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Abstract

Bipedal robots are expected to play a crucial role in daily life, supporting humans with tasks,
functioning in industrial facilities, providing healthcare, and executing search and rescue missions in
hazardous situations. Bipedal robots are complex mechanical machines requiring extensive research.
Bipedal robots struggle to maintain balance in the presence of external disturbances, which limits
their interaction with their surroundings. Therefore, developing a robust push recovery control is
essential for these robots to maintain balance while executing the planned tasks.

The objective of this work is to develop a push recovery control system that maintains the
stability of the momentum’s rate of change (Disturbance Avoidance Phase) and subsequently
restores our robot (HURON) to an upright position once the disturbance subsides (Posture Re-
covery Phase). We develop and validate a reaching law-based Sliding Mode Control (SMC) to
stabilize the rate of change of linear momentum. The proposed SMC incorporates a Variable
Power Rate Reaching Law ($), dynamically adjusting to changes in the system. The study
examines angular momentum regulation through two approaches, considering the CoP position,
CoM position, the desired rate of change of linear momentum, and Ground Reaction Forces. This
study also proposes using the null-space method to restore the robot to the upright posture without
interfering with its main momentum controllers. The Higher Priority task is for the momenta
controllers (Disturbance Avoidance Phase), while the Lower Priority task is (Posture Re-
covery Phase).

The simulation results illustrate that the proposed push recovery control effectively preserved
standing stability in the presence of external disturbances. Moreover, the proposed control method
reduces chattering in joint torques and eliminates oscillations. Additionally, the results show that
the push recovery control, when implemented using the Second Approach of angular momentum
controller, yields smaller CoP position values than the First Approach. This study also involves
conducting experiments where two successive pushing forces are applied to our robot (HURON)
within a short time. The robot demonstrates remarkable stability, even under the influence of these
forces. This stability can be attributed to the effective implementation of the null-space method,
allowing the performing of both the Disturbance Avoidance Phase and Posture Recovery
Phase simultaneously. A comparison with established controllers shows the superiority of the
proposed approach, particularly in reducing the CoP peak.

This thesis additionally presents our ongoing research focusing on the stepping strategy. If
the robot cannot maintain its standing stability when subjected to a large pushing force, it must
take a step. Our methodology involves selecting the step position based on variations in momenta.
Subsequently, the desired CoM and swing leg trajectories are generated using a quadratic Bezier
curve and a Gaussian function. A multi-objective optimization problem is employed to minimize the
momenta and swing leg trajectory errors while considering stability constraints. The experimental
stage is currently in progress. Initial findings indicate promising results; nevertheless, a thorough
examination and explanation are still needed. The ongoing data collection and analysis processes
will yield conclusive results in the coming days, further validating the efficacy of the employed
methodology. Our future plans include implementing our proposed push recovery control to our
manufactured bipedal, HURON, once it is ready for experimental tests. Additionally, we plan to
complete the current work related to push recovery via stepping.
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1 Introduction

The development of bipedal robots began around three decades ago. Over the past twenty years,
there has been a significant increase in research conducted on bipedal robots. This advancement
results from significant advances in various fields, including material sciences, mechanical engineer-
ing, software engineering, and perception. Bipedal robots’ ability to maintain balance has been
and will continue to be one of the research hotspots. Despite this, the challenge of successfully
developing controllers that can keep the system in balance despite disturbances is still difficult.
This thesis focuses on designing a momentum-based balance control system for our bipedal robot

(HURON), depicted in Fig.

Figure 1: Our bipedal robot (HURON).

1.1 Motivation

Bipedal robots are expected to become essential elements of our daily lives, fulfilling various duties,
including assisting humans in everyday jobs, operating in industrial facilities, delivering healthcare
services, and conducting search and rescue missions in dangerous environments. Bipedal robots are
highly complex mechanical machines that require significant research in this field. An important
limitation that restricts the ability of bipedal robots to interact with their environment is their

inadequate capability to maintain balance in the presence of external disturbances. Therefore, it



is crucial to develop a robust push recovery control system that allows these robots to preserve

balance while executing the planned tasks. This has been the primary motivation of this study.

1.2 Problem Statement

Several studies have investigated the use of momentum-based balance control with simple controllers,
such as Proportional-Derivative (PD) controllers, to stabilize the motion of the Center of Mass
(CoM), which is equivalent to regulating the linear momentum. Other studies used the Proportional
Linear Momentum Rate Controller, where the desired rate of change of linear momentum is defined
as a proportional function of the current linear momentum. However, when it comes to stabilizing
the linear momentum of a bipedal robot in order to achieve balance, simple controllers are not
an effective solution due to the complex, nonlinear, and coupled dynamics of bipedal motion.
Moreover, the desired rate of change of angular momentum was either assumed to be zero or
defined only in terms of the Center of Pressure (CoP) without considering the desired rate of
change of linear momentum or the Ground Reaction Force (GRF). The push recovery process
can be divided into two distinct phases: the Disturbance Avoidance Phase, which aims to
stabilize the rate of change of momenta, and the Posture Recovery Phase, which focuses on
returning the robot to an upright position after the disturbance subsides. These phases must
operate simultaneously to ensure optimal performance. However, it has been observed that these
phases are often executed sequentially, meaning that the Disturbance Avoidance Phase runs
first, followed by the Posture Recovery Phase. Thus, attempting to exert force to the robot

while it is restoring its posture will not properly maintain its momentum, resulting in a fall.

1.3 Research Goal

The aim of this work is to develop a push recovery control system that stabilizes the rate of change
of momenta (Disturbance Avoidance Phase) and then restores our robot (HURON) to an
upright position after the disturbance diminishes (Posture Recovery Phase). The phases must

operate simultaneously to provide efficiency in performance .



1.4 Contribution

Our specific contributions include:

1) Designing and validating an improved reaching law-based Sliding Mode Control (SMC) for
stabilizing the linear momentum of bipedal robots. The proposed reaching law can eliminate
chattering and allow the system to approach the sliding mode surface from any point in a short

period, as will be explained in section [£.2.1]

2) Defining the desired rate of change of angular momentum about the Center of Mass (CoM) in a
way that incorporates the desired rate of change of linear momentum, the difference between the
positions of the CoP and CoM, and the normal component of the Ground Reaction Force (Fgr..),

as will be discussed in section [4.2.2

3) Introducing a null-space method for restoring the robot’s upright posture during the Posture

Recovery Phase without interfering with primary momentum controllers, as will be explained in

section [4.3]

Moreover, we compare our proposed push recovery control (Standing Stability) with those

presented in [6], [5], and other established controllers, highlighting the advantages of our approach.

1.4.1 Publication List

1- “ Push Recovery Control of Bipedal Robots Using an Improved Reaching Law-Based Sliding
Mode Control and Null-Space Method.” Submitted to International Conference on Robotics and

Automation (ICRA), 2024.

2- “ Momentum-Based Push Recovery Control for Bipedal Robots: Integrating Standing and Step-

ping Balance.” In preparation for submission to IEEE Access by March 1, 2024.

1.5 Structure of the Thesis

The structure of this thesis is as follows:

Section [2| presents a comprehensive analysis of the biomechanics of standing balance. Subse-



quently, it thoroughly analyzes the three balance strategies (Ankle, Hip, and Step), along with
their corresponding stability regions. Lastly, this section provides an overview of bipedal balance

control strategies including momentum-based strategies.

Section (3| introduces our bipedal robot (HURON), which is utilized as the platform for imple-

menting our proposed push recovery controller.

Section (4] provides the proposed push recovery control, which aims to maintain standing stability.
The proposed control incorporates a Sliding Mode Control with Variable Power Rate Reaching
Law to stabilize the rate of change in linear momentum. This section also shows how we define
the rate of change of angular momentum using two approaches. Additionally, it demonstrates the

utilization of the null-space method for recovering an upright posture.

Section [5] initially displays the outcomes of the proposed push recovery control, as explained in
section Additionally, it presents a comparative analysis of the stability performance of the

proposed control method against other well-recognized controllers.
Section [6] presents the conclusions that can be drawn on this research.

Section [7] shows our ongoing study, focusing on the implementation methodology of the push
recovery control by stepping. As of the current stage, conclusive results are not available. This
section initially clarifies the process of determining the step position based on momenta. In section
the required linear and angular momenta, as well as the trajectory of the swing leg, are
generated. Section [7.1.2.3] presents the objective function and the necessary constraints for taking
a step while maintaining stability. Additionally, this section presents potential opportunities for

future research.



2 Background

Section [2.I] will provide an overview of the standing balance biomechanics. In sections and
the Ankle Strategy and Hip Strategy with their corresponding stability regions will be discussed.
Section will highlight the Step Strategy. Section will provide the basic concepts of static and
dynamic balance of bipedal robots. In section [2.6] we will give a brief overview of bipedal balance
control strategies (Ankle/Hip strategy and Momentum-Based Strategy). Later on, we will highlight

our contribution to advancing the development of the Momentum-Based Strategy.

2.1 The Biomechanics of Balance

According to biomechanics research, it has been observed that the human body is considered to
be an unstable system due to the concentration of approximately two-thirds of its total mass at a
height that is also about two-thirds above the ground [1]. Therefore, humans need to use an active
control strategy to ensure stability. The author of [1] identified three primary sensory systems
contributing to balance and posture. Vision is primarily responsible for planning our movement
and avoiding obstacles along the path. The vestibular system is our “gyro” that detects linear
and angular accelerations. Multiple sensors in the somatosensory system detect the position and
velocity of all body segments, their contact (impact) with external objects (including the ground),

and the orientation of gravity.

The essential component of quiet standing is the difference between the Center of Pressure
(CoP) and the Center of Mass (CoM). Assuming the body to be an inverted pendulum, pivoting
about the ankle joint as shown in Fig. [2] a counterclockwise moment equal to RP and a clockwise

moment equal to Wg will be acting [1].
Ia=RP-Wyg (1)

where [ is the moment of inertia of the total body about the ankle joint, « is the angular acceleration
of the inverted pendulum, W is the body weight, and R is the vertical reaction force. P and g

represent the distance from the pivot point (ankle joint) to the CoP and CoM, respectively.
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Figure 2: A subject swaying back and forth while standing quietly on a force platform [1]. w is the

angular velocity.

In Fig. it can be shown that when Wg > RP, the body exhibits a clockwise rotational
motion. In order to correct this motion, the individual must manipulate the position of the CoP by
increasing the degree of plantar flexion exhibited at the ankle joint [1]. Consequently, the CoP will
be positioned anterior (towards the front) to the CoM, while the Wg < RP, as depicted in time 2 of
Fig. 2 Currently, the angular acceleration, denoted as «, will induce a counterclockwise rotation,
resulting in a decrease in the angular velocity, represented as w, of the object. This behavior
persists until time 3, during which both « and w exhibit counterclockwise motion, resulting in the
backward movement of the body. The CoP shifts posteriorly (towards the back) in response to
a decrease in plantar flexion activity, ultimately aligning itself behind the CoM. When this event
occurs, the central nervous system detects the posterior displacement of the CoM and initiates
corrective action by activating the forward rotation of a at time 4. Over time, the value of w will
decrease and reverse its direction, leading to the body returning to its initial position observed at
time 5. This sequence shows the importance of the CoP and CoM positions in maintaining quiet

standing.

