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In the context of legged robotics, many criteria based on the control of the Center
of Mass (CoM) have been developed to ensure a stable and safe robot locomotion.
Defining a whole-body framework with the control of the CoM requires a planning
strategy, often based on a specific type of gait and a reliable state-estimation. In a whole-
body control approach, if the CoM task is not specified, the consequent redundancy
can still be resolved by specifying a postural task that set references for all the joints.
Therefore, the postural task can be exploited to keep a well-behaved, stable kinematic
configuration. In this work, we propose a generic locomotion framework which is
able to generate different kind of gaits, ranging from very dynamic gaits, such as the
trot, to more static gaits like the crawl, without the need to plan the CoM trajectory.
Consequently, the whole-body controller becomes planner-free and it does not require
the estimation of the floating base state, which is often prone to drift. The framework
is composed of a priority-based whole-body controller that works in synergy with a
walking pattern generator. We show the effectiveness of the framework by presenting
simulations on different types of simulated terrains, including rough terrain, using different
quadruped platforms.

Keywords: legged robots, planning, optimization, whole-body control, locomotion framework

1. INTRODUCTION

Over the last few years in the context of legged robots, a lot of effort has been devoted to designing
controllers and planners for locomotion. However, most of the time these two elements are
considered separately (Kalakrishnan et al., 2010; Winkler et al., 2015; Fankhauser et al., 2016).
Typically the controller requires that the trajectory of the CoM is specified to ensure the stability
during locomotion!. In a different manner from the task that controls the orientation of the base,
for which an Inertial Measurement Unit (IMU) can provide reliable measurements, the planning
and tracking of the CoM requires a state-estimation algorithm to obtain its linear position and
velocity (Bloesch et al., 2012; Nobili et al., 2017). Even though these algorithms achieve good
results by fusing different sources (e.g., leg odometry, vision, and inertial measurements) their
estimation has the potential to drift due to bias in the sensors, feet slippage, visual occlusions and
compliance of the mechanical structure. Moreover, designing trajectories for the CoM is not a
trivial task, because, despite satisfying stability constraints, consideration must be taken of the
specific kinematic properties of the robot beforehand. For instance, a certain CoM position could

!Here the term “stability” is intended in the sense defined by Pang and Trinkle (2000).
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FIGURE 8 | First row: snapshots of the locomotion simulations: ANYmal tracking a (A) roll reference, a (B) pitch reference, (C,D) changing the robot height. HyQ
during a (E) crawl swinging only one leg at a time and a trot (F) swinging two legs at the time. Second row: snapshots of the trunk orientation experiments with HyQ.
The robot is tracking an orientation reference while being disturbed by an external interaction.

4. IMPLEMENTATION DETAILS

In this section we present some implementation details and
remarks on the final control scheme that we are employing on
the real platform.

4.1. Swing Task

The swing task can be implemented as a Cartesian task or
a joint task. From a theoretical point of view, a Cartesian
space formulation is more sound because it allows us to
set the gains in the same space the trajectories are defined.
Conversely, a joint space formulation provides an anisotropic
and tilted impedance ellipsoid at the feet, making the legs more
compliant in a direction than in another depending on the leg
configuration, even with a constant joint stiffness. However, in
the implementation on the real HyQ platform, we found issues
with the Cartesian implementation of the swing task. The reason
is that the Jacobian matrix couples the tracking errors of all the
joints. This is not a problem if they are all able to perform a good
tracking. However, with our platform HyQ, the distal limbs of the
legs (lower-legs links) are very light and their load-cells measure
barely zero-torque during the swing!” and consequently, the
feed-back loop opens. Therefore, the only way to make the
joint move, is to create a position error that is big enough to
increase the desired torque even if the actual torque remains zero.
When implementing Cartesian impedance control algorithms
for the swing legs, this peculiarity of the lower leg joint affects
performance as well the other joints in the leg. Conversely, with
the joint space implementation we are able to avoid this coupling
between the joints. For this reason, we have chosen a joint space
implementation and the swing references are sent directly to the
postural task. However, with this implementation, the coupling
due to the inertia matrix is still present, and the matrices Kp,
and Kp assume the meaning of acceleration gains rather than
joint impedance gains. To avoid this problem, it is possible to
pre-multiply these gains with the inverse of the inertia matrix,

7Load-cells and torque sensors in legged robots are sized in order to be able to
measure big torques during the stance, for this reason they lack accuracy during
the swing.

giving them the physical meaning of joint stiffness and damping
(see Appendix A). This formulation turns out to be beneficial to
improve the tracking of the swing legs.

