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Abstract: This paper presents a comparison study of three control design approaches for humanoid
balancing based on the Center of Mass (CoM) stabilization and body posture adjustment. The
comparison was carried out under controlled circumstances allowing other researchers to replicate
and compare our results with their own. The feedback control from state space design is based on
simple models and provides sufficient robustness to control complex and high Degrees of Freedom
(DoFs) systems, such as humanoids. The implemented strategies allow compliant behavior of the
robot in reaction to impulsive or periodical disturbances, resulting in a smooth and human-like
response while considering constraints. In this respect, we implemented two balancing strategies to
compensate for the CoM deviation. The first one uses the robot’s capture point as a stability principle
and the second one uses the Force/Torque sensors at the ankles to define a CoM reference that
stabilizes the robot. In addition, was implemented a third strategy based on upper body orientation
to absorb external disturbances and counterbalance them. Even though the balancing strategies are
implemented independently, they can be merged to further increase balancing performance. The
proposed strategies were previously applied on different humanoid bipedal platforms, however,
their performance could not be properly benchmarked before. With this concern, this paper focuses
on benchmarking in controlled scenarios to help the community in comparing different balance
techniques. The key performance indicators (KPIs) used in our comparison are the CoM deviation,
the settling time, the maximum measured orientation, passive gait measure, measured ankles torques,
and reconstructed Center of Pressure (CoP). The benchmarking experiments were carried out in
simulations and using the facility at Istituto Italiano di Tecnologia on the REEM-C humanoid robot
provided by PAL robotics inside the EU H2020 project EUROBENCH framework.

Keywords: bipedal stabilization; body balance; model predictive control

1. Introduction

In the study of biped locomotion, specific attention has been given to the balance of
humanoid robots, being a fundamental prerequisite for the secure performance of robots
deployed in real environments. However, it is necessary to consider different balancing
strategies for different perturbations, particularly when a natural and safe interaction with
the environment is required. In this case, the energy added to the system by interactions
should be damped [1] producing a compliant response of the system that is more secure for
human interaction. Thus, balance controllers should provide a soft and reliable response
by continuous adaptation of the control action, depending on the robot’s state. On the
other hand, when impulsive or soft continuous perturbations are introduced, more rigid
behaviors should counterbalance such disturbances.
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Different balancing strategies have been introduced in the state of the art, for in-
stance, [2–5] among others. In [6], an ankle balancing strategy, where the Linear Inverted
Pendulum Model (LIPM) augmented with virtual spring dampers, is used to generate a
compliant response against external disturbances. Furthermore, in [7] springs are added to
the model to provide compliant behavior. Furthermore, this work developed a hip bending
balancing strategy using a three-link planar model of the robot, utilizing the joints located
in the ankle and the hip.

Two different balancing methods were presented in [8]. In accordance with the external
disturbance, the humanoid robot applies an ankle strategy or a hip-bending strategy. In
the first case, a torque is applied at the ankles to absorb the forces caused by an external
push. In the second case, the robot bends the body to absorb the impact and change the
CoM position, keeping the Center of Pressure (CoP) inside the desired stability margins. In
this work, the CoP principle provides the stability criterion, and the humanoid is modeled
as a planar double inverted pendulum that is controlled by an Linear-Quadratic Regulator
(LQR) controller. Therefore, constraints can be handled with a clipping strategy using the
limit value. The integration of these approaches depends on an external gain that maps the
disturbance with the appropriate strategy.

In [9], the center of gravity and the Zero Moment Point (ZMP) are used to implement a
balancing strategy. The authors use the ZMP stability criterion as a constraint to guarantee
the stability of the humanoid [10] while modeling the dynamics through the inverted
pendulum model. The ZMP has been validated as an effective stability criterion, seeing
much use within control strategies [11–13].

To ensure balance, the ZMP should remain inside the support polygon of the humanoid
so that the robot does not tip about the stance foot [11]. It is worth noting that the CoP and
ZMP coincide when the robot only has its feet in contact on flat terrain.

In the balancing of humanoids, there is a necessity for a soft transition between ankle
and hip bending strategies. The work in [3] presents a smooth transition of the balancing
strategies by applying a spline function integrated with a proportional controller. Another
work that combines the ankle and hip strategies is [14]. In this work, the authors formulate
the control to reject external disturbances using the ankle strategy for soft disturbances or
the hip bending strategy for stronger ones. In both cases, the stability conditions are based
on the ZMP criterion.

Overall, many different balancing strategies have been developed. However, their
performance can not be compared directly since their implementation is drastically different
from one another. This leaves researchers with the challenging question of which control
strategy to use based on their requirements, with no parameterized method to do so.

To provide a general and comprehensive tool answer to this question, in this work
first, we implement three different balancing strategies in the REEM-C humanoid robot
from PAL Robotics, of which a model is available online; therefore, simulation studies can
be replicated. This hardware was provided under the EUROBENCH project. Secondly, we
test the selected balancing strategies in a simulated scenario for impulsive and quasi-static
disturbances. This was performed considering the test bed develop under the DYSTUR-
BANCE [15] Third FSTPs (Financial Support to Third Party, provided by EUROBENCH)
project. Thirdly, we performed experimentation in the real REEM-C platform using the test
beds available at the Humanoids Testing Facility at the Istituto Italiano di Tecnologia. We
performed experimentation on the REEM-C platform for the different balancing strategies
under impulsive and quasi-static perturbation. This way simulation and experimental
results can be contrasted. Finally, we summarize the obtained results considering differ-
ent Key Performance Indicators (KPI), allowing performance comparison over different
variables. In this way, we provide the community with comparable data over the method
selection and allow other teams to compare their own balancing controllers with the ones
given in this work.

Regarding the used methods, two methods compensated for the CoM deviation
proposed in [16–18] and a third one for the orientation of the robot [16,19]. The cooperative
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behavior of individual strategies is obtained by proper compensation of the given strategies
considering the robot’s structure so that no additional controllers or gains are required for
a smooth transition, and both stabilizers cooperate permanently.

The first balancing strategy [16] uses the Capture Point (CP) as a stability criterion
and generates a horizontal displacement of the CoM, dissipating the injected energy to
the system while achieving a compliant response. This strategy considers the single-mass
model to generate the desired response.