In quiet standing, the Ankle Strategy is employed in response to minor disturbances. In
more perturbed situations or when the ankle muscles cannot act, a Hip Strategy would respond by
flexing the hip and shifting the CoM anteriorly. The impact of Ankle Strategy and Hip Strategy on

CoM displacement is depicted in Fig. In the presence of forward perturbations, the combined



Ankle and Hip Strategy can drive the CoM more backward compared to the Ankle Strategy or Hip
Strategy alone, according to the study conducted by |1]. This indicates that the combined strategy
can handle larger perturbations than only the Ankle or Hip Strategy. If the combined Ankle and
Hip Strategy cannot withstand the perturbations, humans must move a limb forward to stop their

forward fall (Step Strategy).

Quict Ankle Hipr Combined
Standing Strategy Strategy Strategy

-

Figure 3: Displacement of the CoM of the body as a result of an external perturbation with the
Ankle Strategy, Hip Strategy and Ankle and Hip combined strategy [1].

2.2 Ankle Strategy

Research in the field of biomechanics has yielded evidence suggesting that humans frequently utilize
the Ankle Strategy to maintain balance in response to minor perturbations. The diagram in Fig.
illustrates the Ankle Strategy, which shows how a disturbance causes a deviation of the CoM from
its desired position. The Ankle Strategy refers to restricting movement in the hip and knee joints
while employing torque in the ankle joint to reposition the CoM to the desired position. Using
solely ankle torque allows applying the Linear Inverted Pendulum Model (LIPM) as a simplified

model for investigating the Ankle Strategy.

Linear Inverted Pendulum Model (LIPM): A system of rigid bodies can be approxi-
mated as a single mass. At each instant, the sum of forces acting on a system causes a change

in linear momentum L or, equivalently, an acceleration of the system’s CoM. Simultaneously, the



(a)
Figure 4: (a) The Ankle Strategy, (b) The Linear Inverted Pendulum Model (LIPM).

sum of moments about the CoM results in a change in the system’s angular momentum H about
the COM. In the LIPM in (zz plane), it is presumed that the system has no angular momentum
Hconmy = 0 and that there is no change in angular momentum HCOM’y = 0. This indicates that
the system’s forces do not generate moments about the CoM. Additionally, in the LIPM, the height
of the CoM is also presumed to be constant. The dynamics of the planar LIPM in the sagittal
direction (sagittal and frontal planes are illustrated in appendix described in Fig. can be

expressed as

. m
mEcom = 709(36001\4 — TCoP) (2)

TCoP = U (3)

where xcops is the CoM horizontal position, at a constant height zg, xc,p is the CoP position,
m is the system’s total mass, g is the acceleration due to gravity, and u is the control input for
the CoP. Notably, the same dynamics are in the frontal direction. As shown in Fig. to satisfy
the assumption that there is no change in angular momentum about the CoM (Hcgonr,y = 0),
the Ground Reaction Force (GRF) must point from the CoP in the direction of the CoM. Thus,

Ankle Strategy is also called CoP balancing [9]. This indicates that in the Ankle Strategy, the CoP

10



position is regulated to maintain stability. As known, the range of CoP position is constrained by
the dimensions of the support polygon. This CoP constraint imposes a constraint on the torque of

the ankle joint, as described in equation |4} which was derived by [10].

FT—T
Fy

LCoP =

(4)

where 7 is the ankle torque, Fl is equal to mg, which is the normal component of GRF, and
Fr is the tangential component of GRF. Under the assumption of negligible vertical motion, the
constraints imposed on the CoP location can be equivalently interpreted as limitations on the ankle

torque.

In order to assess the effectiveness of the Ankle Strategy for controlling external disturbances
and determine the extent to which this strategy can absorb such disturbances, the stability region
of the LIPM was derived by [9] in terms of CoM states (zconr, oonr). The stability region was
determined by replacing the maximum ankle torque that may be created when the CoP position is
at the edge of the foot, denoted as z¢c,p = 6. Here, — and d+ represent the rear and front edges

of the foot’s support region, respectively.

-i'C'oM

0~ < + Toom < ot (5)

Equation [5| defines the stability region condition in the CoM state space. Fig. [5|illustrates
the specific region within the CoM state space where the Ankle Strategy effectively absorbs external
perturbations. This finding also indicates that in cases where the torque exerted by the ankle is

insufficient to regain balance, alternative strategies to prevent falling should be considered.

2.3 Hip Strategy

As indicated in the biomechanical studies of balance, it has been observed that utilizing the Ankle
Strategy is appropriate mostly while encountering minor disturbances. This constraint arises due to
the upper limit of ankle torque that can be exerted while ensuring that the CoP remains within the

boundaries of the support polygon. Hence, to ensure stability in the presence of greater external

11



CoM Velocity

Figure 5: Stability region of the Ankle Strategy in terms of CoM states (zcons, Tconr) using LIPM
with PD controller for the ankle torque . The white area represents the stable region where the
Ankle Strategy is deemed adequate for converging the CoM state space to the equilibrium point.

forces, an alternative balance strategy, such as the Hip Strategy, needs to be implemented. The Hip
Strategy involves the combined utilization of both the ankle and hip joints, as shown in Fig. [6al In
contrast to the Ankle Strategy, the Hip Strategy presumes the presence of a flywheel attached to
the CoM. This assumption enables the utilization of the Linear Inverted Pendulum Plus Flywheel

Model for investigating this particular balance strategy.

Linear Inverted Pendulum Plus Flywheel model: The torque produced around the
CoM, which is equal to the change in angular momentum, can significantly impact push recovery.
The torque observed results from the rotational movement of the upper body, encompassing both
the torso and arms. Therefore, in this simplified model shown in Fig. [6b} it is possible to utilize
a flywheel mounted on the CoM as an approximation for the upper body. The mathematical

representation of the system’s behavior can be expressed as follows

. _mg Ty
micom = —(Tcom — TcoP) — —
20 20

Iyéy =Ty (7)
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TCoP = U (8)

where 7, is the torque about the CoM in the sagittal plane, 6, is the angle of the flywheel

and I, is the inertia of the flywheel.

/Oy

——

)
4

-

(a)
Figure 6: (a) The Hip Strategy, (b) The Linear Inverted Pendulum Plus Flywheel Model.

The stability region for the Hip Strategy was also derived in [9]. In this strategy, both the
maximum ankle torque and the maximum torque exerted by the flywheel about the CoM were

essential to derive the stability region of the Hip Strategy as defined by equation [9}

5 — Tmazx 2 TCoM

p (exp(wTinaz) — 1)° < +zooy <07+

7:;—@; (exp(wTipae) — 1)2 (9)

where 7,4, 1s the maxmium torque generated by the upper body (flywheel), T)azr = 1/ IT‘QT;”T‘;I,

I and 6,4, are the moment of inertia and the maximum rotational angle of the flywheel, respectively.

If the condition depicted in equation [J] is satisfied, it signifies that the Hip Strategy can
effectively manage the external disturbances. Conversely, the robot must execute a step to prevent
falling if the condition is not achieved. The stability area, which illustrates the requirement as

mentioned earlier, was graphed in the [2], as depicted in Fig. [7} Additional information regarding
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the derivation of the stability region of the Ankle Strategy and Hip Strategy can be found in @ﬂ .

CoM Velocity

it
i

i
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"
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-0.3 -0.2 -0.1 1] 0.1 0.2 03 0.4
CoM Position

Figure 7: Stability region of the Hip Strategy using a Linear Inverted Pendulum Plus Flywheel Model
with a bang-bang flywheel control [2]. In this case, the stability region is larger than the Ankle
Strategy, indicating the ability of this strategy to maintain stability in high external disturbances.
The blue trajectories are stable, while the red trajectories are unstable.

2.4 Step Strategy

According to the study of Biomechanics, when humans are unable to maintain balance using their
ankle, hip or both of them, they naturally take a step in the direction of the external force exerted
as shown in Fig. Hence, the Step Strategy is used in scenarios where maintaining balance
cannot be achieved through any form of body movement. It is essentially to precisely select the
placement of the step in order to provide stability and avoid any violations of the kinematics and
dynamics constraints of the bipedal robot. Definitely, the impact of the pushing force on the CoM
will affect both the horizontal and vertical velocities of the CoM. Nevertheless, LIPM shown in
[4b] remains applicable for investigating this strategy by ignoring the vertical motion of the CoM.
Using the LIPM, the orbital energy defined in can be employed to derive the step position
Zstep Necessary to stop the forward movement of the CoM. The orbital energy is conserved in the
motion of Linear Inverted Pendulum, which means it remains constant before and after the point of
impact (Epe fore=FEq fter)- More information regarding the orbital energy and LIPM stepping can
be found in @ﬂ . Alternative methods are employed to determine the necessary step position

for stability maintenance based on momentum knowledge.
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Step Position Xstep

Figure 8: The Step Strategy.

2.5 Static and Dynamic Balance of a Biped Robot

An Industrial robot has a fixed base on the ground, which allows it to move freely within the joint
moveable range. In contrast, the base of the bipedal robots (sole) are not fixed to the ground.
Therefore, bipedal robots must move their joints while maintaining their balance. To comprehend
the stability, it is crucial to understand the relationship between the support polygon, the CoM,
and the Zero Moment Point (ZMP). The support polygon refers to the region created by enclosing
all the contact points between the robot and the ground using an elastic cord braid , as shown
in Fig. [9] Mathematically, the support polygon is formally defined as the convex hull, the minimal

convex set that encompasses all contact points.

(a) Full contact of both feet (b) Partial contact

Figure 9: Support polygon .

The concept of the ZMP was initially introduced by as a criterion for assessing the

stability of biped robots. Understanding the concept of the ZMP is crucial for the development
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Figure 10: The Zero Moment Point (ZMP) [4].

and implementation of balance control algorithms. The ZMP refers to a specific location on the
floor where the resultant moment caused by all forces operating on the robot does not possess any
horizontal components [12]. The ZMP, also known as the CoP, is the position on the ground where
the robot experiences the contact force. This is illustrated in Fig. The ZMP /CoP value can be

measured by using sensors attached to the feet or ankle joints [13], or derived from the dynamics.