4.2. Force and Acceleration Bounds
To handle contact transitions, during stance and swing phases,
we impose contact force constraints to switch between a
maximum allowed value and zero. This allows to keep the
size of the QP problem constant during the whole locomotion
phase, which can be useful in a hard real-time implementation.
To prevent torque discontinuities it is possible to implement
a smooth unloading/loading by setting a time-varying upper
bound on the contact force as in Focchi et al. (2017). During
preliminary experiments performed on the real robot, we found
that there is a strong influence between the acceleration bounds
and the tracking accuracy. In particular, setting the limits too low
results in an overshoot with the tracking of the desired trajectory
at the touchdown (when there is the biggest deceleration). This
problem appears only on the real robot and is not present
in simulation, because in this second case, the tracking errors
are smaller.

The acceleration and the force limits (active only during the
stance phase), are summarized in Table 2 together with the other
parameters set in the controller.

4.3. Haptic Touch-Down Event

To keep spurious contact estimations from triggering a
premature touch-down in the leg’s state machine, it is possible
to disable the haptic contact detection during the swing up phase
(half of the swing time). To detect the touchdown the threshold
on the ground reaction forces is set to 50 N (see section 2.4).

4.4. Loop Frequency

The output of the whole-body controller is given as a desired
torque to the low-level torque controller, in a cascade loop
architecture. Both the whole-body controller and the low-level
torque controller run at 1 kHz. In the implementation on the
real robot, the trunk controller damping is limited to a max of
400 Nmd/rad to avoid instabilities, because the loop frequency
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FIGURE 9 | Simulation—HyQ walking on flat terrain: The upper plots show the tracking of the base orientation (roll, pitch, and yaw) and of the base height. Note that
the height does not attain its reference, because it is implemented via the postural task that is in the null-space of the orientation task. In the lower plots instead, the
tracking of the left front and right hind foot in the X, Y, and Z coordinates is shown. After ~15 s, the gait is switched from a crawl to a trot.

is known to limit the maximum value for the damping (Focchi

et al., 2016).

4.5. Solver and Computation Time

To solve the stack S3, we used the solver qpOASES (Ferreau
et al., 2014), leveraging on the whole-body control framework

OpenSoT (Mingo Hoffman et al., 2017). With an Intel Quad-
Core i5-4440 CPU @ 3.10 GHz (onboard) machine, it requires
on average 1,180 &= 20 us to solve the three layers. Conversely,
with the single stack S; the computation time drops to 830 =+ 20
ws, making this implementation preferable to be run at 1 kHz.
It is worth noting that most of the optimization time is spent in
calculating the Hessian.
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4.6. Terrain Estimator

If a terrain estimation algorithm (Focchi et al., 2020) is available,
a reference can be given to the orientation task to align the base
with the slope of the ground and prevent reaching the kinematic
limits of the leg. However, in the absence of a terrain estimator,
the base orientation task can be removed from the stack and the
postural task can be used to achieve some sort of terrain adaption,
because it will attempt to align the base with the feet.

5. EXPERIMENTS

In this section we present some experiments to demonstrate the
effectiveness of our whole-body framework for quadruped robots
(see the accompanying Supplementary Video 1'® and Figure 8
for a summary of all the experiments). The simulations have been
carried out with the Robot Operating System (ROS) in a Gazebo
environment'® that uses the ODE physics engine (Chitta et al.,
2017). A friction coefficient of © = 0.8 was set (unless specified)
in all the experiments.

