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Abstract

This work aims at providing algorithms for balance control of legged, torque-controlled
humanoid robots. A humanoid robot normally uses the feet for locomotion. This work
extends this paradigm by addressing the challenge of multi-contact balancing, which allows
a humanoid robot to exploit an arbitrary number of contacts to support itself. One of
the main aspects is the solution of the wrench distribution problem, which arises from
the resulting closed kinematic chain. Using multiple contacts for support increases the
size of the support polygon, which in turn leads to an increased robustness of the stance
and to an increased kinematic workspace of the robot. Both are important features for
facilitating a transition of humanoid robots from science to real-world applications, where
they are confronted with several challenging scenarios, such as climbing stairs and ladders,
traversing debris, handling heavy loads, or working in confined spaces.

The developed framework also addresses the challenge of whole-body control by allowing
a humanoid robot not only to maintain balance but also to interact with its environment,
as e. g. by carrying or manipulating objects. Of course, the forces and torques arising from
the interaction task must be considered by the balancing and/or support task to avoid
falling.

The whole-body control framework is generalized by combining the techniques for multi-
contact balancing with multi-objective control, which allows for a more generic task defini-
tion. Kinematic and dynamic conflicts between the tasks are resolved via a prioritization.
For instance, the generalization allows for support contacts not only at the end-effectors
(hands and feet) but at arbitrary locations on the body of the robot, such as the knees,
pelvis, backpack, shoulders, or the elbows. This ability is essential for operating a hu-
manoid robot in confined spaces, where there might be not enough space to completely
“unfold” the limbs to rely on hands and feet only.

The developed control framework implements a compliant balancing behavior in order
to ensure safety in case of accidental collisions between robot and environment or be-
tween robot and human. Furthermore, the framework employs passivity-based methods
to achieve robustness with respect to external disturbances.

The performance and versatility of the developed whole-body control framework was
demonstrated in numerous experiments and in the context of the EU-project COMANOID,
which addressed the challenge of introducing humanoid robots into aircraft manufacturing.
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CHAPTER 1

Introduction

This chapter provides an introduction to the topic of whole-body control for multi-contact
balancing of humanoid robots. Sections 1.1 and 1.2 describe the context and the challenges
addressed in this work. Section 1.3 presents the achieved contributions with respect to
the state of the art. The connection between the outline of this work and the previous
publications is established in Section 1.4.

1.1 Motivation

Thanks to their versatility, humanoid robots can be employed in a large variety of ap-
plications, such as service robotics, industrial manufacturing, disaster scenarios, or space
travel. In general, the use cases involve tasks that are monotone, exhausting, physically
demanding, or dangerous for humans, which emphasizes the need for robotic solutions.
The applications usually take place in environments explicitly designed for humans. Thus,
it is a logical consequence to design the robots in a humanoid shape, such that they can
use the same facilities and tools as humans. For this reason, science has taken an increas-
ing interest in humanoid robotics over the past few years. For instance, the US Defense
Advanced Research Projects Agency (DARPA) organized the DARPA Robotics Challenge
(DRC), in which numerous international teams participated. The finals of the competition
took place in 2015 and comprised several tasks from the context of a disaster scenario,
such as driving a car, opening doors, traversing debris, and closing a valve [Spenko et al.,
2018]. In 2011, the US National Aeronautics and Space Administration (NASA) sent a
humanoid robot, called Robonaut 2, to the International Space Station (ISS). The mission
objective was to explore the possibility of using humanoid robots for supporting astronauts
inside and outside of ISS [Diftler et al., 2012]. The German Aerospace Center (DLR) in-
vestigates the potential of employing humanoid robots as service robots in the health care
sector in the form of the research project SMiLE [Smile, Vogel et al., 2018]. DLR also
participated in the EU-project COMANOID [Comanoid, Kheddar et al., 2019], which ad-
dressed the challenge of introducing humanoid robots into aircraft manufacturing. A more

detailed overview of the use case and the research activities conducted in the context of
COMANOID are provided in Section 9.3.
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1 Introduction

The field of humanoid robotics can be divided into robots with wheels and robots with
legs. In general, humanoid robots with legs are considered to be more versatile and dexter-
ous, as they can deal with obstacles and cluttered terrain, such as ladders, stairs, gravel,
ditches, or debris. Another method of classification is offered by the low-level joint technol-
ogy: In general, humanoid robots with position-controlled joints require less effort regard-
ing the hardware design of the joint units. But humanoid robots with torque-controlled
joints have the advantage of automatically adjusting their limbs to the environment, which
is beneficial in challenging or unknown terrain. For instance, this feature is demonstrated
in Section 6.1.3 with the torque-controlled humanoid robot TORO, developed by DLR,
balancing on a pile of gym mats. The safety aspect is another advantage of torque-control:
If a humanoid robot is sent into a completely or partially unknown environment, e. g. dur-
ing a disaster scenario, then collisions between robot and environment are most likely to
occur. If the robot is supposed to share the same workspace with a human co-worker,
then there is also the potential of a collision between human and robot. In both cases,
torque-control allows for the operation of a humanoid robot in a compliant and robust
way to avoid damages or injuries to the robot, the environment, and the human.

Traditionally, a humanoid robot utilizes only the feet for locomotion for reasons of ma-
neuverability. The field of multi-contact balancing generalizes the problem by allowing
for an arbitrary number of contacts with the environment to gain a more robust stance
in challenging terrain, such as rocks, ladders, or debris. Note that the contacts can be
located arbitrarily on the body of the robot including the hands, elbows, shoulders, back-
pack, pelvis, knees, or feet. Using multiple contacts to support the robot features several
advantages: The weight of the robot is distributed to a larger contact surface, which can
reduce the sinking on soft terrain. Furthermore, the load can be (re-)distributed between
the contacts if one of them is about to be overloaded. Multiple contacts also allow for the
generation of internal stress, which is required for chimney climbing, for instance. But
most important, using multiple contacts for balancing increases the size of the support
polygon (SP) and therefore the kinematic workspace of the robot as well as the robustness
of the stance in rough terrain.

For the reasons outlined above, this work focuses on torque-controlled humanoid robots
with legs. The provided control algorithms implement a compliant and robust balancing
behavior using multiple contacts for supporting the robot.

1.2 Problem Description

Ordinary industrial robots are usually mounted to the environment via a flange at their
base. The forces and torques that are necessary to support and move the robot are
transmitted via this flange to the environment. Thus, the kinematics and dynamics of an
industrial robot are usually described via a so-called fixed-base model. In contrast to that,
the field of humanoid robotics mainly utilizes a model description featuring a floating-base,
which means that one central body of the robot structure (usually the pelvis or the trunk)
is selected as the root or base of the kinematic chain. The base is only connected to the
environment via six virtual Cartesian joints, which do not allow for any transmission of
forces or torques. Thus, the robot must utilize its limbs to support itself by bringing them
into contact with the environment. Fig. 1.1 shows an exemplary scenario, where the robot
exploits the right knee and the left foot for support.

As already mentioned, this work aims at providing algorithms for balance control of
humanoid robots in multi-contact scenarios. From a technical point of view, using multi-
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1.2 Problem Description

Figure 1.1: Example of a humanoid robot performing several whole-body tasks while bal-
ancing on multiple contacts. The resulting closed kinematic chain is given in
orange. The end-effector and CoM wrenches are represented by red arrows.
The trajectories of the center of mass and the left hand are given in green.

ple contacts to support the robot creates a closed kinematic chain, as shown in Fig. 1.1.
The consequence is the so-called Wrench Distribution Problem (WDP), which states that
the overall wrench that is required to support the robot can be arbitrarily distributed to
the contacts. Note that all feasible solutions of the WDP must respect the properties of
each contact in order to avoid an unintentional lift-off, sliding, or tilting. According to
[Kumar and Waldron, 1988] and [Ott et al., 2011], the problem of multi-contact balancing
and multi-fingered grasping are fundamentally similar: As shown in Fig. 1.2, both fields
require the distribution of a desired overall wrench to the available contacts. In balanc-
ing, the desired overall wrench for supporting the robot gets distributed to the available
contacts, while in grasping, the overall wrench on the object gets distributed to the finger
contacts. Therefore, it is possible to interchange methods for describing and solving the
WDP between the field of balancing and grasping. For instance, the concept of virtual
linkage was introduced by Williams and Khatib [1993] for grasping and is used by Sentis
[2010] for multi-contact balancing. A method for processing the contact properties was
first formulated by Hirai [1991], Borst et al. [2003] for multi-fingered grasping and later
transferred by Caron et al. [2015] to humanoid balancing.
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1 Introduction

(a) The CLASH hand developed by DLR (b) The humanoid robot TORO developed by
[Friedl et al., 2018]. DLR (see Chapter 5).

Figure 1.2: Analogy between the problem of multi-fingered grasping and multi-contact
balancing: The overall wrench on the object ( f)‘ifj) or respectively on the
humanoid (Fg,) is distributed to the contact wrenches F;.

Besides solving the WDP, a humanoid robot is also supposed to perform several other
meaningful tasks, as exemplary shown in Fig. 1.1. For instance, a humanoid robot must
be able to perform a quasi-static or dynamic motion with its body. Furthermore, it must
be capable of manipulating objects, such as carrying a tool or closing a valve. All these
tasks require the generation of forces and torques, which must be considered in the WDP
to properly counteract them. Note that there can be a kinematic or dynamic conflict
between the tasks. For instance, the robot does not feature enough joints for fulfilling all
tasks at the same time. Thus, this work incorporates methods from the field of multi-
objective control [Dietrich, 2016] to establish a prioritization of the tasks. The latter plays
an important role if the support contacts are not only located at the end-effectors but also
at arbitrary locations on the robot’s body. From a different perspective, a humanoid robot
can be interpreted as a tree of several serial kinematic chains on top of a closed kinematic
loop. The latter is formed by the support contacts and features a redundancy in the space
of the contact wrenches leading to the WDP. The serial kinematic chains can feature a
kinematic redundancy, which is mitigated by prescribing multiple control objectives/tasks
and prioritizing them. Thus, the control approaches presented in this work are from the
field of Whole-Body Control (WBC), as they consider not only the support contacts but
the complete body of the robot.

This works aims at providing control algorithms for robust and compliant balancing of
humanoid robots. A compliant behavior is important to safely operate a humanoid robot
in the case of accidental collisions with the environment or with humans. For this reason,
most of the presented control approaches are passive or passivity-based. The passivity
framework allows for modelling dynamic systems from an energetic point of view, where
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components can exchange energy via power ports. In this case, the robot (plus controller)
can be regarded as a subsystem that is connected via a power port to the environment
or to a human, respectively. If the subsystem is passive, then the robot can only emit
a limited amount of energy, which implies a certain robustness with respect to external
disturbances (see also [Stramigioli, 2015]).

It is worth mentioning that the presented control approaches do not explicitly regulate
the end-effector wrenches of the robot. This would not only require additional force-
torque sensors at the end-effectors, but also introduce additional sensor noise into the
control loop. Furthermore, the end-effector wrenches can be directly computed from the
joint torques and vice versa, which would contradict the causality of the control loop.
Instead, the presented control algorithms only regulate the state of the robot (position
and velocity), whereas the commanded end-effector wrenches are used as a virtual control
input. Of course, this can lead to a deviation between the commanded and actual end-
effector wrenches. However, the presented experiments involving the humanoid robot
TORO developed by DLR show that the deviations are insignificant, which emphasizes
the validity and robustness of the proposed control approaches.

1.3 State of the Art and Contributions

A straightforward way to combine balancing with an interaction task is to consider sepa-
rately the upper and the lower body of a humanoid robot. In general, the upper body is
operated in a compliance mode to perform the intended manipulation task, while the lower
body of the robot generates the required support. The modular design allows for a flexible
combination of upper and lower body controllers. However, the forces and torques arising
from the manipulation task must be taken into account by the lower body controller to gen-
erate sufficient support. For instance, [Ibanez et al., 2012] proposed a ZMP-based (Zero
Moment Point) balancing controller in combination with a position-based controller for
the upper body. The balancer utilizes preview control and is equipped with a disturbance
input to account for the arising manipulation wrenches. We presented a similar approach
in [Ott et al., 2013] for kinesthetic teaching in combination with interaction-aware bal-
ancing (see Section 8.1). Here, the wrenches from the upper body are estimated via a
momentum-based disturbance observer known from manipulator control [De Luca et al.,
2006], which allows for a completely independent design of the upper and lower body
control strategy.

More versatile approaches originate from the field of whole-body control by consider-
ing all the Degrees of Freedom (DoFs) of a humanoid robot. The field can be divided
into control strategies employing inverse dynamics and passivity-based approaches. Let
us first consider the branch based on inverse dynamics. Here, a vector of desired joint
accelerations is obtained from a task formulation, which can also involve a prioritization,
as discussed below. The desired accelerations are mapped to joint torques via the inverted
dynamics equation of the robot. Often, the concept is combined with PD-control at the
joint-level for stabilizing the desired joint positions and velocities. The desired torques
computed from inverse dynamics are incorporated into the joint-level control loop in the
form of a feedforward control action. Representative works from this field can be found
in [Mistry et al., 2010], [Righetti et al., 2013], and [Herzog et al., 2016], for instance.

Passivity-based approaches allow for the analysis and design of the robotic system from
an energetic perspective. Here, the task formulation provides a set of desired task forces
and/or torques, which are mapped to the commanded joint torques via their respective Ja-
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cobian matrices. A passivity-based approach for compliant balancing of humanoid robots
was first proposed in [Hyon et al., 2007] by computing suitable ground applied forces,
which are mapped to joint torques. The concept was reused by Ott et al. [2011] exploit-
ing the insight that the problem of balancing and grasping are conceptually similar (see
Fig. 1.2). In [Henze et al., 2016b], we extended the work of Ott et al. [2011] to a whole-
body control framework by adding a) the ability to handle multiple contacts, b) interaction
tasks for manipulation, and c¢) a feedforward control. The latter allows for the execution
of dynamic trajectories and results in a structure of the closed-loop system similar to
classical PD+ control [Paden and Panja, 1988, Whitcomb et al., 1993]. Furthermore, we
enriched the framework with a concept for passivity control on movable and deformable
surfaces [Henze et al., 2018]. Most of the works from the field of humanoid robotics as-
sume that the floor is static, or that the dynamics of the floor is known (e.g. [Sentis,
2010, Mistry et al., 2010, Righetti et al., 2013, Herzog et al., 2016]). But in order to op-
erate the robot on a large variety of floors, we exploit the concept of passivity to make
as few assumptions as possible on the floor dynamics. In particular, the framework is
combined with methods from the field of Passivity Observer-Passivity Control (PO-PC)
by [Hannaford and Ryu, 2002 and equipped with energy tanks [Franken et al., 2011]. Be-
sides this, we extended our framework in [Abi-Farraj et al., 2019] with an automatic CoM
tasks, which allows the robot to perform high-force interaction tasks. Recently, another
passivity-based approach was proposed by Hirayama et al. [2018] for walking on uneven
terrain.

Often, whole-body control (based on inverse dynamics as well as passivity-based) is
combined with multi-objective control to achieve a prioritization of tasks. Methods for
fixed-base manipulators are known from [Nakamura et al., 1987], [Hollerbach and Suh,
1987], or [Dietrich et al., 2015]. In humanoid robotics, the approaches can be divided into
the following categories: a) orthogonal decomposition, b) hierarchical quadratic program-
ming, and c) null space projection techniques. For instance, the approach by Mistry et al.
[2010] utilizes a QR-decomposition of the constraint Jacobian matrix to achieve an ana-
lytically correct inverse dynamics formulation. The decomposition was later reused by
Righetti et al. [2013] to minimize contact forces. Two representative works from the cat-
egory of hierarchical programming are given by [Escande et al., 2014] and [Herzog et al.,
2016]. Here, numerical methods are employed to solve the inverse dynamics problem
in a hierarchical way. Null space projection techniques are used in [Sentis, 2010] and
[Henze et al., 2016a], for instance. Here, the hierarchy is implemented by projecting the
forces and torques of one task onto the null space of all other tasks with a higher prior-
ity level. In [Henze et al., 2016a], we were able to demonstrate a dynamic decoupling of
the tasks after integrating multi-objective control [Dietrich, 2016] into our passivity-based
whole-body control framework. In [Henze et al., 2017], we discovered that the combined
framework can be exploited to generalize the concept of multi-contact balancing. In par-
ticular, the combined framework allows the robot to support itself not only with the hands
and feet but also with arbitrary contacts on the robot’s body, such as the knees, pelvis,
backpack, shoulders, or the elbows. Apart from that, relatively little work has been pre-
sented to explicitly consider arbitrary contacts on the body of the robot. For instance, the
approaches [Sentis, 2010, Mistry et al., 2010, Righetti et al., 2013] control the constrained
motion of the robot by accounting for the physical contact constraints, but the works do
not explicitly consider contacts with arbitrary locations. A framework based on inverse
dynamics combined with an orthogonal projection was presented by Aghili and Su [2016].
The approach presented in [Farnioli et al., 2016] is derived from a quasi-static analysis
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and tested on a humanoid robot with elastic joints. Although the latter two approaches
are designed to theoretically handle contacts scattered all over the body of the robot, this
particular aspect has not been validated in the demonstrated experiments.

By nature, the fields of multi-contact planning and multi-contact control are closely
related, which allows for the exchange of knowledge and methods. For instance, a power-
ful multi-contact motion planner was presented by Bouyarmane and Kheddar [2012]. The
planner first computes a set of feasible contact configurations and afterwards generates the
contact transitions and corresponding whole-body motions. In [Bouyarmane et al., 2012],
the planner was applied to several disaster response tasks using simulations of three dif-
ferent robot platforms. Another planning algorithm is presented by Murooka et al. [2015],
which is capable of obtaining an optimal posture for interaction tasks that require large
forces and torques. For instance, the robot can use its own body weight to push a heavy
object by leaning against it, as shown in Fig. 6.16. However, Murooka et al. [2015] only
consider the ZMP for evaluating the feasibility of the stance. A more general criterion
for describing the feasible support wrenches originates from the field of grasping [Hirai,
1991, Borst et al., 2003] using polyhedral convex cones. The concept was then trans-
fered by Caron et al. [2015] to humanoid balancing and used for multi-contact planning
in [Caron and Nakamura, 2015]. We applied the concept in [Abi-Farraj et al., 2019] to
instantaneous control by deriving an automatic task for the Center of Mass (CoM) that
moves the robot into an optimal posture for generating the high interaction forces.

In summary, this work presents a framework for balance control of legged humanoid
robots in multi-contact scenarios. It advances the state of the art by providing several
theoretical contributions to the field as well as an extensive experimental evaluation of the
presented methods. A list of the main contributions is given below:

e Extension of the work by Ott et al. [2011] into a passivity-based framework (see
[Henze et al., 2016b])

— for whole-body control by incorporating interaction tasks,
— for multi-contact balancing by allowing for an arbitrary number of contacts,

— and for the tracking case by incorporating feedforward terms.

e Passivity control for balancing on movable and deformable surfaces [Henze et al.,
2018|.

e Automatic CoM task for performing high-force interaction tasks [Abi-Farraj et al.,
2019].

¢ Generalization of the whole-body control framework by integrating hierarchical multi-
objective control [Henze et al., 2016a]. The latter features a task prioritization,
which leads to a dynamic decoupling of the tasks.

e Transfer of the generalized framework to balancing in confined spaces by allowing
for arbitrary contact locations on the body of the robot [Henze et al., 2017].

o Extensive experimental evaluation of the whole-body control framework.

e Demonstration of the performance and versatility of the whole-body control frame-
work in various applications including planning [Werner et al., 2016, Sundaram et al.,
2018], teleoperation [Porges et al., 2019, Abi-Farraj et al., 2018], and industrial manu-
facturing [Kheddar et al., 2019].
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1.4 Publications and Outline

The research findings in this work resulted in five journal articles, ten conference pub-
lications, and two invited talks in the relevant robotic journals and conferences. The
publications are decorated with three awards and two nominations as award finalists. A
list of the publications that are incorporated into this monograph is given below:

Journal Publications

e B. Henze, A. Dietrich, and C. Ott. An approach to combine balancing with hierarchical
whole-body control for legged humanoid robots. IEEE Robotics and Automation Letters, 1
(2):700 — 707, 2016a. (Award Winning')

e B. Henze, M. A. Roa, and C. Ott. Passivity-based whole-body balancing for torque-controlled
humanoid robots in multi-contact scenarios. Int. J. of Robotics Research, 35(12):1522 — 1543,
2016b. (Award Winning?)

e B. Henze, R. Balachandran, M. A. Roa, C. Ott, and A. Albu-Schéffer. Passivity analysis and
control of humanoid robots on movable ground. IEEE Robotics and Automation Letters, 3
(4):3457 — 3464, 2018.

e F. Abi-Farraj, B. Henze, C. Ott, P. R. Giordano, and M. A. Roa. Torque-based balancing for
a humanoid robot performing high-force interaction tasks. IEEFE Robotics and Automation
Letters, 4(2):2023 — 2030, 2019.

e A. Kheddar, S. Caron, P. Gergondet, A. Comport, A. Tanguy, C. Ott, B. Henze, G. Mesesan,
J. Englsberger, M. A. Roa, P.-B. Wieber, F. Chaumette, F. Spindler, G. Oriolo, L. Lanari,
A. Escande, K. Chappellet, F. Kanehiro, and P. Rabaté. Humanoid robots in aircraft manu-
facturing - the Airbus use-cases. IEEE Robotics and Automation Magazine, 26(4):30 — 45,
2019. (Award Winning?)

Conference Publications

e C. Ott, B. Henze, and D. Lee. Kinesthetic teaching of humanoid motion based on whole-body
compliance control with interaction-aware balancing. In IEEE/RSJ Int. Conf. on Intelligent
Robots and Systems, pages 4615 — 4621, 2013.

e B. Henze, C. Ott, and M. A. Roa. Posture and balance control for humanoid robots in multi-
contact scenarios based on model predictive control. In IEFE/RSJ Int. Conf. on Intelligent
Robots and Systems, pages 3253 — 3258, 2014a.

e B. Henze, A. Werner, M. A. Roa, G. Garofalo, J. Englsberger, and C. Ott. Control applica-
tions of TORO - a torque controlled humanoid robot. In IEEE-RAS Int. Conf. on Humanoid
Robots, pages 841 — 841, 2014b. (Award Winning?)

e J. Englsberger, A. Werner, C. Ott, B. Henze, M. A. Roa, G. Garofalo, R. Burger, A. Beyer,
O. Eiberger, K. Schmid, and A. Albu-Schaffer. Overview of the torque-controlled humanoid
robot TORO. In IEEE-RAS Int. Conf. on Humanoid Robots, pages 916 — 923, 2014.

e A. Werner, B. Henze, D. A. Rodriguez, J. Gabaret, O. Porges, and M. A. Roa. Multi-contact
planning and control for a torque-controlled humanoid robot. In IEEE/RSJ Int. Conf. on
Intelligent Robots and Systems, pages 5708 — 5715, 2016.

e B. Henze, A. Dietrich, M. A. Roa, and C. Ott. Multi-contact balancing of humanoid robots
in confined spaces: Utilizing knee contacts. In IEEE/RSJ Int. Conf. on Intelligent Robots
and Systems, pages 679 — 704, 2017. (Award Finalist*)

'"Winner of the Best WBC-Video Award 2016 (IEEE-RAS Technical Committee on Whole-Body Control).

Winner of the IEEE Robotics and Automation Magazine Best Paper Award 2020.

SWinner of the Best Video Award at IEEE-RAS Int. Conf. on Humnaoid Robots 2014.