To ensure the static balance of a biped robot, the CoM must be positioned within the bounds
of the support polygon on the ground. Conversely, the dynamic balance is upheld when the ZMP is
located within the area defined by the support polygon [14] [15]. Fig. demonstrates that when
a human is standing on the ground, the ZMP aligns with the projection of the CoM on the ground.
In such a scenario, an individual can maintain balance if the ground projection of the CoM lies
entirely within the support polygon. Conversely, when a human moves dynamically, as depicted in
Fig. the CoM may be located outside the support polygon on the ground. Nevertheless, the

ZMP always remains within the boundaries of the support polygon.
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(a)A standing human (b)A human in action

Figure 11: Static and dynamic balance ||

2.6 Balance Control of Bipedal Robots

As mentioned in section Human balance experiments have revealed natural responses when
pushed, including the Ankle Strategy and Hip Strategy, depending upon the magnitude of the force.
Ankle Strategy immobilizes all joints except the ankles, while the Hip Strategy mobilizes both
the ankle and hip joints. The rotational movement of the upper body (waist) produces angular
momentum, which assists in absorbing large external forces . The Ankle Strategy was examined
in |17], which focused on the fundamental dynamic equation controlling an inverted pendulum.
In previous research , the inverted pendulum model was expanded to incorporate the robot’s
response to external forces using gyro sensors. The gyro sensors were employed to measure the
angular velocity of the upper body movement of the robot. This data was then utilized to provide
feedback for controlling the ankle joint, with the ultimate goal of achieving balance. The Ankle
Strategy was also introduced in to stabilize a humanoid robot in the sagittal and frontal
planes when subjected to external pushing forces. The regulation of the ZMP or CoP position to
zero was achieved by manipulating the reference position 6,4, using a joint position Proportional-
Derivative (PD) controller. In [19], it is assumed that the legs are massless (lightweight legs),
a characteristic unusual in some legged robots. Additionally, it is observed that the Ankle Strategy
fails to maintain stability when subjected to greater pushing forces. In , Hip Strategy

was applied . For instance, in , a humanoid robot was modeled as an inverted pendulum with
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a flywheel attached to the CoM. To control CoM position and velocity, Virtual Model Control
(VMC), analogous to PD control, was used. However, the act of locking the knee joint leads to the
loss of its ability to absorb high external forces. Furthermore, its applicability depends on CoM
positioning relative to the hip joint (The CoM must be exactly at the hip joint), which is only

sometimes valid.

In [5], Linear Quadratic Regulator (LQR) and Computed Torque Control (CTC) were de-
veloped to calculate the desired CoP position. Then, an integral control was proposed to regulate
the position of the CoP. Despite the satisfactory results, this approach was applied to a two-link
robot model in an ideal simulation environment where uncertainties in dynamics are neglected. The
application of this method to a bipedal humanoid robot may yield inaccurate results, as discussed

later in this study.

The Linearized Double Inverted Pendulum (LDIP) model was introduced by |21] to describe
the dynamics of a humanoid robot that can employ Ankle and Hip strategies. In [21], a control
architecture based on Linear Quadratic Regulator (LQR) was also presented. This architecture
aims to stabilize the hip joint position relative to the CoP in the horizontal direction, as well as
the angular position of the torso relative to the ground normal. In addition, a constraint on ankle
torque was incorporated into the LQR-based control system to ensure that the CoP remains within
the support polygon. However, the hip joint position was inaccurately determined in relation to
the CoP point, since it was actually determined in relation to the frame of the ankle joint. This
calculation lacks precision in determining the exact position of the hip joint, leading to inefficient
performance. In addition, the LQR weight matrices Q and R were adjusted manually in [21] to
achieve the appropriate response. However, this approach may pose challenges when attempting

to determine global weight matrices for different values and locations of pushing forces.

On the other side, numerous researchers emphasize the significance of regulating the rate of
change of momenta in order to preserve stability (momentum-based balance control strategies). In
the past, the predominant focus of balance control approaches involved regulating a robot’s linear
momentum or CoM movement to maintain balance. Subsequently, Popovic and his colleagues
in [22] highlighted the importance of effectively controlling angular momentum to balance. The

findings of |22] revealed that the central nervous system plays a crucial role in regulating the angular
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momentum during human walking. A nonlinear relationship was also observed between the Forp,
CoM position, and CoP position. Hence, to achieve complete control over the CoP, it is necessary

to effectively regulate both angular and linear momenta [23-26].

The equation of motion for the humanoid robot was expressed in relation to the combined
linear and angular momentum, as stated in [23]. The total momentum is a six-dimensional vector
that characterizes the macroscopic behavior of the complete robot. The desired linear and angular
momenta were first defined, and then the joint velocities corresponding to these desired momenta
were computed using the centroidal momentum dynamics. However, the robot’s ability to maintain
balance was not considered, so it may become unstable when the desired input momenta values are
high. Therefore, in [6], the authors established the required rate of change of angular momentum by
defining it concerning the position of the CoP. The desired changes in momentum were successfully
accomplished in [25] [27] via a multi-objective optimization technique. This involved the precise
selection of joint accelerations and the subsequent computations of matching torques using inverse
dynamics. The multi-objective optimization problem described in [25] included three components,
with one component aimed at minimizing the discrepancy between the desired and actual rate of
change of linear momentum. The second term aimed to minimize the discrepancy in the rate of
change of angular momentum, which was defined in terms of the position and velocity of the CoP.
The third term was to achieve the character’s upright stance through tracking. The results indicated
that the character is capable of maintaining balance when subjected to external perturbations

during both the single and double stance phases.

In [26], the author introduced a model-based approach, known as Dynamic Balance Force
Control (DBFC), to calculate the whole body joint torques. This calculation is based on the motion
of the CoM and the forces experienced at the points of contact. The contact forces that control
the rate of change of linear and angular momenta were established via a constrained optimization
process. However, the balancing stability problem did not incorporate the contribution of angular
momentum, as it was assumed that the desired rate of change of angular momentum is zero. The
method proposed in [28] involved the regulation of the CoM through the modulation of angular
momentum, particularly in situations where significant external perturbations are present. In [28],

when it was impossible to achieve both momenta, more weight was placed on the linear momentum.
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In [6], balance control objectives were defined in terms of CoM and CoP values, focusing on
controlling the rate of change of momenta using a three-link planar model. Two primary balance
phases were identified: the Reflex Phase, rapidly responding to external forces to stabilize the rate
of change of momenta using simple Proportional (P) controller, where the difference between the
desired and actual linear momentum represents the error, and the Recovery Phase, which aimed
to reposition the body when disturbance forces subsided, with a control law designed to maximize

potential energy.

In our study, we enhance the approach of momentum-based balance control by replacing the
simple linear controller with an improved reaching law-based SMC for linear momentum stabiliza-
tion, as will explained in section [4.2.1] Furthermore, we define the desired rate of change of angular
momentum about the CoM, accounting for the desired rate of change of linear momentum (section
. Unlike prior works, where the two-phase controllers were applied sequentially, we propose a
null-space-based method to restore the robot’s upright posture during recovery without interfering

with primary momentum controllers (section [4.3]).

2.7 Summary

Section [2] initially emphasized the biomechanical studies related to human balance. Subsequently,
the Ankle and Hip Strategies were analyzed using simplified models specifically designed to investi-
gate these strategies. The stability regions of the Ankle and Hip Strategies, as determined by terms
of CoM states, have been demonstrated. The Step Strategy was also analyzed as a method used
when no form of bodily movement can attain balance. Section 2.5 showed the relationship between

the CoM, ZMP and the support polygon (static and dynamic balance).

Section [2.6] surveyed the strategies used to control balance in bipedal robots. It reviewed prior
research that focused on utilizing of Ankle/Hip Strategy to stabilize the ZMP or CoP. However,
these human-inspired techniques have limitations when it comes to maintaining stability. The
literature review also highlighted the significance of stabilizing the rate of change of momenta by
utilizing (Momentum-Based Strategy). These strategies focused on optimizing either the GRF or

joint accelerations to accomplish the required momenta change rate.
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3 HURON Lower Body System

HURON is a full-sized humanoid robot built from the ground up by our team at Worcester Poly-
technic Institute (WPI). This section will describe the mechanical, electrical, and software details

of the lower body of HURON.

3.1 Mechanics

HURON is designed with human anatomy in mind, with two lower limbs, including hips, thighs,
crura, and feet. The robot is mainly built with 6061 aluminum and low-carbon steel. It weighs
about 44 kg, stands 1.4 m tall, and provides 12 Degrees of Freedom (DoF) when both feet are flat
on the ground — six on each limb, including hip joint roll, pitch, yaw, knee joint pitch, and ankle
joint roll and pitch. All 12 joints in the lower body of HURON are revolute joints equipped with
BLDC motors. Each hip and knee joint includes a two-stage 40:1 planetary gearbox and a 2:1 belt
drive, which totals an 80:1 reduction. The ankle joints include SHD-25-160-2SH harmonic drive

gears with a 160:1 gear ratio, which permits high torque and high-speed applications like walking.

Y4

X/I\ ,
Base frame

’ Hip roll-pitch-yaw ‘

Knee pitch

Ankle roll-pitch

(c)
Figure 12: HURON lower body. (a) physical robot, (b) simulation model, (¢) robot frames.
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The mechanical properties of HURON are described in Fig. [I3] and Tables [I] and2]

Seo /

- 1

Bknee pitch

Figure 13: Robot properties from the side view. (a) link lengths and positions of the links’ CoM,
(b) joint pitch angles.

Table 1: Robot link properties summary.

Link name | Length /; [mm] | CoM offset ¢; [mm] | Mass m; [kg]

Hip 326.62 158.5 10.19
Thigh 496.28 245.17 4.26
Crus 370 151.49 5.91
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Table 2: Robot joint properties.

Joint name | Range of motion [rad]
Hip roll —0.01 to 0.5236
Hip pitch —1.2217 to 1.2217
Hip yaw —mtom
Knee pitch —5 to g
Ankle roll —0.3491 to 0.3491
Ankle pitch —0.5236 to 0.1745

3.2 Electronics

The main electrical components of HURON include a Raspberry Pi as the central processing com-
puter, ODrive motor controllers, and a foot force sensor system managed by an Arduino Mega.

The overview electronics system of the robot is shown in the diagram below.

A

——SPl—— ) Raspberry Pi

¥

CAM HAT USE
CAN
CDrive v3.6 Arduino Mega

Y

v h 4

=

Figure 14: Electronics system of HURON.

Force Sensors (FSR)
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3.2.1 Microcontrollers

HURON’s main processing unit is a Raspberry Pi 3B Rev 1.2. The Raspberry Pi runs the main code,
which includes high-level application and control code of lower-level components. The Raspberry

Pi is installed with Ubuntu 20.04.

For the foot sensor system, we use an Arduino Mega 2560 for reading Force Sensing Resistors

(FSRs), calculating the CoP, and sending the results to the Raspberry Pi for higher-level processing.

3.2.2 Motors and motor controllers

The revolute joints of HURON are actuated by the 6374 190KV 3500W BLDC motors from Flipsky.
We use ODrive v3.6 motor controllers to operate these BLDC motors. Each motor controller can
control two motors. The ODrive communicates via Controller Area Network (CAN) protocol with
the Raspberry Pi, which uses a CAN HAT with SPI. The ODrive allows sending position, velocity,
and torque commands. It also allows various configurations, such as current limit, velocity limit,

torque constant, and more.

3.2.3 Sensors

HURON is equipped with AMT102-V rotary encoders. The encoders are connected to ODrive;
after being processed by ODrive, the encoder data (position and velocity) are transmitted back to

the Raspberry Pi.