The second strategy [17,18] introduces a virtual spring-damper system at the robot
CoM level to generate compliant responses to deal with unexpected disturbances caused
by modeling discrepancies or unforeseen interactions such as early or late foot landings.

The third strategy [19] allows the system to dissipate energy by an attitude controller
based on the free rotational body model. This strategy dissipates the additional energy by
rotating the upper body of the humanoid.

Even though stabilizing strategies can be based on simple PID or LQR controllers [16],
in this work, two of the three presented methodologies use Model Predictive Control (MPC),
being well-accepted in academia and the industry. In particular, we exploited the Robust
Extended Predictive Self-Adaptive Control (R-EPSAC) approach [20].

To assess the performance of the proposed balancing strategies, we perform a series
of experiments on a full-size humanoid robot the REEM-C, designed and manufactured
by PAL Robotics, at the EUROBENCH (https://eurobench2020.eu/, visited on 15 October
2022) Humanoids Facility in Italy. The paper is organized as follows. In Section 2, a brief
description of the three used methods is given. In Section 3, we present the test beds used to
perform the study. In Sections 4 and 5, the validation results, both in simulation and on the
real REEM-C hardware, of the proposed controllers validated under different disturbances
are presented. Finally, conclusions are given in Section 6.

2. Balancing Strategies

As discussed previously, for safe human–robot interaction and the safe introduction
of robotics technologies in unstructured spaces created for humans, it is desired that these
systems, and in particular humanoid robots, have compliant behaviors, which have been
proven to be safer and more secure for interaction. In this work, we focus on balancing
strategies, however, we consider that the principles we introduce can be further explored
in other applications.

We used three different compliant balancing strategies that provide a soft reaction to
compensate for external disturbances, i.e., COM1, COM2, and attitude. The COM1 and
COM2 strategies compensate for the disturbance by hip displacement. COM1 uses an LQR
controller and the Force/Torque sensors placed on the robot’s ankles as feedback. The
output of this controller is a CoM trajectory that allows the system to absorb part of the
energy and converge to a standing position. The COM2 uses a robust MPC-EPSAC [20,21]
strategy as control with constraints using the capture point as a model. The CoM estimation
is used as feedback, and the output is again a CoM trajectory that dampens the disturbance
and allows convergence. The third balancing strategy, Attitude, compensates for the
external forces by an upper-body rotation. Using a simple model for prediction in the
R-EPSAC, the controller generates a trajectory that allows the robot to converge to the
standing posture. The use of the R-EPSAC provides additional advantages from the control
point of view being more robust to non-modeled dynamics, resulting in better damping of
the response, and providing larger stability margins [20].

2.1. CoM Stabilizer—A Capture Point Approach
We present the first balance strategy based on the Capture Point Concept [22]. In

bipedal locomotion, this concept can be defined as the point Cp on the ground were given
certain CoM states x, the humanoid’s CoM converges and keeps the Center of pressure P in
the given position. The center of pressure P is the point on the support polygon in which the
total sum of the contact forces acts. In order to keep static stability, the CoM projection on

https://eurobench2020.eu/
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the ground should be within the support area S; however, for dynamic stability, it holds that

Cp = x +
ẋ
Tc

< S, (1)

where Cp is the capture point, S is the humanoid support area, and Tc =
√

g
zc

corresponds
to the natural oscillatory frequency of the model. Figure 1 shows the representation of the
capture point with zc the height of the CoM.

𝑥 
 

𝑥0 
 

g 
𝑧𝑐 
 

𝑃 Z 

X 

𝐶𝑝 

𝑆 

𝑥  
 

Figure 1. Graphical representation of the Capture Point.

The aim of this strategy is to absorb the energy due to the external disturbance by
applying a hip displacement. With this in mind, we model the CoM using the free body
model with mass, f = mẍ, which can be represented in state space as:

ẋ = Ax + Bu

y = Cx + D

A =

[
0 1
0 0

]
B =

[
0
1
m

]
C =

[
1 Tc

]
D = [0] , (2)

where the input to the system is the necessary force that permits the Cp to remain in
the support polygon while it rejects the external disturbance according to the free-body
dynamics. In this strategy, the upper body keeps the upright position and the disturbance
is compensated by a compliant displacement at the hip level which absorbs the added
energy by the external disturbances.

The feasibility of the method depends on the support polygon limits, which are
considered as the output constraints y and y into the control loop. In this case, the min

max
input constraints are considered to limit the fictitious force that can be applied to the
humanoid, and therefore the pass trajectory to the IK is constrained. Additionally, the
provided trajectory is limited for the inverse kinematics solver and the low-level controllers
of the system, both of them restrict the humanoid dynamics. To implement this balancing
strategy, the CoM height in the standing posture, zc, and the mass of the humanoid m are
required. The CoM states x, ẋ are used as feedback.

The final trajectory of the CoM is generated by evaluating the constrained control
effort. This describes the desired trajectory of the CoM in the next sampling time so that
the Cp criterion holds.

Given the simplicity of the model, we can use this strategy in the sagittal and lat-
eral planes using the same control parameters, keeping the non-coupled dynamics and
considering just the differences in the support region [16].
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2.2. CoM Stabilizer—A Virtual Spring-Damper Approach
Another CoM level stabilizer was proposed based on a virtual spring-damper system

introduced to connect the actual CoM position and its reference. By introducing such
compliance to the CoM level, the robot was able to cope with disturbances caused by either
model discrepancies or unexpected impacts due to early or late foot landing. The generality
of the stabilizer’s performance was demonstrated in both standing and walking scenarios
on the humanoid robots COMAN [23] and iCub [24].

For a stiff transmission system, at time instant i, the CoM modification, δri, that mimics
a spring-damper system based on the error between the real and desired ground reaction
torque about its axis, τreal

i and τdes
i , can be calculated in an “admittance” form,

δri =
δt

kpδt + kd
(−

τreal
i − τdes

i
zc

)

+
kd

kpδt + kd
δri−1,

(3)

where kp and kd are the desired stiffness and damping of the introduced virtual impedance,
δt is the discrete time step and zc is the CoM height. The details of this stabilization strategy
can be found in [17,18].