“Finalist for the Best Paper Award on Safety, Security, and Rescue Robotics (in memory of Motohiro
Kisoi) at IEEE/RSJ Int. Conf. on Intelligent Robots and Systems 2017.
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e F. Abi-Farraj, B. Henze, A. Werner, M. Panzirsch, C. Ott, and M. A. Roa. Humanoid
teleoperation using task-relevant haptic feedback. In IEEE/RSJ Int. Conf. on Intelligent
Robots and Systems, pages 5010 — 5017, 2018. (Award Finalist?)

e A. M. Sundaram, B. Henze, O. Porges, Z.-C. Marton, and M. A. Roa. Autonomous bipedal
humanoid grasping with base repositioning and whole-body control. In IEEE-RAS Int. Conf.
on Humanoid Robots, pages 395 — 402, 2018.

e B. Henze, M. A. Roa, A. Werner, A. Dietrich, C. Ott, and A. Albu-Schéffer. Experiments
with human-inspired behaviors in a humanoid robot: Quasi-static balancing using toe-off
motion and stretched knees. In IEEE Int. Conf. on Robotics and Automation, pages 2510 —
2516, 2019.

e O. Porges, M. Connan, B. Henze, A. Gigli, C. Castellini, and M. A. Roa. A wearable, ultra-
light interface for bimanual teleoperation of a compliant, whole-body-controlled humanoid
robot. In IEEE Int. Conf. on Robotics and Automation, 2019. URL www.youtube.com/
watch?v=YLEUBFubqgI. Accessed September 13th, 2019.

Invited Talks

e B. Henze. Model-based posture control for a torque-controlled humanoid robot. In The Int.
Symposium on Wearable Robotics, special session on Biorobotics Approaches to Understand
and Restore Human Balance, Pisa, Ttaly, October 19th, 2018. (Invited talk).

e B. Henze. Hierarchical whole-body control for humanoid robots. In IEEE Int. Conf. on
Robotics and Automation, workshop on Continuous Management and Scheduling of Multiple
Stmultaneous Prioritized Tasks for Redundant Robots, Montréal, Canada, Mai 24th, 2019.
(Invited talk).

Besides the main contributions, two book chapters [Ott et al., 2017, Roa et al., 2018], two
journal articles [Ott et al., 2015, 2016], and eight conference publications [Garofalo et al.,
2015, Werner et al., 2017, 2018, Mesesan et al., 2017, Lakatos et al., 2019, Olivieri et al.,
2019, Rossini et al., 2019, Garcia-Haro et al., 2019] have been co-authored, which are re-
lated to the topic but not incorporated into this manuscript.

The connection between the publications and the outline of this work is established in
Fig. 1.3. Chapter 3 provides two models: one for describing the floating-base dynamics
of a humanoid robot and one for characterizing the properties of the support contacts.
Chapter 4 details the design of Cartesian compliances, which are used throughout the
work to implement a compliant balancing behavior. Chapter 5 introduces the reader to
the hardware design of the humanoid robot TORO, which is used for evaluating the perfor-
mance of the presented control concepts. The proposed framework for whole-body control
is given in Chapters 6 and 7. Section 6.1 introduces the basic concept of the framework
as well as the numeric method that is used for solving the wrench distribution problem.
Sections 6.3 to 6.5 present three extensions addressing the tracking case, passivity on mov-
able ground, and interaction tasks with high forces. Chapter 7 generalizes the whole-body
control framework by combining it with multi-objective control. The resulting prioritiza-
tion facilitates a dynamic decoupling of the control tasks and allows humanoid robots to
balance in confined spaces by exploiting arbitrary contacts on the robot’s body. Chapter 8
presents two control approaches from the field of Model Predictive Control (MPC), which
are both based on reduced dynamic models. The relevance and versatility of the devel-
oped framework for whole-body control is demonstrated in Chapter 9 in the form of several
applications from the field of planning, teleoperation, and industrial manufacturing.

®Finalist for the Best Paper Award on Safety, Security, and Rescue Robotics (in memory of Motohiro
Kisoi) at IEEE/RSJ Int. Conf. on Intelligent Robots and Systems 2018.
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Figure 1.3: Outline of the manuscript and relation of the main aspects to the publications.
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CHAPTER 2

Notation

This work is based on the following notation:

Scalars are denoted with regular characters, such as a, «, V', or V.

Vectors are denoted by bold lower case characters, such as v, or 7. The only
exception are wrenches F = (7 TT)T, which are a combination of a Cartesian
force f € R3 and torque T € R3.

Matrices are denoted by bold upper case characters, such as M or A.

Round and square brackets are used to combine symbols into vectors and matri-
ces, respectively. For instance, a vector is given by f = (fa fy /- )T and a matrix
by J = [Ad J].

The Euclidean norm of a vector is denoted by |||, as for instance ||go| = 1/ go-

In general, vectors and matrices can be expressed with respect to the base vectors of any
arbitrary frame. In order to indicate the choice of base vectors, the notation is extended
by a leading superscript: For instance, A\ and B indicate that the vector A is given with
respect to the base vectors of frame F4 or Fp, respectively. For simplicity of notation,
all position, velocity, force, and torque vectors are expressed in world coordinates, that is
with respect to the base vectors of the world frame W, unless otherwise mentioned. The
superscript Ve will be dropped.
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CHAPTER 3

Modeling

3.1 Rigid Body Transformations

This section provides a brief summary on rigid body transformations, which will be used
later to discuss the so-called wrench distribution problem (see Section 3.3). Let us consider
two arbitrary frames F4 and Fp in six-dimensional Cartesian space attached to a rigid
body (see Fig. 3.1). The position and orientation of both frames relative to a common
world frame W are denoted by x4 € R3 R4 € SO(3) and x5 € R?, R € SO(3),
respectively. The linear and angular velocities of frame F4 and Fp relative to the world
frame W are given by x4 € R, w4 € R? and x5 € R3, wp € R3. Both can be stacked
into the six-dimensional Cartesian velocities

vy = (f}j) and  wvp= (gg) . (3.1)

The forces and torques acting on F4 and Fp are given by f, € R3, 74 € R® and fz € R3,
T € R3, respectively. Analogously to the velocities, the forces and torques can be stacked
into the wrenches

Fy= (fA> and Fp= <fB> : (3.2)

TB

TA

Figure 3.1: Frames F4 and Fp located on a rigid body.
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3 Modeling

3.1.1 Body Coordinates

If the translational and rotational velocities are expressed in body frame, which means
with respect to the base vectors of F4 and Fp, then they can be computed via

Axa=RiMia),  Pxp=Rp(Vin), 53)
S(*wa) = RYRy, S(Pwp) = RERp.
Here, the operator S(e) denotes the cross product matrix according to Definition 3.1.

Definition 3.1 (Cross product matrix S(X)). Let A = (AL AT A2 be an arbitrary vector
in R3. The cross product matriz S(A) € R3*3 is defined as

0 XA A,
A, A O

Note that the cross product matriz S(\) is skew-symmetric, that is S(A) = —S(A)T and
S(=A) = S(A)T hold.

The velocities of frame F4 can be mapped to frame Fp via

x4 A Pxa
< AwA> — Ad(Rap, “1p) <Bw,4> (3.4)
Ayy Byg

with Ad(e,x) denoting the adjoint matrix according to Definition 3.2. The matrix Rap =
RZ;RB and the vector Az g = RZ;(W:BB — WwA) describe the orientation and position
of Fp relative to F4, expressed using the base vectors of Fa.

Definition 3.2 (Adjoint matrix Ad(R,x)). Let R € SO(3) and = € R? be an arbitrary
rotation matrix and an arbitrary position vector. Then, the adjoint matrix is defined as

Ad(R.2) = [R S(w)R]

0 R

based on the cross product matriz S(e) according to Definition 3.1. The inverse is given

by Ad(R,x)"' = Ad(RT,—R™x).

The transpose of the adjoint matrix can be used to map forces and torques from
frame F4 to frame Fg via

B.fB :Ad(R Am )T AfA (3 5)

BTB AB) AB ATA . .
——— ——

BFB AFA

Note that the wrenches are expressed in F4 and Fp, respectively.
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3.2 Robot Dynamics

3.1.2 World Coordinates

If the translational and rotational velocities are expressed in world coordinates WV, then
they can be computed via

WXA = Wi"Av WXB = Wd}B?
W o U (3.6)
S( wA):RARA, S( wB):RBRB.

The velocities of frame F4 can be mapped to frame Fp via

@ _ [.3 s(w},,ABq @ . (3.7)

Wa

A Ad(IWx ) Wopg

As the velocities are all in world coordinates, they do not need to be rotated. Consequently,
the mapping can be considered a special case of the adjoint matrix with the identity
matrix I as relative rotation. Note that the vector Va5 =W W 4 is also given in
world coordinates.

The transpose of the adjoint matrix can again be used to map forces and torques from
frame F4 to frame Fpg via

rp —

(WfB> —_ Ad(I W:U )T <WfA> (3 8)
WTB ) AB WTA . .
SN——— SN———

WFB WFA

Note that the forces and torques are all expressed in world frame W.

For simplicity of notation, all position, velocity, force, and torque vectors
will be expressed in world coordinates, that is with respect to the base vectors
of the world fame W, unless otherwise mentioned. The superscript Ve will be
dropped.

3.2 Robot Dynamics

Humanoid robots resemble the shape and appearance of a human, which usually leads to
a design featuring a torso, arms, legs, and a head. The robot can use the limbs to support
itself with respect to the environment but also to interact with it, e.g. for manipulating
an object. From a mathematical point of view, a humanoid robot consists of a group of
rigid bodies, which are linked to each other via joints. In order to be able to formulate
the equations of motion, one of the bodies needs to be selected as the root or base of the
kinematic chain. In the literature, there are two basic descriptions featuring either a fixed
or a floating base. In the case of a fixed base, one of the bodies that is in contact with the
environment to support the robot is defined as the root or base of the kinematic chain.
Although it is easier to use a fixed-base model for motion planing [Werner et al., 2012],
this has the disadvantage that the body serving as base is not allowed to move with respect
to the environment. The latter makes it difficult to use the model for locomotion, which
requires a repetitive attaching and detaching of the limbs. For this particular reason,
models featuring a floating base are more common in literature (see e.g. [Righetti et al.,
2013, Sentis, 2010, Herzog et al., 2016]). Here, a central body of the humanoid robot,
such as the hip or the torso, is selected as the root of the kinematic chains representing
the limbs. This section introduces several floating-base models, which will be used in
Chapters 6, 7, and 8 to derive the discussed concepts for balance control.
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3 Modeling

interaction frame

contact frame

Figure 3.2: Floating base model of a humanoid robot.

3.2.1 Floating Base Dynamics

Considering the humanoid robot TORO (see Chapter 5), the body representing the hip
is selected as the base of the kinematic chain. The state of the floating base is described
by the position a;, € R? and orientation Ry € SO(3) of the base frame B relative to the
world frame W (see Fig. 3.2). The corresponding linear and angular velocities &, € R?
and wy, € R? are stacked into the vector v, = (& wl )T. Note that xp, @, and wy are
expressed in world coordinates. Based on the n € N joint angles g € R", the dynamics of
the humanoid robot is given by

M (’;b) +C (’;*’) +g= (2) + Text (3.9)

with M e R(E+)x(6+1) denoting the inertia matrix and C € ROT)x6+7) the Corio-
lis/centrifugal matrix. Note that M — 2C is a skew-symmetric matrix [Ott, 2008], which
is strongly related to the passivity properties of the robot. The influence of gravity is
represented by the vector g € R, The joint torques generated by the actuators are
denoted by T € R", while the generalized external forces are given by Fex € RO,
Depending on the application, a legged humanoid robot has to fulfill several tasks sim-
ultaneously. An obvious task is to stabilize the CoM to maintain balance. Another two
important tasks are to support itself or to interact with the environment. For these pur-
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poses, the robot features several task relevant points, which can be distributed all over
the hull of the robot including feet, hands, knees, and elbows, for instance. Each of these
points is characterized by a task frame 7; given by a position x; € R3 and an orientation
R; € SO(3) with respect to the world frame W/. The overall number of task frames is given
by 1 € N. The corresponding translational and rotational velocities are given by @; € R?
and w; € R3, which can be stacked into v; = (@7 w? ). The task wrench F; = (7 +7)7
combines the forces f; € R® and torques 7; € R3 that act on 7;. Note that x; and F; are
expressed in world coordinates.
The Cartesian velocities of each task frame are given by

v; = [Ad; T/] (Zb) (3.10)

J;

based on the Jacobian matrix J; € R*6+7)  According to Section 3.1, the adjoint
matrix Ad; = Ad(I,x;;) with x;, = o, —x; describes a rigid body transformation between
the task frame 7; and the base frame B. Therefore, it correlates a motion of the base vy
with a motion of the task frame given by v;. A motion of the robot in joint space is taken
into account by the Sub-Jacobian J’ € R6*™.

A subset of the task frames can be used by the robot to support itself by establishing
contact with the environment and generating suitable contact wrenches. This task! will
be referred to below as the “support task” and the associated frames as “support frames”,
“contact frames” or just “contacts”. Another important task is to interact with the envi-
ronment by manipulating an object, or by applying desired wrenches on the environment,
as for example for pulling a lever. In order to fulfill this “interaction task”, the robot
can use the remaining task frames 7;, which are not already occupied by the supporting
task?. The frames concerned will be called “interaction frames” for the remainder of this
work. The difference between the interaction and the support task is that the interac-
tion wrenches are prescribed by the assignment of the robot, while the necessary support
wrenches can be chosen freely to some extend by the controller. Note that the interaction
frames can also be used to lift and reposition end-effectors of the robot in order to enable
locomotion. To formalize this task assignment, let us consider the following numbering
of the task frames 7;: The first 15,p € N task frames will be assigned to the supporting
task with 1 < ¢ < 9gup. The remaining i,y € Ny task frames will be associated with the
interaction task by Ysup +1 < 7 < 4 with ¢ = 1)g,p + ¥ine. Based on this notation, the
task velocities can be combined into

U1
a7 = v
’Usup = — [Adsup Jéup} <qb> (311)
————
,Uwsup jsup
and
v
wstlp-kl L -, Ub
Vint = . = [Adint Jint} q (312)
N———
’vw jint

!Note that this task was called “balancing task” (subscript “bal”) in previous publications [Henze et al.,
2016a,b, 2017].

2Note that it is also possible to operate the robot without any interaction task leading to Ysup = Y. But
this case will not be considered for simplicity of notation
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with
Ad, 7
lesup = 5 jsup = (313)
Adwsup J{‘/Jsup
and
Adint = y jint = . (314)
Ad, 7,

If all generalized external forces exclusively act on the task frames 7;, then T4 becomes

—= T
_ [Jswp]” (Fap
Text = |:Jint:| <Fgext (315)

int

with the task wrenches F$*' € RS stacked into

F‘iXt szlp«kl
Fgy = : and  F{ = : : (3.16)
F, Py

Note that the controllers that will be presented in Chapters 6, 7, and 8 utilize the com-
manded task wrenches F'; € RS as a virtual control input instead of the control torque 7.
The commanded task wrenches are analogously stacked into

Fl ¢sup+1
Fgp = : and Fy = : ) (3.17)
Foygp Fy

3.2.2 Centroidal Dynamics

As the location of the CoM is crucial for balancing, Hyon et al. [2007] proposed using the
Center of Mass (CoM) of the robot instead of the hip as base for the dynamic model.
Therefore, we introduced a frame C in [Henze et al., 2016b], which has the same position
x. € R? as the CoM and the same orientation R. = Ry as the hip of the robot. The
linear and angular velocities . € R? and w, = w; are stacked into v, = (&7 w7 )T. Note
that o, ., and w, are expressed in world coordinates. The transformation obtained by
replacing @ and wy with . and w, is given by

ic I —S .’Dbc) ch .’i?b
we| =10 I 0 wp | . (3.18)
q 0 0 I q

ch

Here, xp. = ®. — xp denotes the lever arm between the CoM and the base frame B, given
in W. The Jacobian Jy. = 0xp./0q is needed to take into account the relative motion
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between frames C and B. The inverse transformation T'¢, = Tl;l is given by

ib I S(a:bc) —ch ibc
wy| =10 I 0 we | - (3.19)
q 0 o0 I q
Tbc

Applying T’ to the dynamic model (3.9) leads to

v Mcq} <U> <v> (mgo> <0>
. +C . + = +Tex 3.20
[MCTq M| \ g q 0 T t (3.20)
——— e —— e N———
M v v g u

with the transformed inertia and Coriolis matrix M = TbTC]W Ty, and C = T"bFCC'TbC +
T Z;]W %Tbc- Note that M —2C is a skew-symmetric matrix [Ott, 2008], which is strongly
related to the passivity properties of the robot. The inertia matrix M € RO6+T7)x(6+n) cqp
be decomposed into M. € R0 M, € R™" and M., € R®*". The vector v € R6*"
denotes the generalized velocities of the robot combining v, and ¢. The scalar m € R
denotes the overall mass of the robot, while g, € R® represents the vector of gravitational
acceleration®. The structure of g = Ta:g and M results from the choice of C as base
frame [Hyon et al., 2007, Ott et al., 2011, Henze et al., 2016b]. The vector of generalized
external forces Teyt transforms into 7ext = Tg;?ext. In Chapter 7, the vector u € R ig
used as a virtual control input.
Applying the transformation T’ to (3.11) and (3.12) yields

Ve

Vsup = [Adsup J;up] (q) (3.21)
N———
N~——

Jsup M

and
Vint = [Adint; J{nt} <,Uqc> (322)
S —
Jint —~

v

with Adg,p = MsupT;;FC and J gup =J guprT;. To simplify the notation even further, vgyp
and vjy; are combined into

v = (”S“P) = [Ad J] <”.b> (3.23)
Vint — \ 4
J ~—~—
leading to Ad = [(Adwwp)” (Admt)T]T and J' = [(Jp)T (J{nt)T}T. The commanded as

well as the external task wrenches are analogously stacked into F' = (FZL, FL, )T and
Ft = (Fe)T (FeT )T respectively. If all external forces and torques exclusively act

on the task frame 7;, then (3.15) becomes

Adl S AdL, | (F&
Toxt = JTFext — sup int :| < bl)l(p) ) (324)
(Toup)” (Jie) ") \Fiit

int int

3Note that gp € RS is six-dimensional and comprises the translational and rotational DoFs of Cartesian
space.
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3.3 Wrench Distribution Problem

As can be seen in (3.24), the external task wrenches Fgﬁg and F&' are mapped via the
transpose of the stacked adjoint matrices Adg,, and Adi,; onto the CoM wrench. The
mapping onto the n joint torques is provided by the transpose of J gup and J1 ..

The mapping of the external support wrenches via Adg;p € R6*6%sw is surjective but
not injective for more than one contact (mapping from 6 + 1)y, onto 6 coordinates). As a
consequence, there exists a large set of external contact wrenches FSfl‘It) that result in the
same overall support wrench

Fres,ext — AdT Fext (325)

sup sup * sup-*
Although the above equation is formulated for the external contact wrenches, the same
phenomenon exists for the contact wrenches F',, commanded by the controller

F's = AdL Fgup, (3.26)

sup sup

as detailed in Chapters 6, 7, and 8. In order to generate a desired overall wrench F;?Sj at
the CoM for balancing, the controller can choose the commanded contact wrenches Fgyp
from a set of feasible solutions, which is bounded by the contact model, as detailed below
in Section 3.4. This challenge is commonly known as the so-called Wrench Distribution

Problem (WDP). Note that the overall support wrench F'® ¢ RS acts on the center

sup
of mass frame C. Therefore, the adjoint matrices stacked into Ad;tpup = [Ad] .. Adj_ |
can be considered as a rigid body transformation shifting each contact wrench to the

center of mass. In the literature, several names are used to refer to the mapping Ad;rup

such as “Contact Map”, “Graps Matrix”, or “Stance Matrix”. The term “Grasp Matrix”
originates from the observation that balancing and grasping are fundamentally similar (see
Fig. 1.2) both exhibiting the wrench distribution problem [Ott et al., 2011].

As the Contact Map Adg;lp is surjective but not injective for more than one contact, the
mapping features a null space, which can be used by the robot to redistribute load from
one contact to another and/or to generate internal stress between the contacts. Note that
in mechanical engineering, the term “internal stress” is directly linked to the deformation
of elastic objects [Gross et al., 2018]. As the robot model does not feature any elastic
elements and the contacts may also be rigid, it is difficult to provide a precise scientific
definition of internal stress in this particular context. But in colloquial terms, we will
consider internal stress as contact wrenches that do not contribute to the overall wrench
at the center of mass. Therefore, our usage of the term “internal stress” is linked to the
null space of the Contact Map Adgup.

Generating internal stress appears to be counterproductive at first glance, as it increases
the contact wrenches and therefore the joint torques. But the controller can use internal
stress to ensure that the contact wrenches satisfy the contact model, which is detailed
below in Section 3.4. As an example, Fig. 3.3 shows a scenario in which the robot uses
internal stress to balance on a ridge. To ensure that the contact wrenches lie within their
respective friction cone, the controller pushes the feet against the ridge. As the horizontal
components of the contact wrenches cancel out, they can be considered as internal stress.
By contrast, the vertical components of F'; add up to the overall wrench Fg, on the
center of mass.
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res
sup

internal stress

---------------- friction cone

Figure 3.3: Internal stress while balancing on a ridge.

3.4 Contact Model

One essential problem in humanoid balancing is that the supporting contacts are not fixed
to the environment as it is the case for robots with a fixed base. If a humanoid robot applies
unsuitable wrenches at the supporting contacts, they can unintentionally lift off, tilt or
start to slide. A common way of dealing with this problem is to provide the controller
with a model of the contact properties, which restricts the commanded contact wrenches
to an admissible set of values. This section presents the contact model which is used by
the controllers in Chapters 6, 7, and 8. Similar contact models have been formulated in
literature, as for example in [Audren et al., 2014, Lee and Goswami, 2010, Kojima et al.,
2015, Sentis, 2010, Stephens and Atkeson, 2010b, Wensing et al., 2013, Wieber, 2006].

For convenience of notation, all quantities related to the contact model are
expressed in 7; instead of the world frame W, which will be indicated by the
superscript ‘e.

3.4.1 The General Case of a Flat and Unilateral Contact

For simplicity, let us consider a flat contact area S; C R? (which is a subset of two-
dimensional Cartesian space), as shown in Fig. 3.4. The contact frame 7; is defined such
that the z-axis is perpendicular to the contact area S;. Furthermore, let us decompose the
commanded contact wrench ‘F; into its elements ‘F; = (fo fy fomamy T )T.
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Figure 3.4: Model of a flat contact.

To prevent the contact from lifting off, the unilaterality of the contact must be considered
by restricting the perpendicular contact force f; . via

fi. > fEn (unilaterality) (3.27)

i,z

to be above a minimum value of ff;in > 0. In most of the literature, iﬂin is set to zero
(e.g. [Kao et al., 2016, Audren et al., 2014, Kojima et al., 2015]). However, based on the
practical experience of the author, choosing Ln;in > 0 leads to an increased robustness
against an unintentional lift-off. Omne reason for this is joint friction, which can cause
the actual contact wrenches to differ from the commanded values. To avoid an explicit
measurement of contact forces and torques, the controller invokes the contact model on
the commanded contact wrenches and not on the actual ones. Therefore, selection of the
contact model parameters so that they are slightly more conservative than theoretically
necessary is recommended.

Another relevant quantity for contact stability is the so-called Center of Pressure (CoP),
which represents a point p; € R? in the same plane as the contact area S; [Popovic et al.,
2005, Vukobratovié, 2004, Sardain and Bessonnet, 2004]. The pressure inside a contact
surface can be described by a vector field o(z,y) € R perpendicular to S; with (z,y) € S;
(see Fig. 3.4). Integrating over the contact area leads to the overall normal force

fio= [ oleds (3.28)
Si
and to the tangential torques

Ti,x:/ yo(x,y)ds
S (3.29)
Tz‘7y:/ —zo(x,y)ds.