To measure the Ground Reaction Forces (GRF's), which are necessary for determining the
stability of the robot, we created a sensor system on the feet. Each foot has four FSR connected to
the ground via four small rubber pads. The sensor outputs go through our custom-made amplifier
circuit and are used by the Arduino Mega to calculate the stability indicators like CoP. For the
simulation model of HURON, we used Force/Torque sensors attached to the ankle joints to calculate

the position of the CoP, as explained in appendix [C|
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3.3 Software

We developed our own modular and flexible software framework that contains several abstraction
layers. The framework aims to assist researchers who wants to focus on high-level algorithms like
walking or other advanced actions. This is done by hiding the low-level implementation details as
much as possible. The framework also simplifies the sim-to-real problem by providing a unified
API for simulation and real robot code, which also allows for adding third-party extensions like

dynamics or control libraries.

3.4 Simulation Model of HURON in Gazebo

Gazebo is an open-source 3D robotics simulator. Gazebo incorporated the Open Dynamics Engine
(ODE) physics engine, OpenGL graphics, and support code for simulating sensors and controlling
actuators. The ODE is a physics engine implemented and written in C/C++. It consists of
two primary elements: a simulation engine for rigid body dynamics and an engine for detecting
collisions.The ankle joints were equipped with force/Torque sensors to measure the ground response
forces, which would be utilized for determining the position of the Center of Pressure (CoP).
Furthermore, HURON model was switched from a position-controlled implementation to an effort-
controlled implementation in Gazebo in order to validate the effectiveness of the proposed push

recovery control system, which will be presented in section

3.5 Summary

This section provided a comprehensive description of HURON’s lower body, including its mechan-

ical, electrical, and software components.
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4 The Push Recovery Control: Standing Sta-
bility

In this section, we will introduce our proposed push recovery control system that is based on

momentum.

4.1 Mechanics of Balance

Figure 15: External forces acting on a human body and the equivalent rate of change of linear and
angular momenta.

The conservation law of linear and angular momenta, denoted by L and H, holds without an
external force. Newton’s laws state that forces and torques exerted on a body are equal to the
momenta changes. Without external disturbances, a standing bipedal robot’s momentum is exclu-
sively caused by the Ground Reaction Force Fyr and the gravitational force. Derivatives of linear

and angular momentum are

L= F=mg+Far (10)

H=Yr=(p-0) x For (11)

where m is the total mass of the robot, g is the gravitational acceleration, Fgr is [Forz, FoRry, FGR, Z]T

, which is applied to the center of the pressure point, p is the CoP location [pz,py,0]", ¢ is the
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CoM of the robot [cz,cy,cz]” (see Fig. . The laws of Newton also state that L = m¢ and
L = mé. Controlling the robot’s CoM acceleration is similar to controlling its rate of change of
linear momentum. Furthermore, in the absence of pushing force, equation demonstrates that
the Fgpr is regulated by controlling the linear momentum. The angular momentum is shown to be
related to the CoP and Fggr by equation . A typical balance approach is to maintain the CoM
projection within the boundaries of the support polygon. However, controlling the CoP is also
essential since losing CoP control can cause the robot to topple over due to rotation via angular

momentum. The CoP must remain within the convex hull of the ground support area.

If equation and equation are applied to our bipedal robot (HURON) in the sagittal
plane and with a horizontal pushing force Fjysning as depicted in Fig. we obtain the following

equations:

HCOM,y = Z TCoM,y

(12)
= (px - Cz)FGR,z - CZFGR,x - uszushing
where u, is the location of the pushing force with respect to CoM.
Y Fo=-Fgpra=mé; = Ly (13)
ZFz:FGR,z:Lz+mg (14)
Plug equation & into equation ([12)) and solving for p,, we obtain
De = Cp + HCO‘M,y —C Ly + uszushing (15)

L, +mg L, +mg

Equation illustrates that in static conditions, the CoP (p;) and the CoM (c,) are both
located initially at the same point on the horizontal plane. A positive pushing force will cause p,
to move forward. As the force increases, the CoP moves toward the edge of the foot. To prevent
the robot from falling in the clockwise direction, a negative HCOM,y must be applied about the
CoM [6]. If the robot stays rigid or accelerates backward in response to the force, p, will be pushed

closer to the edge of the support polygon. Therefore, this study proposes a balanced approach to
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F pushing

Figure 16: A disturbing force applied to the robot.

regulating both CoM and CoP by regulating linear and angular momenta.

4.2 Disturbance Absorption Phase

The objective of this phase is to generate HCOMQ to absorb the disturbance while regulating the

CoM via the proposed reaching law-based Sliding Mode Control (SMC).

4.2.1 Linear Momentum Controller

According to Newton’s laws, controlling the robot’s CoM is the same as controlling its rate of
change of linear momentum. As a result, to ensure CoM stability, this study proposes an improved
reaching law for SMC. Reaching and sliding are the two main parts of the SMC . SMC is based
on the design of a switching surface and the synthesis of a controller to drive closed-loop state
trajectories to the sliding mode surface s = 0 in finite time. s represents the system state and is

formed of trajectory errors. The sliding phase reaching condition is usually expressed as ss < 0. A
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conventional switching function s is given by,

s=é+ e (16)

where A is a nonzero constant, which determines the chattering level and reaching time, e, é

are the error in CoM position and velocity respectively and they are defined as follows:

€=Cp — Cpp (17)

where ¢, , is the reference CoM position

6=ty — Car (18)

where ¢, is the reference CoM velocity.

The torques 7 in equation should be designed to derive the system to the equilibrium
point, and the sliding condition s$¢ < 0 should be satisfied V¢. The sliding condition indicated
above can be satisfied by developing a reliable reaching law, which is the differential expression of
s. Nevertheless, it is crucial to acknowledge that the SMC does have its limitations. The occurrence
of an undesired behavior known as chattering arises due to the non-instantaneous transition between
the reaching and sliding phases. The act of chattering has the potential to generate high-frequency,
substantial disruptive dynamics. Thus, several studies [30-34] have been undertaken to examine
the SMC with reaching laws, which was initially proposed by Gao and Hung [35]. The reaching
law-based SMC proposed by Gao and Hung [35] includes different types: the Exponential Reaching
Law (ERL), the Constant Power Reaching Law (CPRL), and the Constant Reaching Law (CRL).

In [31], the authors proposed a new approach called the Enhanced Exponential Reaching
Law (EERL) that integrates the concepts of the Exponential Reaching Law and the Constant
Reaching Law to mitigate chattering effects and enhance the tracking performance. [32] introduced
a Power Reaching Law (PRL) that has the ability to adjust the parameters by switching between
two power values depending on the value of s. [33] employed the Double-Power Reaching Law in the

sliding mode control approach to achieve asymptotic tracking of the desired position and velocity.

29



This method effectively addresses the issue of excessive chattering commonly associated with the

conventional sliding mode control reaching law. However, the convergence time is slow.

The Constant Rate Reaching Law can be mathematically represented as:
$ = —k sgn(s) (19)

where k is a positive constant gain. If the increase in the k£ parameter in the Constant Rate Reaching
Law is leading to chattering, it is likely because a higher k value leads to a more aggressive control

action.

Gao and Hung [35] also proposed the Constant Power Rate Reaching Law, which can be
expressed as follows:
s = —k|s|’sgn(s) (20)
where k and p are constant and positive parameters.

The reduction of the parameter p has the potential to mitigate chattering phenomena; never-
theless, it is necessary to note that this adjustment may result in an increase in the time required to
accomplish the desired outcome. Therefore, to mitigate the chattering phenomenon and simultane-
ously enhance the rate at which the sliding mode is approached, this study proposes the improved

reaching law-based SMC designed to regulate the linear momentum or CoM motion.

The proposed reaching law for SMC is the Variable Power Rate Reaching Law (3),
which utilizes a variable power function, denoted as ( (s)). The variable power is a function

that increases exponentially with the system state s.

The Variable Power Rate Reaching Law is

$ = —ki|s|°sgn(s) (21)
where the variable power (J (s)) is

5(s) = ks (1 - e*ols\") , 6(s) € [0, k3] (22)
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Figure 17: (a) Reaching law $ versus system state s, (b) ¢ versus system state s.

and k1, k3, o, n are strictly positive parameters. Analyzing the Variable Power Rate Reaching
Law ($) presented in equation reveals that the controller can adapt dynamically to changes in
the switching function, as shown in Fig. As |s| grows, the variable power § (s) tends toward
ks, implying that the further the sliding mode state s is to the equilibrium state, the more quickly it
approaches, as shown in Fig. If |s| goes down, the Variable Power Rate Reaching Law ($)
gets closer to zero at a slower rate as the variable power § (s) approaches a small value close to 0.
This behavior indicates that the variable power ¢ (s) decreases as s approaches the equilibrium
state, and chatter hardly occurs. Therefore, the proposed reaching law can not only eliminate
chattering but also have fast convergence and make the system from any point to approach the

sliding mode surface in finite time, regardless of how far away or how close it is to the surface.
Theorem 1. The stability condition holds for the reaching law given by equation (21J).

Proof. A Lyapunov function is considered:

1
V= 532 (23)

Combining with equation , the time derivative of V' is given by

V =55 = —ki|s|’sgn(s)s (24)
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V =s5=—k|s]"! (25)
where k; > 0, and then V < 0, and the stability condition is satisfied. The system state s can
reach the equilibrium point s = 0.

Theorem 2. For reaching law , the system states s and § can converge to the equilibrium

zero in a finite amount of time; that is, s = § = 0 after a finite amount of time.

Proof. Suppose s (0) = s9 >0

§= % = —ky|s]°sgn(s) (26)
1
— = F(s 7
_k:1|s|5sgn(s) (5) 27)
/ " P (s)ds = Otr dt (28)

Using the Double-Exponential (DE) transformation and the trapezoidal rule, we perform a nu-
merical integration to determine the time required to reach the sliding surface s = 0. The DE
transformation was first proposed by Takahasi and Mori in 1974, in order to compute the integrals
with end-point singularity [36]. In DE transformation, s = M ¢(t) where M is constant, ¢(t) is an

analytic function over (—oo, +00). If we apply DE transformation to equation , we obtain

n=m [ " Fo)sbdt (29)

where gi)(t) is the time derivative of ¢(t). Significantly, the integrand’s decay should be double

exponential following the transformation, therefore ¢(¢) should be chosen accordingly.

|F(Me(£)d(t)] = e~ |t — oo (30)

The authors of [37] proposed a robust DE transformation with a function ¢(t) satisfying the

above condition as follows:

t

o(t) = (1 — e2t—a(i—e =Bl —1)) (31)
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1 .
/8_4’ \/1+Mlog(1+M)(47r) (32)

Then, the trapezoidal rule with equal mesh size h is applied [36], where M and h are chosen

to satisfy Mh = .

t, = Mh Z (M (kh)) ¢ (kh) (33)
k=—oc0
In actual computation of equation , the infinite summation is truncated at k = —N_ and
k = N, and obtain
= Mh Z (Mo (kh))é(kh), N=N, + N_ +1 (34)

where N is the number of function evaluations.

The above integral is implemented in MATLAB and the results indicate that the reaching
time t, is finite, regardless the initial state value of sg > 0. When the initial state of the system
is 89 < 0, the proof is the same as the above one, which we can conclude that the system reaches

s = 0 in a finite amount of time, regardless of the initial state of the system sg.