2.3. Attitude Controller
This balancing strategy compensates the external forces by a natural change of the

body’s orientation, mimicking the behavior of a controlled single-degree-of-freedom ro-
tational body [25] that generates a trajectory so that the body motion absorbs the energy
through a dissipative motion, instead of acting against the external force. The single-degree-
of-freedom rotational motion is described as ẍ = a, being a the control effort. Therefore,
this system does not consider any of the humanoid’s parameters since it is a general repre-
sentation of rigid bodies. The considered constraint limits the CoM position to the robot’s
stability polygon. In this way, both the rotation angle and the CoM position are constrained
at each sample time.

During implementation, we take the angular position and velocity measurements or
the corresponding states estimator as feedback. These signals are used for the controller,
generating the acceleration profile that is applied to the double integrator model. Once the
control action is applied to the model, the updated states are used to describe the angular
displacement for the next sample time [16].

To make this controller cooperate with the CoM displacement controllers, the CoM
displacement generated by the upper body rotation is compensated. This is performed
using a three-mass model. In this model, the upper body mass, UB, is composed of the
torso, pelvis, two arms, and the head; the lower body mass, LB, is composed of one leg and
the other lower body mass FeetLegmass is located at the foot and comprises the mass of one
leg and two feet. Since the feet are mostly stationary during the standing balancing, they
do not affect the entire CoM of the robot.

The CoM compensation uses the vector rcom = [x, y, z]T that defines the deviation of
the mass UB with respect to the desired CoM stable position. This value is compensated
directly in the overall hip displacement reference. The proposed solution is: Define ∆r as
the displacement compensation term to be applied at the hip. This term is computed as:

∆r = − UB
UB + LB

(R − I)rcom, (4)

where R is the rotational matrix of the torso, and I is the identity matrix that represents
the desired upright orientation of the torso. Notice that I can be changed if the desired
orientation is not 0◦ for the pitch and roll angles.

The displacement ∆r is added to the feedback signal obtained from the Cp stabilization
strategy. Using this integration strategy the resulting control action at the pelvis does not
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compensate for the CoM displacement generated by the upper body rotation. Therefore, the
precondition of decoupling is guaranteed, and the decoupled controllers can be integrated
seamlessly. The balance controller scheme is shown in Figure 2.

Inverse 
kinematic
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CP

HIP
reference

Robust EPSAC
controller

Free mass 
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ത𝑎
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Strategies 
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CP Controller
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[𝐹𝑇𝑠𝑒𝑛𝑠𝑜𝑟]

CoM Controller

HIP
reference

Figure 2. Schematic representation of the proposed control strategy.

3. Experimental Protocols

To test the performance of the different controllers, we performed a range of extensive
experiments at the Humanoids Testing Facility developed by the Italian Institute of Technol-
ogy under the EUROBENCH EU project [26]. The aim of the Humanoids Testing Facility is
to facilitate performance analysis and comparison of different humanoids technologies and
algorithms which is a major requirement in our field [27]. For the benchmarking studies
carried out in this work, we take advantage of the whole-body control software of the
REEM-C together with novel test beds in the facility developed under the COMTEST [28]
and DYSTURBANCE [15] FSTPs projects. This was possible thanks to the funding provided
to the WALKBENCH project by a second cascade funding initiative sponsored by the EU-
ROBENCH project. For the seek of conciseness, we here report the results related only to the
DYSTURBANCE testbed which resulted to be more significant w.r.t. the COMTEST ones.

The DYSTURBANCE testbed consists of a pendulum that can be controlled to generate
different types of disturbances with different characteristics. The pendulum height and
weight can be adjusted as required and a variety of disturbance protocols are available. A
picture of the testbed is shown in Figure 3. To analyze the controllers, in this work we used
the pendulum to generate impulsive and sinusoidal disturbances.

To generate the impulsive disturbance, the pendulum started at a defined initial height.
Afterward, it performed a free fall, made contact with the robot, and stopped far from the
hit position to avoid further interaction between the robot and the pendulum. During these
tests, it was possible to set the pendulum height, weight, impact position, and initial angle.

When generating the sinusoidal disturbance, the pendulum moved slowly to establish
first contact with the robot. This point was set as the 0 degrees position for the sinusoidal
trajectory. Once the pendulum was in contact with the robot, a sinusoidal trajectory was
executed with programmable amplitude, along with a set frequency to produce a specific
number of cycles. The adjustable parameters were the pendulum’s height and weight, the
sinusoidal amplitude in degrees, the frequency, and the number of cycles.
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Figure 3. DYSTURBANCE testbed used for the disturbance generation.

Both protocols were applied in the REEM-C platform, both in simulation and real ex-
periments.

The REEM-C humanoid is a full-size humanoid bipedal robot with 30 DoFs: 7 DoFs
per arm, 2 DoFs in the waist, 2 DoFs in the neck, and 6 DoFs per leg. It weighs 80 kg and it
is 1.68 m tall (REEM-C parameters were taken from https://pal-robotics.com/wp-content/
uploads/2022/01/Datasheet_REEM-C-2022.pdf, visited on 15 October 2022). The REEM-C
robot is further detailed in Figure 4.

Figure 4. REEM-C platform.

4. Simulation Results

To prove the versatility of the proposed methodologies and benchmark their per-
formance we first performed dynamic simulations in the GAZEBO simulation environ-

https://pal-robotics.com/wp-content/uploads/2022/01/Datasheet_REEM-C-2022.pdf
https://pal-robotics.com/wp-content/uploads/2022/01/Datasheet_REEM-C-2022.pdf
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ment [29] with the REEM-C model subject to a range of disturbances with different char-
acteristics, as discussed in Section 3. From carrying out these simulations, we are able to
analyze the performance of the different controllers considering the CoM deviation, IMU,
and Force/Torque measurements. In addition, we compared the performance using the
Passive Gait Measure (PGM). Refs. [26,27], which defines the capability of optimizing the
use of gravity and inertia to move the body forward and can be calculated as:

PGM = 1 − RMS(τsa)

RMS(τtot)
, (5)

where RMS is the root mean square, τsa is the stance feet torque, and τtot is the torque at all
robot joints.

