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ABSTRACT

This paper presents simulation results obtained with a 3D model of the NTUA quadruped robot
in the Webots simulation environment during slope climbing. Initially, the robot is controlled to
perform pronking on level ground in order to validate the simulation environment. Gradually,
the inclination is increased and simulations are conducted to discover the maximum value of
positive slope the quadruped can cope with. Finally, disturbances are introduced and it is shown
that the robot’s forward deceleration mainly depends on the front leg touchdown angles.
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1 INTRODUCTION

In recent years, there has been an increasing interest in legged robots. A great deal of research
for moving quadrupeds on uneven terrains, utilising observations of animals, has been carried
out with significant results [1], [2]. Quadruped robot locomotion is a difficult task due to the
high system complexity and the rough environment. In addition, critical stability issues emerge
when considering multibody systems such as quadruped robots. Legged robots have complex
dynamics and many degrees of freedom that must be well orchestrated for achieving a robust
and dynamically stable locomotion pattern. Handling positive or negative slopes enhances the
locomotion qualities of legged robots, but demands more from its actuation system. However,
higher torque requirements have an adverse impact on a robot’s total mass, due to the need for
bigger motors, which also require bigger batteries.

Legged robots have an advantage in dealing with various terrain types, or in handling terrain
discontinuities with the use of accurate foot placement. Such systems have hybrid dynamics that
are described by different sets of differential equations, according to the phase at which the
robot is in (flight phase, double stance phase, etc.). Up to now, enhanced controllers, e.g. by
means of computer vision [3], have been implemented for trotting on rough terrain. However,
legged robots are difficult to control and as a result, they are subject to dangerous tipover
instabilities.

Tipover prevention criteria have been introduced aiming at prevention of dangerous situations
for mobile manipulator systems [4]. The most influential tipover stability measures are based on
two criteria; the robot’s centre of mass (CM) and the support polygon defined by the convex
area spanned between the ground contact points. The zero-moment point (ZMP) [5], originally
derived for stabilizing bipedal robots, defines a point on the ground where the moment of total
external forces (inertial plus gravity force) becomes zero. The Force-Angle algorithm measures
stability by the angle of the total force applied to the centre of mass. The angles are referenced
to the convex support polygon derived from the outer ground contact points of the robot.
Building on this idea, Moosavian and Alipour proposed the Moment Height Stability (MHS)
measure [6]. These criteria take into account tipover or rollover when operating over uneven
terrain, and/or when exerting large forces or moments [7]. In past research, these tipover criteria
have been validated in real-world scenarios [8].

In our current work, we investigate stability issues of quadruped robots on positive slopes
subject to various disturbances. For this purpose, a 3D quadruped robot model has been



implemented in Webots 8 [9] and the equations of motion of a simpler passive 2D model have
been calculated analytically. The Webots model is equipped with the necessary sensors (gyros,
accelerometers, force sensors, laser range finder etc.) for state estimation and accurate phase
triggering. The control algorithm uses sensor measurements to calculate the necessary torque
and touchdown leg angles for stable pronking. Initially, the robot is controlled to perform
pronking on level ground. Gradually, the inclination is increased. The quadruped’s performance
is validated to be similar to [10]. We analyse how stable dynamic running can be performed as
terrain morphology changes, how the quadruped’s gaits can be rearranged in order to carry out
these tasks, and what makes a gait more persistent to disturbances compared to alternative ones.

In this work, we seek to enhance the controller in various ways by answering the previously
stated questions. We examine the different support situations for quadrupeds. Firstly, during the
double stance phase, the legs are in contact with the ground and form a support polygon.
Experiments with the NTUA quadruped show that, during dynamic running, tipover may occur
when the robot rotates around the (front) left toe — right toe axis (or back left and right toes
respectively). In this case, we seek solutions in which the total force acting on the CoM is
pointing towards the side of the robot with a leg about to contact the ground. Overall, no single
approach for every terrain or inclination exists, but instead stable running also depends on
friction constraints between the tow and the ground as well as on ground compliance.