S;

Definition 3.3 (Center of Pressure (CoP)). The center of pressure ‘p; € R? (CoP) is
defined as the centroid of the vector field o(xz,y) € R and is given by

L /S o(z,y) (z) ds.

i fSi o(x,y)ds

The center of pressure can also be regarded as the point ‘p; = (Pi.x Piy )T in the same plane
as S;, to which the contact wrench 'F; must be shifted such that the tangential torques T; 4

(3.30)
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and T, vanish (see Fig. 3.4). Computing the sum of torques about the x- and y-azis of T;
leads to the definition

Dig = +Tiy/ fi-

(3.31)
Diy = _Ti,m/fi,z

of the CoP as a function of the contact wrench *F;.

By definition, the center of pressure ‘p; € conv(S;) cannot leave the convex hull of the
contact area S;. If the CoP reaches the convex hull, the danger exists that the contact
might start to tilt [Popovic et al., 2005]. To prevent this, the contact wrenches commanded
by the controller need to be restricted such that the commanded CoP lies within the convex
hull of the contact area:

ip, € conv(S;) (center of pressure). (3.32)

Slipping of the contacts can be avoided by considering a static friction model. For
instance, translational friction can be described by the well-known Coulomb model (see
e.g. [Kao et al., 2016, Prattichizzo and Trinkle, 2016]), which limits the tangential forces

via
\/ 51 + f?,y < ftrans,i iz (trans. friction) (3.33)

using the non-negative friction coefficient fitrans; € R. There are several models origi-
nating from the field of multi-fingered grasping that account not only for translational
but also for rotational friction constraining the perpendicular torque 7;, [Kao et al.,
2016, Prattichizzo and Trinkle, 2016, Howe et al., 1988]. But these models are usually not
applied to balancing control because they are often based on the assumption of a rather
limited contact area such as a fingertip. Therefore, the models are not capable of transmit-
ting tangential torques (7; , and 7;,) although this is a mandatory feature for considering
the center of pressure given Definition 3.3.

3.4.2 Approximation for Rectangular Contacts

The contact model presented in Section 3.4.1 is nonlinear, which increases the effort
for numerical optimization algorithms to solve the wrench distribution problem. As a
consequence, most of the relevant literature approximates the contact area with poly-
gons or rectangles (e. g. [Audren et al., 2014, Lee and Goswami, 2010, Kojima et al., 2015,
Stephens and Atkeson, 2010b, Wensing et al., 2013]). Although polygons are more gen-
eral, the assumption of rectangular contact surfaces is sufficient for most humanoid robots.
Let us consider a rectangular contact, as shown in Fig. 3.5, with the z-axis pointing to
the front, the y-axis to the left, and the z-axis to the top of S;. The unilaterality constraint
fie > o0 (unilaterality) (3.34)

can be adopted from the discussion on general contacts (3.27).
Due to the rectangular shape of S;, the constraint on the center of pressure (3.32)

simplifies to
Pig < Diz < DPig
min - S max (335)
pivy - pl’y - pi»y
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Figure 3.5: Flat and rectangular contact.

Figure 3.6: Quadratic pyramid inscribed in the friction cone.

min ,,max , min ,,m

with pi", i, P iy € R specifying the physical dimensions. Inserting (3.31) leads
to the formulation

min max
Pig fiz < +Tiy < Dy fie

o - (center of pressure) (3.36)
p;, fi,z < —Tix < bs, fi,z

relating the tangential torques 7; , and 7;, with f; ..

Many other works (e.g. [Audren et al., 2014, Lee and Goswami, 2010, Kojima et al.,
2015, Stephens and Atkeson, 2010b, Wensing et al., 2013]) only consider translational fric-
tion to avoid the problem of combining translational with rotational friction (see Sec-
tion 3.4.1). To obtain a linear model for describing translational friction, (3.33) is usually
approximated by a quadratic pyramid, which is inserted into the friction cone, as shown
in Fig. 3.6. Choosing the friction parameter of the pyramid as fi; = (1/v/2) [trans,i allows
considering the z- and y-direction independently of each other [Henze et al., 2016b]:

|f’t,$| < l&’l fi,z

ol < i f (trans. friction) (3.37)
Lyl > Hi Jiz

This work extends the standard friction model (3.37) by also considering rotational
friction. The extended model is derived by parameterizing the contact wrench *F'; using
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(b) Friction pyramids located at the front and in the back of
the contact area S;.

(¢) Foot of the humanoid robot TORO.

Figure 3.7: Friction model including rotation and translation.

the concept of base vectors (see Section 3.5 for a comparison of the different methods
of parameterization). Despite (3.31), the center of pressure can also be parameterized
via a set of normal force vectors f; . ;, which are located at the corners of the contact
area, as shown in Fig. 3.7a. Here, the index j € [1...7;corners] 1S used to enumerate
the ncorners corners of the contact area. To account for unilaterality and to maintain the
CoP inside of §;, the forces are assumed to be non-negative via f; . ; > 0. Furthermore,
it is assumed that each corner is subject to a friction pyramid limiting the tangential
forces f;; and f;, ; at the corners. Therefore, the bounds on f; . ; and f;, ; limit the
transmittable contact forces f;, and f;, as well as the contact torque 7; .. Note that
the mapping from the corner forces to the contact wrench is surjective but not injective
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for contacts featuring more than two corners. This means that the forces at the corners
cannot be uniquely determined from the contact wrench. To resolve the mapping, we will
restrict our considerations to contacts whose length is greater than their width. In this
case rotational friction will be dominated by the length of the contact, while the width
can be neglected. Therefore, the contact is modeled with a friction pyramid located in the
front and in the back of the contact as shown in Fig. 3.7b. This assumption is inspired by
the geometry of the human foot, which is longer than wide. For instance, the feet of the
humanoid robot TORO (see Chapter 5 and Fig. 3.7¢) have a length of 21 cm and a width
of 9.5cm and thus fall into this particular category of contacts.

Computing the sum of torques about the front and the back of the contact area (see
Fig. 3.7b) leads to

iz ront (P _p;naén) = fi (= pin:zl:n) Tiyy> (3.38)
fizback (P — Pia") = fiz (PR) + iy,
and
iy front (pinx - pini«n) fiy ( pinén) + Tiz (3.39)
iy pack (DI — P = fiy (DF2%) — 7iz
Solving for f;  tronts [,z fronts fiybacks fi,z,pack and inserting into
| fi . front] < [ fi 2 front (3.40)
| fi.yback| < i fizback
yields
min ~ miny _ ~
o (P 7] S i fis (P =By (3.41)
| fiy D) = 7| < fzz p?ﬁ?") + i iy
with (p;njx ping}n) > 0 describing the length of the contact. Note that adding the two lines

from (3. 41) and exploiting the triangle inequality leads to the second line of (3.37). There-
fore, the second line of (3.37) may be omitted for the contact model, as it is redundant
o (3.41).

In order to rewrite the contact model into a form that can be more easily processed by
numerical algorithms, (3.34), (3.36), the first line of (3.37), and (3.41) are stacked into a
linear contact model of the form *A; ‘F; < b;:

0 0 -1 0 0 0 — fmin
0 0 prEn 0 —1 0 0
0 0 PR 0 10 0
0 0 prin 01 0 ;x 0
0 0 X 0 -1 0 f’y 0
10 — 00 0|/ f<] 0 (3.42)
-1 0 — 0 0 ol 0
0 —pin gpno0 @ 1|\ 0
U L 197 A P | NN
0 pi* —mapips 0 —pg —1f CF 0
L0 = Ry 0 —f 1 0
%,—/
A, *b;

Note that the superscript of *A; indicates that the corresponding wrench *F; is expressed
in the local contact frame 7;.
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3.4.3 Approximation for Point Contacts with Fixed Orientation

A humanoid robot can also use contacts for support in situations where the model of a
flat and rectangular contact from Section 3.4.2 does not apply. For example, Fig. 3.8a
shows the hand of the robot TORO. As can be seen, the surface of the palm is rather
buckled, which makes it difficult to model. The robot can also use the front edge of the
feet to balance while performing a toe-off motion during stair climbing (see Fig. 3.8b). In
the latter case, the rectangular contact of the foot degenerates to a line contact, which in
theory could still transmit forces and torques in five Degrees of Freedom (DoFs). A toe-off
motion can significantly increase the abilities of the robot, as discussed in Section 9.1.
However, based on the practical experiences of the author, a toe-off motion is usually
performed in situations with little perpendicular force f; .. As a result, the emerging
line contact is rather unreliable with regard to transmitting forces and torques via the
remaining DoF's.

5 = P s T e

(a) Left hand of the humanoid (b) Edge contact of a foot during
robot TORO. toe-off motion.

Figure 3.8: Examples of supporting contacts that are modeled as points.

For this reason, it is recommended that these contacts are modeled as a single point,
which is located at the origin of the contact frame 7;. The z-axis of the frame is still
perpendicular to the contact surface, but the contact is only allowed to transmit forces
in the direction of f; .. As fi. = fiy = Tix = Tiy = Ti,» = 0 are restricted to zero, only
unilaterality must be taken into account by the contacts model:

fi > fm (unilaterality). (3.43)

1,2

Therefore, the contact model can be rewritten as

[0 0 -1 0 0 0 — fmin
1 0 0 0 0 0 0
-1 0 0 0 0 0| ,, 0
0 1 0 0 o offhe 0
0 —1 0 0 0o of]7 0

o0 0o 1 o of|l=]<]| o (3.44)

0 0 0 -1 0 of]"e 0
0 0 0 0 1 of]|" 0
0 0 0 0 —1 0|22 0
0 0 0 0 0 1| iF 0
0 0 0 0 0 -1 0
tA; 'b;

again leading to a linear inequality of the form *A; 'F; < b;.
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3.5 Overview of the Parameterizations of the Wrench
Distribution Problem

A review of the relevant literature reveals that there are several methods for parameterizing
the wrench distribution problem. A comparison of the most common techniques is given
in Table 3.1.

Table 3.1: Methods for parameterizing the wrench distribution problem.

Parameterization ‘ Examples Properties
Contact wrenches | [Audren et al., 2014] @ minimal representation
Henze et al., 2016b] © indirect param. of int. stress

[

[

[Kojima et al., 2015]

[Ott et al., 2011]

[Stephens and Atkeson, 2010a]
[
[

Base vectors Hyon and Cheng, 2006] © redundant representation
Lee and Goswami, 2010] © indirect param. of int. stress

@ easy param. of constraints

Virtual linkage [Williams and Khatib, 1993] @ minimal representation
[Sentis, 2010] @ direct param. of int. stress
© limited scalability

The straightforward way to parameterize the wrench distribution problem is to use the
contact wrenches as decision variable in the optimization problem, as in [Audren et al.,
2014, Henze et al., 2016b, Kojima et al., 2015, Stephens and Atkeson, 2010a]. One advan-
tage of this method is that the contact wrenches represent a minimal set of coordinates
for describing the distribution of wrenches between the contacts. However, the question
which portion of the contact wrenches contributes to the overall wrench at the center of
mass and which portion can be considered as internal stress can only be answered after
analyzing the contact map AdL,  from (3.24).

sup

Another common method is to use base vectors to parameterize the wrench distribution
problem [Hyon and Cheng, 2006, Lee and Goswami, 2010]. Hyon and Cheng [2006] define
a perpendicular force f; . ; at each corner of the contact similar to Fig. 3.7a. The advantage
of this formulation is that the constraints for unilaterality of the contact (3.34) and the cen-
ter of pressure (3.36) can be easily ensured by requiring that f; . ; > 0 Vj = 1...7 corners
(in the case of Z-rfzin = 0). However, the base vectors lead to a redundant or non-minimal
set of coordinates for describing the wrench distribution. As before, internal stress can
only be indirectly parameterized.

The concept of virtual linkage was introduced by Williams and Khatib [1993] for multi-
fingered grasping and manipulation of objects. In [Sentis, 2010}, it is used for balance
control of humanoid robots. The concept proposes a net of virtual links that interconnects
the contacts with each other, as shown in Fig. 3.9. The number of contacts determines
the number of DoF's per link. For example in the case of three contacts, each virtual link
provides one translational and three rotational DoFs. The advantage of the concept is
that the forces and torques of these virtual joints directly relate to the internal stress,
which allows an intuitive parameterization of the latter. Therefore, the contact wrenches

50



3.6 Feasibility of the Overall Support Wrench

O——0O

Two contacts Three contacts Four contacts
DoFs per link: DoFs per link: DoFs per link:
-3x translation -1x translation -1x translation
-3x rotation -3x rotation -2x rotation

Figure 3.9: Parameterization of the wrench distribution based on the concept of virtual
linkage.

can be parameterized via

T Eres
Fsup - [(Adsup)# E] (Tintselélr)lal) (3'45)

sup

as a function of the overall resulting wrench F' gii)ulting = Ad;":lp F,, and the generalized

forces of the virtual links Tisrllflfmal € R6(Wsuw=1) " Here, (Adg:lp)# denotes a pseudo-inverse
of Adglp and E € R6%suwx6(¥sup—1) 5 mapping for the internal stress®. The disadvantage
of the concept is that every contact change requires a modification of the connections
inside the net (see Fig. 3.9), which makes it cumbersome to implement. Besides this, the
complexity of the net grows with the number of contacts. Therefore, the advantage of an
intuitive parameterization of internal stress only holds for a small number of contacts.
Considering the properties of the methods presented in Table 3.1, this work uses contact
wrenches to parameterize the wrench distribution problem because it features a minimal

representation and allows a simple implementation of the optimization problem.

3.6 Feasibility of the Overall Support Wrench

The forces and torques that each contact is able to transmit are limited by the contact
model, as detailed in Section 3.4. As a consequence, the overall wrench that the contacts
can generate is limited and also poses an important quantity for planing and control. For
balancing on flat and horizontal ground floors, the concept of the support polygon and
the ZMP is introduced in [Vukobratovié¢, 2004]:

Definition 3.4 (Zero Moment Point (ZMP) [Popovic et al., 2005]). For balancing on
flat and horizontal floor, the Zero Moment Point (ZMP) is defined as the point on the
surface of the ground to which the overall contact wrench F g must be shifted such that
the horizontal torques vanish. However, a torque about the vertical axis can still exist,
which is why Sardain and Bessonnet [2004] introduced the more precise term “Zero tipping

Moment Point”.

“Note that in [Williams and Khatib, 1993], E is used to map only internal forces to the contacts, while
the mapping including internal torques is more complicated. For simplicity of notation, E will be used
for describing the mapping of both internal forces and torques.
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res
stup
1

Figure 3.10: Support polygon (blue) on flat and horizontal ground floor. The combined
CoP p or ZMP is given in green.

Definition 3.5 (Support Polygon (SP)). Let Sgp denote the set of CoM locations x. for
which the given contact configuration allows static balancing without violating the contact
model. The Static Support Area or Support Polygon (SP) is the projection of Ssp onto the
horizontal plane of the world frame W.

Popovic et al. [2005] showed that the ZMP coincides with the combined CoP for hori-
zontal and flat ground surfaces. The combined CoP can be obtained analogously to (3.30)
by computing the integral over all contact surfaces § = S U ... U Sy,,,- On a flat and
horizontal floor, the support polygon is given by the convex hull of the contact areas S;
(for gin = 0), as shown in Fig. 3.10. The overall support wrench F is said to be
feasible® if the corresponding ZMP/ CoP is located inside the support polygon and the
following assumptions are fulfilled:

e The horizontal forces within F, can be generated with the given contact configu-
ration and contact model.

res
sup

e The magnitude of the force within F
configuration and contact model.

can be generated with the given contact

res

sup can be generated with the given contact configura-

e The vertical torque within F
tion and contact model.

A more accurate criterion originates from the field of grasping [Hirai, 1991, Borst et al.,
2003] using polyhedral convex cones for describing the contact model. The concept was
then transfered by Caron et al. [2015] to humanoid balancing. Note that the criterion
addresses the general case of multiple contact surfaces with arbitrary locations and orien-
tations.

According to [Ziegler, 2007], a polyhedron P in RY can be defined as the intersection
of m € N closed half spaces. Each half space is characterized by an inequality a% j)\ < by,
with X,ay; € R? and by ; € R for i = j...m. Note that each inequality represents a
face of the polyhedron P. Combining a4 ; and by ; into the matrix Ay € R™*4 and the
vector by € R™ leads to the following definition:

Definition 3.6 (H-representation of a polyhedron [Ziegler, 2007]). A Polyhedron P C R?
can be denoted as
P(Ax, b)) = {x: Ay X < by} (3.46)

for some Ay € R™*% and by € R™, which is called H-representation.

5The term “stability” is often used to describe the feasibility of the contact wrenches. To avoid confusions,
this work will use the term “stability” only in the sense of Lyapunov stability [Slotine and Lee, 1991].
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3.6 Feasibility of the Overall Support Wrench

Despite the H-representation, a polyhedron can also be written as a combination of the
convex hull of a finite point set Vgpite € RIX™ and the cone generated by a finite set of
vectors Veone € R

Definition 3.7 (V-representation of a polyhedron [Ziegler, 2007]). A Polyhedron P C R?
can be denoted as
P(Vﬁnite; Vcone) = ConV(Vﬁnite> D Cone(vcone) (347)

for some Ve € R and Veone € R™"  which is called V-representation.

4

The operator & denotes the so-called “Minkowsi-” or “vector sum”, which allows the

summation of two vector sets Vi, Vo C R according to:

Definition 3.8 (Minkowski-Sum [Ziegler, 2007]). The Minkowski-sum of two set of vectors
Vi, Vo C RY js defined as

Vi®Vy = {)\1 + XA EV, A E Vg}. (3.48)

A powerful property of polyhedra is the Minkowski-Weyl-Theorem, which states that
the H-and V-representation describe the same polyhedron:

Theorem 3.1 (Minkowski-Weyl-Duality [Ziegler, 2007]). A subset P C R is a sum of a
convex hull of a finite set of points plus a conical combination of vectors (V-polyhedron)

P Viinites Veone) = conv(Viinite) © cone(Veone) (3.49)

for some Vipite € RY™ gnd Vepne € R if and only if it is an intersection of closed
halfspaces (H-polyhedron)

P(Az, bu) = {X: Ay < by} (3.50)
for some Ay € R™*% and by € R™.

With this knowledge on polyhedral geometry, the model of each contact (given by (3.42)
or (3.44)) can be written as a polyhedron P;(*A;, b;) = {ZFZ ANF; < bi} Vi=1...%sup.
The procedure for computing the overall wrench from the individual polyhedron P; is
schematically depicted in Fig. 3.11. The first step brings all contact models from their
respective contact frames 7; to a common static frame as the world frame W, for in-
stance. This can be achieved by shifting each contact wrench ‘F; from T; to W (see
Section 3.1), which corresponds to multiplying ‘A; with Ad(I,x;)” from the right. The
second step exploits the Minkowsi-Wyel-Duality (Theorem 3.1) to convert all contact
models from the H- to the V-representation. The latter permits combination of the in-
dividual polyhedra P(V; finite, Vi,cone) into one single polyhedron P(Vanite, Veone) Via the
Minkowsi-Sum (Definition 3.8). Note that P(Vanite, Veone) specifies the set of overall
wrenches that are producible with the given contact configuration and contact model.
To facilitate a simple and fast evaluation, the resulting polyhedron is converted back to
the H-representation P(A,b).

A brute-force approach for testing if a desired overall wrench at the center of mass is
producible with the supporting contacts is to try to solve the wrench distribution problem
by the means detailed in Chapters 6, 7, and 8. If the numerical optimization is able to
find a solution, the wrench is producible. However, with this method it is only possible to
check if one particular wrench is feasible. It does not provide the complete set of producible
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Contact frame 7T; World frame W I World frame W
= >
PZ(lAZ, bz) ' 'Pi (1A7, Ad(I, :ci)T, bt) > Pz (V’L,ﬁnite7vi,cone)

@ Minkowski-
sum
P(A, b) ]<_I_[ P(Vﬁnite7 Vcone) ]

‘H-representation V-representation
Figure 3.11: Procedure for obtaining the set P of feasible vectors for the resulting support

wrench F{p from the contact models P;.

overall wrenches as the method described in Fig. 3.11 does. The latter method requires
some numerical effort to convert the polyhedra from the V- into the H-representation and
vice versa. For example, this can be done using the cdd-library by Fukuda and Prodon
[1996], which is also available as part of the Multi-Parametric Toolbox 3.0 (MPT3) for
Matlab/Simulink [Herceg et al., 2013]. Nevertheless, the numerical effort needs only to be
invested once as long as all the involved frames (contact frames 7; and world frame W) are
stationary. This allows an offline computation of the resulting polyhedron P (A, b) as soon
as the contact configuration is known. Note that the obtained set of producible overall
wrenches P(A, b) is specified in the world frame. To check if a desired wrench given at the
CoM is feasible, it must be mapped to W via the transposed inverse adjoint Ad(I,x.)~ "
which yields

)

A Ad(I,x.) "FS <b. (3.51)
As the adjoint matrix depends on the configuration of the robot, it must be computed
online. However, multiplying A by Ad(I,x.)T is inexpensive in terms of numerical effort.
As a consequence, the method presented in Fig. 3.11 is very efficient for performing a
large number of checks as is for instance required for planning or model predictive control.
In this work, the method is used to enable the humanoid robot TORO to lift and push
heavy loads, as detailed in Section 6.5. Recently, Orsolino et al. [2018] have proposed
an extension, which also includes torque limitations of the actuators. For the remainder
of this work, we make the assumption that the desired overall wrench at the center of
mass, which is required by the controllers presented in Chapters 6, 7 and 8, can always be
generated given the contact model (3.42):

Assumption 3.1 (Feasibility of the desired overall support wrench). The desired overall
support wrench F'g is always feasible with respect to the given contact configuration and
contact model.
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‘::::’ z ,—’:::, - - A -
w ' -

(a) Static balance of the CoM. (b) Converting P, into Ssp.

Figure 3.12: Computation of the Support Polygon.

Furthermore, we make the assumption that the contact model is accurate enough to
ensure that the contacts do not lift off, tilt, or slide unintentionally:

Assumption 3.2 (Rigid contacts). The contact frames T; do not move relative to the
contact surfaces S; attached to the environment.

The procedure shown in Fig. 3.11 also enables computation of a static support polygon
from P(A,b) for multiple contact surfaces with arbitrary locations and orientations, as
proposed in [Caron and Nakamura, 2015]. Let us consider the case in which the z- and
y-axis of the world frame W span the horizontal plane, as shown in Fig. 3.12a. According
to Definition 3.5, the support polygon comprises all CoM locations &, = (Zcz ey e,z )T,
projected onto the z-y-plane of W, that enable static balancing without violating P(A, b).
The wrench that needs to be applied at W in order to compensate for the gravity force of
the CoM is given by F' = (00 ml|igo| 7= 7 0). The torques

o = —m||goll ey

(3.52)
Ty = +m llgoll Te,x

arise due to the lever arms z. , and x4, respectively. As the torques 7, and 7, are limited
by P(A,b), the intersection
Pr(Ar,br) =P(Ab)U{F : fo = fy=7.=0,f. =m|gol} (3.53)

is computed. The resulting polyhedron P,(A;,b;) is two-dimensional and specifies the
feasible torques about the z- and y-axis of WV in the form of

A, (Tw) <b,. (3.54)

Ty

Inserting (3.52) allows reformulating of P, as a function of the CoM locations x. . and z y,
as schematically depicted in Fig. 3.12b:

—T
mllao A, (27) <. (3.55)

c,x

Consequently, the static support polygon is given by

_ Ty | ey
o= { () sl ar (129) <0.) -

limiting the projected CoM location . on the horizontal plane of W.
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CHAPTER 4

Cartesian Compliance

This chapter defines a general Cartesian Compliance, which is used by the controllers
presented in Chapters 6 and 7. Let us consider an arbitrary frame F4 in six-dimensional
Cartesian space, as shown in Fig. 4.1. The goal of a Cartesian compliance is to implement
a desired stiffness and damping between both frames by applying the wrenches F' ffl € RS
at Fa and F%Jl € R% at Fp, respectively. The position and orientation of both frames
relative to the world frame W are denoted by x4 € R?, Ry € SO(3) and xp € R?,
Rp € SO(3), respectively. The velocities of both frames are given by vy = (a5 w% )’
and vg = (&% w5)T with

S(wa) = Ry RY

S(wp) = Rp R}, b

according to (3.6). Note that all position and velocity vectors are expressed in world

. 1 1 .
coordinates as also are the wrenches F(Ap and F%’ . The control error is defined as

LDA =LA —ID

(4.2)
Rpa = R Ry,
which results in the Cartesian velocity
T
Vpa = < DA) =wv 4 —vp. (4.3)
wpA

A Cartesian Compliance consists of a positive definite potential function VX (xpa, Rpa)
€ R and a negative definite power dissipation PD(:CDA, Rpa,pa,wpa) € R, which can
be interpreted as the combination of a six-dimensional spring with a six-dimensional
damper. The stiffness is deduced independently for translation and rotation in Sections 4.1
and 4.2. The damping term is defined in Section 4.3 simultaneously governing translation
and rotation. An overview of the architecture is given in Table 4.1. The respective stiffness
matrices K rans, Kot € R>*3 as well as the damping matrix D’ € R6%6 are assumed to be
symmetric, constant, and positive definite. The parameter matrices are given with respect
to the axes of a reference frame Fief, whose orientation is given by Ry € SO(3). Usually,
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4 Cartesian Compliance

Figure 4.1: Cartesian compliance connecting frame F4 with Fp.