4.1. Simulations
The different stabilization strategies were tested using the two different external

disturbances applied to the back of the robot’s torso. The control used for the first CoM
deviation compensation strategy is an LQR with parameters K = 2000 and B = 900. These
parameters were found empirically based on an initial model-based parametrization using
the inverted pendulum model.

The model parameters for the Cp stabilizer are zc = 70 cm and m = 40 kg considering
the mass of the upper body. The controller parameters are: Nu = 4, N1 = 1, N2 = 30,
Ts = 5 ms and α = 0.9. The output constraint was the Cp limits which are defined according
to the robot’s physical design are ∆+

x = 14 cm and ∆−
x = 8 cm. The optimization problem is

solved using Hildreth’s Quadratic Programming Procedure [30]. The output of the system
is the Cp, however, the signal that reconstructs the desired trajectory is the modeled CoM
position. Additionally, for the R-EPSAC implementation, we set the filter observer using
a second-order Butterworth high-pass filter with a pass frequency of 5 Hz. Considering

that the natural frequency of the robot is
√

g
zc

= 14.4 rad
s , the noise observer provides

an estimation of the robot’s natural oscillation effect, but the low-frequency noise is not
predicted. It is important to mention that the controller parameters were tuned to provide
good performance, but are not optimal.

The body attitude controller does not require any parameter of the robot. Nevertheless,
output constraints are considered. In this case, the maximum upper limit is used so
that the physical limits of the actuators are not reached, in turn protecting them. The
controller parameters are: Nu = 7, N1 = 1, N2 = 10, Ts = 5 ms and α = 0.9. Again
Hildreth’s Quadratic Programming Procedure [30] is used and the filter observer is a
second-order Butterworth low-pass filter with a cut-off frequency of 0.7 Hz given the
natural oscillation frequency.

Finally, the used CoM deviation of the upper body for the compensator is
rcom = [0, 0, 0.2] m and the model parameters UB = 40 kg and LB = 10 kg are defined in
accordance with the REEM-C size and mass distribution.

For the sake of clarity, in the analysis of the results, we call COM1 the controller
described in Section 2.2 and COM2 the controller in Section 2.1.

4.2. Impulsive Disturbance
The impulsive disturbance was generated by simulating a pendulum hitting the

humanoid with an initial energy of 356 J and an impact force of 235 N. The presented results
are compared with the open-loop response of the REEM-C robot with a limited applied
impulsive force. We present 5 different figures each one showing 5 plots corresponding to
the following controllers:

• COM2 plus Attitude controller in Figure 5;
• COM1 controller in Figure 6;
• COM2 controller in Figure 7;
• Attitude controller in Figure 8;
• COM1 with Attitude Stabilizer in Figure 9.
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However, due to the limited space, we only detail the results in Figure 5. Moreover,
overall performance conclusions will be given.

Figure 5 reports 5 plots:

• CoM deviation;
• Passive Gait Measure;
• Measured Orientation;
• Torque around the Y-axis for the left foot;
• CoP.

In the first plot in Figure 5, we compared the CoM behavior of the open loop response
with the response of the controlled case, specifically when using the COM2 stabilizer
together with the attitude one. As it is shown, the open loop response takes more than
20 s to stabilize after the impact which is applied at 30 s. It is seen that in both cases, the
CoM displacement reaches the same magnitude ≈ 5 cm. However, the controlled case
stabilizes in 2.5 s. Additionally, the compensation happens in half cycle, implying that the
robot did not tilt back as it does in the open loop case. Furthermore, when considering the
control action, whose axis is represented on the right-hand side, it is seen that using a small
correction of the given CoM leads to a soft, fast, and stable response of the system.

In the second plot of the same figure, Figure 5, we present the calculated PGM (5). As
mentioned before, this parameter indicates the part of the effort that the ankle joints do
w.r.t the overall robot’s effort. In that sense, a value of 1 means that the effort performed by
the ankles to keep the upright posture is smaller than the overall effort, while the closer
to 0 the indicator is, the bigger the effort exerted by the ankles is. From the figure, it is
seen that the minimum PGM is comparable in both cases but the overall effort is smaller in
the controlled one. As detailed in the given legend the RMS is bigger and the variance is
smaller which indicates a better performance.

The third plot presented in Figure 5 provides the measured pitch angle. In this plot,
it can be observed that the maximum angular deviation is close to 3 degrees without
backward oscillations for the controlled case, while there was 6 degrees of backward tilting
for the open loop. In addition, the magnitude of control effort, in this case, is comparable
to the overall output.

The fourth plot in Figure 5 presents the ankle torque in the Y-axis. In this case, the
obtained minimum torque and maximum effort are similar in both simulations. However,
the positive cycle of the controller case is already smaller than the open loop one and
it happens before the total stabilization of the systems. Therefore, the control action is
pushing the robot forward to prevent the robot from tilting backward. This effect can be
seen in the first and third plots when there is a slope change in the signals.

Finally, in the last plot of Figure 5, the position of the CoP over time is detailed. In
this plot, it can be seen that in the open loop case the robot tilts backward and forwards,
reaching the feet limit during the first 8 s. Afterward, it starts converging to the rest CoP
position. During the first semi-cycle, the robot keeps the limited position for half a second.
On the other side, the controlled loop keeps the maximum tilting position for a shorter time
than the open loop did. Therefore, the control action not only stabilizes faster the robot, but
it reduces the pressure on the ankle joints as can be also seen in the fourth plot where the
torque is reduced w.r.t the open loop case after the first semi-cycle.

Figures 6–9 show the performance of the other controllers, respectively, COM1, COM2,
Attitude, and COM1 plus Attitude; under the same simulated conditions. Notice that the
COM1 and COM2 stabilizers, when used independently, have no control action at the
orientation level. Instead, when the Attitude stabilizer is used alone, there is a CoM effort
coming from the CoM compensator.