Simulations will be performed for level ground and for a maximum slope of 20°. In the
conducted experiments the quadruped model in Webots 8, performed pronking or bounding
using a controller previously developed [11]. With this controller, forward velocity on lift-off
and apex height, are maintained within desired limits, (Figure 4). In these simulations, by
enhancing the controller with the use of events when a disturbance is sensed we show that the
quadruped is able to cope with a sudden increase in the forward velocity and dangerous tipovers
do not occur.

2 SIMMULATION SETUP

A 3D model of the NTUA quadruped was created in Webots 8 Simulation Environment, see
Figure 1. The simulation setup can be seen in Figure 2.

Figure 1: The 3D model of the NTUA quadruped in Webots 8 Simulation 'En\/ironment during dynamic
running. The legs are compliant and the projection of the body’s CoM is within the robot’s support
polygon. Pronking on a 20° slope has been achieved.

A control algorithm previously presented in [11] has been extended in order to be connected to
the Robot Model in Webots. A Physics plugin for Webots 8 was created so that the controller
could communicate with the Open Dynamics Engine [12]. During the flight phase, the Matlab
controller calculated the touchdown angles for the front and rear legs and the torque to be
applied by the hip servos during the next stance phase in order to maintain the desired apex
height and forward velocity.
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Figure 2: High Level flowchart of the Webots Simulation.

2.1 Description of the controller

The small footprint and the control on the apex height are important for transversal of rough
terrain since overcoming sudden obstacles such as rocks or handle discontinuities requires the
foot to maintain a specific clearance from the ground. Thus, the MP controller [13] tries to
maintain a passive gait with desired characteristics by applying proper actuation to compensate
for energy losses. This approach results in minimum energy consumption, but requires an
estimation of the leg compliance and system losses.

On liftoff the controller calculates a touchdown angle to achieve the desired apex height, and
applies a constant torque during stance to achieve the desired forward velocity. As a result, the
touchdown angle y to achieve a desired apex height is calculated as a function of the robot’s
state at lift off [14]:

robot parameters
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where %, and hges are respectively the desired forward velocity and apex height. During the

flight phase, a simple proportional derivative (PD) controller is used to position rear (b) and front
(F) legs at the desired touchdown angles. The control torque applied by the actuator is then,

Tyt :kp '(th,b/f Vot )_kd '))b/f (2)

where kp and kq are controller gains. The values of k, and kq are selected in the Webots simulation
in order for the controller to be both fast enough to change the leg angle during the flight phase,
while avoiding overshooting and unwanted oscillations. The necessary control torque (z,) that

must be applied during the stance phase, is also calculated at lift off as a function of the robot’s
state:

robot parameters
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2.2  The Webots 3D model

The Webots 8 simulation environment was used to create a detailed model of the NTUA
quadruped (Figure 3 & 6). The model consists of the main body, containing the electronics and
the sensors needed for the controller, and four identical legs consisting of five individual parts
that can be seen in Figure 3. The body can rotate at an angle (6) around the z-axis of its CoM.
The rotation servo allows positioning of the legs at angle (y) at the sagittal plane. Each leg has a
passive prismatic joint modelled as a linear compression spring of constant (k) and viscous
dumping coefficient (b). The prismatic joint allows changes of the front or rear legs length (lus)
and energy accumulation during locomotion. Table 1 summarizes model and motion



parameters. It should be noted that front and rear legs are modelled to have the same
uncompressed length (lo), spring constant k and viscous damping coefficient b. The model
parameters have been selected such as to obtain similar results to [10].