Table 4.1: Architecture of a Cartesian compliance.

Potential Wrench at
Derivation | or Power Fa Fb

. . K trans cpl, K, trans cpl, K trans
Trans. stiffness | Section 4.1 | V F Fj

Rot. stiffness Section 4.2 1/ Kirot FZPLK,rot FCDpl,K,rot
Damping Section 4.3 pp FCAPLD Fchl,D

the reference frame is selected to be identical to either W, F4, or Fp. If a moving frame
is selected as reference (F4 or Fp), then the parameter matrices become time variant as
soon as they are rotated from Ff into world frame W (see Table 4.2). The associated
rotational velocity w,er € R3 is given by

S(wref) = Rref Rz;f' (44)

Combining the wrenches of each element leads to the total wrench of the Cartesian com-
pliance

cpl _ gacpl K trans cpl,K,rot cpl,D
F, =Fy + Fy +F

4.5)
cpl _ gacpl K trans cpl,K,rot cpl,D (
Fp =Fp +Fp +Fp

acting on frame F4 and Fp, respectively. An overview of the generated wrenches is given
in Table 4.1.

The translational and rotational stiffnesses are defined by two non-negative poten-
tials VEUans(gph ., Rpa) € R and VE™'(xpa, Rpa) € R as a function of the control
errors £p4 and Rpa, which serve as a storage function for the elastic deformation en-
ergy. The generated wrenches are determined by the differential of V:ans(xp 4 Rp4)

Table 4.2: Overview of the Parameterization of a Cartesian compliance.

‘ Size ‘ Parameter in Fref Parameter in W
Trans. stiffness | R3*3 Kirans Rt Kirans Rz;f
Rot. stiffness R3*3 Ko Rt Ko Rz;f
Damping R6%6 D’ D = diag(Ryet, Rief) D' diag(Ryef, Rict)”
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4 Cartesian Compliance

and VEr'(xps, Rpa) with respect to the position and orientation of the frames Fj
and Fp. To circumvent the problem of deriving the potential functions with respect
to a rotation matrix, the wrenches can also be expressed as the derivatives of 1/ trans

and Vot with respect to the velocities v 4, vp, and vy
FcApl,K,trans _ _aVK,tranS/a,UA F;})I,K,rot _ —GVK’M/E)'UA (4 6)
I’ﬂ%)7 ,trans — _8VK,trans/a,UD 1;1%)7 ,rot — —Z?VK’mt/GvD.
Consequently, computing the time derivatives
‘K trans __ T acpl, K trans T g~cpl,K trans
Vv = —vy Fy —vp F; (47)
sK,rot __ T gacpl, K rot T acpl, K rot :
v =—vy F —vp Fp

allows identification of the wrenches acting on F4 and Fp.

Various approaches for designing the damping of a Cartesian compliance can be found,
as for instance methods based on a diagonalization or factorization of the system dy-
namics [Albu-Schéffer et al., 2004]. For simplicity, this work focuses on a damping design
featuring constant damping matrices D’ € R9*6 (with respect to Fref) implementing vis-
cous damping. The damping elements are derived in Section 4.3 by defining a non-positive
rate of dissipated energy

PP = ol FP'P 4 ol PP (4.8)

leading to the associated wrenches on F4 and Fp.

The wrenches generated by the stiffness elements are deduced in Sections 4.1 and 4.2.
The overview in Table 4.3 reveals that the wrenches FCDPI’K’trans and F%’I’K’mt acting on Fp
are connected via a mapping Q4p € R%*6 to the wrenches F?I’K’trans and F;})I’K’mt acting

on frame F4. The damping design in Section 4.3 facilitates the same mapping, which yields
1 1
F3 = Q) FY (4.9)

for the combined wrench on F4 and Fp. The mapping 24p € R*6 is specified in Table 4.4
depending on the selected reference frame. Consequently, a Cartesian compliance can be
formulated in more general terms as

FP' = —(VWE)T — D (va — Qapvp)

4.10

F%jl—+Q£D (VVK)T+Q£DD(UA—QADUD) ( )
with VVX denoting the differential VVE = 9VX /Qva of the overall (positive definite)
potential V& = y&Ktrans L y/Krot - The damping term is abbreviated with the positive
definite damping matrix D = diag(Ryef, Rret) D' diag(Ryer, Ryer)”, which consists of the
constant matrix D’ rotated from the reference frame F,¢f to the world frame W. The
power balance of the compliance simplifies to

K T gcpl T gcpl T
VA8 =— vy FY — vp FE —(va— Qapvp)’ D (va — Qapvp), 111
port at 74  port at Fp dissipation

by inserting (4.5) and (4.10) into (4.7). The first two terms represent the power ports of
the compliance, which allow the exchange of energy with both frames F4 and Fp. The
third term represents the power PP = —(v4 — Qapvp)? D (v — Qapvp) < 0, which is
dissipated by damping.
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4.1 Translational Stiflness

Table 4.4: Mapping between the wrenches generated by a Cartesian compliance.

Parameters in ... ‘ frame W ‘ frame Fu ‘ frame Fp

Qup = ... [0 rrs| | Ad(T@ap) | Ad(L24p)

A Cartesian compliance can be visualized, for instance, in the form of a bond-graph
[Duindam et al., 2009] or an electrical circuit, as shown in Fig. 4.2. If the compliance is
considered as a two-port system (Fig. 4.2a), then the power ports in (4.11) are given on the
left- and right-hand side of the circuit. The deformation energy is stored in the capacitor
representing the potential function V. The resistor represents the power dissipation PP
via the damping term. In most cases, the desired frame or set point is specified via
software, which means that only the wrench Fifl needs to be implemented, while F%’l can
be omitted. This simplification means that the two-port system of Fig. 4.2a can be reduced
to a single-port system, as shown in Fig. 4.2b. The only power port that remains is the
one at frame F4. A motion of the set point/desired frame is represented by the current
source on the right-hand side of the circuit. As a consequence, the set point, represented
by the only active component inside the circuit, can be used to inject or remove energy
from the Cartesian compliance.

va Qapvp vp vA
O I ————O O I
a Vi Q Vi
2| & o B ;
g s g
o] | Qa < b Al D
\ \
S s
o—= ——0 o
(a) Two-port system. (b) One-port system.
Figure 4.2: Cartesian compliance represented as an electrical network.
4.1 Translational Stiffness
Let us define the elastic potential for deriving the translational stiffness as
1
VIS = 2 aha (Bret Kirans Rieg) DA (4.12)
with the time derivative
VK,trans = w%A (Rref Ktrans Rz;f) rpa+ x%A (Rref Ktrans Rz;f) DA
(4.13)

= d’gA (Rref Kirans Rz;f) rpa + Jl:f)A S(‘*’ref) (Rref Kirans Rz;f) TDA

- mgA (Rref Ktrans Rz;f) DA — wg;f S<33DA> (Rref Ktrans Rz;f) ITDA
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A
Wref

Yy Etrans — oongt <\

\ 7vv[{.trans
]:rcf DA -

Figure 4.3: Translational stiffness with an elliptical potential.

considering (4.4). Inserting (4.3) yields

VK,tranS — IBE (Rref Ktrans Rz;f) TDA
- 33:19 (Rref Kirans RZ;f) TDA (4.14)

- wz:af S(wDA) (Rref Krans RZ;f) TDA-

Comparing (4.14) with (4.7) reveals that the translational stiffness generates a force act-
ing on the frames F4 and Fp, but also on the reference frame. The latter vanishes
if Kians equals a scaled identity matrix because of S(xpa) (Rref Kirans Rz;f) Tps =
S(xpa)xpa = 0. This effect can be explained by Fig. 4.3. If K ;ans is chosen differently,
the contour lines of the potential V#2181 longer represent a sphere in three dimensional
space. Rotating the reference frame also rotates the contour lines, which results in a change
of VE:trans for a constant control error p4. This change of the energy stored inside the
spring is transferred via the power port wl, Tfsfl’K’trans resulting in a torque Tfsfl’K’tranS on
the reference frame.

If the reference frame is chosen to be W, then R, = I holds and w,f = 0 because of
the world frame being stationary. The wrenches can be identified as

Fcpl,K,trans _ <_Ktrans :BDA>

A 0
(4.15)
Fcpl,K,trans o <Ktrans xDA)
D o 0

by comparing (4.14) with (4.7). If the reference frame is chosen to be F4 (R = R4,
Wretf = W4), then the wrenches can be identified as

Fcpl,K,trans _ ( - (RA Ktrans Rﬁ) LTDA )
A S(wDA) (RA Krans Rz) DA

FCpl,K,trans _ <(RA Kirans RE) wDA)
b - 0

(4.16)

by comparing (4.14) with (4.7). If the reference frame is chosen to be Fp (R, = Rp,
Wref = Wp), then the wrenches can be identified as

FCPLKytTaHS _ <_ (RD Kirans Rg) 33DA>
A - 0

Fcpl,K,trans _ < (RD Ktrans R%) IpDA >
b S(xDA) (RD Kirans R%) TDA

(4.17)

62



4.2 Rotational Stiffness

(¢) Kirans in W.

Figure 4.4: Physical Interpretation of a translational stiffness featuring a diagonal K;apns-

by comparing (4.14) with (4.7).

A physical interpretation of these results is given in Fig. 4.4. In the case of a diagonal
stiffness matrix K,ans, both frames are connected via a series of uniaxial springs represent-
ing the diagonal entries (or eigenvalues) of Kians. If Kirans is specified in frame F4 (see
Fig. 4.4a), then the axes of the springs are aligned with the base vectors of F4. This can
be interpreted as a mechanism holding the uniaxial springs, which is attached to a virtual
body carrying frame F4. Frame Fp is connected to the mechanism via a rotational joint.
Therefore, all forces acting on Fp are balanced by a force and a torque on F4, as indicated
by (4.16). The case of Kyans being specified in frame Fp can be analogously explained
using the mechanism shown in Fig. 4.4b. If Kyans is expressed in the world frame, the
mechanism becomes more complicated, as shown in Fig. 4.4c. The set of uniaxial springs
is connected to the frames F4 and Fp via rotational joints. The orientation of the springs
is ensured via a connection with the world frame blocking a rotational motion. Of course,
the connection with the world frame can transmit loads in the form of a torque. However,
this torque does not contribute to the power balance of the translational stiffness because
the world frame is not moving.

4.2 Rotational Stiffness
In [Ott et al., 2011] and [Henze et al., 2016b], the rotational stiffness is defined via a
positive definite potential function based on the quaternion representation of the rotation

error Rp4. Adapting the potential energy to our requirements and notation yields

vErt — ofT RT Rt Kot RL; Rp 7] (4.18)
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with 1 and 7j denoting the scalar and the vector part of the unit quaternion 7 repre-
senting Rpa. It was shown by Zhang and Fasse [2000] that the potential can also be
formulated by using the trace of the rotation matrix Rp 4 directly. Although both formu-
lations lead to the same wrench, a numerical analysis conducted by the author of this work
revealed that the matrix potential features a higher numeric precision for small rotation
errors Rpa ~ I. In preparation of the next steps, let us first introduce the following
identities:

Theorem 4.1. Let A € R™™ and B € R™ ™ be two arbitrary matrices. Then the
following identity holds [Gruber, 2013]:

tr(AB) = tr(BA). (4.19)

Theorem 4.2. Let A = [ai..an] € R™" and B = [bi..bn| € R™" be two arbitrary
matrices. Then the following identity holds [Gruber, 2015]:

tr(A"B) = a]b;. (4.20)
j=1

Theorem 4.3. Let A € R™" and B € R™ "™ be two arbitrary matrices. Then the
following identity holds [Zhang and Fasse, 2000]:

tr(AB) = tr(sy(A)sy(B)) + tr(as(A) as(B)) (4.21)
with sy(A) = L (A+AT) and as(A) = J(A— AT) denoting the symmetric and asymmetric
part of a matriz. If A = AT is symmetric and B = —BT skew-symmetric, this simplifies
to tr(AB) = 0.

As shown by Zhang and Fasse [2000], the potential function (4.18) can also be formu-
lated using the trace of the rotation matrix Rp4

VK,rOt = —tr (R%A (R% Rref-k Rg(;f RD)> + tr(K) (4 22)

= —tr (R} (Ruet K RL) Rp ) + tr(K)
considering (4.2). The proof that (4.18) and (4.22) are identical is given in Appendix 11.1.
The term K = %tr(K rot) I — Kot denotes the so-called “co-stiffness matrix”, which is
constant, symmetric, and expressed in the same coordinates as Kot. Again, R, is used to
rotate the co-stiffness matrix K from the reference frame Fref into the world frame V. The
term tr(f{ ) represents a constant offset to ensure the positive definiteness of the potential,
as shown in Appendix 11.1. According to [Fasse, 1997], the potential energy can be
interpreted as a measure of misalignment between the base vectors of R4 = [Ta1 742 743]

and Rp = [rp1 rp2rp3]. This becomes obvious if (4.22) is reformulated as

Vit = —tr (RY (Rut K RLy) Rp ) + tr(K)

ref

>\ 7 o ) (4.23)
=Y 7} (Rt K RL) 7 + tr(K)
7=1

using Theorem 4.2. The rotated co-stiffness matrix (Ryef K RL) serves as a weighting

factor for penalizing the misalignment between r 4 ; and rp ;.
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4.2 Rotational Stiffness

Computing the time derivative of (4.22) using (4.1) and (4.4) yields

T
A

R} (Ryt K Ryy) RD> —tr (RS (Rur K RL) R )
T

—tr (
=+ tr (RA S<WA) (RrefK Rref) RD)
(4.24)
—tr (R?; S(wref) (Rref K Rref) RD)
+ tr (RT (Rref K Rref) S(wref> RD)
—tr (RT (RrefK Rref) S(WD) RD) :
Theorem 4.1 allows reordering of the matrices into
VR =y tr (S(wa) (Rt K RL) Rp RY)
—tr (S(wref) ( refK Rref) Rp RZ)
(4.25)
+ tr (S(wref) RD RA (Rref K Rref))
—tr (S(WD) RD RA (RrefK Rref))
Exploiting Theorem 4.3 with as(S(e)) = S(e) and sy(S(e)) = 0 leads to
VK,rot + tr (S refK Rref Rp RA)>
—tr (S wref refK Rref Rp Rﬂ))
(4.26)
+tr (S wref) as(Rp R Ryt K Rref))
—tr ( (wp) as(Rp RA R,K Rref))
It can be easily verified that (4.7) can be rewritten as
. 1 1
VRt = e (S(wa) S(rP)) + 5 tr (S(wp) SHEY) | (4.27)

which allows it to be compared with (4.26). If the reference frame is chosen to be W
(Ryef = I, wier = 0), then the torques can be identified as

S(Tillerot) (KRD R?;) —+KRpR, — Ry, R%IN{
s(Rp R K)=—-Rp RYK + K Ry R} (4.28)

+2a
S(Tclerot) —922a
~ (R4 Rp)" (K Rp R - Ry R, K) (R R})

D

by comparing (4.26) with (4.27). If the reference frame is chosen to be F4 (Ryef = R4,
Wref = W4 ), then the torques can be identified as

S(r Pty — Loas(Rp K RY)

~ (4.29)
S(rPHhy — _oas(Rp K RY)
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4 Cartesian Compliance

by comparing (4.26) with (4.27). If the reference frame is chosen to be Fp (Rt = Rp,
Wref = wWp), then the torques can be identified as

S(rPHrly — Loas(Rp K RY)

) (4.30)
S(rPHErY — _9as(Rp K RY)

by comparing (4.26) with (4.27). In conclusion, the rotational stiffness generates torques
acting on the frames F4 and Fp, which can be assembled from the cross product ma-
trix S(e) in (4.28), (4.29), or (4.30), respectively.

4.3 Damping
The derivation of the stiffness in Sections 4.1 and 4.2 revealed that the wrenches Ffl’K’tranS
and FZPI’K’M are connected to F%)I’K’trans and F%’I’K’mt via the mapping Q4p specified
in Table 4.4. To simplify the notation of the following chapters, the damping is designed
such that it features the same mapping. In contrast to the stiffness terms, the damping is
designed for translation and rotation simultaneously.

Let us define the dissipated power for deducing the translational damping as

}T (va —Qapvp)

PD - _ ('UA _ QAD 'UD)T |:Rref 0 :| D/ |:Rref 0

0 Rref 0 Rref

T

_ 7 |Rer O ;| RBeet O . 4.31
- vA[ 0 Ryt b 0 R, (UA Qap ’UD) ( ' )
Rref 0 :| D/ |:Rref 0

T
0 Rref 0 Rref:| (UA B QAD UD)

+vz;nz;D[

taking (4.3) into consideration. If the reference frame is chosen to be W (Ryet = I), then
the wrenches can be identified as

F;})I’D = —D/ (’UA —QAD’UD)

(4.32)
Fchl,D = QEDD/ (UA — QAD UD)

by comparing (4.31) with (4.8). If the reference frame is chosen to be F4 (Rt = Ra),
then the wrenches can be identified as

T
cpl,D _ RA 0 / RA 0 _
P = [ 0 RA] b [ 0 Ry, (va—=Sapvp) (4.33)

T
c R 0 R 0
FE™P = Qi [ ! ] D’ [ . RA] (va—Qapwp)

by comparing (4.31) with (4.8). If the reference frame is chosen to be Fp (Rt = Rp),
then the wrenches can be identified as

T
eplbD __|Rp O |Rp O B
FA = [ 0 RD:| D [ 0 RD ('UA QAD'UD)
R 0 R 0 T (4.34)
F5 =2 [ o RD] D, [ 0 RD] wa—Qapwp)

by comparing (4.31) with (4.8).
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CHAPTER b

Torque-Controlled Humanoid Robot TORO

The control approaches presented in this work are designed for the humanoid robot TORO,
but can also be deployed on other humanoid robots featuring torque-controlled joints
and multiple limbs. Quadrupeds are also a potential target platform, as the approaches
from Chapters 6 and 7 are able to handle an arbitrary number of contacts. In this work,
the control approaches are evaluated through several experiments with the humanoid
Robot TORO developed by the German Aerospace Center (DLR). An overview of the
system architecture is given below; further details can be found in [Henze et al., 2014b,
Englsberger et al., 2014, Ott et al., 2017].

5.1 Hardware Description

The TOrque-controlled humanoid RObot TORO shown in Fig. 5.1 has been developed
by the German Aerospace Center (DLR) for conducting research on walking and multi-
contact balancing [Henze et al., 2014b, Englsberger et al., 2014]. In the current version,
TORO features 39 degrees of freedom in total, a height of 1.74 m, and a weight of 76.4 kg
The 25 joints located in the legs, arms, and hip are based on the technology of the DLR-
KUKA LBR (Lightweight robot arm), and can be operated both in position and torque-
controlled mode [Albu-Schéffer et al., 2007]. The neck comprises two DoFs, which are
implemented with position-controlled servo motors by DYNAMIXEL. The robot has two
prosthetic hands from Touch Bionics (i-limb ultra), each providing six DoFs.

In terms of sensing, TORO features position and torque sensors in each joint based
on the LBR technology. Besides this, TORO is equipped with two 6-axis force-torque
sensors (FTS), which are located between the feet and the ankles (see Fig. 5.1) in order
to measure the contact wrenches acting on the feet. Furthermore, the chest contains
an Inertial Measurement Unit (IMU) that provides the orientation, angular velocity, and
linear acceleration of the torso. The head contains three camera systems for localization
and object detection.

To obtain an autonomous operation, all data processing and controls are done on-board:
The low-level joint control is incorporated into the electronics of each LBR joint module
[Albu-Schéffer et al., 2007]. The high-level control is executed on a real-time computer in
the backpack, which provides an Intel(R) Core(TM) i7-4700EQ CPU with four cores and
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Figure 5.1: Overview of the kinematics and the main components of TORO.

utilizes the operating system Linuz with the PREEMPT_RT patch. The second computer
in the backpack is used for several supplementary tasks without a real-time requirement,
such as the communication with the hands or the neck servo motors. The third computer
is located in the head and is reserved for vision processing. In addition to the computers,
the backpack also contains two batteries that can power the complete robot for roughly
one hour, allowing for a completely autonomous operation of the system.

During the experiments presented in this work, all 25 LBR joints are operated in torque-
controlled mode, which allows the robot to resolve the wrench distribution problem arising
from balancing on multiple contacts (see Section 3.3). The only exception is the experiment
presented in Section 8.1, where the lower body is position-controlled. Although the head
is considered for computing the dynamic model (3.20), it is not actively used for controls.
In fact, the two servos motors are only utilized for orienting the cameras of the head. The
DoFs in the hands allow for the opening and closing of the fingers in order to perform
grasping operations such as picking up an object or holding onto a handrail. Note that
all experiments presented in this work assume a unilateral point contact for the hands
according to Section 3.4.3. In case the presented control approaches are not evaluated in
experiment but in simulation, the latter is conducted with OpenHRP by Kanehiro et al.
[2002].

The proposed control approaches are implemented in Matlab/Simulink, using ¢qpOASES
(version 2.0) by Ferreau et al. [2008, 2014] for solving the constraint quadratic optimiza-
tion problem (cQP) presented in Chapters 6, 7, and 8. The controller is computed
at a rate of 1kHz, while the low-level joint controller is executed at a speed of 3kHz
[Albu-Schéffer et al., 2007]. Videos of the experiments can be found on the YouTube chan-
nel of the Institute of Robotics and Mechatronics at DLR [RMC] or can be downloaded
from the publishers of the corresponding contributions.
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5.2 Base Frame Estimation

5.2 Base Frame Estimation

The performance of a balancing controller is directly linked to the quality of the infor-
mation provided on the state of the floating base of the robot. This section presents an
algorithm, which we first reported in [Henze et al., 2016b] for estimating the state of the
base frame B using kinematic information and data from the IMU located in TORO’s
chest (see Fig. 5.1). As soon as the state of the base frame B (here the hip) is known,
one can compute the state of the center of mass frame C, as detailed in Section 3.2.2. In
contrast to [Stelzer et al., 2012, Bloesch et al., 2013] who proposed Kalman filters for state
estimation, our method [Henze et al., 2016b] targets the direct (lag-free) estimation of the
base frame and its velocity from contact information, kinematics, and IMU measurements.