As seen from the different figures. All the control options reduce the stabilization time,
although the worst performance is given by the Attitude controller when used indepen-
dently which has a settling time of 10 s. Under this controller, the robot tilts for several
cycles and the CoM moves backward compromising the overall stability. Additionally,
even though the COM1 stabilizer compensated for backward tilt when combined with the
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attitude stabilizer, the stabilization time increased. Instead, by combining the compliant
and the attitude stabilizers, the performance significantly increased compared to the single
control implementations, as extensively detailed previously.
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Figure 5. COM2 plus attitude stabilizers under an impulsive disturbance. The plots contained in this
figure and the proceeding figures that plot the robot’s performance under an impulsive disturbance
simulation set are organized as follows, from top to bottom: the first plot is the CoM deviation from
the standing position; the second plot refers to the PGM key performance indicator; the third plot is
the measured orientation using the simulated IMU at the hip; the fouth plot shows the simulated
Force/Torque sensor in the left ankle joint, considering the torque around the y-axis; the fifth plot is
the reconstructed CoP.
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Figure 6. COM1 Stabilizer under an impulsive disturbance.
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Figure 7. COM2 Stabilizer under an impulsive disturbance.
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Figure 8. Attitude Stabilizer.
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Figure 9. COM1 plus attitude stabilizers under an impulsive disturbance.
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To carry out a comparison between the proposed strategies, when the robot is subjected
to an impulsive disturbance, we collected the results in Table 1. With Ts denoting the settling
time in seconds after the applied disturbance when the CoM converges to the 90% of the
stable position, CoMp stands for the CoM maximum deviation in cm, Orip is the peak
orientation in degrees, PGM the passive gait measure in % and PGMv its variance in %, T
and T denotes the maximum and minimum torques both in Nm, and finally the maximum
and minimum reconstructed capture point CoP, CoP in cm. The simulation results show
that the mixed control strategies provide better performance in comparison with the single
strategies, reducing the settling time and the torques provided by the robot, as reported in
Table 1 for the COM1+A and COM2+A controllers. It is also seen that the COM2 controller
performs better in terms of PGM variance, however, COM1+A and COM2+A outperform
COM2 in all the other KPIs as shown by the bold variables in the table.

Additionally, a bigger stability region is achieved since the CoP remains closer to the
initial position w.r.t. the center position. In this case, the PGM indicates the additional effort
that the ankle joints apply to provide balance during the gait. An increased PGM means less
effort from the ankles w.r.t. the natural posture when executing the whole gait. These results
came from the fact that using both strategies together, permits jointly exploiting the upper
and lower bodies to compensate for the CoM and momentum variations.

Table 1. Simulation results under impulsive disturbance, COMi+A stands for COMi+Attitude controller.

Ts CoMp Orip PGM PGMv T T CoP CoP

openloop 19.08 5.03 3.53 0.68 0.042 28.3 −44.3 14 −8.37
COM1 1.4 3.48 2.73 0.84 0.024 11 −44.98 14.12 −3.51
COM2 2.6 3.3 2.8 0.8 0.011 28.31 −43.1 14.07 −8.2

Attitude 7.74 6.44 3.72 0.76 0.03 26.71 −43.21 13.9 −8.13
COM1+A 2.14 3.07 2.38 0.856 0.012 8.7 −44.24 13.85 −2.88
COM2+A 1.33 4.55 2.9 0.856 0.013 8.34 −41.606 12.81 −4.3

4.3. Periodic Quasi-Static Disturbance
The second set of simulations was run using a sinusoidal disturbance applied by a

hanging 50 cm pendulum. The sine wave has a 0.5 Hz frequency and 10 degrees amplitude.
That corresponds to 8.6 cm of linear displacement.

As before, we provide an extensive analysis of one case and we present the overall
performance conclusions base on the different behaviors.

The 5 figures, each one showing 6 plots corresponds to the following controllers:

• COM2 plus Attitude controller in Figure 10;
• COM1 controller in Figure 11;
• COM2 controller in Figure 12;
• Attitude controller in Figure 13;
• COM1 with Attitude Stabilizer in Figure 14.

As seen in Figure 10, when the sinusoidal disturbance is introduced, the open loop CoM
deviation starts moving forward due to the pendulum action, on the upper plot, the tilting
back is compensated by a short period, but at a certain moment, the pendulum loses contact
with the robot. At that point, the robot starts a short back/front oscillation that is stopped by
the pendulum during the second cycle. When the third pushing cycle starts, the pendulum
regains contact with the robot when it was already moving forward, as a result, the CoM
deviation increases with regard to previous cases and it does the same for the fifth cycle. This
happens given the proximity of the selected sinusoidal frequency and the natural robot’s
frequency. After the last cycle, the robot tilts back 5 cm and afterward, it converges to the
rest position in more than 20 s. When analyzing the controlled response, the COM2 strategy
together with the attitude stabilizers causes the CoM deviation to be bigger w.r.t the open
loop case, however, the back tilting effect is compensated after losing contact with the robot.
Therefore, there is no resonating effect, as we saw in the open loop case. Instead, it is worth
noticing that the displacement in the first cycle is bigger than in the following cases. This
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is due to the fact that during the first cycle the robot is in a stable position and the control
action is small if existing, therefore, when the first disturbance is applied, the compliant
motion at the CoM of the robot absorbs the pendulum sinusoidal action by moving in the
forward direction. Instead, in the following cycles, the robot is under a controlled action
moving the robot backward and stabilizing the desired resting position. Therefore, when the
new disturbance takes place, there is already a control action overcoming the new applied
disturbance. After the last cycle, the robot converges smoothly to the stable position without
tilting back. The control action is in agreement with the CoM motion and its magnitude
agrees with the one analyzed in the previous disturbance scenario.

The second plot shows the effort that the pendulum exerts when applying the dis-
turbance. The open loop case shows how the pendulum supports the robot when tilting,
therefore, the pendulum applies additional effort to prevent the robot from falling faster.
This is reflected in the positive torque during the negative semi-cycle of the pendulum whose
position is reflected on the right axis. Afterward, the pendulum effort decreases once again,
since the robot tilts forwards. Later it increases again and the pendulum applies the next
cyclic disturbance. As can be seen, the pendulum effort is smaller in the controlled case and
stabilizes at zero immediately after the last cycle. In the open loop case, there is an additional
bump, showing the interaction of the robot with the pendulum in the static position.