Since this study focuses on sagittal pushes, where the robot is standing and pushed from the
front or back in the sagittal plane, the lower body of HURON is simplified as a triple-inverted
pendulum model (n = 3). The joint space accelerations ¢ that achieve the linear momentum

controller indicated above are calculated as follows:

é:c = qu (35)

where J, € R™" is the Jacobian matrix that relates the linear velocity of CoM in x-axis with joint

velocities ¢. Take time derivative of equation , we obtain:

& = Joli + Jnd (36)
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Time derivative of the conventional sliding surface is
s=¢eE+ Né (37)

where € = ¢, — ¢, and ¢, = 0.

Plug equations & into equation , we obtain

_kllslésgn(s) —Aé = qu + Ja:q (38)

The controller previously presented is sufficient to regulate linear momentum or CoM motion.
However, in balance dynamics, we noticed that angular momentum also contributes to balancing
the bipedal robots in the presence of disturbances. As a result, the following section describes how

we develop the angular momentum controller.

4.2.2 Angular Momentum Controller

Equation (15)) explains that the CoP moves forward in the presence of a positive pushing
force, shifting further to the foot as the pushing force increases. It is also evident that applying
negative HC’OM,y would prevent the foot from falling forward in a clockwise direction. Therefore, in
this section, we generate a clockwise HCOM’y to regulate the CoP. The angular momentum about
the CoM is given in [23].

HCOM,y = A(Q)q (39)

where Hconry is angular momentum of the robot about the CoM around y-axis, A(q) is 3 x n
matrix and function of ¢. Since only the angular momentum about the y-axis is computed, A(q)
is reduced to 1 x n, and its derivative can be found in the Appendix Take time derivative of
equation , we obtain

HCOM,y = Aq + Aq (40)

The desired HCOM,y is defined through two approaches:

First Approach: It is evident in the mechanics of balance that the absence of intersection
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between the CoP and CoM results in the generation of angular momentum around the CoM. Hence,

the desired rate of change of angular momentum is expressed as

HCOM,y = _kH (px - Cw) (41)

where kg is a positive tuning parameter.

Second Approach: In this approach, the third term of equation is eliminated under the
assumption that both the magnitude and position of the applied force are unknown. In addition,
the Fgr . is substituted by the linear momentum controller proposed in this paper. The negative
sign is added in order to create a negative HCoM,y, thereby aligning it with the direction of the

applied pushing force. The desired HCoM,y is defined as follows:

Heory = —ku((pe — c)Far.. — c2(—m(s — Aé))] (42)

It is noteworthy to state that the measurement of the (Fzr) in our bipedal robot HURON’s
simulation model is conducted through the use of Force/Torque (F/T) sensors that are affixed
to the ankle joints. Consequently, the calculation of the CoP position is derived as outlined in
Appendix [C] However, in the real HURON model, high-quality four force sensors are employed for

each foot in order to accurately estimate the present position of the CoP.

The two approaches are examined and discussed in the results section.

4.2.3 Combination of Momentum Controllers

The objective in this phase is to generate Hc, M,y to absorb the pushing force while regulating
the CoM via the proposed SMC. By solving equation and equation simultaneously with
the Moore-Penrose pseudo-inverse, we obtain the joint accelerations ¢ that satisfy the linear and

angular momentum controllers as

T
) Iz —kl\s\‘ssgn(s) — X — Jug
dmomentum = . . . (43)
A HCOM,y - Aq
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4.3 Posture Recovery Phase

To complete the push recovery process, an additional “posture task” is needed to bring the
robot back to an upright posture. As noted by [6], the posture task may conflict with the momentum
control task. Therefore, a method of combining them while minimizing conflict is necessary. For a
redundant robot, this goal can be achieved by solving the redundancy resolution problem, where
the additional Degrees of Freedom (DoF) can be exploited to adjust the behavior of the robot
without affecting the main task, such as satisfying additional constraints or accomplishing other

tasks.

Many researches have been relying on the use of null space projection method to resolve
redundancy. The principle is to projecting Lower Priority tasks inside the null space of Higher
Priority tasks, so that the Lower Priority tasks will not affect the Higher Priority tasks.
Generalized frameworks for managing tasks with prioritization have been developed at different
levels: velocity [38/-41], acceleration [41], [39], [5], and torque [42-45]. The characteristics of these
different approaches were discussed in [46]. Our goal with this method is to execute both the
momentum task (Higher Priority) and the posture recovery task (Lower Priority) at the same
time with minimal conflicts. For our push recovery application, the task dimension (two) is less
than the number of joints (three), which suggests that task redundancy is available and this method
can be used for an additional posture task to bring the joints back to a desired configuration.

Specifically, the home configuration (upright posture) is desired after push recovery.
The posture recovery task is developed as follows:

For an n-DoF robot with a task z € R™, the task is a function of joint configuration:

z = f(q) (44)

Taking the time derivative of equation , we achieve the kinematic relationship between task
velocities & and joint velocities ¢:
& =J(q)q (45)

where (x) denotes the time derivative of a matrix (x), and J € R™*™ is the task Jacobian matrix.
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For a redundant system, m < n. The general solution to equation is then:
q‘T:JT:H(I—JTJ)g (46)

where J' denotes the Moore-Penrose inverse of the Jacobian J, I € R™*" is the identity matrix,
and ¢ € R™ is an arbitrary null space velocity vector. The null space projector (I — J1.J) ensures

that & lies in the null space of the main task Jacobian J, thus does not affect the main task .

The null space velocity £ can be used to specify a local optimization task, often in the form:

& =aVuw (47)

where a € R is a scalar, and Vw = %—1; is the gradient of an objective function w(q). For example,

to make the joints converge to a desired configuration g4, the following cost function can be used:

w(q) =5 (q—qa)" Kuwlqg— qa) (48)

where K, is a n X n diagonal positive definite gain weighting matrix. This cost function was used

in [46] and proved to be effective to generate natural human-like motion in [47].

In the acceleration level, the second-order differential equation gives the acceleration relation-
ship:

i=Jg +J§ (49)

Solving the inverse problem for control joint acceleration g, € R™, with reference task acceleration
T, € R™:

Go =" (= Ja) + (1= T"T) on (50)
where ¢ € R™ is an arbitrary null space joint acceleration. As shown in [46], this controller

provides tracking in the task space, and together with the following formulation of desired null

space acceleration, the whole controller was realized:

oN = —Kgaq — aVw (51)
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in which K 4 is positive definite damping gain matrix.

The choice of ¢n in [46] is similar to a PD controller, which can be ineffective when the
system has large operating region and steady state error, as is the case with our robot (HURON).
Therefore, to improve the posture correction task, we implemented a SMC with Constant Power

Reaching Law (CPRL) for ¢y:

ON = —Kq * |s54]"s9n (54) — (N\géq) (52)

where Ky, €, A\y > 0
8¢ = €q + Ageq (53)
where e, is the error in joint angular position.
Equation (50)) consists of two component control accelerations:

The first term is the Higher Priority task, which in our case is the acceleration of the

momentum controller (Gmomentum) as defined in equation .

The second term is the Lower Priority task, which in our case is the acceleration of the

posture controller (Gposture)

@mmMT::<IAfJ*J)¢N- (54)

where, specifically in our case, J = “| € R?*3 is the momentum task (main task) Jacobian,

A
I is the identity matrix, and ¢y is defined in equation (52]).

The joint space equation of motion for a rigid-body, n DoF robot is:

T=M(q)i+C(q.4)d+G(q) (55)

where ¢, ¢, § € R™ are joint positions, velocities, and accelerations, respectively, 7 € R" are
torques applied at the joints, M (q) € R™*" is the mass matrix, C' (¢, ¢) € R™*™ is the Coriolis and

centripetal matrix, and G (¢) € R™ is the gravitational vector.
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The momentum torque is then calculated as follows:

Tmomentum = M (Q) Gmomentum + C (% Q) q-+ G(Q) (56)

The posture torque can be calculated by:

Tposture = M (Q) éjposture (57)

The final control law is computed by adding the momentum and posture torques:

Te = Tmomentum 1 Tposture (58)

where 7. € R" is the control torque input.

Fig. illustrates the proposed push recovery control, which comprises momenta controllers
for mitigating external disturbances and posture recovery systems for maintaining an upright pos-

ture.

Ground Reaction Forces

Momenta Controller

— Linear Angular
——>{| Momentum Momentum
Controller Controller 1

Control Torque
Input

Posture Recovery Null-Space
r > Controller Porjection

Joint Angles and Velocities

Figure 18: Block diagram of the proposed push recovery control.

4.4 Summary

This section presented our proposed push recovery control, which employs the principles
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of momentum theory to ensure stability when exposed to external pushing forces. Section [4.2.]
introduced the proposed Variable Power Rate Reaching Law, which aims to stabilize the linear
momentum of our robot (HURON). In section we examined two approaches for defining the
desired rate of change of angular momentum. The process of establishing a task of Lower Priority
to restore the robot to an upright position without causing any disruption to the momentum

controllers was described in section [4.3]
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5 Results and Discussion

This section will show the findings obtained from our proposed push recovery control, which were

designed to ensure standing stability. As stated in the desired Hconry is defined in two

different approaches. Therefore, in this part, we analyze the proposed control for both approaches.

5.1 Performance of Proposed Control using the First Approach of HCOM,y

() (h) (i) (j) t=5.2 s

Figure 19: The simulation response to 80 N at 0.1 m from the hip joint (waist) for 0.1 sec. with
the First Approach (https://www.youtube.com/watch?v=zvh4cghN9b8).
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Table 3: Control Parameters.

Parameter | Value
A 1.9
k1 0.001
ks 7
o 1
1
kg 3
K, diag [1.95,1.95,1.95]
Ag diag [6.1, 6.1, 6.1]
€ 1 for all joints

To evaluate the efficacy of the proposed push recovery control, an analysis was conducted on the
performance of the control algorithm within a simulated environment (Gazebo). A pushing force
of 80 N for a duration of 0.1 sec. is exerted at 0.1 m from the hip joint (waist), as seen in Fig.
Table [3] illustrates the control parameters. The effectiveness in preserving the stability and
upright position of the robot is depicted in Fig. The peak of the CoP is measured to be 0.122
m, which is below the maximum limit of 0.18 m, as depicted in Fig. Additionally, it is worth
mentioning that the robot demonstrates a recovery period of 2.23 sec. following the application of
the pushing force. This characteristic potentially allows the robot to withstand multiple successive
pushes within a short time period. The magnitude of the error in the steady state for both the
CoP and CoM is 0.0002 m, as depicted in Fig. 2] and Fig.