Table 1: Nomenclature

Symbol Description Webots / Real model Value 2D model Value
(x,y,2) CoM coordinates - -
0 body pitch angle - -
b as index: back leg - -
f as index: front leg - -
Voo Vs leg absolute angle - -
020, leg relative angle - -
I, current leg length - -
Xoody * Yoouy * Zoogy  FODOt body dimensions 0.6m-0.8m-0.35m 0.6m-0.8m
K,,K, leg spring stiffness 3400 N/m 6800 N/m
b viscous friction coefficient 8 N-s/m 16 N-s/m
d hip joint to CoM distance 0.27m 0.27m
Iy leg rest length 0.3m 0.3m
I, upper leg length 0.075m -
I, lower leg length 0.15m -
m body mass 10.5kg 10.91kg
J body inertia w.r.t. z-axis 0.8 kg-m? 0.8 kg-m?
J, leg inertia w.r.t. z-axis 0.0019 kg-m? -
I leg mass 0.41/4 kg -
m total robot mass 10.91kg 10.91kg

Figure 3: The 3D model of the NTUA quadruped in Webots 8 Simulation Environment. The 4 legs are
identical and consist of five individual parts (the rotational servo, the upper leg, the spring, the lower leg
and the foot).

2.3 The Analytical 2D model

To obtain a better insight into the dynamics of the quadruped, the equations of motion of a 2D
lumped parameter model of a quadruped were derived with a Lagrangian approach, using body
Cartesian coordinates, X, y, and pitch, 6. The model consists of two compliant virtual legs
(VLegs) respectively. The Vlegs are indicated as rear (b) or front (f). A VLeg, front or rear,



models the two respective physical legs that operate in pairs when a gait is realized and exerts
equal torques and forces on the body as the set of the physical ones [15]. The planar model is
valid for gaits that have symmetry about the plane of the forward motion, like pronking and
bounding.

The planar quadruped robot model can be seen in Figure 5. It should be noted that front and rear
legs are modelled to be massless linear springs. The 2D analytical lumped parameter model of a
quadruped is shown in Figure 5.

Figure 4: Planar quadruped robot model.

The equations of motion for the double stance and flight phase were developed and are
presented here. Front and back stance equations of motion can be derived from the double
stance ones, by cancelling the terms that do not appear in the front or back stance respectively.
All symbols in the equations are described in Table 1.

Double Stance

mi+ K, (L—1,)siny, + K (L1 }siny, =0 (4)
my — K, (L—1l,)cosy, —K, (L-1 )cosy, +mg =0 (5)
16 +dK, (L-1,)cos(y, —0)—dK, (L-1,)cos(y, —0)=0 (6)
Flight Phase

$=0,5=0,16=0 @)

Front Stance Back Stance
mx+ K, (L=I )siny, =0 mi+ K, {L—-1,)siny, =0 )
my— K, (L—1,)cosy, +mg =0 my — K, (L~1,)cosy, + mg =0 9)

16 —dK, (L-1, )cos(y, —6)=0 16 +dK, (L-1,)cos(y, —8)=0 (10)



To evaluate the model, initial experiments have been carried out on level ground. As it can be
seen in the phase plane diagram in Figure 5 and the forward velocity in Figure 7 the quadruped
can perform stable dynamic running.
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Figure 5: Phase plane diagram of the vertical position and acceleration of the robot’s CoM while
performing dynamic running on level ground.

The Webots model of the robot in comparison to the real robot is shown in Figure 5.

Figure 6: Constrast of the NTUA quadruped and the simmulated robot model in Webots 8.

3 RESULTS

The controller can achieve stable dynamic running on inclinations ranging from 0 to 20 degrees.
In Figure 7 simulation results for 10 degrees slope climbing are presented. The quadruped can
perform repeatable motions (steady state) in all these cases.
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Figure 7: Quadruped's forward velocity on a 10 degree slope.

The controller has been also tested on various disturbances while the quadruped performs
dynamic running. In Figure 8, a horizontal force of 1200 N (in the same direction of the robot’s
motion) is applied at the CoM of the body for 4ms tending to increase the forward velocity
instantly. The controller overcomes this disturbance and the system reaches again a steady state.
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Figure 8: The system reaches a steady state after a disturbance on flight phase

If the disturbance applied is two times greater than the previous case, the controller fails to
retain the robot in its standing position. As the forward velocity increases instantly when the
front feet contact the ground, the pitch angle also starts to increase due to the frictional forces.
Eventually, the robot falls since the front legs cannot prevent it.