The motion of the robot can be better analyzed in the third figure. As it is seen, the
orientation performance in the open loop case. tries to tilt back twice after each cycle and
the first tilting, in particular, increases on each cycle reaching −5 degrees in the fourth cycle.
This behavior does not appear in the controlled loop as previously stated.

In the torque analysis, the fourth plot of the figure, it can be seen that the open loop
torque has a different performance on each cycle. As said before, this happens due to the
difference between the natural oscillation frequency and the applied disturbance one. In the
first cycle, from 30 to 32 s, the robot reaches the maximum torque when moving forward
and later it oscillates backward, forward, and backward again, without saturating the
torque, before the new disturbance cycle starts. During the second and third cycles, from 32
to 34 s and from 34 to 36 s, respectively, the backward oscillation is bigger and saturates the
applied torque for a longer time as can be seen at 34 s where we have a negative saturated
torque and at 35 s with a positive saturated one. Finally, the last cycle enters into action
when the robot is tilting forward and the maximum torque is already being applied. This
can be seen between 37 s and 39 s where the open loop torque response is saturated for the
longest period. When we look at the controlled case, we see that the applied torque pulls
back the robot in 4 of the 5 disturbances, only in the second cycle, from 32 to 34 s, there it is
required to apply a positive torque to prevent the robot from tilting back further as can be
analyzed from the positive torque occurring at 32.5 s.

The PGM, in the fifth plot, shows a coherent performance with the previous analysis
with a smaller variance and a better PGM measure from the controlled case w.r.t the open-
loop case. Finally, the CoP moves forward to the limit in both cases but never backward in
the controlled case. Notice that the time the CoP stays in the limit position reduces over
cycles in the controlled case, while it increases for the open loop scenario.

From these simulations, we can remark that the COM1 stabilizer has some back tilting
during the first cycle while the displacement is smaller for all the disturbances. Notice as
well that the center of pressure moves forward for a longer period over time. The COM2
controller has a bigger CoM displacement in both directions and so does the orientation. By
looking at the PGM we see that the best performance is reached when using the combined
strategies, increasing it by 2% for the COM1 case and 10% for the COM2 case. This means
that the overall effort during the simulation is reduced in that percentage.
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Figure 10. COM2 plus attitude stabilizers under quasi-static periodic disturbance. The plots contained in
this figure and the proceeding figures that plot the robot’s performance under a quasi-static disturbance
simulation set are organized as follows, from top to bottom: the first plot is the CoM deviation from the
standing position; the second plot is the measured torque at pendulum’s simulated joint; the third plot
shows the measured orientation using the simulated IMU at the hip; the fourth plot is the simulated
Force/Torque sensor in the left ankle joint, considering the torque around the y-axis; the fifth plot refers
to the PGM key performance indicator; the sixth plot is the reconstructed CoP.
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Figure 11. COM1 stabilizer under quasi-static periodic disturbance.
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Figure 12. COM2 Stabilizer under quasi-static periodic disturbance.
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Figure 13. Attitude stabilizer under quasi-static periodic disturbance.
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Figure 14. COM2 plus attitude stabilizers under quasi-static periodic disturbance.
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Table 2 collects the data for comparison purposes. In this case, Ts refers to the settling
time from the first pendulum contact with the robot to its stabilization. We took this
time considering that the contact with the pendulum after the last sinusoidal cycle is not
consistent throughout the different studied cases. The other values stand as previously
named. In this case, we can see that the combined stabilizer provides a better PGM
factor while reducing the positive torque applied by the ankles (tilting backward), with an
additional reduction of the CoP displacement. Instead, the negative torque is comparable
with the open-loop case and can not be further compensated since the robot is being pushed
forward by the pendulum. Consequently, the CoP displacement can not be compensated. It
is worth noticing the orientation behavior in simulation. As shown in Table 2, when using
only the COM1 and COM2 strategies, the change in orientation is smaller with regard to the
other cases, instead, when applying the attitude stabilizer as a single or additional strategy,
a compliant reaction at the torso is added to the compensation motion.

The highlighted variables in Table 2 indicate the best controller performance for the
respected KPI, as can bee seen the COM1+A and COM2+A strategies have an outstanding
performance in the KPIs that are not saturated by the disturbance while keeping a com-
parable performance in the remaining KPIs. Notice that the CoMp and Orip are bigger in
this case for the two balancing strategies due to the compliant behaviors as previously
mentioned.

Table 2. Simulation results under quasi-static disturbance.

Ts CoMp Orip PGM PGMv T T CoP CoP

openloop 26.2 8.3 6.19 0.79 0.067 30.35 −48 14.15 −8.16
COM1 9.9 4.4 3.74 0.9 0.027 20.12 −38.8 13.13 −4.06
COM2 10.5 3.31 3.17 0.83 0.03 33.76 −37.11 13.68 −8.7

Attitude 14.2 10.74 6.21 0.907 0.04 23.7 −39.75 13.5 −8.16
COM1+A 10.2 7.62 5.15 0.92 0.028 17.7 −40 13.46 −5.38
COM2+A 9.6 9.86 6.75 0.92 0.02595 6.9 −41.6 13.26 −3.22

In the following link is possible to find videos of the performed simulations and
experiments https://youtu.be/F7ATTcEGi9U visited on 15 October 2022.

5. Experimental Results

The same protocol presented in the simulation was consecutively tested in the real
platform.

The COM2 stabilizer was using the same gains we used in simulation while for the
COM1 we changed the LQR gains to K = 1200 and B = 400 for the real experiments. The
rest of the parameters were kept the same.

5.1. Impulsive Disturbance
To run this protocol, we used a 1 m pendulum weighting 3 kg. The pendulum was

driven to a 90 degree position and left in free fall. After the pendulum hits the robot, it
moves back to prevent further robot-pendulum interaction. The pendulum was set to hit
the robot on the back. From the setup point of view, it was necessary to hit the robot in a
lower position with regard to the simulation scenario, to avoid damaging the electronics
and accidentally pressing the emergency stop located at the back of the robot. In addition,
we use a soft cover to protect the robot. Therefore, some additional damping was given
to the robot’s original structure. Results are presented using a similar structure as the one
used for the simulation scenario. The fourth plots presented on each figure, corresponding
to each control case, are: CoM deviation, Measured orientation, Torque at the left ankle,
and reconstructed Center of pressure. As before, we will comment on one figure and leave
the following ones to the reader. However, a general conclusion will be given.