The proposed control also demonstrates apparent effectiveness in mitigating chattering in
joint torques, as well as eliminating oscillations, as shown in Fig. 20l The ankle, knee, and hip
joints exhibit maximum torques of 19, 18.1, and 10.4 N.m, respectively. The use of the null-space for
posture recovery is depicted in Fig. demonstrating the robot’s recovery of an upright standing
posture with minimal interference to the main controllers, specifically the momenta controllers.
Upon analyzing the movement of the joints, it is evident that the knee and hip joints demonstrate
forward rotation with angular displacements of -0.11 and -0.57 rad, respectively. In contrast, the
ankle joint exhibits an initial backward displacement of 0.03 rad, succeeded by a forward rotation

of -0.108 rad. This behavior exhibits similarities to the human response to pushing.
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Figure 20: Joint Torques of the proposed control with the First Approach at a pushing force 80
N at 0.1 m from the hip joint (waist) for 0.1 sec.
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Figure 21: Joint Angles of the proposed control with the First Approach at a pushing force 80

N at 0.1 m from the hip joint (waist) for 0.1 sec.
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Figure 22: CoP Position of the proposed control with the First Approach at a pushing force 80

N at 0.1 m from the hip joint (waist) for 0.1 sec.
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Figure 23: CoM Position of the proposed control with the First Approach at a pushing force 80
N at 0.1 m from the hip joint (waist) for 0.1 sec.

5.2 Performance of Proposed Control using the Second Approach of HCOM7y

To determine the effectiveness of the Second Approach utilized in the angular momentum con-
troller, a repetition of the test conducted in the first section of the findings was performed. It is
essential to highlight that a second-order Low Pass Filter (LPF) was utilized to reduce the impact
of noise in the signals of Fgr .. This action was undertaken due to the fact that the desired rate
of angular momentum change is dependent upon the force exerted by the ground in the vertical
direction Fgp ., as well as the position of the CoP. Fig. demonstrates the efficacy of the pro-
posed control method in preserving the balance and upright position of the robot when subjected
to external pushing forces. It is noteworthy to remark that this study exclusively considers the
positive HCOM,y component, which corresponds to the direction of the applied force, in order to
counterbalance the external disturbances. Fig. shows the the positive H CoM,y generated in the
Second Approach due to the applied pushing force and the difference between the CoP and CoM
positions, as shown in We can also see that this rate of change diminishes to zero when the
CoP aligns with the CoM position. This reasoning is reasonable since the momentum produced
around the CoM, denoted as HCoM,y, arises from the disparity between the positions of the CoP
and the CoM, as indicated in equation . It is also noticeable that the difference between the
CoP and CoM positions can be negative, as shown in Fig. [25b which requires counterclockwise
HCOM’?J. However, the difference value is so small, and consequently the counterclockwise HCOM,y

can be neglected.
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Figure 24: The simulation response to 80 N at 0.1 m from the hip joint (waist) for 0.1 sec. with
the Second Approach.

In Fig. [26] the joint torques are depicted, with the ankle, knee, and hip joints demonstrating
peak torques of 18.8, 15.8, and 9.9 N.m, respectively. Upon analyzing Fig. it becomes apparent
that the knee and hip joints demonstrate a forward rotation. This is supported by the angular
displacements of -0.075 and -0.57 rad observed in these joints, respectively. Conversely, the ankle
joint exhibits an initial backward displacement of 0.01 rad, succeeded by a forward rotation of -0.09

rad.

Fig. 2§ shows that the peak of the CoP is measured at 0.116 m, with a maximum variance of
40.002 m across all simulation iterations, attributed to the presence of noisy GRF. The steady-state
error for both CoP and CoM is 0.001 m, as depicted in Fig. and Fig. As as result, there is
an approximate reduction of 6 mm in the peak CoP. This indicates that the Second Approach

exhibits improved stability when subjected to a higher pushing force.
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Figure 25: Proposed control with the Second Approach (a) Rate of change of angular momentum
defined in equation , (b) CoP-CoM position.
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Figure 26: Joint Torques of the proposed control with the Second Approach at a pushing force
80 N at 0.1 m from the hip joint (waist) for 0.1 sec.
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Figure 27: Joint Angles of the proposed control with the Second Approach at a pushing force
80 N at 0.1 m from the hip joint (waist) for 0.1 sec.

46



€ 0.1} .
=

=

20.05f .
o}

(a8

o

S 0 / —

0 2 4 6 8 10

Time (s)

Figure 28: CoP Position of the proposed control with the Second Approach at a pushing force
80 N at 0.1 m from the hip joint (waist) for 0.1 sec.
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Figure 29: CoM Position of the proposed control with the Second Approach at a pushing force
80 N at 0.1 m from the hip joint (waist) for 0.1 sec.

To examine the performance of the proposed control using the Second Approach of He, M,y
with varying external disturbance locations, an external force of 80 N is applied at a distance
of 0.2 m from the hip joint (waist) for a duration of 0.1 sec. as shown in Fig. The efficacy
of the proposed push recovery control utilizing the Second Approach of angular momentum is
evident in its ability to maintain stability and an upright posture when faced with external forces
located at higher positions from the waist, as depicted in Fig. 30l The joint torques and angles are
illustrated in Fig. and Fig. respectively. It is also clear in Fig. and Fig. that the

maximum positions of the CoP and CoM as 0.114 and 0.09 m, respectively.

Previous research, as the one conducted in [6], employed a push recovery control system that
switches between Disturbance Avoidance Phase and the Posture Recovery Phase. If the

robot is pushed during the Posture Recovery Phase, the control system does not initiate the
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Figure 30: The simulation response to 80 N at 0.2 m from the waist (higher disturbance
location) for 0.1 sec. with the Second Approach (https://www.youtube.com/watch?v=|

IDgmpjjPu2g).
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Figure 31: Proposed control performance to 80 N at 0.2 m from the waist (higher disturbance
location) for 0.1 sec. with the Second Approach (a) Joint Torques, (b) Joint Angles.

Disturbance Avoidance Phase to stabilize the linear and angular momenta. Disabling the
momentum controllers causes the system to function as a stiff pendulum model, with just the joint
space control in the Posture Recovery Phase being active. By exclusively relying on the joint
space control, the CoP is pushed towards the front of the foot, ultimately resulting in a loss of
balance and subsequent fall. As we mentioned earlier, in this study we propose using the null-space
method to simultaneously execute both the Disturbance Avoidance Phase and the Posture

Recovery Phase. We conducted another experiment by exerting force on the robot on two
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Figure 32: Proposed control performance to 80 N at 0.2 m from the waist (higher disturbance
location) for 0.1 sec. with the Second Approach (a) CoP Position, (b) CoM Position.

separate times. The initial push of 60 N is applied with a distance of 0.1 m from the (waist)
and a duration of 0.1 sec. as shown in Fig. The second push occurs after one second from
the first push, as shown in Fig. 33d when the robot is returning to an upright position. Fig. [33]
illustrates the ability of our robot (HURON) to maintain balance and an upright posture, even
when subjected to two successive pushing forces. It is worth noting that there is an error of around
0.013 rad in the ankle and hip angle joints, and 0.019 rad in the knee joint as shown in Fig. [34D]

Tuning the parameters in Table [3] may potentially decrease the errors in the joint angles.

Figure 33: The simulation response to 60 N at 0.1 m from the waist for 0.1 sec. with the Second
Approach with two successive pushing forces separated by one second. More tests can be
found https://www.youtube.com/watch?v=aWAKxNK5P1Y|
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Figure 34: Proposed control performance to 60 N at 0.1 m from the waist for 0.1 sec. with the
Second Approach with two successive pushing forces separated by one second. (a) Joint
Torques, (b) Joint Angles.
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Figure 35: CoP and CoM positions of the proposed controller with the Second Approach at a
pushing force 60 N at 0.1 m from the waist for 0.1 sec. with two successive pushing forces
separated by one second.

5.3 Comparison with other Controllers

To compare our proposed push recovery control to previous works, the following four controllers

were chosen:

1) Benjamin’s controller [5]: A balance controller that enables a humanoid to maintain a
standing position while recovering from disturbances. This controller consists of two sub-controllers
as shown in Fig. The first one is the unconstrained balance controller, which calculates the

appropriate torques without imposing any constraints on the position of the CoP. The unconstrained
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Figure 36: Benjamin’s controller ||

balance controller employed joint space LQR (to drive the joint angles to zero) and CoM controller
(to drive the CoM to zero). However, the torque produced by these unrestricted controllers was just
utilized to determine the desired position of the CoP. Afterward, the second controller, a decoupled
integral controller, was employed to control the position of the CoP precisely. Posture recovery is

not used here since CoP does not depend on the torque from posture recovery.

Benjamin’s controller was chosen to compare our Momentum-Based Control Strategy with

the CoP integral controller presented in .

The parameters used in simulation are: kcarp = 20, kcya = 5, kcop = 10,

274.7973 32.8129 82.9994 10.9307
kror =
21.6590 30.5036 7.7975  2.7605

2) Abdallah et al. @: A control technique consists of two phases aiming to maintain balance
in a force disturbance as shown in Fig. During the reflex phase, the desired momentum change
rate was determined to be Lgc = —koL, and HC()M = —k1(CoP, — CoM,). This phase was
responsible for mitigating the destabilizing effects of the disruption. The second phase, known as
the recovery phase, was responsible for moving the robot to a stable static posture. The authors
of @ stated that maximizing the potential energy or minimizing the static joint torques G(q) leads
to achieving a static stable configuration. We have built the Hessian method, which minimizes the
function G(q). The control law for determining the minimal G was established by developing a

relationship between the rate of change of G and the joint velocities ¢, (G = J(¢)¢). The desired
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Phase 1

Figure 37: Abdallah et al. controller @]

acceleration was § = —k(§ + J ~1@). The parameters used in simulation are: ky = 1, ko = 2, k =

1.5.

3) Constant Power Rate Reaching Law (CPRL)/Constant Rate Reaching Law (CRRL): In the
linear momentum controller, we initially replaced the proposed Variable Power Rate Reaching
Law with CPRL (Constant Power Rate Reaching Law) and subsequently substituted it with CRRL
(Constant Rate Reaching Law). The controllers were chosen to showcase the chattering issue, the
error steady state difficulty, and the efficacy of the proposed SMC in addressing these problems.
For the angular momentum controller, we employed the First Approach. We utilized the same

posture recovery approach presented in this study.
Linear sliding surface: s = é + Xe
Constant Power Rate Reaching Law: § = —k|s|’sat(s/¢)
The parameters used are: A =22, k=1, p=3 and ¢ = 0.6.
Constant Rate Reaching Law: $ = —k sgn(s)
The parameters used are: A = 2.2, and k£ = 0.05.

q
4) Linear Quadratic Regulator (LQR): The control law is defined as 7.gr = —krLgRr

q

228.34 111.03 22.24 68.03 39.21 841
kLor = [203.29 177.38 40.38 64.42 42.24 10.12
6.83 8.60 26.82 276 2.69 1.79
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Table 4: Controllers used for comparison.

Controller Comparison criteria

1) Benjamin’s controller [5] 1) To compare our Momentum-Based Balance Strategy with
CoP integral controller presented in [5].

2) Abdallah et al. controller [6] | 2) To show the superiority of our proposed push recovery control
over the simple controllers presented in [6].

3) CPRL/CRRL SMC 3) To show the chattering issue, the error steady state difficulty,
and the efficacy of the proposed SMC in addressing these prob-
lems.

4) Joint space LQR 4) To show a joint space control in which the CoP has no con-
trol, showing the importance of CoP control presented by our
approach.

The LQR was chosen for comparison because it is a joint space control in which the CoP has
no control, showing the importance of CoP control presented by our approach. Table 4] lists the

controllers that were used for comparison and explains why those controllers were chosen.

