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Abstract. This paper deals with the problem of frontal obstacle cross-
ing by a poly-articulated wheeled robot. We focus on the particular ar-
chitecture of hybrid wheel-legged robots that are redundantly actuated
systems. In this paper, experimental results that show the climbing ca-
pabilities of such system when crossing large obstacle are presented. We
focus on the case of a step like obstacle whose height is superior to the
diameter of the wheels. In this case, the adhesion properties have a large
impact on the crossing capabilities. First, the control methodology based
on both the optimization of the system posture and the distribution of
internal forces is introduced. The optimization criterion represents the
maximum allowable force disturbance that the system can support before
violating the frictional contact constraint. Then, our experimental pro-
totype, the robot Hylos2 and the experimental setup are presented. As
our approach is based on the control of the contact forces, experiments
used to quantify the level of friction in the mechanical transmissions are
first reported. Then a step-crossing trial on the real system is presented.

Keywords: mobile robot, wheel-legged, high mobility

1 Introduction

In this paper, we address the motion control of poly-articulated mobile robots
during obstacle clearance. We are focusing on a special class of mobile systems,
often called hybrid wheel-legged robots, which are designed in order to increase
both obstacle crossing and terrain adaptation capabilities.

The kinematic architecture of hybrid wheel-legged systems we consider in
this work, is made of wheels mounted at the end of actuated legs. Many robots
have already been developed based on this kinematic. Most of them are based
on a 4 wheel-legs arrangement such as the Hylos robot [4], the Workpartner [11]
or the PAW robot [9]. Some concepts use only three wheels, like the family of
robots Tri-Star dedicated to planetary exploration [I], or the robot ROAMeR [3]
that uses three active limbs with a steerable wheel at the end to form a planar
reconfigurable omnidirectional mobile robot. Some few other systems use more
than four legs like both the Athlete, developed by NASA/JPL [I0], and the
Asterisk-H, from the Arai Laboratory [12] which are using 6 wheel-legs.
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The control method developed in this paper is dedicated to the specific case
of 4 wheel-legs robots and is validated on our experimental prototype Hylos2
(see Fig. . Its mechanical architecture is composed of 4 wheel-legs, each wheel-
leg being a multi-dof serial chain ended by a driven and steerable wheel. The
nominal mechanical parameters are given in table|l} This robot have the ability
to change the position of its center of mass (CoM) and to modify the distribution
of its contact forces. Furthermore, it is redundantly actuated systems exhibiting
internal forces that should be optimized. The proposed motion controller is based
on a torque control at the joints level that addresses the combined optimization
of the internal forces and the CoM position, in order to maximize the contact
stability (increasing traction and avoiding tip-over).

Fig. 1. Hylos2 prototype

Mass 20 kg
Nominal velocity 0.6 m/s
Wheels diameter 150 mm
Ground clearance 100-300 mm
Nominal length 700 mm
Width 450 mm

Table 1. Nominal parameters of the Hylos2 robot

2 Approach

2.1 System modeling

We consider the general case of a system supported by n wheel-legs (Fig. . The
frame R, = (G, xp, y,, 2,) is attached to the main body of the system allowing
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to describe its motion with respect to the ground reference frame Ry, and G is
the center of mass of the main body.

The i*" leg is in a frictional contact with the ground at point P; which
coordinates p; are expressed in the frame R, (Fig. . The contact force of the
ground on each leg is denoted f; = [ fai fys [u ]t where f5,, fy, and f., are the
components of the force along the contact frame’s axis R., = (P}, x;, y;, 2 ), such
that z; is the contact normal and z;, y; are the tangential directions.

Xo

Fig. 2. Description of the i*" leg parameters

The equations describing the equilibrium of the system are given by:
Gf=F (1)

where £ = [£,* ... £,'] is a [3nx 1] vector containing all contact forces, expressed
in each contact frame R.,, and F' is the set of external and inertial wrench,
expressed in the local frame R,, that are applied to the platform at point G.
G is a [6 x 3n] matrix giving the equivalent wrench to the contact forces at the
center of mass in the frame R, (see [5] for more details):

o [ B RL o
BiR” ... puRY

where RZ is the rotation matrix of the i*" contact frame R., with respect to the
platform R, and p; is the skew-symmetric matrix of the cross product operator.