In the first plot in Figure 15, it can be seen that the open loop response presents
more than 20 s of oscillations after the impact. This agrees with the simulated results. In

https://youtu.be/F7ATTcEGi9U
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addition, we can see that the maximum displacement is ≈4.5 cm. When we compared
this performance with the controlled case, COM2 with Attitude stabilizer, we see that the
controller is able to stabilize the disturbance in 2 s without any back tilt. The response
shows that the robot moves back fast and, before reaching the initial position, the response
decelerates so that it converges slower and softer. Finally, it is worth noticing that the
control effort agrees with the CoM motion and the magnitude is close to the values given
in the simulation part. This is one order of magnitude less.

When looking at the second plot, which shows the measured orientation, the presented
figures are quite similar to the CoM response in the first plot. As can be seen, the control
action reflects with a smaller magnitude the initial half cycle of the response, when the
robot is recovering the initial position, the orientation reference keeps the reference forward,
therefore, decelerating the CoM response.

The third plot shows the effort made by the ankle joint during the experiment. As
can be seen, the open loop response has a lower effort but it oscillates and lasts longer.
The controlled case, presents a bigger effort, moving back the robot and allowing its
stabilization. We can see that the torque becomes positive when the control effort for the
orientation stays constant and the CoM displacement in the first plot changes the slope
from negative to positive, this happens around 31 s, this is one second after the disturbance
is introduced. This shows that the control action is pushing forward the robot before it
reaches the initial position.

Finally, in the last plot of Figure 15, it is possible to see that the CoP moves up to 10 cm,
which is further that the open loop case. We can compare this response with an ankle-like
response, therefore, pressing with the toes to push back the robot, and then compensating
for the overcompensation by pressing forward with the ankles.

Looking at the results presented in Figures 16–19 corresponding to control scenarios
COM1, COM2, Attitude, COM1 with Attitude, and COM2 with attitude, respectively, we
see that both COM1 and COM2 stabilizers are able to stabilize the robot in the first 2 s.
When using the attitude stabilizer, there are oscillations during 9 s which is not desired but
in general better than the open loop response. When implementing the cooperative cases,
COM1 (COM2) with Attitude controller, the stabilization time does not improve but the
response is softer in both cases and more continuous. As seen in Figure 19, first plot, the
COM1 plus attitude controller tilts back for a small portion at 30.5 s which was not present
in the COM1 response in Figure 16.

For the first set of experiments, we collected the data in Table 3. In this case, the PGM
was not measured but the rest of the metrics are given as in the simulation results due to
bandwidth issues during the experimental phase. As can be seen, the results are consistent
with the simulated ones. The combined strategies were able to reduce the applied torque
at the ankles in both recovery phases and provide faster stabilization times. Given the
compliant behavior of the controllers, it seems that the CoP was negatively affected since
the motion ratio is bigger in comparison with the open loop case. The best KPI for each
case is highlighted in the table.

Table 3. Experimental results under impulsive disturbance.

Ts CoMp Orip T T CoP CoP

openloop 20+ 3.96 1.08 11.21 −20.86 4.28 −7.71
COM1 2.45 4.05 0.3 4 −22.7 8.46 −3.2

COM1+A 2.04 4.48 0.98 5.44 −16.54 7.68 −3.15
COM2+A 1.8 4.4 1.96 1.56 −33.35 8.9 −7.08
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Figure 15. COM2 plus attitude stabilizers under and impulsive disturbance. The plots contained
in this figure and the proceeding figures that plot the robot’s performance under an impulsive
disturbance experimental set are organized as follows, from top to bottom: the first plot is the CoM
deviation from the standing position; the second plot is the measured orientation using the IMU at the
hip of the REEM-C humanoid robot; the third plot corresponds to the Force/Torque sensor reading in
the left ankle joint, taking the torque around the y-axis; and the fourth plot is the reconstructed CoP.
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Figure 16. COM1 stabilizer under and impulsive disturbance.



Robotics 2022, 11, 114 19 of 24

20 22 24 26 28 30 32 34 36 38 40
-5

0

5

C
O

M
 O

ut
pu

t [
cm

]

0

0.2

0.4

C
on

tr
ol

 E
ff

or
t [

cm
]

COM displacemet

OpenLoop
Controlled Output
ControlAction

20 22 24 26 28 30 32 34 36 38 40
-2

0

2

4

A
ng

le
 [

º]

Measured Orientation

OpenLoopOrientation
Controlled orientation

20 22 24 26 28 30 32 34 36 38 40

-20

0

20

T
or

qu
e 

[N
m

]

Torque around y axis for the leftFoot

OpenLoop
Controlled Loop

20 22 24 26 28 30 32 34 36 38 40

Time

-5

0

5

10

Po
si

tio
n 

[c
m

]

Center Of Preassure

Open Loop
Controlled Loop

Figure 17. COM2 stabilizer under and impulsive disturbance.
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Figure 18. Attitude stabilizer under and impulsive disturbance.
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Figure 19. COM1 plus attitude stabilizers under and impulsive disturbance.
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5.2. Quasi-Static Periodic Disturbance
For this set of experiments, we present three cases which are: the COM1 controller,

which has shown in all the previous results the best performance over the single control
implementations. The other two experimental cases we present are the cooperative case
of the COM1 with the Attitude Stabilizer and the cooperative case of the COM2 with the
attitude stabilizer as well.

On each of the experimental results shown in Figures 20–22, we present six different
plots as we did in the corresponding simulation scenario.
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Figure 20. COM2 plus Attitude controller under quasi-static periodic disturbance. The plots con-
tained in this figure and the proceeding figures that plot the robot’s performance under a quasi-static
disturbance experimental set are organized as follows: the first plot stands for the CoM deviation
from the standing position; second plot shows the measured pendulum’s torque; the third plot shows
the measured orientation using the IMU at the hip of the REEM-C humanoid robot; the fourth plot is
the Force/Torque sensor reading in the left ankle joint, using the measured torque around the y-axis;
the fifth plot is the PGM key performance indicator; finally, the sixth plot is the reconstructed CoP.
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Figure 21. COM1 under quasi-static periodic disturbance.