We tested our approach on two different quadruped platforms
(HyQ and ANYmal) of different sizes and weights. The porting
to a different platform required only a slight tuning of the
gains of the postural and of the trunk orientation tasks.
In a first simulation performed with HyQ we show in the
Supplementary Video 1 that the robot is able to seamlessly
switch between a crawl and trot. The robot is traversing a rough
terrain area made of ruins and cobble-stones, moving omni-
directionally. Notice that the robot is blind and not aware of
the status of the terrain. To demonstrate the motion decoupling
capability of our framework, the robot performs a walk on
flat terrain while changing the base orientation and the height.
Figure 9 shows the tracking of the base orientation and of the
height in the upper plots, while in the lower plots is reported the
tracking in Cartesian space for the LF and RH feet. The gains used
for the Cartesian and postural tasks are reported below. For the
base orientation (8) we set Kp = diag([1000.0, 1000.0, 1000.0])
and Kp = diag([100.0,100.0,100.0]). For the postural task (9)
the gains are scheduled depending on the walking phase:
for the swing phase we set Kp, = diag([300.0,300.0,300.0]),
Kp,, = diag([8.0,12.0,5.0]), while for the stance phase
Kp, = diag([500.0,500.0,500.0]), Kp, = diag([20.0,20.0,20.0]).
To improve tracking for the swing phase it is possible to pre-
multiply the gains for the inverse of the inertia matrix (of the leg)
(see Appendix A).

The ground truth coming from Gazebo is used to obtain the
measurements in the world frame. In both cases, good tracking
without steady errors is achieved; indeed the swing tasks and the
base orientation task are not conflicting with each other because
the latter is written in the horizontal frame which is independent
from the base orientation. For completeness we present the mean
and the standard deviation of the tracking errors during the
whole experiment, in Table 3.

18Experiments: https://youtu.be/--jpFMhez9g.
9The controller can be tested at this repository: https://github.com/graiola/wbc-
setup.

TABLE 3 | Mean and standard deviation of the errors.

Measurements Mean Std

Roll 0.0050 [rad] 0.0145 [rad]
Pitch 0.0072 [rad] 0.0187 [rad]
Yaw 0.0017 [rad] 0.0043 [rad]
Height 0.0071 [m] 0.0145 [m]
RH-X 0.0303 [m] 0.0186 [m]
RH-Y 0.0203 [m] 0.0128 [m]
RH-Z 0.0016 [m] 0.0027 [m]
LF-X 0.0235 [m] 0.0152 [m]
LF-Y 0.0202 [m] 0.0201 [m]
LF-Z 0.0006 [m] 0.0022 [m]

We carried out preliminary experiments on the real platform
HyQ showing a 2 Hz trot on flat terrain, in a second
moment we control the base orientation to follow some
operator desired reference commands given by mean of
a joy-pad interface while an external disturbance acts on
the robot (see Supplementary Video 1). The tracking error
has an average of 0.0101 rad with a standard deviation
0f 0.0102 rad (Figure 10).

Remarks: To achieve a successful implementation on the
real robot we had to do some modification on the original
formulation of the optimization problem, see section 4.

6. DISCUSSION

Stance Task: the first thing to notice is that we rely on the
minimization of the Cartesian acceleration, to keep the feet in
contact with the ground. The contact task is set at the highest
level and consists of maintaining zero acceleration of the foot
relative to the inertial frame. If, for some reasons, the contact
is lost (e.g., due to uncertainties in estimating the terrain’s
normal direction or the friction coefficient) the feet would diverge
because there is no feedback to keep the position unchanged
(we chose to do this to make the formulation independent from
the state estimation). This can lead to considerable motions
of the stance feet with possible loss of stability. In a previous
work (Fahmi et al., 2019) we implemented a specific task to
keep the relative position of the feet in stance constant avoiding
divergence. However, we noticed that the presence of the postural
task that is acting in the null-space, naturally makes it up for
this feature.

Robustness: as anticipated in the introduction, removing
completely the CoM task does not give guarantees on locomotion
stability. When one leg starts to swing it can happen that
the opposite leg gets unloaded if the ZMP happens to be
on the boundary of the support triangle. In this case the
robot will start to tip over because the controller loses
control authority. This is not a big issue if the swing
frequency is high enough, because the stance can be quickly
recovered, however it can become problematic for lower stepping
frequencies. One way to mitigate this is to gradually unload
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FIGURE 10 | Real hardware—HyQ changing the base orientation in roll, pitch, and yaw.

the swing, by gradually reducing the upper bound on the
contact force of the leg to swing, while keeping a minimum
(non-zero) lower bound on the opposite leg. This way the
optimization will naturally drive the CoM away from the
boundary of the triangle in order to keep some residual
“loading” on the leg opposite to the swing one, giving some
robustness margin.