In Figure 9, the body pitch angle over time is depicted. This time the robot falls because of the
applied disturbance. An enhancement of the controller (which can also be extended for 3D
motions) in order to overcome such disturbances is developed. Since the controller is robust
enough to handle disturbances such as those in Figure 8, an event that is triggered for higher
values of the forward velocity is introduced.
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Figure 9: Pitch angle over time. The disturbance is applied at time t=2363ms
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Figure 10: The robot remains in standing position despite the disturbance. When a rapid change in the
forward velocity (in this case from 1m/s to 2.7m/s) is sensed the controller reacts by increasing the front
legs touchdown angle (in this case from 0.19rad to 0.39rad).

The front leg hip joint is able to move from -0.43 rad to 0.43 rad. At the first stage, experiments
using the maximum angle that the front hip joint can reach (0.43 rad) were carried out. As a
result, the robot was able to overcome the applied disturbance as shown in Figure 10. Because
of the fact that, the quadruped reaches a steady state, the duration of the flight phase and stance
phase can be estimated. The stance phase lasts for about 0.1s. As a result, the disturbance has to
be cancelled out, or as shown in Figure 8, reach a value that the controller can handle, in less
than 0.1s. Using the equation of motion of the simplified 2D model for the front stance phase, it
can be seen that the forward acceleration of the model depends on the touchdown angle of the
robot’s front legs (yr).
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Figure 11: Front leg spring compressions for two disturbances. The black line is the spring compression
for an instant increase in the forward velocity from 1m/s to 2.7m/s and the red line for a smaller
disturbance from 1m/s to 2.3m/s.

The touchdown angle of the front legs in the steady state (for 1 m/s desired forward velocity) is
~0.19 rad. The introduced disturbance increases the forward velocity of the quadruped from the
desired 1 m/s to 2.3 m/s. In Figure 8 it is shown that for minor disturbances there is no need to
take action while for situation such as the one in Figure 9, it is needed.

According to the equations of motion for the front stance X depends on siny, ranging from

sin—0.43=-0.417 to sin0.43=0.417and (L - Iy) ranging from O to 3.5cm. If it is needed to
increase the forward deceleration because of a disturbance the term, (L - It) , has a minor impact
in that. According to Figure 11, the spring compression, (L - lt) , in two different cases is
similar. As a result, experiments have shown that by increasing the touchdown angle of the
front legs from 0.19rad to 0.29rad (from sin0.19=0.189 to sin0.29=0.286 is enough to
decelerate the robot from 2.3m/s to 1.5 m/s and retain the quadruped in standing position. In
addition, by increasing the front leg touchdown angle by 0.2 rad, the quadruped can handle
disturbances 4 times the one shown in Figure 8 (from 2.7m/s to 1.5 m/s).
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Figure 12: The robot remains in standing position despite the disturbance. When a rapid change in the
forward velocity (in this case from 1m/s to 2.3m/s) is sensed the controller reacts by increasing the front
legs touchdown angle (in this case from 0.19rad to 0.29rad).

In conclusion, since ~0.19 rad is the touchdown angle of the front hip joints in the steady state
and the controller is robust to handle disturbances up to 0.5 m/s higher than the desired forward
velocity (1 m/s) we can use the addition 0.23 rad (0.43 rad is the mechanical limit of the joint)
to enhance stability.

4 CONCLUSIONS

This paper presented simulation results obtained with a simulated quadruped robot on sloping
ground in Webots. It has been shown that in situation such as those presented, events can be
introduced and dangerous tipover subject to disturbances can be prevented. In the first stage,
experiments were conducted in order to find out how robust the controller is. In the second
stage, an event was introduced. The whole range of the robot’s joint was used in order to keep
the robot in standing position. In the end, this approach was enhanced since from our analysis it
is shown that despite the various disturbances the spring compression and decompression
remains almost the same. As a result, we can benefit only from the touchdown angle of the front
legs in order to decelerate the robot. Finally, intermediate steps where introduced according to
the intensity of the disturbance.
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