

The experiments are executed with the mobile manigiik
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Fig. 6: Planar path, vertical position and vertical force during the cleaning task execution.
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