Let us assume that all support contacts (i = 1...1s,p) are in contact with a rigid
environment, which leads to syp = Vsyp = 0 (see Assumption 3.2). Furthermore, it is
assumed that the poses of all contacts given by x; and R; are well-known with respect
to the world frame W. Then, each contact (x;, R;) can be used to compute exactly one
estimate for the base frame B by using the kinematic information of the robot (g, q).
Each estimation provides a value for xp, &, R, and wy, representing the whole state
of the base frame. Another estimate for R; and wy is provided by an on-board IMU
attached to the base of the robot. In order to reduce the influence of uncertainties and
measurement noise, the information provided by the different data sources (contacts and
IMU) is averaged according to the scheme sketched in Fig. 5.2. The method consists of
four steps that sequentially compute Ry, wy, xp and ap, in this order.

The computation of R, comprises two steps: First, the estimates provided by the con-
tacts are averaged based on Appendix 11.2. Here, o; € [0, 1] with quzl o; = 1 represent
the weights that determine the influence of each contact on the resulting mean orienta-
tion. The result is then combined with the base orientation estimated by the on-board
IMU. As the IMU is operated in a rather noisy environment in terms of electromagnetic
interference, it is not possible to evaluate the earth’s magnetic field properly. Thus, the
orientation measured by the IMU can show a drift about the vertical axis of the world
frame. In order to remove the drift, the estimation provided by the IMU and the average
provided by the contacts are both decomposed into two consecutive rotations®. The first
one, Ry, is a rotation about the vertical axis of the world frame YW. The second one,
Ry, is a rotation about an axis lying in the horizontal plane of WW. The horizontal rota-
tions are averaged based on the weight anu € [0, 1] (see Appendix 11.2) that determines
the trust given to the IMU data. Then, the result is composed with the vertical estimate
provided by the kinematics in order to provide an estimate for the overall orientation Ry
of the base frame. The vertical rotation provided by the IMU is not processed any further
because it is compromised by the aforementioned drift.

The computation of wy consists of two analogous steps: First, the estimates provided
by the contacts are averaged based on the weights «;, which can be used to specify the
confidence in each contact. Afterwards, the result is averaged with the estimation of wy
provided by the IMU using the weight amny. The computation of @ and @p is much sim-
pler, as the only relevant source of information is the kinematics. For both computations,
the estimates are averaged based on the weights «;.

I This decomposition was previously used in [Fritsch et al., 2013] for attitude control in quadrotor heli-
copters.
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Figure 5.2: Algorithm used for estimating the state of the base frame [Henze et al., 2016b].

In order to increase accuracy, the algorithm shown in Fig. 5.2 computes Ry, wp, xp,
and @ in this exact order. For instance, computing the estimate for wy from the contact
information requires the base orientation Rp. To minimize a propagation of errors, the
computation of wy utilizes the averaged base orientation instead of the individual estimates
provided by kinematics or the IMU. Analogously, the averaged angular velocity wy is used
for computing x; and ay.

By adapting the weights «; and anu, the algorithm can consider the reliability of each
type of sensor information. If the parameter apyy is set to aniy = 1, then the algorithm
only uses the information about the orientation provided by the IMU. This corresponds
to the assumption of the balancing contacts being point contacts. The opposite scenario
is amvu = 0, which causes the algorithm to rely exclusively on the kinematic information.
This corresponds to the assumption of non-rotating contact surfaces. Besides this, if one
contact surface lifts off from the environment, then the corresponding weight must be set
to a; = 0.
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5.2 Base Frame Estimation

Table 5.1: Parameterization of the base frame estimation used for the experiments pre-
sented in Chapters 6 and 7.

Available Contacts Parameters
FootR ‘ FootL ‘ KneeR Kneell | apootr ‘ QFootL ‘ QKneeR | O'KneeL
yes yes optional | optional 0.5 0.5 0 0
yes no optional | optional 1 0 0 0
No yes optional | optional 0 1 0 0
no no yes yes 0 0 0.5 0.5
no no yes no 0 0 1 0
no no no yes 0 0 1

For instance, the experiments presented in Chapters 6 and 7 only evaluate the infor-
mation on the orientation provided by the IMU (apy = 1) in order to obtain a higher
robustness against uncertainties of the floor (see e.g. the experiment in Fig. 6.5). The
contacts are only used to obtain information on the translation of the base. The experi-
ments do not evaluate the hand contacts (@pandr = O1andr, = 0) because they are not
very reliable due to the uneven surface of the palm (see Fig. 3.8a). Instead, the algorithm
exploits the contacts at the feet or the knees, as shown in Table 5.1. However, the contacts
at the feet are preferred due to a higher robustness.

Note that the algorithm presented above requires x; and R; to be known. During the
initialization of the controller, one can choose the world frame arbitrarily but fixed to the
environment, thus leading to an initial &; and R;. In case of repositioning an end-effector
or contact, ; and R; must be updated before the balancing contact is used again for
estimating the base frame. To achieve this, the pose of the contacts relative to the world
frame W can be measured by using the estimation of the base frame B provided by the
other contacts and the IMU. Of course, the corresponding weight must be set to a; = 0
until the update is completed.
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CHAPTER O

Whole-Body Control for Multi-Contact Balancing

The presented control framework for passivity-based multi-contact balancing originates
from the works of Ott et al. [2011], who developed a balancing controller for torque-
controlled, legged robots. The controller by Ott et al. [2011] features a Cartesian compli-
ance at the center of mass for stabilizing the robot and utilizes the legs for generating the
required support. We extended the concept in [Henze et al., 2016b] such that the formu-
lation does not only comprise the legs but also the arms of the robot, which yields to the
presented framework for Whole-Body Control (WBC) of humanoid robots. The frame-
work allows the robot to either use the end-effectors to generate the required support or
to interact with the environment (see support and interaction end-effectors as introduced
in Section 3.2.1).

Besides the generalization of the framework, we proposed several extensions to the
whole-body controller in [Henze et al., 2016b, 2018, Abi-Farraj et al., 2019], which are
compiled into this chapter. The extension to hierarchical whole-body balancing reported
in [Henze et al., 2016a, 2018] is presented separately in Chapter 7.

For instance, Section 6.1 presents the basic concept of the whole-body controller for the
regulation case (MCB), which is extended to the tracking case in Section 6.3 (MCB+).
For both, the passivity and stability properties are discussed assuming a stationary ground
floor. The basic controller is extended in Section 6.4 (MCB-PC) in order to guarantee
passivity even on movable and deformable surfaces using the methods from the field of
Passivity Observer-Passivity Control (PO-PC). A method for handling interaction tasks
with high forces is presented in Section 6.5 (MCB-ACT) utilizing a suitable motion of
the CoM as compensation. The properties and performance of the control framework
are discussed for each variant in the corresponding sections with the help of experiments
conducted with the humanoid robot TORO (see Chapter 5).

6.1 Basic Concept (MCB)

The main goal of the presented control framework is to enable a humanoid robot to
maintain balance while performing a manipulation or interaction task. For this purpose,
it is assumed that all task frames are exclusively located at the end-effectors. Consequently,
the 1 end-effectors can be divided into the group of supporting end-effectors (1 < i < tgyp)
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Figure 6.1: Overview of the architecture of the MCB control framework.

and interaction end-effectors (¢sup +1 < 4 < 7). A method that can also handle task
frames located all over the robot’s body is presented in Chapter 7. As the presented
framework is able to balance on multiple contacts, it will be called Multi-Contact Balancing
controller (MCB) for the remainder of this manuscript. The controller consists of two
different components, as shown in Fig. 6.1: The upper branch shows the multi-contact
balancing controller for stabilizing the center of mass location, the hip orientation, and the
Cartesian pose of each interaction end-effector. In order to achieve this, several Cartesian
compliances generate a suitable set of wrenches, which are distributed to the end-effectors
and then mapped to the joint torques. The second component is a compliant null space
controller that stabilizes the redundant kinematics of the robot by generating torques that
are projected onto the null space. The torques of both components are added and applied
to the robot.

6.1.1 Controller Derivation

In order to maintain balance, the controller features a Cartesian compliance that stabilizes
the CoM frame C at a predefined location @.q € R? and orientation R.q € SO(3), which
e.g. can be provided by an external planning algorithm, as discussed in Section 6.6. As
already mentioned in Section 3.2.2, the CoM frame C has the same orientation R. = Ry
as the hip, which ultimately means that the CoM compliance stabilizes the CoM location
and hip orientation. The wrench! generated by the CoM compliance is given by

Fo — _(vVvET — D, Av, (6.1)

based on definition (4.10). The associated potential and damping matrix are denoted by
VE >0 and D. > 0, respectively. The velocity error is compressed into

Ave = v — Qe Ve g (6.2)

!'Note that the definition of a Cartesian compliance according to Chapter 4 features an opposite sign
compared to the definition used in [Henze et al., 2016b].

74



6.1 Basic Concept (MCB)

with v.q € RS denoting the desired Cartesian velocities of frame C. As the basic version of
the whole-body balancer is designed for the regulation case, v, q equals zero. Analogously,
each interaction end-effector (1s,p +1 < i <) is stabilized by a Cartesian compliance
based on a given desired position x; 4 € R3 and orientation R, € SO(3). The corre-
sponding desired velocities are denoted by v; 4 € RS, which can be assumed to be zero for
the regulation case. Based on definition (4.10), the generated wrench is given by

FP = —(vvET — D, Av; (6.3)
with Av; = v; — Q; v, ¢ for all 7 satisfying (¢sup + 1) < 7 < 9. The associated potential
and damping matrix are denoted by VZ-K > 0 and D; > 0, respectively. For simplicity of
notation, the wrenches of the interaction compliances are stacked analogously to (3.17)
into

cpl K T
("psuP"Fl) (v‘/(¢sup+1)) Dwsup+1 e 0 A’U(wsuerl)
Fcpl o . _ . _ . . . .
int = : = : : S :
FZ}PI (VVIT 0 ... Dy Avy,
(VVET Ding Aving
(6.4)
with V.E = ‘/(I'l;sup +1) + -+ Vy. The velocity errors are combined into
AV (g 41) V (Yap+1) Qo) -+ O | [Vpapt1)d
: = : - : IR : . (6.5)
A’Uw ’U¢ 0 e Qw ’de
A'Uint Vint Qint vtgt

The basic idea of the balancing controller is to use the support end-effectors to generate
suitable contact wrenches F'g,;, that counteract the influence of gravity and the wrenches
of the CoM and interaction compliances. The first line of the system dynamics (3.20) and
of the mapping (3.24) suggests formulating this relationship via

AdL Fy, = mgy + FP + AdL, FP (6.6)
The right-hand side describes the wrench at the CoM frame C required for gravity com-
pensation and the Cartesian compliances. The left-hand side represents the wrench at
the CoM resulting from the support contacts. This equation is a direct consequence of
the fact that the DoF's of the center of mass are not actuated due to the floating base.
Instead, the support contacts must be used to generate the required wrench at the CoM.
Thus, condition (6.6) will be referred to as the “underactuation constraint”.

The balancing controller can be derived by formulating a desired dynamics for the
closed-loop system:

e v Fev! Ad?, Adl, T e
w(5)re(5)= ()« o] crm e [ G| it ree 00
sup ins

The Cartesian compliance stabilizing the CoM frame C is directly applied at the CoM coor-
dinates. The desired or commanded end-effector wrenches are mapped via the transpose of
their respective Jacobian matrix to the configuration space, as suggested by (3.24). For in-
stance, the interaction compliances Flcrlftl are mapped via the transpose of Jiny, = [ Adint T}, |.
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Figure 6.2: Definition of the commanded support wrenches in comparison to the com-
manded interaction wrenches. The end-effector wrenches are shown in equi-
librium.

The negative support wrenches (—Fg,,) are mapped analogously via the transpose of
Jsup = [Adsup Jiup |. The negative sign in front of Flg,, might seem unusual at first glance,
but can be explained by comparing (6.7) with the system dynamics (3.20), which yields
the control law

mgy + ngl — Adg:lp Ad;];lt Fsup (6 8)
—r (Jp)T (J0)T| \=F!) ‘

It can be easily verified, that the negative sign is necessary for the first line of the control
law to satisfy the underactuation condition (6.6). Another explanation is offered in Fig. 6.2:
It is customary in compliance control to define the commanded end-effector wrench as
the wrench that the robot exerts on the last body of the kinematic chain [Ott, 2008].
Consequently, the external and the commanded wrench are in equilibrium if and only
if Ffftl = —F& holds. However in balance control, the commanded contact wrench is
usually perceived as a wrench that the contact exerts on the robot, which is also known as
the Ground Reaction Force (GRF), as mentioned e. g. in [Wensing et al., 2013, Hyon et al.,
2007]. Therefore, the commanded and the external contact wrench are in equilibrium if

and only if Fg,, = F Xt holds.

sup
As already mentioned in Section 3.3, the Contact Map Ad~L e R6*6%suw ig subjective

sup
but not injective for more than one contact (6ts,p > 6). Therefore, the controller can
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select Fg,p from a set of feasible solutions to generate the required overall wrench at the
center of mass, which is also known as the wrench distribution problem. This redundancy
in the space of the contact wrenches F',, can be resolved by computing the following
Constrained Quadratic Optimization Problem (cQP):

(1 1 1
FOpt = arg;nln <263Qc6c + §5g:1stup6sup + 26£1tQint6int> (6'9)
minimizing the residua

d. = Ad' F — mg, — F (6.10)
Ssup = Foup — FO (6.11)
Oint = Fing + F2! (6.12)

with respect to the inequality constraints
A;F; <b; Vi=1...%up (6.13)
B,F < 7™, (6.14)

Here, the commanded end-effector wrenches are stacked into F = (FZ, FL. )" . The
residua within the cost function (6.9) are weighted with the symmetric and positive semi-
definite matrices Q, € R6*6, Qqup € RO¥supX6¥sup - and Q,,, € ROVmeX6%ime  The first
residuum (6.10) implements the underactuation condition (6.6). The second one (6.11)
regularizes the contact wrenches Fg,, to a default wrench distribution F‘Sil’ff) € R6%sup
which is ideally provided by an external planning algorithm as part of the reference tra-
jectory (see Section 6.6). If there is no trajectory available, then Fdf can also be set

sup
def
sup

tween the support end-effectors. The third residuum (6.12) substitutes F*' in (6.6) with

int

manually. In this case, Figj, and Qy,, serve as tuning parameters for shifting the load be-

Ffrlftl = —Fin. The inequality constraint (6.13) ensures that all contact wrenches Fg,, sat-
isfy the contact model detailed in Section 3.4. A model of the actuators is given by (6.14)
limiting the maximum joint torque to 70 € R” using B, € R™*¥ .

Formulating (6.12) and (6.10) as soft constraints instead of hard constraints features
several advantages regarding the implementation, as discussed in Section 6.7. Besides
the practical aspects, the above formulation allows for a prioritization of the residua or
optimization objectives via the weighting matrices Q.., Qqyp, and Qy (see Table 6.1). The
contact model (6.13) can be considered as the objective with the highest priority, as it will
always be satisfied by F'. By choosing Q. > Qi > Qg the residuum gy, becomes the
goal with the lowest priority level. This means that the commanded contact wrenches Fgyj,

will deviate from the default wrench distribution F‘Sil‘fg if it is necessary for fulfilling 6. ~ 0

Table 6.1: Prioritization of the optimization objectives within the cQP.

Priority level ‘ Objective

1 (highest) A;F; <b; and B, F < 7™M
2 0. ~0

3 6int ~0

4 (lowest) Osup ~ 0
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6 Whole-Body Control for Multi-Contact Balancing

and dine ~ 0. By adjusting the weights inside Qg,,, one can specify how much each
end-effector is allowed to deviate from Fgglf,. If the optimization cannot find a solution
satisfying the contact model without violating the objectives . =~ 0 and dj,; =~ 0, one of
them will be sacrificed to render the optimization problem feasible again. Sacrificing d. =~ 0
or dint ~ 0 corresponds to a modification of the required overall wrench at the center of
mass (right-hand side of (6.6)) such that the counteracting support wrench (left-hand side
of (6.6)) becomes feasible with respect to the contact model. It is debatable whether d, ~
or diny ~ 0 should be sacrificed first, but as the CoM is crucial for balancing, it is probably
recommendable to assign the higher priority to the residuum d. (see Table 6.1).

Note that using the weighting matrices Q., Qgp, and Qj,; does not result in a strict
prioritization of the optimization objectives in contrast to methods from the field of hier-
archical optimization. Here, the cQP is decomposed into a series of optimizations, each
representing one of the objectives. In order to achieve a prioritization, each objective is
projected onto the null space of all other objectives with a higher priority. The advan-
tage of this method is that the series of optimizations can be solved sequentially, which
is used for example in [Escande et al., 2014, Herzog et al., 2016] for planning and control
of humanoid robots. But as the task assignment of the end-effectors changes (e.g. dur-
ing locomotion), the size of the individual optimizations must be adjusted online. For
this particular reason, this work utilizes a non-strict hierarchy implemented via weighting
matrices because it allows for a formulation of the cQP (see Section 6.7.2), featuring a
constant size, which is independent of the task assignment. Furthermore, the weights can
be exploited to implement a smooth contact transition, as shown in Section 6.7.3.

For the remainder of this work, we make the following assumption to simplify the
discussion of the controller properties:

Assumption 6.1 (Fulfillment of . ~ 0 and i =~ 0). The residua . and &t of the
constrained quadratic optimization problem (cQP) are always sufficiently fulfilled, such
that 6. ~ 0 and &, = 0 hold.

This assumption implies that the commanded support wrenches Fl,, always comply
with their respective contact model (6.13) and actuator limitations (6.14). Thus, there
is no need for the optimization to violate the soft constraints (6.10) or (6.12). As a
consequence, it is always possible to generate the required overall support wrench Fgi,
as demanded by Assumption 3.1.

Remark 6.1. Another interesting property is revealed if the wrench distribution problem
s solved without considering the contact model or the actuator limitations. If we assume
that the residua (6.10) and (6.12) are entirely fulfilled as in Assumption 6.1, then the
optimization (6.9) simplifies to

1 T
FOP' — argmin B (Fsup — Fdef) Qsup (Fsup — Fdef) (6.15)

sup sup sup
F sup

with respect to the underactuation constraint (6.6). The analytical solution of (6.15) is
given by

sup int sup

Fit = (Adyy) 0T (mgy + FP 4 Adl, F2) + Ny F2f (6.16)

with (Adg,,)9w" = (AdL, Q5. Adsup)_1 Adl,, Q.. denoting the weighted pseudoin-
T

verse of the contact map Ady,,. The associated null space projector is represented by
Ny = I—(Adsup)qup“"T AdT . The pseudoinverse distributes the desired overall wrench

sup*
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6.1 Basic Concept (MCB)

at the CoM to the contacts without creating internal stress (see Section 3.3). Therefore,
the distribution via the pseudoinverse can be considered a “minimal solution”. The default
wrench distribution Fgf;{) acts in the null space of the Contact Map Adfup and can be used
to a) shift load from one end-effector to another and b) artificially generate internal stress.

After the end-effector wrenches F°P' are computed via the constrained quadratic op-
timization using the upper part of the control law (6.8), the lower part is exploited to
compute the control torques via

T =—(J)TFePt, (6.17)

Note that this basic version of the passivity-based whole-body controller does not require
an inversion of the Jacobian matrix, which makes it robust against singularities and re-
dundant kinematics. A motion in the kinematic null space can be regulated by adding a
null space controller, as shown in Section 6.2 (see also Fig. 6.1).

6.1.2 Properties of the Controller
End-Effector Wrenches

The purpose of the contact model presented in Section 3.4 is to prevent the support-
ing end-effectors from unintentionally loosing contact with the environment. Therefore,
the basic version of the whole-body controller (MCB) accounts for the contact model
via (6.13). However, the controller invokes the contact model on the commanded contact
wrenches Flg,, although the stability of the contacts depends on the external or actual
support wrenches F' gﬁg Thus, a more detailed analysis of the end-effector wrenches and
the static equilibrium of the controller appears to be in order.

If the soft constraints (6.10) and (6.12) are exactly satisfied by the optimization (see
Assumption 6.1), the closed-loop dynamics of the system is given by (6.7). If we further-
more assume that all external forces and torques act solely at the end-effectors as in (3.24),
then (6.7) becomes

'l.] v FCpl AdT _Fsu + FGXt
M(..°>+C<.C):< < >+{ T] ( A (6.18)
q q 0 () I\ Fig + FRf
Let us first consider the static case of (6.18) with . = v, =0 and ¢ = g = O:
Fcpl AdT _Fsup + Fext
0= N P 6.19
()« 5% Ce e 619

If the Sub-Jacobian matrix J’ is of full row-rank excluding singular configurations, one
can conclude that

Fop = Fg’gg (6.20)
and
Fill = —F5 (6.21)

must hold. Reinserting (6.20) and (6.21) into (6.19) leads to
FP =0 (6.22)

considering that the stacked adjoint matrix Ad is always of rank six. The relation (6.21)

implies that in steady state, the external interaction wrenches FX' are balanced by the
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6 Whole-Body Control for Multi-Contact Balancing

interaction compliances Flcr?tl . Therefore, the interaction end-effectors can show a steady
state error according to (6.4) with v; = v; 4 = 0, which is caused by F{. Besides this,
one can conclude from (6.22) that the center of mass frame C coincides with its desired

€

configuration even in the presence of Fx' due to (6.1) with v. = v.4 = 0. Relation (6.20)

is a rather important property because it states that the external contact wrenches Fg’u‘f)
match the commanded ones Fg,, in steady-state. Thus, the contact model successfully
prevents the tilting, sliding, or lift-off of the contacts in the case of static or quasi-static
balancing, although it is invoked on the commanded wrenches F',, and not on external
(actual) ones Fgi. If the robot is performing a more dynamic motion, (6.18) implies
that Fgfl‘lt:) can deviate from F,, and cause the support end-effectors to lose contact even
despite Fg,, satisfying the contact model.

If the dynamic motion is caused by an external disturbance, then this problem can
only be remedied by applying the contact model to the actual contact wrenches. The
latter requires an explicit measurement of FS’H‘E, although this can can cause secondary
problems regarding causality or additional measurement noise, which is introduced into the
controller. For this reason, this work applies the contact model only to the commanded
and not to the actual contact wrenches. But if a dynamic trajectory is commanded
to the robot, which means that the robot deliberately performs a dynamic motion, the
discrepancy between F',, and Fgfl‘; can be avoided by equipping the controller with
additional feedforward terms, as shown in Section 6.3 (MCB+ controller).

Passivity on Stationary Ground

The passivity of the closed-loop system (6.7) can be shown following [Ott, 2008, Khalil,
2014] by considering the kinetic energy of the robot plus the potential energy of the
compliances

1
V= 5uTMu +VE +vE (6.23)

as positive definite storage function. Computing the time derivative and inserting the
closed-loop dynamics (6.7) yields

V=" M+ %VTMV VK L
) [50] Cogr) +mec
T sup
=V —Cv + ( ¢ + cpl + Text (624)
{ 0 (JNT]\ F®

1 : :
+ - vTMv +VE L VE

2
Exploiting the fact that M —2C is skew-symmetric [Ott, 2008] allows for a simplification
of V into
. Fep! AdT) [(—F« . .
V= T c p . VK VK
Y { ( 0 ) ! {u’)T] < pipt ) T e (6.25)
= UZFSPI - 'U;fustup + U;II;tFiCI?tl + v T + VcK + Vnﬁ

considering (3.21) and (3.22). Inserting (6.1) and (6.4) with v.q = 0 and vipq = O for
the regulation case yields

V= -V V. v, —vg’DCvc—i—VCK
-V Vint Vint — 'UiI;It Dint Vint + .ir{i (626)

T T
- vsustup + V7 Text-
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The latter can be simplified to

. T T T T

V = —v; Dcve — Vipg Ding Vint —VgupFsup + V7 Text (6.27)
TV WV
<0 port

considering VC =V V.v. and Vint = V Vint Vint. If we assume that the robot is balancing on
a non-movable and non-deformable floor, then the term 'vgl F,;, vanishes due to vg,, = 0
(see Assumption 3.2). Thus,

p

Vv < I/TTeXt (628)

holds, which proves the passivity of the closed-loop system (6.7) with respect to the power
port (o7 47 ) Text based on the definition given by Khalil [2014]. The port represents
the energy transfer between the robot and the environment as, for instance, a human
disturbing the robot.