7. CONCLUSIONS

In this work we present a novel locomotion framework for
quadrupedal robots that merges a walking pattern generator,
acting only at the foot level, with a prioritized whole-body
inverse dynamics controller. One of the advantages of the
proposed framework is to avoid estimating the linear position
and velocity of the floating base, while maintaining the ability
to effectively tackle moderately rough terrain. This has been
achieved by leveraging the postural task acting in the whole-
body controller as a sort of elastic element. Consequently,
the robots base follows the feet, resulting in a motion of the
trunk that adapts naturally to the foot stance configuration
while trying to keep a well-behaved kinematic configuration.
To increase the robustness of the proposed approach, the
foothold selection is done w.r.t. a virtual foothold defined
in the horizontal frame of the robot making the footstep
strategy independent from the base orientation. In this way,
no CoM planning is required to implement various types of
gaits. However, despite the fact that presented framework is

capable to handle uneven terrain, it relies on a particular posture
which in turn may need to be properly tuned according to
the particular type of terrain being traversed. As part of future
work, we plan to further extend the proposed approach by
taking into account the presence of a manipulator mounted
on the robot’s trunk. This would allow operation with complex
loco-manipulation tasks. Since our approach is based on mixed
hard- and soft-priorities, we will consider using machine learning
techniques in order to properly find optimal weights between the
different tasks.
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APPENDIX where A = (IM*1]T)71 is the Cartesian inertia matrix of the
task. (A9) plugged in (3) returns:

RELATING INVERSE DYNAMICS TO _

IMPEDANCE CONTROL =1k -M"q (A10)

This appendix will show how it is possible to relate inverse
dynamics to Cartesian impedance control by opportunely
selecting tasks gains.

Let us first consider a naive example with a single postural task:

q* = argmin || — §,[,

A (A1)

with solution:

o .

q9 =4.,=K (A2)

= (94— 9)-
To neglect the inertia matrix, we just need to choose a particular
gain for the g,:

G- =M 'K (@ —q) =M '1,. (A3)

If we plug (A3) in (3), neglecting non-linear terms, we obtain:

T = Mér =T (A4)
obtaining the classic joint impedance control where the inertia
matrix does not appear.

We now consider the optimization in (13) for the
unconstrained case of a single, full rank, Cartesian task:

v e
q —arg;mn 17q — %1, (A5)
with J e R®*® If we compute the Lagrangian from (A5)
we obtain:

L= EqT]T]q — (]q)T X+ x,Tx,. (A6)
To solve (A5) we derive the Lagrangian:
9L .. ..
5z =)Ja—1"% =0, (A7)
q

With the hypothesis of J full rank, the matrix J77, is invertible and
the solution of (A5) is given by:

-1 ..
i=(") =% =" (Ka—0—Ja).  (48)
In this case, we can neglect the inertia imposing:
% =K@ =% —J§=IM"T'K (xa =% — Jq
=A"'F, —Jg, (A9)

Notice that (A10) is equivalent to a Cartesian impedance
controller (Ott, 2008).

Finally, let us consider the final level of a hierarchical
controller. Again we consider the optimization in (13):

q" = argmin [|§ — §,Ilw

q
subject to (A1)
Jij =¥,

with J € R"™*" containing all the Jacobians from the previous
levels and ¥* € R™ all the optimal accelerations obtained at the
previous levels. The Lagrangian is given by:

£=_4"Wq—§ Wg, +4; Wi, +1" (1§ - &), (A12)
which leads to the following optimal conditions:
oL . . T
L Wi —W. A=0,
g = W W) (A13)
st=Jg—x =0.
The final optimal accelerations are given by:
-1
é* — W—IIT (IW_IIT) x;k
-1
+ (=W (wT)g) d, (Al

it is well known that is possible to achieve the dynamically
consistent inverted Jacobian (Khatib, 1987) posing W = M:

=75+ (1-77)4,

_ (A15)
IT — M—IIT (]M—IIT)_l )
We now plug (A3) and (A9) into (A15):
g% = MTTE, -~ MY Ajg+ (I —iT]) Mz, (A16)

which plugged into (3) returns:

= ITFr—ITAjfl-F(I -7 (IM_llT)il IM_1> T, (A17)

which again corresponds to a Cartesian impedance controller

with dynamically consistent null-space projection (Ott, 2008).

Frontiers in Robotics and Al | www.frontiersin.org

17

November 2020 | Volume 7 | Article 528473


https://www.frontiersin.org/journals/robotics-and-AI
https://www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-AI#articles