The contact forces must respect constraints related to actuators saturation
and Coulomb friction law. The actuators limits are defined as follow:

IV f < Tinax
{ _JT f< T max (3)
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where J = blockdiag(J;), J; being the Jacobian matrix of the it" leg and Tmax
is the vector of the actuators torque limits.
The contact constraints are defined by Coulomb’s friction law as a function
of the contact forces:
fz >0

where p; is static friction coefficient at the contact. These constraints can be
advantageously represented using a conservative pyramidal form adapted form
[7] and given by:

Ai fz <0 (5)
where ‘
Ai = 1()ﬁ
10 ﬁ
V2

Thus we propose in this paper a stability criterion based on the smallest
perturbation allowed at the contact level. This leads to to maximize robustness
with respect to modeling errors affecting the contact force control. Let us define
vector d as:

d=Af (6)

where A is a matrix defined by A = blockdiag(A;).

2.2 Optimization procedure

Considering the elements given in the previous section, the forces distribution
problem is formulated as a ”minimax” optimization procedure. Indeed, the objec-
tive is to maximize the smallest acceptable perturbation (¢ = min(Af)) subject
to the constraints and :

in(A.
}gﬂgﬁ min(Af)
Gf=F (7)
s.t. JTf < Thax
_JTf< T max

This problem can be transformed into its compact primal form ([2]). The
solution f of the optimization should satisfy the force equilibrium equation
constraint . This solution is divided in a particular solution f,, and the homo-
geneous solution fj,:

=5+

The particular solution is chosen arbitrarily as the solution given by the
weighted pseudo-inverse. The homogeneous solution, that correspond to the in-
ternal forces, is belong the null space of the matrix G expressing the force equi-
librium equation. Let us denote {g;}ic[1,m) the vectors defining a basis of the
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)

R

(0] Xo
Fig. 3. Local frame and posture definition during frontal obstacle crossing

null space of G, with m = dim(G) — rank(G). The particular and homogeneous
solutions can then be written as:

-fp = GrTormF
Jn = Ny, ®)

where Ny = [g; ... g,,] = ker (G).

This new formulation allows us to rewrite the optimization problem @ by
implicitly including the force equilibrium constraint, and to reduce the dimension
of the optimization search space (m < 3n):

xy €R™
(ITN,) s < Trnax — ITF ©)

s.t. T F
—(J'Ny)zp < Tmax +J7f,

We consider in this paper the special case of a frontal obstacle crossing, as
depicted in figure |3} where the motion along the lateral direction has a negligible
effect on the robot stability. Thus, we only consider the reconfiguration of the
posture in the sagittal plane (G, z,, @,). For these reasons and for sake of sim-
plicity, we consider the motion of left and right sides of the robot as symmetrical.

Thus, we define p = [X Z]T as the vector containing the longitudinal and
vertical coordinates of the CoM position relatively to the rear wheel-soil contact
point. To this purpose, an intermediate reference frame R, aligned with the
inertial frame R( but attached to this point is defined.

In this case, the null space of G is entirely defined by the contact geometry
(the angle « in the schema). For a fixed distance between contact points (the
wheelbase e;), the null space of G is not modified by a change of X or/and Z.

max min (A[ J, + Nyzy D
g
g
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For a frontal crossing, i.e. the rotation between the ground and the contact’s
frame of the obstacle is around the lateral axis of the robot (y,), the particular
solution of force equilibrium equation can be defined as a combination of the
CoM position (X, Z) and the configruation of the contact angles (represented
by the particular solution fj):

f,=GlomF=c, X +c. Z+f, (10)

norm

leading to the following general solution of the force equilibrium constraint:

f:NZB+f0 (11)

{N:[Ng ¢ ¢ |

=[5 5]