In this study, the control settings of the aforementioned controllers were fine-tuned to ensure
their best performance on our bipedal robot (HURON) in terms of achieving the minimum CoP
distance from the reference frame. We implemented all the controllers within a wide range of forces

from low to high forces.

5.3.1 CoP Comparison under Low Pushing Force

Fig. 3§ displays the CoP comparison under a 45 N force applied for 0.1 sec. at 0.1 m from the waist.
LQR and Benjamin’s controller [5] show higher CoP peaks at 0.132 and 0.179 m, respectively. The
joint space LQR is anticipated to result in a high CoP position, as its purpose is to drive the joint
angles to zero without imposing any restrictions on the CoP position. The robot equipped with
the joint space LQR controller exhibits characteristics similar to a stiff inverted pendulum, without
the ability to avoid disturbances by generating angular momentum to accelerate forward. The knee
joint in Benjamin’s work [5] was considered locked, simplifying the robot model through a two-link
robot model. This simplification could potentially result in the loss of the ability of the knee joint
to absorb disturbances. These, together with ignoring dynamics uncertainties in an ideal simulation
environment, might be the possible reasons why Benjamin’s controller is not showing satisfactory

results in Fig.
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Figure 38: CoP position comparison is simulated for 3 sec. with disturbance 45 N for 0.1 sec.

Upon performing an analysis of the Constant Rate SMC, it becomes apparent that the joint
torques exhibit chattering, as illustrated in Fig. Chattering is the consequence of the irregular
movement of the Center of Pressure (CoP) caused by the torques applied to the joints. To address
the issue of chattering, we utilized a saturation function in combination with the Constant Power
Reaching Law. However, this solution led to a steady-state error of 0.005 m in the CoP position.
It is obvious that the proposed Variable Power Reaching Law eliminates the chattering issue

while providing a small steady-state error of 0.0004 m in the CoP position .

The CoP peaks for the proposed controller (First Approach), proposed controller (Second
Approach), Constant Power Rate SMC, Constant Rate SMC and Abdallah et al. ﬂ§ﬂ are 0.078,
0.073, 0.082, 0.080 and 0.078 m, respectively. Although the proposed controller has the lowest CoP
value, the reduction compared to Constant Power Rate SMC, Constant Rate SMC and Abdallah
et al. HEH is not statistically significant. This is partly due to the similarity in behavior among all
three momentum-based controllers when low forces are applied. Another experiment with a high

force of 75N was conducted to distinguish controller behaviors, as described in the next section.

5.3.2 CoP Comparison under High Pushing Force

Fig. shows the CoP comparison under a 75N force applied for 0.1 sec. LQR and Benjamin’s

controllers [5] proved to be ineffective under high-force conditions. The comparison with high
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Figure 39: Joint torques of the Constant Rate Reaching Law for linear momentum, First Ap-
proach of angular momentum controller, and the same posture recovery controller.

pushing force does not include the Constant Rate and Constant Power SMC controllers because

they were only used to emphasize the chattering and steady-state error problems.

The proposed controller (First Approach), proposed controller (Second Approach), and
Abdallah et al. [6] have CoP peaks of 0.120, 0.116, and 0.167 m, respectively. Given that the
proposed push recovery control using the Second Approach yields the smallest CoP position, we
can infer that our robot (HURON) can maintain standing stability even when subjected to large
pushing forces. The high CoP position observed in [6] is likely due to the implementation of a

simple proportional controller for linear momentum.
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Figure 40: CoP position comparison is simulated for 3 sec. with disturbance 75 N for 0.1 sec.

5.3.3 Maximum Force Tolerance

We continued our comparison scenarios by increasing the pushing force to find the maximum force
tolerated by each controller before the bipedal robot (HURON) loses stability. The results showed
that our proposed control (Second Approach) is able to withstand a force of 117 N applied for 0.1
sec. making it the most robust among the other controllers as described in Fig. This maximum
force was 52% higher than Abdallah et al. [6], 113% higher than LQR’s, and 134% higher than

Benjamin’s controller [5].
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Figure 41: Maximum force before robot falls down.

5.4 Summary

The results of implementing the proposed push recovery control utilizing both approaches of the
angular momentum controller were analyzed and discussed. Then, experiments were conducted to
prove that the proposed push recovery method works even when there are several pushing forces
in a sequence. Lastly, this section showed how our proposed control system is superior to others in

maintaining upright stability in the face of substantial external disruptions.
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6 Conclusion

In this thesis, we have presented a momentum-based push recovery control method for bipedal
robots. We have proposed a Variable Power Rate Reaching Law-Based SMC to stabilize the
linear momentum of bipedal robots. The proposed reaching law can not only eliminate chattering,
but also achieve quick convergence and make the system approach the sliding mode surface in finite
time from any point, regardless of its distance from or closeness to the surface. The desired rate
of change of angular momentum about the CoM was defined using two approaches. In the First
Approach, the desired rate of change of angular momentum was defined as the difference between
the positions of the CoP and CoM. While in the Second Approach, the desired rate of change
of angular momentum around the CoM was determined by considering the desired rate of change
of linear momentum, the difference between the positions of the CoP and CoM, and the normal
component of the (Fgr ). We also proposed using the null-space method to restore the robot to
the upright posture without interfering with its main momentum controllers. The Higher Priority
task is for the momenta controllers (Disturbance Avoidance Phase), while the Lower Priority

task is for Posture Recovery Phase.

The results demonstrated the effectiveness of our proposed push recovery control in main-
taining the standing stability of our bipedal robot (HURON) under high external forces while
addressing the chattering problem. Additionally, the results demonstrated the ability of our robot
to maintain balance and an upright posture, even when subjected to two successive pushing forces
separated by one second, which can be attributed to perform both phases simultaneously by using
null-space method. Comparing with other established controllers, our proposed controller showed
superior performance in keeping the CoP within the support polygon with minimum CoP peak,

resulting in tolerating higher pushing forces (up to 117 N for 0.1 sec.).
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7 Ongoing Study and Future Works

This section introduces our ongoing study, focusing on the implementation methodology of the

push recovery control by stepping. Furthermore, this section presents our future works.

7.1 Stepping-Based Push Recovery Control: Ongoing Study

We introduce our approach that allows our robot (HURON) to execute a step in the presence of

substantial pushing forces that exceed the limits of standing stability.

7.1.1 Background of Stepping-Based Stability

It is generally understood that bipedal robots, such as humanoids, need to take steps to prevent
falling when they experience a force of significant magnitude that cannot be mitigated by standing
balance control. When and where to take a step has been an ongoing topic. A systematic
method for calculating the Capture Point (CP) and the Capture Region is described in [48] [7]. A
Capture Point is a location on the ground where the robot can step to come to a complete stop. A
Capture Region is made up of all Capture Points. Simplified models are used to find the Capture
Point because the physics of walking on two legs is complex, non-linear, and hybrid. For the Linear
Inverted Pendulum Model (LIPM), Orbital Energy [3], a conserved component, is employed to
compute the Capture Point. Fig. shows a schematic representation of 3D-LIPM with a point

foot.

r

/ 4

*Pr

r

ankle

Figure 42: 3D-LIPM with point foot [7].
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where g = [0, 0, —g]T, f=1fz: fy, fz]T, T = [TCoMs YCoM zO]T, P projects r onto the zy-plane,

_ T
and Tankle = [:L'anklea Yankle, Zankle] .

The equation of motion in x direction is

-%COM = %(xCoM - xankle) (59)

The Orbital Energy is defined as

Epipz = =(icom)? — i(l’coM — Tankle)® (60)
2 22’0
- —_—

(a) (b)

Figure 43: Orbital Energy of LIPM. (a) The CoM’s initial velocity is insufficient to allow it to pass
over the ankle joint point, (b) the case when the initial velocity of the CoM is sufficient ||

Fig. illustrates how the Orbital Energy determines the behavior of the pendulum. If
Errpe < 0, there is insufficient energy for the xcons to reach xgnpe. If Errp, is more than zero,
there is sufficient energy for the center of mass xc,ps to reach x4,k and accelerate away from it. If
Er1ps is equal to zero, it indicates that the horizontal position of the center of mass, zconr, comes

to a complete stop precisely at the position of the ankle, x4, ke.

Therefore, the foot placement required to obtain zero Orbital Energy is essential. Solving

equation for xankie when Errp, = 0 to compute the Instantaneous Capture Point (ICP).
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-i'C’oM

Zeapture = TCoM T (61)

20

Equation demonstrates that the Capture Point is dependent on the CoM’s position and
velocity, suggesting that only linear momentum is considered. The authors of [7] expanded the
Linear Inverted Pendulum to the Linear Inverted Pendulum Plus Flywheel Model to account for
the effect of angular momentum on the calculation of Capture Point, which will grow to a Capture
Region. More details can be found in [48] [7]. [49] and [50] introduced a control system for bipedal
walking based on the Capture Point dynamics. The Capture Point control, as described in [49],
was developed using the natural dynamics of the LIPM. The research in [50] further expanded on
the concepts proposed in [49] by utilizing a Model Predictive Control (MPC) framework. Instead
of using a 3D Linear Inverted Pendulum with a point foot, the authors of [51] chose to use a LIPM
with a finite-size foot model. The current Capture Point, foot edge, and foot position were used to

determine a “do not step” condition.

Researchers have proposed utilizing human motion data to construct stepping balance control
for human-like robots, as human balance methods, such as stepping stability, are considered reliable
methods for creating robust and efficient systems. The authors [52] introduced a technique for
generating a motion that counteracts disturbances and preserves balance. This method relies
on a simplified mechanism and is inspired by observations of human movement. The initial phase
in [52] was analyzing human motion to identify fundamental characteristics. Subsequently, a simple
structure, such as an inverted pendulum model, was employed to choose the desired foot placement,
with its parameters derived from human motion. Meanwhile, [53] selected the required step position
so that the center of mass will be positioned precisely at the center of the support polygon after

taking the step.

Our study does not use the energy-based method that uses the Capture Point concept to
determine when and where to step, nor the human motion data. Our study focuses on using
Momentum-Based Control to recover balance in bipedal robots. We determine when and where

to respond to external forces by evaluating momenta as described in [§].
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7.1.2 Stepping-Based Stability Control: Methodology and Implementation

In section [7.1.2.1] we will illustrate the procedure of determining the position of the step by examin-
ing both linear and angular momentum. In the following section, we will describe the methodology
through which we generate the desired rate of change of linear and angular momentum, as well as
the desired trajectory of the swinging leg. Section will discuss the optimization framework,

which includes the objective function and the constraints.