Note that the above analysis applies to the desired closed-loop dynamics (6.7), which
implies that the soft constraints (6.10) and (6.12) are exactly fulfilled, as demanded by
Assumption 6.1. A passivity and stability analysis of the case where the soft constraints are
not exactly fulfilled would be considerably more cumbersome. In this case, the constraints
will affect the quality of the task fulfillment according to their corresponding priorities
(see Table 6.1), which would lead to a different closed-loop dynamics.

Stability on Stationary Ground

Asymptotic stability of the closed-loop dynamics (6.7) can be shown following the Invariant
Set Theorem presented in [Slotine and Lee, 1991, Khalil, 2014], which requires V' < 0 for
the autonomous closed-loop system.

Theorem 6.1 (Local Invariant Set Theorem [Slotine and Lee, 1991]). Consider the au-
tonomous system & = f(x) with f(x) continuous, and let V(x) be a scalar function with
continuous first partial derivatives. Assume that

e for some l > 0, the region X; defined by V(x) <1 is bounded
e and V(x) <0 for all x in X].

Let R be the set of all points within X; where V(m) =0, and M be the largest invariant
set in R. Then, every solution x(t) originating in X; tends to M as t — cc.

For simplicity, let us exclude singular configurations and redundant kinematics from our
considerations. Furthermore, let us assume that the residua . and diy are sufficiently ful-
filled (see Assumption 6.1). The closed-loop dynamics (6.7) becomes autonomous if there
are no external loads acting on the robots except for the external contact wrenches Fgﬁ;
Then (6.27) becomes

’ T T T
V= —U. D.v. — UintDint Vint + V7 Text
o T T . . T 7T ext
= =, DC Ve — UintDlnt Vint +v Jsustup (6 29)

. T T ) . T ext
= = Dcve — Vi Ding Ving + Vg Fonp

T T
= —V, Dc Ve — 'UintDint Vint < 0.

considering (3.21), a stationary floor (vsyp, = 0), and Assumption 3.2. The time deriva-

T T

tive V only vanishes if v = (vc vint)T = 0 and if singular configurations and redundant
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kinematics are excluded from the considerations. Thus, the set R contains all points in
the states space of the system (6.7) with v = 0. Inserting this into (6.7) reveals

. (FPYN | [Ad"] (F3, — Fs
My = ( (C) > + |:(J/)T:| < }?pl ° P> . (630)

int

The largest invariant set M within R is given by v = 0 and = 0. In order for ¥ to
vanish, Fg,, = Fgﬁ; and Ffftl = 0 must hold because of the Sub-Jacobian matrix J’ being
of full rank (no singularities and redundancies). Furthermore, one can conclude from the
upper part of (6.30) that F?! = 0 must hold as well. It can be concluded from (6.1)
and (6.4) that FP! and F lcrll)tl only vanish if the CoM frame C and all interaction frames 7;
coincide with their desired configurations or if they show a rotation error of 180°. If we
also exclude configurations with a rotation error of 180°, then the largest invariant set M
within R is given by the static desired configuration of the robot. Consequently, the

closed-loop system tends to the desired configuration as ¢ — oc.

6.1.3 Experimental Evaluation

The performance of the MCB control framework was evaluated in [Henze et al., 2016b]
using the torque-controlled humanoid robot TORO developed at DLR. A brief description
of the robot hardware is given in Chapter 5.

Redundancy in the Wrench Distribution

The first experiment demonstrates the influence of the constrained quadratic optimization
problem (6.9) to (6.14) on the wrench distribution [Henze et al., 2016b]. The setup of the
experiment is shown in Fig. 6.3a, where the robot is using the right hand and both feet
as supporting end-effectors. The left hand is assigned to the interaction task. The robot
is commanded into two different configurations by shifting the CoM 17cm to the right
or 10 ¢m to the left. The recorded telemetry data in Fig. 6.3b reveals that the CoM position
shows a static control error of less than 0.03m due to joint friction. However, this could
be counteracted by adding an integral term to the CoM compliance (6.1). The combined
center of pressure of both feet pp.. also shows a good congruence of the commanded
and measured values, which is an indicator that the external contact wrenches Fgﬁlg are
sufficiently close to the commanded ones Flgyp.

The most interesting aspect of this experiment is the influence of the CoM position on
the wrench distribution. If the CoM is shifted to the left, the right hand cannot contribute
to supporting the robot because of the unilateral contact (the hand is not closed). Instead,
the optimization commands the minimal allowed contact force fﬁn;ﬁdR,y = 20N according
to Section 3.4. As a result, the CoP of the feet is shifted 10 cm to the left to support the
robot’s weight. Note that the CoP is not located directly under the CoM because of the
torque that the right hand introduces about the z-axis of the world frame W.

If the robot moves to the right, the optimization can exploit the additional hand contact
by generating a force of fhandr,y = 65N. Due to the high lever arm of the hand (height
of 1.42m above floor), the hand can completely counteract the torque, which the CoM
displacement induces about the z-axis of W. As a result, the CoP of the feet stays centered
at Preet,y = Ocm. This observation is remarkable, as the CoM is shifted further to the
right (17 cm) than to the left (10cm).
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Figure 6.3: Exploiting the redundancy in the wrench distribution: The right hand con-
tributes to the required overall support wrench F depending on the CoM

position.
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6 Whole-Body Control for Multi-Contact Balancing

In summary, the controller can exploit the redundancy in the wrench distribution prob-
lem to obtain an optimal distribution of contact wrenches according to the cost func-
tion (6.9). In doing so, the optimization must respect the contact model (6.13) limiting
the contribution of each contact to the overall support wrench F{r. To achieve the re-

quired Fg nevertheless, the controller can exploit the redundancy by redistributing the

wrenches between the contacts.

Balancing while Performing an Interaction Task

This experiment shows the capability of the whole-body balancer to maintain balance
while performing an interaction task [Henze et al., 2016b]. As shown in Fig. 6.4a, the
robot TORO stands in front of a table, from which it lifts up a box of bottles. The
weight of the box is 12.2kg, which corresponds to 16% of the robot mass (76.4kg). In
this particular setup, the hands are assigned to the interaction task and thereby governed
by the Cartesian compliance (6.4). In order to lift the box, the desired position of both
hand compliances (Zpandr,d and Tyandr,d) are slowly raised by 10cm. A feedforward
force ( f}dlzfndR,z = ﬂ:fndh . = 62N) is simultaneously added to each hand compliance to
compensate for the weight of the box.

As can be seen in Fig. 6.4c, lifting the box has almost no effect on the CoM frame C: the
control error increases only by 0.7 cm for the translation and by 1.0° for the orientation.
This observation can be explained by analyzing the underactuation condition (6.6): The
contact wrenches F;ﬁ’l‘; are always chosen such that they are equal to the right-hand side
of (6.6), which includes the commanded interaction wrenches Ffftt. In other words, the
feet counteract the wrenches generated by the hand compliances. The same conclusion can
be drawn from Section 6.1.2, studying the static equilibrium of the closed-loop dynamics:
One can conclude from (6.1) that (6.22) only holds if Az, = 0 and AR, = I. Thus, the
control error for the CoM frame C must be zero even in the presence of the interaction
wrenches Ffftl .

Besides this, the box introduces a torque about the y-axis of the world frame W, which
is counteracted by shifting the combined CoP of the feet 4.1 cm to the front. Note that
the weight that the robot can lift using the MCB controller (see Section 6.1) is limited by
the CoP constraints of the feet (see Fig. 6.4b). Although a weight of 12.2 kg represents a
considerable payload, the abilities of the robot can be extended even further by using the
control approach presented in Section 6.5 (MCB-ACT). The same experiment is repeated
in Section 6.5.3 for the MCB-ACT control approach.

Balancing on Compliant Support

As discussed in Section 6.1.2, the basic version of the presented control framework (MCB)
is passive and stable under the assumption of a stationary ground floor. We presented
an experiment in [Henze et al., 2016b] testing the robustness of the proposed control ap-
proach against uncertainties in the contact surface deliberately violating the above-named
assumption. To generate a soft, compliant support, the robot TORO is positioned on
three layers of gym mats?, as shown in Fig. 6.5a. After the controller is initialized, the
robot receives a kick from the left side resulting in the perturbation of the CoM position
shown in Fig. 6.5b.

2The gym mats have a size of 2m x 2m x 8cm, and are made of a compound foam with a density
of 20 kg/mg.
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The robot counteracts the disturbance in the frontal plane mainly by shifting its weight
from one leg to the other, instead of changing the center of pressure of each foot (prootr,y
and prootL,y). The observed effect is caused by the choice of the weighting matrix Qg,,
in [Henze et al., 2016b], which penalizes the foot torques more than the foot forces. For
balancing in the sagittal plane, the controller does not have any other choice than using the
foot torques. Thus, the CoPs of both feet (prootr,» and prootr. ) exhibit a high excitation
covering the whole length of the feet. The strength of the kick brings the robot to the
limit of feasible balancing: At 0.5s, the vertical force of the left foot (frootr,.) almost
reaches the lower limit of fﬁl)ioﬂL’z = 50N. The corresponding commanded CoP pg,i,
moves to the front-right corner of the foot indicated by prootr, » = p%ﬁj‘tw = +13cm and
PFootL,y = P?SEtL,y = —4.5cm. The latter causes the heel of the left foot to lift off such
that only the front part of the left foot is in contact with the mattresses (see Fig. 6.5a).

The difficulty in balancing on a compliant support lies in the unmodeled dynamics of
the ground floor: The material of the support must be deformed first before the desired
contact wrench can be generated. Therefore, the vertical contact forces show a temporary
deviation between the commanded and the measured values of up to 83N for the right
and 111N for the left leg (see Fig. 6.5¢c). Also, the CoP positions exhibit a strong devia-
tion between command and measurement. According to the sensor readings, the CoP of
the right foot even leaves the contact area at ¢ = 1.5s, which appears to be impossible
according to Definition 3.3. However, the force-torque sensor for measuring the contact
wrench is not located at the sole of the foot but at the ankle (see Fig. 5.1). Although
the computation of the CoP accounts for the additional lever arm, dynamic effects can
still impair the measurement. The recorded video (see YouTube-channel [RMC] of the
Institute of Robotics and Mechatronics) shows that the feet are constantly moving during
the whole experiment. In particular, the right foot has a high acceleration at ¢t = 1.5s,
which might cause the inertia of the right foot to influence the measurement.

The algorithm presented in Section 5.2 for estimating the state of the base/hip frame B,
is one of the key elements for achieving a robust balancing behavior. Due to the com-
pliant support, the feet are constantly moving in order to adapt the support surface. By
using only the IMU signal (apvu = 1 in Section 5.2), the estimated orientation of the
base Ry becomes independent of the foot motion. The influence on the base position x,
is minimized by averaging the translational information provided by the kinematics of the
right and left leg (apootR = OFoot, = 1 and apgandr = @Handr, = 0 in Section 5.2). Note
that Fig. 6.5 shows the position of the CoM that was computed online by the robot us-
ing the estimation algorithm. The estimated CoM location is also used for control, which
demonstrates the robustness of the presented approach with respect to unmodeled contact
dynamics.
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Figure 6.4: Lifting a 12.2kg box from a table: The robot maintains the CoM position by

compensating for the additional load with its feet.
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a kick from the left.

Figure 6.5: Balancing on compliant support: The perturbation of the robot is caused by
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6.2 Null Space Controller

As the basic version of the multi-contact balancing framework (MCB) presented in Sec-
tion 6.1 regulates the configuration of the robot in Cartesian or task coordinates, there
might exist a null space within the configuration space of the robot. To prevent a drift
within the null space, a conventional null space controller is added by Henze et al. [2016Db]
to the control scheme, as shown in Fig. 6.1. Instead of commanding the joint torque 7T
in (6.17) directly to the robot, it is superimposed with a joint compliance 75y, € R™
according to

=74 N 7epl (6.31)

pose*

The null space projector Ny = I — (J')T(J")MaatT is computed from the dynamically
consistent pseudoinverse

(J/)quJr = M(;ql (J/)T ((J/) M yq (J/)T)_l ) (6.32)

as given in [Dietrich, 2016]. The weighting matrix consists of M yq in (3.20), which is the
block of the inertia matrix M correlating with a motion in joint space. Note that the
null space projector N, is computed from the Sub-Jacobian matrix J’ instead of the
complete Jacobian J = [Ad J’] (see (3.23)). Although this is a rather heuristic choice,
several experiments have revealed that it leads to a very robust behavior of the robot even
in challenging situations [Henze et al., 2019, Werner et al., 2016]. A theoretically correct
approach is presented in Chapter 7 in the form of a framework for hierarchical whole-body
control. See also the discussion in Section 7.2.2 on the relation between the hierarchical
framework and the MCB controller.
The torque TE,%ISQ € R™ in (6.31) is provided by a PD-controller

Tg)%lse = _Kpose (q - qd) - Dpose q (633)
stabilizing the desired joint configuration g4, which can be specified by an external plan-
ning algorithm, for instance. The stiffness and damping matrices Ko € R"*™ and
Dy, sc € R™ ™ are symmetric and positive definite.

6.3 The Tracking Case: Following Dynamic Trajectories
(MCB+)

The basic version of the whole-body controller (MCB) presented in Section 6.1 is designed
for the regulation case, which enables static balancing or quasi-static locomotion on mul-
tiple contacts. To account for more dynamic motions, the basic version was extended in
[Henze et al., 2016b] with additional feedforward terms (see Fig. 6.6) for tracking a dy-
namic trajectory. As the resulting closed-loop dynamics shows a similar structure as in
PD+ control, the extended approach will be called MCB+ controller for the remainder of
this work.

6.3.1 Controller Derivation

The extended framework consists of three branches, as shown in Fig. 6.6: The feedback
control loop is identical to the basic MCB controller (cf. Fig. 6.1). The additional feedfor-
ward terms (shown in green in Fig. 6.6) are used to follow a dynamic trajectory. In order
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Figure 6.6: Overview of the architecture of the MCB+ control framework extended to the
tracking case.

to handle robots with redundant kinematics or singular configurations, the framework is
also equipped with the null space controller presented in Section 6.2.

In order to deduce the tracking terms as proposed in [Henze et al., 2016b], the dynamic
model (3.20) is transfered into task coordinates, which requires the Sub-Jacobian matrix J'
to be square and invertible. However, this assumption is only required for the feedforward
terms and not for the feedback loop. If the Sub-Jacobian matrix J’ is singular or not
square, then the task space can be augmented with additional coordinates, as shown e. g.
in [Ott, 2008], such that the augmented Jacobian matrix is invertible again. But for the
sake of simplicity, we will restrict our theoretical considerations to J’ being square and
invertible. To use the feedforward terms for redundant robots and singular configurations
nevertheless, we propose the use of a damped pseudoinverse, as discussed in (6.53).

Based on the assumption that Sub-Jacobian matrix J' is square and invertible, the joint
velocities ¢ are replaced in the dynamic model (3.20) with the Cartesian velocities v of
the task or end-effector frames. The corresponding transformation T'pg to task space is

defined by
vel | I O] (v
(v)=Laa 5(5) 630
——

Tts

which allows for the formulation of the inverse transformation T%é as

(Z) - [—(J’)IlAd (J’(;l} (1;) (6.35)

-1
TTS

Applying the inverse transformation T%é to the dynamic model (3.20) leads to a formu-
lation of the robot dynamics in task coordinates

A <’;> +u (U> + @ - [_ f}dT] ()7 + Tyl e (6.36)

v

g
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with A = T}g MT;{ and p = T}g CT i + T%ST M %(T}é) denoting the Cartesian
inertia and Coriolis matrix. It can be easily verified that the gravity vector g = T{g g is
invariant under the transformation T Eé

As in [Henze et al., 2016b], the desired closed-loop dynamics can be defined as

A, Awv, Fov!
A A'bsup +n A'Usup = _Fsup + T%g'rext (637)
AN Aving F1Crl1)tl

with Ave, Avgyp, and Awviy denoting the deviation from the desired trajectory. The
velocity errors of the CoM Awv. and the interaction end-effectors Awv;iy are already defined
in (6.2) and (6.5), respectively. Let us analogously define the velocity error for the support
task as

Avq V1 Q ... 0 V14
: =1 =1 : : (6.38)
A,U"Z}sup vwsup O tee Qwsup ’Uwsupvd
—_———  ~—
A'Usup Vsup qup Vsup

Note that the actual velocities of the support contacts vy, as well as the desired ones vgyp g
are zero in the case of a stationary and rigid ground surface leading to Awvg,, = 0. The
compliances F! and Ffrﬁ’tl are defined according to (6.1) and (6.4) based on the desired
configurations and velocities given by the trajectory. Analogously to (6.7), the right-hand
side of (6.37) also contains the negative support wrenches (—F',p). Note that the structure
of (6.37) is inspired by a PD+ control of an ordinary fixed-base robotic manipulator, which
is well-known in control theory [Paden and Panja, 1988, Whitcomb et al., 1993].

Comparing the desired closed-loop behavior (6.37) with the robot dynamics (6.36) yields

’l.)qd . Ved mgy
AQ i’sup,d + (l'l' Q+A Q) Usup,d + 0 =
i)int,d Vint,d 0
— Adl,, —Adl, ~F&
I 0 (JVY T+ | Fap | (6.39)
o I -F

representing the control law. The matrices ¢, €2,p, and iy are combined into the block
diagonal matrix Q = blkdiag(Q, Qsup, Qint). Note that F sup and 7 are the remaining
free variables in (6.39), which can be determined by exploiting the structure of (6.39):
Analogously to Section 6.1, an optimization is used first to compute the end-effector
wrenches representing the external load condition of the robot. Then the control torques 7
are computed characterizing the internal load inside the robot structure.

To obtain Fg,p, the control law (6.39) is partitioned into

’bc,d . Ve,d

AuQ | Dgpa | + (0, @+ AL Q) | vupa | +mgy =— AdT(J)Tr — FP! (6.40)
'i)int,d Vint,d
’i}c,d . Ve,d F
. — su

A | bgupa | + (1 Q2+ A Q) | veupa — )T+ (_ FFIE’l) (6.41)
'i)int,d Vint,d mt
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with A, € R6X6+6¥ A, ¢ ROVX6+6Y ) ¢ ROX6+46Y  and p, € RE¥VX6+6¥ originating
from A = [A7 A7]T and p = [pT w7 ]". Eliminating the common variable (J')Tr yields

_FCpl

int

Fsu
Fg+mgy+ FP' = Ad" ( e ) : (6.42)

Note that the above equation corresponds to the underactuation condition (6.6), which
has been extended with a feedforward wrench

’l'JC7d . . Ve,d
Fg=(Ay+ Ad"A) Q [ duupa | + (uu Q1+ A+ AdT 1, @ + AdT A, Q) Veupd
Vint,d Vint,d
(6.43)

accounting for the dynamic effects of the desired trajectory on the CoM. Consequently,
the end-effector wrenches F°P' can be obtained by extending the constrained quadratic
optimization problem in Section 6.1 with Fg:

et 1 1
FoP = argmin (253QCJC + 502 QuupFiup + 25§tQint5int> (6.44)
minimizing the residua
d. = AdT F —mg, — F?' — Fg (6.45)
5sup = Fsup - Fgﬁ; (646)
Sing = Fing + F2! (6.47)

with respect to the inequality constraints

A;F; < b, Vi=1.. (6.48)
B,F < 77, (6.49)

After computing the end-effector wrenches F°P', the corresponding joint torques
T=—(J)FP 14 (6.50)
can be obtained by multiplying (6.41) with (J')T. Here,

i)c,d . Ve,d
e = (J)VAQ | Deupa | + (J)T <MZQ+Al Q) Vsupd (6.51)

Vint,d Vint,d

represents another feedforward term accounting for the dynamics of the desired trajectory
in joint space. Note that the MCB controller, which is presented in Section 6.1 for the
regulation case, can be considered a special case of the MCB—+ controller addressing the
tracking case. The only difference is given by the additional tracking terms Fg and 7,
as shown in Fig. 6.6. Note that only the feedforward terms require the inverse of the
Sub-Jacobian J’ to compute the Cartesian inertia A and Coriolis matrix . In contrast,
the feedback loop, which corresponds to the MCB controller for the regulation case (see
Section 6.1), is robust against singularities and redundant kinematics. To achieve a similar
robustness for the feedforward terms, the inverse Sub-Jacobian (J')~! in (6.35) can be
replaced with a generalized damped pseudoinverse

(I = ((I)T(I) + p21) " (I)T (6.52)
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with p € R denoting the damping factor. A motion in the kinematic null space can be
regulated by adding a null space controller, as shown in Section 6.2 (see also Fig. 6.6). The
choice of the damping p in (J')* is a compromise between robustness against singularities
and the accuracy of the solution. As already mentioned, one could also use the task
space augmentation method [Ott, 2008] to deal with J’ not being invertible. But for the
sake of simplicity, we will use the more heuristic approach in the form of the damped
pseudoinverse (6.52). It can be seen from (6.42) and (6.50) that this approximation only
affects the feedforward control action (Fg and 7g) and not the feedback control. Thus,
the tracking behavior of the overall controller might deteriorate if the robot is close to a
singularity, but the feedback loop remains unaffected.

6.3.2 Properties of the Controller
End-Effector Wrenches

A problem of the MCB controller presented in Section 6.1 is that the commanded con-
tact wrenches stl‘f) can deviate from the actual ones F,, during dynamic motions (see
Section 6.1.2), which can be reduced by adding the tracking terms Fg and 7g. If As-
sumption 6.1 holds and singular configurations and redundant robots are excluded from
the configurations, then the closed-loop dynamics is given by (6.37). Furthermore, if we
assume that all external forces and torques act solely at the end-effectors as in (3.24), then
the closed-loop behavior (6.37) becomes

A, Av, FeP!
A | Abgyp |+ | Aveyp | = [ —Foup + Fo (6.53)
A'ijin‘c A'vint FCpl + F?r)ftt

int

due to TEST [Ad (J’)]T = [?] Considering the equilibrium given by Av, = Av. = 0,
AVgup = Avgyp = 0, and Aviy = Aviy, = 0 leads to the conclusion that

FP =0 (6.54)
Fsup = F:ﬁ; (655)
R (6.56)

must hold. Again, the commanded interaction wrenches are balanced by the external
ones leading to a static control error according to (6.4) with Av; = 0. The center of mass
coincides with the desired CoM frame according to (6.1) with Av. = 0 even in the presence
of FE&. Furthermore, the actual contact wrenches Fgﬁtp match the commanded ones Fy,
which legitimatizes invoking the contact model (6.48) on Fg,p, instead of Fgﬁg However,
this only holds in the case of an equilibrium, which means that the robot is exactly following
the desired trajectory. If the robot deviates from the desired trajectory, (6.53) implies
that ngjg can differ from Fg,, and cause the support end-effectors to lose contact. In
conclusion, there is still the danger that the supporting end-effectors migh unintentionally
lose contact if the robot is performing a dynamic motion due to an unknown external
disturbance. But if the robot is performing a deliberate dynamic motion by following
a desired trajectory, the feedforward terms in Section 6.3.1 ensure that the difference

between F',, and Fgﬁ; is sufficiently small.
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Passivity and Stability on Stationary Ground

As the MCB+ controller presented in Section 6.3.1 is designed for the tracking case, the
desired trajectory can inject and remove an arbitrary amount of energy into the controller
and the robot. Thus, it is not possible to reuse the same storage function V as in Sec-
tion 6.1.2. Instead, the passivity of the closed-loop system (6.37) can be shown by using
the positive definite storage function

T

1 Av, Av,
V==|Ave | M| Avg, | +VE+VE (6.57)
2
Avint Avint

in [Paden and Panja, 1988], which serves as a metric for the deviation of the robot from
the desired trajectory. Computing the time derivative, inserting the closed-loop dynam-
ics (6.37), and exploiting the property that A — 2u is skew-symmetric [Ott, 2008] yields

T T

_ Av, Av, 1 Av, . Av, . _
V= | Avap | A | Adgup | + 5 Avsup | A | Avgup | + vE L vE
A7-7int A'Uint A'Uin‘c A/Uint
Ave \ © Av, Fep!
= A'Usup - A'Usup + _F;iﬁp + T%gText
Aving Avipg Fint (658)

1 Av, r . Av, ‘ .
+ 5 A’Usup A A'Usup + V::K +V

int

Avint Aving
T T
Av. ngl Av,
-7 KT
= | Avgyp _Fsﬁp + | Avup | TrgText + Ve + Vi
A'Uin‘c Flcft A'Uint

Inserting the Cartesian compliances (6.1) and (6.4) leads to

V =-VV.Av, — Av! D, Av. + VE

- v ‘/int A’Uint - A’Uijrlt Dint A’Uint + ‘/jnt
Av, T (6.59)
- A'Ug;p'Fsup + A'Usup TEgTexta
A'Uint
which can be simplified to
' Av, T
V = —AU?DC Av. — Avipi Dint Aving —AU;CJPFSUP + | Avgup ESTText (6.60)
<0 Avipyg
port

considering Ve = V V. Av, and Vigg = V Vig Avine. If we assume that the robot is balanc-
ing on a non-movable and non-deformable floor, then the term A'vzustup vanishes due
to Avgyp = 0 (see Assumption 3.2). Thus,

T
Av,

V < A'Usup T%gText (661)
A'Uint
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holds, which proves the passivity of the closed-loop system (6.37) with respect to the power
port (Av? AvL, AvL, ) (Ta Text) based on the definition given by Khalil [2014]. The port
represents the energy transfer between the robot and the environment, such as when a
human disturbs the robot.