Thus, the CoM position p is added to the vector of optimization variables

and the combined optimization of both the internal forces and the posture can
be formulated from @ as:

where

max  min (Xm + ]T'O>

wERWL+2

T z< Tmax — I £, (12)

s.t. _T
“J < T +J7 fo
where o
A =AN
I =N"J
fo =A fo

This optimization algorithm computes at each time step the optimal posture
(position of the CoM) and the optimal distribution of internal forces to be ap-
plied. The control of the robot posture requires the application of a position or
velocity input at the joints level, whereas the control of internal forces needs a
torque control. Thus, we have to face up with the problem of dual force/position
control. In the present work, we propose to implement our controller by following
the classical impedance control approach [6]. Indeed, the results obtained from
the optimization do not necessarily involve that desired motion and force at the
wheel contact will be orthogonal. Further, the possible incertitudes in the appli-
cation of force, due to non-modelized friction in the mechanical transmissions,
have a smaller impact on the quality of the impedance based control, compared
to the hybrid force/position control.

The actuation torques at joint level are computed following this classical
impedance control law:

=K, (g -9 +I"f (13)
where g are the desired joint velocities and f is the force to be applied at the
wheel-soil contacts. The contact forces are obtained from the solution x* of the
optimization and the equation . Whilst the desired joint velocities g are
computed with the robot kinematic model, in order to maintain the posture to
the desired value. More details concerning the posture control can be find in [5].
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3 Experimental results

The experimental setup consists in an obstacle made with wooden planks, with
a first inclined plane and a second horizontal plane. The angle of the first plan
with respect to the horizontal ground is 60 deg and its height is 19 centimeter.
The friction coefficient between the wheels of the robot and the wood used for
this setup has been evaluated experimentally. The estimated value is around
w~0.8.

The resulting obstacle represents a high difficulty with respect to the robot
geometry, we indeed observed during our experiments that the joint positions
were close to the mechanical limits. The evolution of the robot is represented
with some snapshots of our experiments on the Fig. [6]

The global control law, including optimization loop, is implemented on the
robot. The robot uses DC motors for each actuated joint (16 dof). The mo-
tors torque is controlled using a digital motion controllers from AMC company
(Advanced Motion Control) that implement current loop control. The motor con-
trollers are connected to an embedded computer through a CAN bus running
at 1MBits/S and implementing the CANopen protocol. The PC-104 embedded
computer is based on a Intel Atom N270 (1.6GHz) processor. The robot in-
cludes encoders at each joint to measure the kinematic parameters and an IMU
(XSens MTi) to evaluate the attitude of the platform. The embedded computer
is running with a real-time Xenomai/Linux kernel and the control softwares are
deployed using the ROS middleware [§]. The control is divided in two nodes:
the first one runs as a 100Hz real-time task to manage the low-level motion
controllers distributed on the CAN bus and to compute the impedance control
law ; whilst the second one runs as non-RT task at 20Hz to solve the op-
timization problem and send target position of the CoM and the desired
interation forces to the previous node.

200
180~

160~

1401~ ) J,‘ ! | I
1oof“, ’ 'ﬂ » J ~ / Jé I d\‘l \J u‘ i 5 & v

Stiction force (N)

. 003 0.04
Joint position (m)

Fig. 4. Static friction
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One should note that this experimental prototype is not equipped with force
sensors in the legs actuation chain. Thus, the required torque at joint level is
directly obtained by controlling the current in the motors. Accordingly, the cor-
responding force that the robot is applying at the wheel-ground contact is not
precisely known. Indeed, frictions in the mechanical transmission could affect
these forces value. However, the choice of the stability margin used as crite-
rion in the optimization procedure should be able to consider this effect as a
perturbation, if we can check that the amount of friction force is less than the
measured stability margin. To quantify the amount of friction force in the ac-
tuation system, we have applied a classical measurement protocol that consists
to actuate each joint with out external contact force (no load motion) and to
measure the resulting current in the motor. We have done two experiments: the
first was to measure the needed torque to start the motion and that correspond
to static friction (also called stiction force); the second was to measure the motor
torque during the motion as a function of its position. The measurements are
done during multiple trials on each actuators.