7.1.2.1 Stepping Position based on Momenta

The robot’s momenta determine the time and placement of the step for reactive stepping. Unlike
the Capture Point concept, which aims to achieve zero Orbital Energy through foot placement, our
study uses a momentum-based approach presented in [§] to determine the optimal step location
and timing. [§] suggests that a reactionary step might prevent movement by ensuring correct foot

positioning. Refer to equation , while the third term is neglected, the CoP equation is

HCOM,y - chx

62
L,+mg (62)

Pr = Cz +

Assuming L, = —d;.L, and HCOny = —dp.Hoomy

where d; and dj, are damping variables. The new desired CoP which accounts for the desired

momentum changes:
_dh-HCoM,y + c,d;). Ly

Pz, desired = Cz + L. +myg (63)
In y direction, the same concept is used as follows:
—dy. Hoopre + c2dp. L
Dy, desired = Cy + .0 - - Y (64)

L, +mg

The damping variables in the equations stated above dictate the tendency of the robot to
take a step. By increasing the values of d; and dj, the system’s tendency to adopt proactive steps

is increased. Low values of the damping variables are used when determining the timing of a step
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(when). On the contrary, in order to determine the precise location of the step (where), larger

values are selected for the damping variables, as elaborated in [§].

7.1.2.2 Generation of CoM and Swing Leg Trajectories

Biomechanical research have shown that the trajectory of the CoM in motion capture data can
be accurately represented by a quadratic curve [8]. The reference CoM position (¢, ) is generated
using a quadratic Bezier curve with three control points. The three points are the CoM’s current
location, the contact point of the support foot (pivot), and the midpoint between the desired foot
placement (pg desireds Py.desired) and the support foot (pivot) as shown in Fig. Robot stability
can be affected by sudden changes in motion, making it crucial to employ gradual acceleration and
deceleration. To achieve this goal, we employ ease-in and ease-out functions to regulate the rate at
which an object accelerates or decelerates over a specific period. Consequently, the motion of the
CoM initiates with a gradual speed, progressively increases, and then gradually decreases towards

the end.

midpoint -“

pivot Q -“ @ start
current CM

Figure 44: CoM trajectory with quadratic Bezier curve [8].

For swing leg trajectory, we assume that py gesireqd = 0, indicating that the pushing force
is directed towards the center of our robot’s back. In this simple case study, the trajectory of the
swinging leg is formed in the xz plane. The foot’s end position in the x direction is denoted as
Pa.desired- |D4) stated that a synthetic Gaussian function is utilized as the speed profile in the z
direction. The position trajectory is computed by integrating the Gaussian velocity function, with

the final value being p; gesirea- The acceleration is then computed by taking the time derivative.
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For z direction, we choose a Gaussian position function with a height of 10 cm. Fig. [45] depicts
the curves for position, velocity, and acceleration in both the z and z directions. The swing leg
trajectory does not replicate the normal gait of human beings, but it serves as a more straightfor-
ward initial approach. At runtime, using Inverse Kinematics (IK), the reference joint angle (6,)

is calculated, where the CoM represents the reference frame. The reference joint velocity (6,) and

the reference joint acceleration (GT) are estimated through the utilization of finite difference.
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Figure 45: Swing leg trajectory ( in this figure, we assume that the p; gesirea = 25cm which is equal
to the end x position, while the height of the leg is 10 cm).

7.1.2.3 Optimization Framework

The objective function formulation is based on the structure described in . The optimization
problem aims to calculate the generalized accelerations (§), joint torques (7), and ground reaction
forces (Fgrr) by using an objective function. This objective function includes terms that stabilize
the rate of change of momenta, as well as a term that tracks the swing leg trajectory during the
step. Furthermore, the optimization problem has three constraints: the contact constraint, the
dynamic constraint, and the friction cone constraint. These constraints are necessary to maintain

stability and satisfy the robot’s dynamics.
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Minimize: w1 ||Ldes - Lactual||2 + w2||Hdes - Hactual||2 + w3||édes - eactualHQ
q’TzFGRF

Subject to: J.j+ J.¢ = 0 (contact constraint) (65)
M(q)§+ C(q,q)g+ G(q) = STT + Z JI Fgrr (dynamic constraint)

|Forrtl < pFgreyn (friction cone constraint)

Weighting factors denoted by w1, wa, and ws are incorporated into the objective function of a
quadratic cost. These weights define the comparative significance of cost function terms. J. relates
¢ € R'® (floating base and joint velocities) to the velocity of the contact point on the foot. Fg RFt

is the tangential ground force, u is the friction coefficient and Forr,, is the normal ground force.

The objective function as mentioned above consists of three terms: The first term of the
objective function is the Linear Momentum Balance Term, and as mentioned earlier in section
[4.1] controlling the linear momentum is equivalent to controlling the Center of Mass. The desired

CoM acceleration is computed using the following equation:

Cdes = kp(cr —c) +dp(é — &) + &, (66)

where ¢, ¢, ¢ are the reference CoM position, velocity and acceleration respectively, as
described in [7.1.2.2l kr and dj are tuning parameters. The desired linear momentum rate of
change is

Ldes = médes (67)

We used centroidal dynamics, a powerful framework provided by Pinocchio, to compute the
linear momentum and its derivative of the bipedal robot during dynamics motions. The centroidal
dynamics computations are based on the articulated body inertia, joint positions, velocities, and

external forces applied to the robot.

The actual linear momentum rate of change Lactuar of our robot (HURON) is computed using

the following expression:

65



Lactual = ALq + ALq (68)

where Ay and Ay, are the first three rows of the Centroidal Momentum Matrix (CMM) and

its derivative respectively.

The second term of the objective function is Angular Momentum Balance Term. The

desired angular momentum rate of change about the CoM is defined as

Hdesired =0 (69)

The actual angular momentum rate of change about the Hyepuq of our robot (HURON) is

computed using the following expression:

Hactual = AHq + AHq (70)

where Ay and Ay are the last three rows of the Centroidal Momentum Matrix (CMM) and

its derivative respectively.

The third term of the objective function is the Swing Leg Trajectory Tracking Term. It
is defined to follow the desired swing leg trajectory described in section The desired joint

acceleration is

Odes = Kp(0, — 0) + Kq(6, — 0) + 6, (71)

where 0,, 0, and 6, are the reference position, velocity and acceleration, respectively, as

decribed in section [7.1.2.2

The objective function is constrained by three constraints. The first constraint, known as the
contact constraint, is employed to represent the interaction between the system and its surround-
ings. The second constraint is the dynamic constraint, which guarantees that the joint accelera-

tions, in combination with the Coriolis forces, gravitational forces, and applied torques, align with
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when and where to take a step based on momenta changes

COM and swing leg trajectory ‘

optimize for (g, 7, Fgrr)

Apply 7

Figure 46: Block diagram of the stepping stability methodology.

the external forces exerted on the system. The external forces encompass the contact forces exerted
at distinct contact points, with each foot having one contact point. For the friction cone con-
straint, the friction pyramid expands upon this concept by incorporating a pyramid shape, which
more accurately represents the limitation of tangential forces in several directions [55]. The pyramid
is commonly depicted as a collection of linear inequalities. The friction pyramid constraint can be

mathematically stated in three-dimensional space as: (forrz < pferrz), (—farrz < pfarrz),

(farry < farrz), (—ferry < 1fcrrz:), and (0 < pfaorrz)-

The block diagram presented in Fig. [6] illustrates the methodology employed in this study,

depicting the sequential steps.

7.1.3 Stepping-Based Stability Control: Current Direction

The optimization problem, consisting of the objective function and three constraints, was effec-
tively implemented. The optimal joint accelerations, torques and Ground Reaction Forces were
determined to achieve the desired momenta and desired swing leg trajectory and satisfy the sta-
bility and dynamics constraints as shown in Fig. Initially, our objective was to establish the
optimization problem by assuming that the desired rate of change of linear momentum is zero, and
the swing leg trajectory tracking term is set to the upright posture configuration. At present, we
are in the process of implementing the desired CoM (Center of Mass) and swing leg trajectories.
These trajectories will be used later to calculate the desired values of Ldes (desired linear momen-

tum) and Oes (desired angular acceleration). We anticipate that the ongoing data collection and
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analysis processes will yield conclusive results in the coming days, further validating the efficacy of

the employed methodology.

Figure 47: Optimization Framework Validation: Optimal Decision Variables Meeting Momentum
and Constraint Requirements.

7.2 Future Works

Our future plans include implementing our proposed push recovery control to our manufac-
tured bipedal, HURON, once it is ready for experimental tests. Additionally, we plan to complete

the current work related to push recovery via stepping.
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Appendices

A Sagittal and Frontal Planes:

Sagittal Plane: A vertical plane that extends from the front to the back, dividing the body into

right and left sides.

Frontal Plane: A vertical plane that divides the humanoid robot’s body into front and back halves.

Frontal Plane
Sagittal Plane

(a) (b)
Figure 48: (a) Sagittal Plane, (b) Frontal Plane.

B  Inertia Matrix about the CoM about the y-axis A(q):

Preliminaries:

e CoM of multiple rigid bodies:

CoM = 2= (72)
domi
e Parallel axis theorem:
Logis = ICOM + mTZ (73)
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where r is the distance between the CoM and the axis.

Linear Momentum (P) of a rigid body:

P=mVeoou (74)

Angular Momentum (L) of a rigid body:

L= TX(mVC'oM) + lcomw (75)

Notations:

rj: position vector of joint j w.r.t base frame.

cj: CoM of link directly connected to joint j.

I;: moment of inertia tensor of link directly connected to joint j. about the CoM of the link.
m;: mass of the link directly connected to joint j.

éj: angular speed of joint j.

a;: rotation axis vector of joint j.

wj: angular velocity of joint j.

m;: mass of all links driven by joint j.

¢;j: center of mass formed by all links driven by joint j.

Rl

i: total moment of inertia of all links driven by joint j.

Vcom,;: linear velocity of the CoM of all links driven by joint j.

Inertia Matrix M and A Calculation:



L=A)8

e The calculation of M and A is achieved recursively.

mj,l = 77~”Lj + ’I’)’Ljfl

I;_1 = I;+[0,0,0;0,0,0;0,0,7m;(|¢; — &—1])*]+1;-1-+[0,0,0;0,0,0; 0,0, m;j_1(|cj—1 — &—1])?]

Linear momentum of a link

Pj1 = wj 1 X(¢j—1 = rj-1)mj

Angular momentum of a link

Li—1 = &1 X(Pj—1) + [j1wja

wj—1=a;_10;1

Mj,1 = aj,lX(éj,l - ’I“jfl)ﬁ’Ljfl

Ajy =& 1 XM;1+ I;_ya;_1

71

(80)

(81)

(83)

(84)



M = [Mb M27 M3]

A= [Ala AQa A3]
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(86)
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C  Center of Pressure (CoP) Calculation:

When all the contacts between the robot feet and the ground are on a single plane, as in our
case, the CoP coincides with the Zero Moment Point (ZMP) [56]. We calculated the z-component

of the CoP p, using the procedure described in [3].

Let f;, = [fre fry fr.] and 7, = 72, 72, 72.] be the output forces and torques of the left
FT sensor, and fr = [fr. fry fr.] and TR = [7r, Tr, Tr.] be the equivalent outputs of the right
FT sensor. The left and right Force/Torque sensors are placed symmetrically at positions py =

lpr. pry pr.] and pr = [Pr. Pry Pr.], respectively. As a result:

7L, + PL. fL. + TR, + PR. [R.

- 88

g fr. + Ir, (83)
by = 7. +pL. fL, + TR. + PR, IR, (89)
Y Jr. + [Rs
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