The stability of the controller can be shown by following [Paden and Panja, 1988]. Note
that the matrices A and p in (6.36) can be written as a function of the control error (Ax.,
Axi, AR., AR;, Av., Av;) and of the desired trajectory (Zcd, ®i4, Red, Rid, Vecd,
v; q). Therefore, standard invariance principles are not applicable because the closed-loop
dynamics (6.37) is time-variant. However, Paden and Panja [1988] showed asymptotic sta-
bility for a PD+ controller based on the Matrosov-Theorem. Moreover, Whitcomb et al.
[1993] used strict Lyapunov functions to show asymptotic stability. If we assume that the
floor is rigid and stationary, Avg,, = 0 can be exploited to bring (6.37) into the required
form. Applying the transformation

Awv, I 0
Avgyp | = |0 0 <AA’:C ) (6.62)
A'Uint 0 I int
Tred
to the closed-loop system (6.37) results in
Av Av Fep! -
Ared ( Ai;i;> + Hred ( Av;) = (ngl> + T aTrd Text. (6.63)
int

In order to follow the proof in [Paden and Panja, 1988], the autonomous system with
Tg;d EST Text = 0 needs to be considered. Note that in general Tt # 0 due to the external
contact wrenches Fgi. But the influence of Fgy is removed by the transformation Theq

discarding the Cartesian coordinates of the support end-effectors. Note that (6.57) can be
used as a Lyapunov function leading to

T
V< ( ﬁ:;) T T T =0 (6.64)
by applying T'eq to (6.61).

The above analysis applies to the desired closed-loop dynamics (6.37), which implies that
the soft constraints (6.45) and (6.47) are exactly fulfilled, as demanded by Assumption 6.1.
A passivity and stability analysis of the case where the soft constraints are not exactly
fulfilled would be considerably more cumbersome. In this case, the constraints will affect
the quality of the task fulfillment according to their corresponding priorities (see Table 6.1),
which would lead to a different closed-loop dynamics. Furthermore, the analysis only holds
for the case of the Sub-Jacobian matrix J’ being square and invertible excluding redundant
robots and singular configurations. An analysis of the case that J' is not invertible using,
for instance, the task space augmentation method [Ott, 2008] would be considerably more
cumbersome.

6.3.3 Experimental Evaluation

The performance of the MCB+ control framework was evaluated in [Henze et al., 2016b]
using the torque-controlled humanoid robot TORO developed at DLR. A brief description
of the robot hardware is given in Chapter 5.
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As shown in Fig. 6.7a, the humanoid robot TORO balances with both feet on the
ground, while the arms are operated in interaction mode. The robot is supposed to follow
a dynamic trajectory, which moves the CoM along the y-axis of the world frame W. The
trajectory consists of a sinusoidal signal for the desired CoM position with a frequency
of 1/3Hz. Within the first 5s, the amplitude of the signal is linearly increased from 0cm
to 6 cm, held constant for 10s, and then decreased to 0 cm again within the last 5s of the
experiment.

The results of the experiment can be found in Fig. 6.7b: If the motion is performed
using the MCB controller (see Section 6.1), that means without feedforward terms, then
the horizontal CoM position shows an overshoot of up to 2.5 cm. Using the MCB—+ control
approach from Section 6.3, which in contrast features feedforward terms, reduces the
tracking error significantly to less than 0.7 cm. Besides this, the feedforward terms also
reduce the contact wrenches by 14% and 12% for the right and left leg, respectively.
However, the effect becomes even more apparent by analyzing the center of pressure of
each foot. Here, the excitation of the CoPs is reduced by 50% for the right and by 59%
for the left foot. In any case, both controllers are able to maintain balance following the
trajectory with an amplitude of 6 cm.

The experiment was repeated in a second run with an increased amplitude of 8 cm, as
shown in Fig. 6.7c. Because of the stronger excitation, the MCB controller (no feedforward
terms) is no longer able to maintain the balance of the robot. As can be seen in Fig. 6.7c,
the vertical contact force of the left foot reaches its minimum of flér(‘)iontL, ,=50Natt=>51s.
In addition, the CoPs of both feet reach the boundary of the respective contact area at
t =5.1sand t = 5.7s. Consequently, the MCB controller is no longer capable of generating
the required overall support wrench Fg to follow the trajectory. As shown in Fig. 6.7a,
both feet start to tilt to the right, which causes the robot to fall over. In contrast to the
MCB controller (no feedforward terms), the MCB+ controller (with feedforward terms) is
able to follow the trajectory without loosing balance even for an amplitude of 8 cm. The
MCB+ controller again shows a decent tracking performance with an error of 0.9 cm for
the CoM position.

(a) Setup of the experiment.
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Figure 6.7: Comparison of the tracking behavior using the MCB and the MCB+ controller:

The trajectory consists of a sinusoidal signal with a frequency of 1/3 Hz.
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6.4 Passivity Control on Movable and Deformable Ground
(MCB-PC)

The passivity of the whole-body balancing framework is shown in Sections 6.1 (MCB)
and 6.3 (MCB+) for the regulation as well as for the tracking case. Both analyses were
conducted under the assumption of a static ground surface. As a by-product, the balancing
capabilities on a deformable ground surface were also demonstrated in [Henze et al., 2016b]
or Section 6.1.3, respectively, although the passivity of the controller is not specifically
formalized for this particular scenario. Also, many other works assume that the ground
floor is static or that the dynamics of the floor is known (e. g. [Sentis, 2010, Mistry et al.,
2010, Righetti et al., 2013, Herzog et al., 2016]). However, to make the control approach
robust against a large variety of support surfaces, the concept of passivity can be exploited
to make as few assumptions on the floor as possible.

The basic version of the balancing framework (MCB, Section 6.1) was extended in
[Henze et al., 2018] by modifying the controller such that the combination of floor, robot,
and controller remains passive even if the floor surface is movable and deformable. The
modifications require the assumptions that

e the ground floor is passive itself
o and stiff enough to carry the weight of the robot.

Note that Assumption 3.2 still holds, which postulates that the balancing end-effectors
never detach unintentionally from the ground floor although the latter is movable and
deformable.

Stramigioli [2015] recently showed that for every active controller, an environment can
be found that destabilizes the closed-loop system even if the environment is passive. Con-
sequently, there is no guarantee that the basic version of our control framework (see Sec-
tion 6.1) will remain stable on a movable and deformable support surface. In [Henze et al.,
2018], we employed the concept of Passivity Observer-Passivity Control (PO-PC) as pre-
sented by Hannaford and Ryu [2002] to passivate the closed-loop system. Thus, the pre-
sented framework will be called Multi-Contact Balancer with Passivity Control (MCB-PC)
for the remainder of the manuscript. Passivation is made less conservative by exploiting
the concept of energy tanks [Franken et al., 2011] in Section 6.4.4.

6.4.1 Problem Description

The problem of ensuring passivity on movable and deformable ground surfaces already
becomes apparent in (6.27): The term vl T represents the power port with which the
robot can exchange energy with the environment, such as a human disturbing the robot,
or, in this particular case, a movable or deformable ground floor. However, the problem
does not originate from the power port, but rather from the term vg:lstup in (6.27). The
latter can be conceived as an active element inside the controller, which can dissipate
(v&p Fsup > 0) but also inject energy into the controller (v}, Fyy, < 0). In the case of a
rigid and stationary ground floor, as assumed in (6.27), the active element vanishes due
to vgup = 0. However, if the floor is movable or deformable, then the active element can
compromise passivity.

The basic idea of the control strategy can be motivated with the simplified example
shown in Fig. 6.8, in which a humanoid robot is standing with both feet on a moving

platform. Using the compliant whole-body controller from Section 6.1 (MCB), the center
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Figure 6.8: Example of a humanoid robot balancing on a moving platform.

of mass frame C as well as the interaction end-effectors (the hands in this case) are stabi-
lized by their associated compliances (6.1) and (6.4) with respect to the stationary world
frame W. The feet are used as supporting end-effectors to carry the robot by generating
suitable contact wrenches Fgp,.

Let us first consider the situation where the platform is moving upward: In order to
maintain the position of the CoM and of the hands relative to the world frame W, the
robot must retract the legs. The term 'v;fustup in (6.27) becomes positive, which means
that the active element dissipates power. Therefore, the system remains passive.

If the ground floor is moving downwards, the robot must extend the legs to maintain
the CoM and hand positions. Now, the term 'vg:lstup in (6.27) becomes negative, which
means that the active element injects power. Thus, the negative semi-definiteness of V < 0
and therefore passivity can no longer be guaranteed. In order to ensure passivity of the
closed-loop system (floor + robot + controller) nevertheless, the following control strategy
is proposed in [Henze et al., 2018]:

If the controller is about to become active ('vsTustup < 0), the robot shall move the
setpoints/desired configurations of the CoM and the interaction compliances to dissipate
the same amount of power as injected by vg;stup. A logical choice for the motion of the

setpoints is to let the CoM and the hands follow the motion of the ground floor, similar

to a person riding an elevator. If the term vg:lstup in (6.27) is positive, the power can
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either be dissipated by doing nothing or used to move the setpoints back into their initial
configuration. The latter is again inspired by the elevator example.

6.4.2 Controller Derivation

The solution for movable and deformable floors (MCB-PC) reuses the basic version of
the whole-body controller (MCB) from Section 6.1 with minor modifications. On top of
the MCB controller, there are two additional modules, as shown in Fig. 6.9, for ensuring
passivity: The first one implements an “admittance type” passivity control by moving the
setpoints of the CoM and the interaction compliances. It also realizes an “impedance type”
passivity control by modifying the gravity compensation of the controller. The second
module facilitates an “impedance type” passivity control by adjusting a variable damper.
The latter is part of a relative compliance that connects the support end-effectors with
each other. As detailed in this section, the admittance type is used to passivate the group
motion of the support contacts, while the impedance type is applied to the relative motion.
According to Fig. 6.9, both modules violate causality by modifying and evaluating the com-
manded end-effector wrenches F'op; at the same time. The work by Hannaford and Ryu
[2002] on PO-PC also includes a time-discrete implementation that resolves the causality
problem. But for reasons of simplicity, in [Henze et al., 2018] we inserted a unit delay
(not shown in Fig. 6.9) to approximate the solution by Hannaford and Ryu [2002]. The
use of energy tanks for rendering the method less conservative is detailed in Section 6.4.4.
In order to handle robots with a redundant kinematics or in singular configurations, the
framework is also equipped with the null space controller presented in Section 6.2.

The controller reuses the compliances for the CoM and the interaction end-effectors
according to (6.1) and (6.4), respectively. But in contrast to Section 6.1, the desired
velocities v. 4 and i,y q can be different from zero to facilitate a motion of the setpoints
(see Fig. 6.9). Furthermore, the gravity compensation is altered such that it can be
disabled via a binary parameter o, = {0,1}. The latter can be used to accelerate the
center of mass during a downward motion of the support contacts. This results in a
modified version

Adl,, Fayp = 0gmg, + FP' + Adl, Fi5

sup int * int "

(6.65)

of the underactuation constraint (6.6). The compliance wrenches ngl and Flcril are

distributed to the supporting contacts by solving the same constrained quadratic opti-
mization problem (6.9) to (6.14) as before. Of course, the residuum (6.10) is replaced
with 8. = Ad' F — o,mgy, — FP! to account for the modified underactuation condi-
tion (6.65). In contrast to Section 6.1, the control torques are computed via

7= —(J)TF? + (J,,) " ETT{h, (6.66)
rather than via (6.17). The second term establishes a relative compliance based on the con-
cept of virtual linkage connecting the support contacts with each other (see Section 3.5 and
[Williams and Khatib, 1993]). The vector of generalized torques 7'%\14 € R6(Wsup—1) jggued
by the relative compliance is mapped via the transpose of the matrix F € R6¥sup X 6(¥sup—1)

from the space of the virtual linkage to contact forces® and then via (J ;up)T to joint space.

The basic idea behind T%S\l/[ is to stabilize the relative motion of the support end-effectors.

3Note Williams and Khatib [1993] define the matrix E such that it maps only internal forces to the
contacts, while the mapping including internal torques is more complicated. For simplicity of notation,
this work will use E for describing the mapping of both internal forces and torques.
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Figure 6.9: Overview of the architecture of the MCB-PC control framework extended to
movable and deformable support surfaces.

As we have learned from the introductory example shown in Fig. 6.8, a motion of the
setpoints can be used to dissipate the power that is injected by a group motion of the
support end-effectors. The latter is generally conceived as a rigid body motion of the
end-effectors maintaining their relative posture. If the relative posture of the end-effectors
changes, then this is considered a relative motion. As a relative motion of the support
contacts can also inject energy, the relative compliance

T = —(VViE)" — (Dry + DY) vru (6.67)

is used to dissipate the injected power. The relative stiffness is represented by the positive
definite potential V}{fw € R. The default damping is given the constant and positive
definite matrix Dgyy € R6Wsup=1)X6(sup=1) " The semi-positive definite matrix D& €
ROWsup—1)x6(¥sup—1) pepresents an additional variable damper, which can be used to damp
out the energy that is injected by the active element vg;nggg into the relative motion. The
velocities of the virtual linkage are given by vpmy = E J ;upq with vry € R6Wswe—=1) | The
advantage of using the concept of virtual linkage is that T;S\I/I does not alter the resulting
overall support wrench (see Section 3.5). Therefore, it does not need to be considered
by the residuum §. in (6.10). However, 7';5\1/[ affects the support wrenches F‘S)glg, which
can lead to a violation of the contact model. A solution would be to consider T;S\l/[ inside

the constrained quadratic optimization (6.9) to (6.14) to ensure that the contact model is
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6 Whole-Body Control for Multi-Contact Balancing

respected. But then the contact model could modify T%\l/[, which would be problematic

regarding the passivation of the system.

In the previous sections, the passivity analysis was conducted by formulating the dy-
namics of the closed-loop system comprising the controller and the robot. As the floor
was assumed to be stationary, it was not necessary to incorporate its dynamics into the
closed-loop system. The MCB-PC control approach, presented in this section, explicitly
extends the passivity considerations from stationary to movable and deformable ground
surfaces. But, the intention of the approach is to make as little assumptions on the floor as
possible. Therefore, the dynamic equation of the floor is considered unknown. Instead, the
passivity consideration first focuses on the subsystem containing only the controller and
the robot. Afterwards, the passivity analysis will be extended to the complete closed-loop
system combining controller, robot and the ground floor. The dynamics of the subsystem,
which contains the dynamics of the controller and of the robot,

) (1—04)mgg\ _ ngl T —F‘s)ffrt)
O I A R P A 0 RS
can be obtained by inserting (6.66) and (6.65) into (3.20) under the assumption that the
soft constraints (6.10) and (6.12) are exactly fulfilled (see Assumption 6.1).
The rules for moving the setpoints via v.q and vin q, disabling gravity compensation
via 04, and for modulating the variable damper D" can be derived as follows: Let us
consider

1
V = v'Mv + mglz.+VE + VE 4+ VK, (6.69)
2 N——
Vg(“:C)

as a candidate for a storage function. The first two terms represent the physical energy
storages of the robot, i.e. inertia and gravity. The remaining terms represent the energy
storages of the compliances inside the controller: The potentials VCK , Vlfft, and VI{<M are
introduced by compliances for the CoM, the interaction end-effectors, and the relative feet
motion, respectively. Note that the potential (6.69) has no lower bound due to Vj(x.),
which is addressed at the end of this section.

Computing the time derivative, inserting the dynamics of the subsystem (6.68) and

accounting for the skew-symmetry of M — 2C [Ott, 2008] yields

. 1 . . . .
V=vMp+ §VTMV + VE 4+ vE L v+ mglv,
. 1 1
SR 2R E L oL VS £ /S AR N 2 (6.70)

+ VCK + Vlﬁ + VRKM + 0y mgg Ve + I/TTeXt.

Considering (3.21), (3.22), and vgy = E J. ¢ simplifies V to

sup

'y T gepl T cpl T cpl
V= U, Fc + vintFint + VRMTRM

+ VI + Vi + Vi (6.71)
+oymgh ve — Uz;nggpt) + v oy

Considering VX = AvI(VVE)T VE = Aol

int int

(VVENT Vi, = Avk (VVE)T and

nt
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6.4 Passivity Control on Movable and Deformable Ground (MCB-PC)

inserting (6.1), (6.4), (6.67) yields

T gepl T cpl T cpl
V= Ve Fc + vintFint + URMTRM
T gnepl T T gnepl T

— v FP +v. Q. FP — Av, D Av,

T gncpl T T gocpl T . .
- vintFint + vint,d QintFint - A,Uint Dlnt A,Ulnt

T _cpl T
— VRMTRrM — YRM DRM URM

T G T
+mgy Ve — Vg Fobpy + V7 Text (6.72)
_ T T oepl T T gacpl T var
=0, qQ F + vy g Qi Fipg — vrv DR VM

T T gopt | T
+ogmgy Ve — Vg Fiohp + V7 Text

—AUCT D, Av. —Avl

int

T
D,y Aving —vrm DRM VRM -

<0 <0 <0

As the last three terms are semi-negative definite, we can conclude that

- 1
V< UcT,d QIFP + Uij;n;,d QL FiY — vhy DY vrM + 0g mg( ve

nt~ int
Vs iy + 1 Texy (6.73)
N—_———
Pact port

must hold. The last term represents the port for exchanging energy between the environ-
ment and the subsystem containing the controller and the robot. The latter comprises
the floor but also a human disturbing the robot. In order to make the closed-loop system
passive, it is necessary to render (6.73) into V < vl 7o by compensating with v q, Vint,q,
04, and Dyyy for the power P = —vg:lng}l’f), which is injected by the active element.

Note that the power Pyt can be injected into the group motion as well as into the relative
motion. The power injected into the group motion can be influenced by moving the set-
points of the CoM and interaction compliances via v. 4 and iy q and by disabling gravity
compensation via the parameter o,. The power of the relative motion can be manipulated
via the variable damper Dy, which is part of the relative compliance (6.67). Therefore,
it is necessary to split the injected power P, into a part corresponding to a group motion
and into a relative motion of the support contacts. Based on the discussion in Section 3.3,
this can be achieved by splitting the commanded support wrench Fg}l’; € R%%sup into the
overall support wrench F*® € RS and into internal stress via

sup
FP = (AdL)Wert AdL, R0+ (I — (AdL,)Vert AdL) FORE (6.74)
Fg, internal stress
with .
(AdL ) Vet = Wl Adgy, (AdL, WL Adgyp) (6.75)

T
sup*

Waup € R6%sup x6%sup specifies which portion of F ggg is considered as part of the overall sup-
port wrench Fgr and which portion as internal stress. The logical choice is to choose W sup
equal to the weighting matrix Qy,,, which is used in the constrained quadratic optimiza-
tion (6.9) to (6.14) for solving the wrench distribution problem. This choice allows us to

split the injected power

denoting the weighted pseudoinverse of Ad The positive definite weighting matrix

Pact = (—Vsup) " (AdL,) et FIE 4 (—vgup)” (I — (AdL,,) 9wt AdL ) FO (6.76)

sup sup

Pom Prym
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6 Whole-Body Control for Multi-Contact Balancing

into Paym and Pry related to the group and the relative motion of the support contacts,
respectively. Furthermore, Pgy can be split into

Poy = (—vaup) " (AdL )%t ogmgy + (—vewp) T (AdL,,) Qe (FP! + AdE, FP) (6.77)

int = int

~~

P9 cpl
GM Pom

by inserting the modified underactuation condition (6.65) with F'® = Adl  Fg,, (see

sup sup
Section 3.3). Here, P, and P(C;I:f&I denote the power of the group motion due to gravity
compensation and the Cartesian compliances (CoM + Interaction), respectively. Inserting
this segmentation into (6.73) yields
. 1 1
V < (Qevea)” (FP) + (Qin vinea) Fify +v¢ 0gmgy + P + Py
— Vi DN vrM + Prog (6.78)

T
+ V7 Text,

where the first line corresponds to the group motion, the second to the relative motion,
and the third to the port with the environment.

In order to compensate for Pay, we propose a combination of an “impedance” and an
“admittance type” passivity control. The former is implemented by adjusting the gravity
compensation of the controller via the parameter o,. The latter by moving the setpoints
of the CoM and the interaction end-effectors appropriately. In general, there is an infinite
amount of possibilities to combine a CoM motion with a motion of the hands. But for
reasons of simplicity, in [Henze et al., 2018] we proposed moving both in a coordinated
manner, as if they were connected by a single rigid body. Other choices are also possible,
although they can lead to a singular problem: For example, compensating for ng\}[ is not
possible if ngl is close to zero, because this would require an infinite velocity v.q. To
avoid this problem, the setpoint velocities are chosen as if they were connected by a single
rigid body. Incorporating this condition via Qint Vint.d = Ading Qc Ve q into (6.78) results
in

V < (Qevea)! (FP 4+ Adl, FPY 4 o7 ogmgg + Py + Pé‘f\z

int * int
— vion DEN vRM + PR (6.79)
+ I/TTeXt.

In order to compensate for the activity of the group motion Pgy, one has to choose v, g
and o, such that

(Qevea)  (FP + AdL, FPY) + vl 0,mgy + Pl + Py =

int * int

(e Vo — (Adiyp) @0 vp) " (ngl + AdT F.Cpl) + (6.80)

int * int

(vc — (Adsup)qup+vsup) (ogmgqy) <0

holds with P(g}M and ng\}[ according to (6.77). This condition can be ensured by selecting
the setpoint velocity for the CoM and the interaction compliances according to

0 if PR, <0Andd>0
Qe Ve = { (Adgyp) @t vgy, it PRI <0AdTd <0 (6.81)

(Adsup)quer Vsup if Péﬁ)\}[ >0
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6.4 Passivity Control on Movable and Deformable Ground (MCB-PC)

and by disabling the gravity compensation according to

1 if P%,, <0
0y = B oo = (6.82)
0 if P4y, > 0.