The ﬁgure shows the results corresponding to the first type of tests (stiction
value) that was obtained for one actuator whereas the figure [5| gives the results
for the second type of tests (dynamic friction). As expected, we find that the
stiction force is greater than the dynamic friction. Considering the geometry of
the leg described by the jacobian matrix, the corresponding force at the wheel-
ground contact point is, in the worst case, equal to 12 N.

IS
S
T

Friction force (N)

20 1 1 1 1 I} J
0 0.01 0.02 0.03 0.04 0.05 0.06

Joint position (mm)

Fig. 5. Dynamic friction

The first result is that the robot is able to safely cross over a high step-like ob-
stacle, despite the presence of important friction in the mechanical transmission
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that alter the precision of the impedance control. The Fig. [7] shows the obtained
stability margin which represent the minimum residual tangential force of all the
contact forces. This margin quantifies the distance to the unstable configuration
arising from slippage. The minimum value is around 15N that represents 10% of
the system weight. This margin seems to be large enough but it should be com-
pared to the internal friction force. Unfortunately, this value is not measurable
directly on the robot, but a measure of the actuation torques when no external
forces are applied at the end of the wheel-legs, gives a maximum static friction
of about 2Nm that corresponds, in the worst case to an error of 12N at the
contact point.

Fig. 6. Evaluation of the control algorithm during step crossing

For sake of clarity, the running timeline is represented by three successive
and repetitive phases. During phase 1, the robot wheels are in contact with
a flat horizontal ground. Then the front wheels encounter the vertical part of
the step and the system enter in phase 2 where adherence conditions at the
front wheel become preponderant to insure the robot stability. Thus, we can see
that the stability margin drops below zero, indicating that the controller can not
produce the necessary forces to start the crossing motion. The desired position of
the CoM is calculated and the robot reaches the optimal configuration. During
this phase, the robot still uses the internal forces to keep the contact forces
inside their friction cones and to sustain its weight. Once the stability margin
has increased enough, the robot enters in phase 3 and starts to climb over the
step. While climbing, the optimal position of the CoM is updated, avoiding a
possible tip-over as the robot is rising. Once the front wheels have reached the
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Fig. 7. Stability margin during a step crossing

top of the step, the robot is once again in a phase 1 where all the wheels are on
horizontal planes. And, in a similar way, the same phases are following for the
rear wheels of the robot.

One can see in Fig. [7] between time 47s to 57s some oscillations during the
second "phase 3” that correspond to the crossing of the rear wheels. These
perturbations result from the servoing of the CoM position (see Fig. [8) which
is perturbed by the impedance control. The main reason is that in this phase
some desired joint torques are close to zero which involves some variation of sign
around zero and cause the irregular motion of the CoM. Also, we can see in the
Fig. [§] that the position of the platform CoM position is quite good excepted
again in the phase 3. This is due to the importance of internal forces during this
phase which are critical to insure the obstacle clearance. Thus, the controller try
to move the legs in order to control the posture while trying to maintain a large
contact forces needed to overcome the low friction at the wheel-ground contacts.

4 Conclusion

In this work, we have developed a control algorithm that enhances the climbing
performance of a hybrid wheel-legged robot when it crossing a frontal step-like
obstacle. The proposed methodology exploits the redundant actuation in order
to improve the adhesion at the wheel-ground contacts. This algorithm is based
on the optimization of both the robot posture and the distribution of the inter-
nal forces. The optimization criterion is based on the measure of the smallest
force perturbation sustainable at the contacts level which represents the robust-
ness of the contacts stability in term of traction. Experiments realized on our
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Fig. 8. Desired and actual horizontal position of the CoM

experimental platform Hylos2 validate the implementation of our algorithm on
a real system. However, analysis of the posture trajectory shows some disconti-
nuities that should be smoothed. Future works will try to address this problem
by including a predictive controller.
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