Robotics 2022, 11, 114 21 of 24

0 5 10 15 20 25
-5

0

5

C
O

M
 O

ut
pu

t [
cm

]

0

0.1

0.2

C
. r

ef
 [

cm
]

COM displacemet

OpenLoop
Controlled Output
ControlAction

0 5 10 15 20 25

-20
0

20
40
60

T
or

qu
e 

[N
m

]

-5

0

5

P.
 r

ef
 [

º]

Pendulum Applied torque

OpenLoopAppliedTorque
Controlled AppliedTorque

0 5 10 15 20 25

-2
0
2
4
6

A
ng

le
 [

º]

Measured Orientation

OpenLoopOrientation
Controlled orientation
Control Action

0 5 10 15 20 25

-40
-20

0
20

T
or

qu
e 

[N
m

] Torque around y axis for the leftFoot

OpenLoop
Controlled Loop

0 5 10 15 20 25
0

0.5

1

PG
M

Passivity gait measure

OpenLoop PGM=0.51896 Variance=0.027956
Controlled Loop PGM=0.59389 Variance=0.028518

0 5 10 15 20 25

Time

-5
0
5

10
15

Po
si

tio
n 

[c
m

] Center Of Preassure

OpenLoop
ControlledLoop

Figure 22. COM1 plus Attitude controller under quasi-static periodic disturbance.

Comparing the CoM deviation is possible to notice that the three different control
cases stabilize the CoM after each interaction with the pendulum. However, the COM1
case, in Figure 21 has a small back-tilt, which does not appear in the other cases. In the first
plots in Figures 20 and 22 is shown that the CoM of the robot moves forward but does not
tilt back. This behavior can be observed as well in the second plot for each of the figures
which correspond to the sensed torque by the pendulum. As can be observed, for the open
loop case, there is an interaction of the robot with the pendulum when it is moving forward.
Therefore, when the robot is tilting back, the pendulum is decelerating the robot and a
positive torque appears in the measure. When looking at the same plot for the closed loop
cases, we see that after the positive cycle of the sinusoidal, the torque remains negative,
moving back to the pendulum without any robot-pendulum interaction.

The third plot, measured orientation, shows similar behavior for the different control
scenarios, while the open loop case keeps oscillating slightly for the remaining time of
the experiment. The time response of the controllers and the open loop cases is better
seen in plots 4 and 6 on each of the studied figures, where for the open loop scenario, the
ankle torque, and the CoP keep oscillating during the remaining time in the figure. This
is from time 15 s when the applied disturbance stopped, to the end of the plot at time
25 s. Therefore the robot is tilting back and forward at the natural robot’s frequency. This
behavior does not appear in the controlled cases, where the ankle torque and the CoP
stabilized around 17 s, This means, 2 s after the disturbance had finished.

The data from the final set of experiments have been collected in Table 4. Despite the
behavior of the three considered balancing strategies being quite comparable, the COM1
performs better. The only measured KPI where the combined strategy COM2+Attitude
performs better is during the recovery phases, providing a smaller torque w.r.t the other
scenarios. Interestingly, in comparison with the simulation results, the orientation of the
robot is not affected as expected. However, it is seen how the compliant performance of the
CoM provides a bigger horizontal motion of the robot to dissipate the applied disturbance
when using the combined control strategies. Looking at the PGM, the best performance is
given by the COM1 controller which increases the PGM’s RMS by 11% while the combined
control performance increases it by 8/9%. Moreover, the variance in COM1 is reduced
by half, while the other cases remain in the same range. (It is necessary to remark that
collected data are not as clean as desired and might affect the given results). The best KPIs
obtained during the experiment for the different controllers are highlighted in Table 4.
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Table 4. Experimental results under a quasi-static disturbance.

Ts CoMp Orip PGM PGMv T T CoP CoP

openloop 13 3.7 4.12 0.52 0.028 17.08 −30.75 8.52 −6.24
COM1 10.2 2.54 3.28 0.629 0.013 11.43 −38.35 8.54 −6.29

COM1+A 10 5.7 4.72 0.593 0.028 11.62 −39.65 8.52 −6.17
COM2+A 10.7 5 1.97 0.58 0.02842 17.08 −30.7 8.52 −6

As previously mentioned, in the following link is possible to find videos of the per-
formed simulations and experiments https://youtu.be/F7ATTcEGi9U visited on 15 October
2022.

6. Conclusions

In this paper, we evaluated the performance using standardized protocols of three
different balancing strategies that can be integrated to provide balancing capabilities
for humanoids. The single strategies presented good balancing performances with the
capability to reject external disturbances with compliant and soft responses. A further
performance increase was shown when the strategies are properly integrated, generating
cooperative behavior. This was performed using a compensation strategy that considers
the CoM deviation due to the control action of the attitude controller, upper body rotation.
Therefore, by considering the CoM interaction of the different agents that acts over the
controlled CoM variable, a natural cooperative scheme emerges.

The simplified models used in the balancing strategies, the double integrator, mass
spring damper, and the free body with single mass models, permit to easily port the
proposed approach to different bipedal robots requiring quantities, such as the mass
and the CoM height, which are usually available and well known in humanoid robotics.
Furthermore, the only required feedback signals are provided by the IMU, Force/Torque
sensors mounted at the feet, and from the CoM states estimation. Moreover, by integrating
the proposed methodologies, natural and compliant response with an ankle or a hip strategy
is achieved without the need of switching control strategies.

The different balance strategies were tested in standardized testing beds. This allows
for repeatability of the experiments and simulations by other researchers, and comparison
of the obtained results with other balancing strategies. The obtained data represent a
valuable tool for the selection of different balancing strategies.

To extend the present results, it is necessary to benchmark the given balancing strate-
gies under a wider set of scenarios. Those scenarios should include, interactions in the
lateral plane, static and reactive walking, stair climbing, and moving surface behavior, in
agreement with the test beds proposed by the EUROBENCH project. Additionally, we
would like to perform the benchmark over different humanoid bipedal hardware to provide
further data regarding the portability of the proposed stabilizing strategies.
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