Note that the expression (Adsup)qup+ Vsup 10 (6.81) can be interpreted as a weighted
mean value of the contact velocities. If Pérf\h > 0, then the active element injects power
into the group motion. The controller compensates for the injected power by moving the
setpoints at the computed mean velocity of the ground floor, as motivated in Section 6.4.1.
If Pé‘f\iI < 0, there is no need to move the setpoints, as the active element drains power
from the group motion. However, if the setpoints have been moved before, the controller
can use ng\h to bring the setpoints back into their initial configuration via the second
line of (6.81). For this, a measure d € RY of the distance between the current and the
initial setpoint of the CoM is introduced. But the setpoints are only moved if the motion
decreases the distance d. Otherwise, the power Péﬁ’\}[ is dissipated by the active element
without commanding a motion of the setpoints (see first line of (6.81)). The strategy,
which is given in (6.82) temporarily disables the gravity compensation of the controller
if P(%M < 0 in order to let the robot drop due to the existing gravitational field.

In order to compensate for the activity of the relative motion Pry in (6.79), we proposed
an “impedance type” passivity control in [Henze et al., 2018] by adjusting the variable

damping matrix Dy} according to

0 if Py <0
var { ! RM = (683)

v =
R - (I - Adsup(Adsup)QS“p+) Fgg{; if Prm > 0.

If Pryv > 0, then the active element injects power into the relative motion, which is
compensated for by activating the damper Dy, accordingly. If Pry < 0 then the active
element drains energy from the relative motion, which allows for a deactivation of the vari-
able damper. Note that (6.83) never becomes singular because the relative power Pry = 0
if the relative velocity vy = 0 (see (6.76)). Thus, a suitable matrix DYy, always exists
to compensate for Pry.

Note that it is not possible to show the passivity of the subsystem containing the con-

troller and the robot. Although (6.81), (6.82), and (6.83) ensure that
V < VTText (684)

holds, the storage function V' does not feature a lower bound due to Vy(xq) in (6.69). For
this reason, the passivity considerations must be extended to incorporate the properties
of the ground floor. The latter is assumed to be passive itself, which means that there
exists a positive definite storage function Vioor(Hsup,i) € R, which is a function of the
homogeneous transformations of the support contacts Hgyp ;. Furthermore, Vioor(Hsup,i)
satisfies

Viioor < —vL, FX (6.85)
with 'ug:lngfjg representing the power port, which allows for an energy transfer between

the floor and the robot. Combining Vieer with (6.69) yields the total potential function
Viot = Viioor +V

1 (6.86)
= Vﬁoor + ‘/g(wC) + §VTMV + ‘/CK + ‘/;Illi + VF?M
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comprising the floor, the robot, and the controller. An obvious requirement to stabilize
the robot on a movable surface is the assumption that the environment can support the
weight of the robot. This is formalized with the condition

Vﬁoor(Hsup,i) + ‘/g(wc) >—rel (687)

with the scalar k > 0. This condition is subject to the constraint ¢, which limits the
maximum distance between the support contacts and the CoM to be within the kinematic
limits of the robot. Under this assumption, the total potential Vi is bounded from below
and qualifies as a candidate storage function for the passivity analysis.

In order to complete the passivity analysis, we have to show that Viot is smaller or equal
to the power transferred via a power port [Khalil, 2014]. Computing Viot vields

Viot = Viioor + V < =0 FOb + 17 7o (6.88)

sup® sup

considering (6.84) and (6.85). Let us split Tex; = J 1, F< 4735t into the external support

su su
wrenches Fgﬁ; and into the vector Tgiq € ROT™. pThg latter comprises all remaining
external disturbances, such as a human perturbing the robot. This partition allows for
the isolation of the energy flow between the robot and the floor from the rest, which leads
to
“/tot < ’UT Fext + I/TJT Fext

sup® sup sup® sup T VTTdiSt = VTTdist (6.89)
considering (3.21). Thus, one can conclude that the combined system containing the
controller, the robot, and the floor is passive with respect to the power port v 74 based

on the definition given by Khalil [2014].

6.4.3 Simplification of the Control Strategy for the Group Motion

The previous section uses two independent power ports to compensate for the activity
of the group motion. The first power port is given by (Qcveq)” (FP + AdL, F®!) and
administered by (6.81) to compensate for ng\h. The second port is given by (ve)? (o4 mgy)
and administered by (6.82) to compensate for PéM. The control strategy can be simplified
under the assumption that the CoM and the interaction compliance show a sufficient
tracking, such that only a single power port is required to passivate the group motion.

Besides this aspect, the strategy presented in the previous section results in a chattering
of the contact wrenches F'g,,. Especially, the temporary deactivation of the gravity com-
pensation according to (6.82) has a significant impact on the amplitude of the chattering.
In the case of the humanoid robot TORO, the gravity compensation has to counteract a
weight of 76.4kg (see Chapter 5). In contrast to that, the simplified strategy presented in
this section does not disable the gravity compensation at all (o4 is always set to o4 = 1),
which results in a less “aggressive” behavior of the controller.

Let us revise (6.80) by first adding €¢(veq — vc,q) = 0 and then exploiting the modified
underaction condition (6.65) with Ad;rup Fg,=F3:

sup*

0> (Qeved — (Adayp) 2w vyy) (Ff;pl + Adf, FCpl)

int ~ int
+ (Uc + Qc(Uc,d - 'Uc,d) - (Adsup)qup+vsup) (Ug mgO)
T
= (Qc Ved — (Adsup)qup+vsup) (ngl + Ad?;lt Fcpl + 0y mgO)

int (6.90)
+ (ve — Qe 'Uc,d) (Jg mgg)

T
(QC Ved — (Adsup)quervsup) (Fres ) + (Ve — Qe vea) (04mgg) -
———

sup

~0
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If we assume a sufficient tracking of the CoM and interaction compliances, then the last
term in (6.90) can be neglected. Therefore, it is only necessary to move the setpoints
according to

0 if Pam<0Adld>0

Qe ved = { (Adgp) ¥t vy if Pay <0AdTd <0 (6.91)

(Adsyp) @t vy, if Poy >0
to compensate for the power Pom = ((Adsup)qup+ ’Usup) (Fgffp) which is injected into
the group motion by the active element according to (6.76). Temporarily disabling the
gravity compensation is no longer required, which means that the parameter o, can be
set permanently to oy = 1.

6.4.4 Energy Tanks

The method proposed in Section 6.4.2 ensures the passivity of the closed-loop system
(controller + robot + floor) at every time step the controller is executed. In order to be
less conservative, in [Henze et al., 2018] we proposed extending the control scheme with
energy tanks [Franken et al., 2011], which allows the controller to become active for a
short period of time, as long as the same amount of energy is dissipated afterwards. Note
that the extension is designed for the simplified version of the control strategy given in
Section 6.4.3.

Let us first address the power Pgyr involved in the group motion of the support con-
tacts. Based on the practical experience of Henze et al. [2018] it is recommended to use
six separate energy tanks for every DoF of the group motion to ensure that no activity
of one DoF is canceled or “masked” by the dissipation of another DoF. Of course im-
plementing six separate tanks can make the controller more conservative than necessary.
The energy level Ty i € R of each tank features a lower and an upper bound such that
0 <Tompr <TEx Yk =1...6 holds. If a tank is within these boundaries, the fill level
changes according; to

TGMk: _ (/Bactk +Bdra1n k) Vk=1...6 (692)

with Bécl&’k, ﬁdram *eR representing two power ports. The first one is directly connected
to the active element via Sy = ((Adsup) =0T vgup) , (F sup),, to monitor the injected
energy. If the group motion becomes passive according to the first line of (6.91), then
the port is used to refill the tank. If the level reaches the upper limit T, TGN ks the tank
saturates, which means that the energy drained from the controller is d1581pated In case
the tank reaches the lower limit of zero, the second port Sga™" = (—Q Ved), (Fiun)

sup
opens, which is connected to the setpoints via

ifTGMk>0
if Tovp = 0A BEGE <0 A dydy >0

0
0

act k . (6.93)
( Sup Qsu Usup)k if Tame = 0A Bayi < OAdpde <0

k
sup Quu Usup)k, if TGM,k =0A ﬁécl\t/l > 0.
In other words, the second port drains as much power from the controller as the first
port injects into it, such that the level of the tank does not sink below zero ensuring the
overall passivity of the closed-loop system. Note that the setpoints of the CoM and the
interaction end-effectors are only adjusted according to the second and third line of (6.91)
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if the energy level of the associated tank equals zero. Thus, the initial fill level of the
tanks can be interpreted as a tuning parameter, which specifies how much energy the
controller may inject via ﬁécl\t/[’k before passivity is enforced by opening the second port

5dram * In conclusion, the MCB-PC controller is identical to the MCB version presented
in Section 6.1 as long as the energy tanks are filled. Thus, the energy tanks allow for
full balancing capabilities for a short period of time until they are depleted and the robot
switches to a “passive mode” by adjusting the setpoints.

Analogously, an energy tank Try 1 € R can be defined for each DoF involved in the rela-
tive motion of the support contacts. The saturation limits are given by 0 < Try i < TR k-
If the energy level of the tank is within the boundaries, Ty, changes according to

Trag = (BE5F + g™y WE=1...6 (6.94)
with the first port Bag; k = (Vsup),, (I — (Adg1 )@supt AdSTup)Fggf)) monitoring the active
element. The second port 5dramk = (vrm)g (DEN YRM),, is connected to the variable
damper via

0 if TRM,k >0
(DESwRM ) = {0 if T = 0 By <0

if Trark = 0 A Bai™F > 0.
(6.95)

The first port is permanently connected to the active element, while the second port is

used to drain energy from the controller via the variable damper D}y, . Again, the energy

is dissipated once the tank reaches the upper limit T3y, If the level of Try i reaches
drain,k

(_ (I - Adsup(Adsup)quer) F(S)I}:l);)k

zero, the second port Bgy; ™ opens in order to drain the same amount of power as injected

via BaCt ok

6.4.5 Experimental Evaluation

The performance of the presented MCB-PC control framework for movable and deformable
support surfaces was evaluated in [Henze et al., 2018] using the torque-controlled hu-
manoid robot TORO. A brief description of the robot hardware is given in Chapter 5.
Although the control strategy presented in Section 6.4.2 provides a passivation of the
group and the relative motion of the support contacts, previous experiments revealed
that the group motion shows the biggest influence on passivity, while the relative mo-
tion can be neglected. Thus, the relative compliance (6.67) was permanently disabled for
the presented experiments. Furthermore, the control strategy of the group motion was
implemented on the basis of the simplifications in Section 6.4.3, as previous experiments
revealed a sufficient tracking for the CoM and the interaction compliances.

Verification of the Control Strategy

The first experiment evaluates the effectiveness of the control strategy proposed in Sec-
tion 6.4.3. For this, the robot TORO is placed with the left foot on a rocker board,
which can be flipped manually by a human, as shown in Fig. 6.10a. The right foot of
the robot rests on a pedestal. The algorithm for estimating the state of the base frame
(see Section 5.2) was configured such that the information on the orientation is entirely
provided by the on-board IMU (apu = 1) and the one on the translation by the right
foot (apootR = 1, AFootl, = QHandR = OHandL, = 0). The rocker board can induce a vertical
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(a) Setup of the experiment.
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(b) Motion of the setpoints and the left foot.

Figure 6.10: Comparison of the MCB and the MCB-PC controller for a vertical foot mo-
tion.
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(a) Setup of the experiment.
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(b) Motion of the center of mass and the left foot in relation to the power transfer between
controller and robot.

Figure 6.11: Comparison of the MCB and the MCB-PC controller balancing on a mixed
type of surfaces.
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(a) Setup of the experiment.
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(b) Motion of the CoM and CoP in relation to the level of the energy tanks.

Figure 6.12: Influence of the energy tanks while balancing on a compliant support.
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motion of the left foot, which corresponds to a superposition of a group and a relative
motion.

Fig. 6.10b compares the behavior of the robot using the MCB version of the control
framework (see Section 6.1) with the extension for movable and deformable support sur-
faces (MCB-PC). For both, the rocker board is flipped twice inducing two consecutive up
and down movements of the left foot. As can be seen in Fig. 6.10b, the MCB controller
successfully stabilizes the height of the CoM and the hands above the ground, despite
some minor deviations. However, if we take a look at the energy f g" T dt, which is trans-
fered between the controller and the robot, one can see that the MCB controller injects an
overall amount of 11.4J into the robot during the two motions. Note that the controller
can only store energy in the potentials VX and Vlfli of the Cartesian compliances, as the
relative compliance was permanently disabled. As the control error of the Cartesian com-
pliances is approximately zero before and after the two motions (t = 0s and ¢ = 125s), one
can conclude that the injected energy must originate from the active element (6.76) inside
the MCB controller.

If the experiment is repeated with the MCB-PC approach, Fig. 6.10b shows that the
controller moves the setpoints of the CoM and the hands according to (6.91): During
the first upward motion at ¢t = 22.9s, the active element P, dissipates energy from the
controller. Thus, the MCB-PC controller shows the same behavior as the MCB controller
before by maintaining the height of the CoM and the hands (first line of (6.91)). But during
the following downward motion, P, is about to inject energy into the controller, which is
prevented by lowering the CoM and the hands simultaneously (third line of (6.91)). During
the second upward motion, Pt becomes dissipative again. Thus, the MCB-PC controller
utilizes the power of P, to lift the setpoints back again to their initial height (second line
of (6.91)). It is noteworthy that the setpoints perform a vertical motion of 2.8 cm, which
is exactly half of the amplitude of the left foot. This observation can be explained by
interpreting (Adgyp) @ vy in (6.91) as a weighted mean value of the foot velocities.
As the right foot is not moving, only 50% of the motion of the left foot is mapped to
the CoM and the hands. If we take a look at the energy transfered between controller
and robot f ' T dt, one can see that the MCB-PC controller drains an overall amount
of 37J from the robot. As the control error of the compliances within the controller
are approximately zero before and after the experiment (¢ = 20s and ¢t = 35s), one can
conclude that the drained energy must be dissipated by the controller, which proves the
effectiveness of the proposed MCB-PC control strategy. Note that strictly speaking, the
assumption of a passive floor (see Section 6.4) does not hold in this particular scenario
because of a human flipping the rocker board. However, this inadequacy does not diminish
the main observation of the experiment that the MCB-PC controller drains energy from
the robot and dissipates it to ensure passivity in contrast to the simple MCB approach.

Importance of Passivity Control

The next experiment demonstrates the importance of passivity control. Stramigioli [2015]
recently showed that for every active controller one can find an environment that desta-
bilizes the controller even if the environment is passive. In order to verify this statement,
the robot TORO was placed with the left foot on three layers of gym mats, as shown
in Fig. 6.11a. The right foot was used to estimate the base frame resting on a pedestal
(@FootR = 1, OFootl, = OHandR = OHandl, = 0 in Section 5.2).

If the MCB version of the control framework (see Section 6.1) is used to operate the
robot, the latter exhibits an increasing oscillation, as shown in Fig. 6.11b. The oscillation
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involves the translation of the CoM in z-direction and the orientation of the left foot
about the y-axis of the world frame . As the amplitude keeps increasing up to 2.6 cm
and 10° respectively, the experiment is aborted at ¢ = 20s. The observed instability can
be explained by analyzing the energy transfer between controller and robot [ g rdt. As
can be seen in Fig. 6.11b, the MCB controller periodically injects energy into the robot
and thereby destabilizes it.

Fig. 6.11b also reveals that the energy transfer into the robot is negligible if the robot
is operated using the MCB-PC controller, which features the extension for movable and
deformable ground surfaces. Although there is also a slight oscillation, the amplitude stays
within reasonable limits.

Application of Energy Tanks

This section evaluates the possibility to make the MCB-PC control approach less conser-
vative by using energy tanks, as proposed in Section 6.4.4. For this purpose, the robot
is placed on three layers of gym mats, as shown in Fig. 6.12a. At the beginning of the
experiment, the three energy tanks for the translation of the group motion are at their
maximum level of 3J, 0.2J, and 5 J, respectively. Therefore, the MCB-PC controller ex-
hibits the same balancing behavior as the basic MCB controller in Section 6.1 until the
tank in y-direction reaches zero at t = 5s. After that, the power port ﬁgrl\}[am’y in (6.92)
is opened, which causes the CoM and the CoP to move 1.1 cm to the side. However, the
stance of the robot is wide enough, such that the movement of CoM and CoP does not
compromise balancing. After t = 255, the energy tank in z-direction is depleted as well,
which causes the CoM and the CoP to start drifting to the front. As soon as both reach
the frontal boundary of the support polygon at pp2¥ = = 13 cm, the robot shuts itself down
and falls to the front. 7

In summary, the extended MCB-PC control concept ensures the passivity of the closed-
loop system by moving the setpoints of the CoM and the hands in concert with the ground
floor. However, this can also have negative effects, as the CoM can approach the border
of the support polygon. In the presented experiment, the stance of the robot was wide
enough, such that a motion of the CoM to the side does not pose a problem, in contrast
to the z-direction where the size of the support polygon is rather limited.

6.5 Balancing while Performing High-Force Interaction Tasks
(MCB-ACT)

As shown in Section 6.1.3, the basic version of the whole-body controller (MCB) can
already carry a significant amount of load, such as a 12.2kg box in this case. As can
be seen in Fig. 6.4, the center of mass maintains its location during the lift, while the
center of pressure moves to the front of the feet to counteract the weight of the box. As
a consequence, the length of the feet limits the additional weight that the robot is able
to carry without falling over. In more general terms, the magnitude of the interaction
wrenches, which the robot is able to apply at the environment, is limited by the contact
model (6.13) imposed on the support contacts. In order to overcome this restriction, we
extended the basic MCB controller in [Abi-Farraj et al., 2019] by allowing the controller
to move the CoM automatically, such that the support wrenches F'g,, satisfy the contact
model. For instance, this enables the robot to lean forward in order to push a heavy
object, as demonstrated in Fig. 6.16a. The whole-body control approach presented in this
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Figure 6.13: Overview of the architecture of the MCB-ACT control framework extended
for high-force interaction tasks. The “mix”-block combines both input signals
by selecting the horizontal forces from F? and the rest from FP' + mg,
according to (6.101).

section will be called Multi-Contact Balancer with Automatic CoM Task (MCB-ACT) for
the remainder of the manuscript. A repetition of the experiment where TORO is carrying
a box revealed that the payload can be increased from 12.2 kg to 25 kg, which corresponds
to nearly a third of the robot’s weight (see Fig. 6.15).

6.5.1 Controller Derivation

The MCB-ACT controller presented in [Abi-Farraj et al., 2019] utilizes the polyhedron of
feasible wrenches introduced in Section 3.6 to find an optimal CoM position as a function
of the commanded interaction wrenches Ffftl . Fig. 6.13 offers a more detailed overview of
the control architecture: The polyhedron P (A, b) is used to define a potential Vp(Fiyt, ),
which drives the horizontal translation of the center of mass, such that the robot can utilize
its own weight to counteract the interaction wrenches Ffftl . For instance, this allows
the robot to lean against an object in order to push it, as demonstrated in Fig. 6.16.
The remaining four CoM coordinates are governed by the Cartesian compliance (6.1).
The wrenches generated by the potential Vp(Fin, xc) and by the CoM compliance are
combined and fed to the constrained quadratic optimization problem (6.9) to (6.14) in
order to be distributed to the end-effectors. The mapping of F°P! to the joint torque T
is done via (6.17). The interaction end-effectors are again stabilized by the Cartesian

compliance (6.4) generating F®' In order to handle robots with a redundant kinematics

mt *
or in singular configurations, the framework is also equipped with the null space controller
presented in Section 6.2.
Under the assumption that all contact frames are stationary with respect to the world
frame W, the polyhedron of feasible wrenches P(A,b) is computed using the procedure

depicted in Fig. 3.11. Note that the polyhedron is given in the H-representation leading
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to (3.51). As the resulting support wrench Fio. = Ad;fup F,;, acts on the CoM frame C, it

sup

is shifted to the world frame W via Ad(I,z.)~7 leading to F' |, = Ad(I,x.) T F&

sup, sup*

Consequently, the polyhedron P(A,b) = {F;esp’w PAFGHw < b} describes the set of

U
feasible wrenches acting on the world frame. Note that P(A,b) is constant for a given
contact configuration.
Let the k' face of P(A,b) be given by {Fgffpw al Fapw < br}. Based on the
assumption that the robot starts from a feasible configuration (see Assumption 3.1), one

can define a distance measure d; € R

res bk B af ;isli" w
dk( Sup7W) = ”akH : Z 0 (696)

from the current resulting support wrench Fg 1, (shifted to W) to the k" face of the
polyhedron P(A,b). Note that the distance measure dj is unique and scale invariant,
although there is an infinite number of possibilities to express P(A,b). However, it is
assumed that there are no duplicate faces in P(A,b).

On the other hand, F{, y can be formulated as a function of the CoM position x. by
multiplying the underactuation condition (6.6) with Ad(I,x.)~" to shift it from the CoM
to the world frame W:

Ad(I,z)" " AdL, Fyp = Ad(I,2) " (mgo + FPl 4 AdT, Fcpl)

sup int

sup int * int

Ad(I,z)" T F' = Ad(I,z.)"" <mgo + FP 4 AdT FCpl) (6.97)

Fiin oy = Ad(Lae) T (mgy+ F3) + Adf i3
with Adinw = Adint Ad(I,x.). Note that the potential Vp and the CoM compliance
are designed independently of each other, which is why F! can be neglected in (6.97).
Although a combined design would account for a possible coupling between Vp and the
compliance, it would also be considerably more cumbersome. Let us consider the case
where the z- and y-axis of the world frame W span the horizontal plane, as shown
in Fig. 3.12a. Then the above equation can be simplified by exploiting the structure
of go = (001gol 000)” in combination with @, = (@ce Tey 7c: )T and Definition 3.2:

Fi3 oy = Adl FP 4 Ad(I, )" mg,

sup, int
0
0
| 1 (6.98)
= Adf oy Fif+mlaol | |-
—Zcx
0

Note that the wrench Fg. ,y, is a function of the commanded interaction wrenches Ff:tl

and the CoM position in the horizontal plane of the world frame WW. As the commanded
interaction wrenches Flcftl are prescribed by the task at hand, the only remaining control-
lable variables are ., and @ .

The support contacts can only generate the required wrench F'g,, if and only if dj, > 0 Vk.
In order to enforce this condition, a potential Vp € R can be defined encoding the prox-

imity of the resulting support wrench Fo to the faces of P(A,b). The potential needs

sup
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to be a monotone function that grows to infinity as dj tends to zero. In [Abi-Farraj et al.,
2019], the potential was empirically chosen as

Vp (e, Tey) Z i xmxcy) (6.99)
Due to the convexity of P(A,b), a gradient control law
0 01
0 0
aVP(xcm Tey) al 0 0
FP = —kp ———22"55 — —kpm||go| S A (6.100)
0 (Tew Tey)' z,; di lax] ) |0 —1
1 0
—0 0 -

can be formulated to regulate the center of mass location in the horizontal plane of W
with kp € R denoting a positive tuning parameter. Note that both Ff and ngl in (6.4)
are six-dimensional vectors. But FZ’ is supposed to control the horizontal translation of
the CoM, while F’ gpl covers the remaining DoFs. Therefore, both need to be mixed into

F. = diag(1,1,0,0,0,0) F? — diag(0,0,1,1,1,1)(V V)T - D.vc, (6.101)

which is then fed to the constrained quadratic optimization problem (6.9) to (6.14), as
shown in Fig. 6.13.

6.5.2 Reacting to Contact Transitions

In order to facilitate contact transitions, a humanoid robot must be capable of attaching
and detaching end-effectors to/from the environment. A procedure for swapping end-
effectors between the support and interaction task is discussed in Section 6.7.3. But as
we know from Section 3.6, a change in the contact configuration has a direct influence
on the size and shape of the support polygon Ssp. In order to keep the CoM within the
support polygon during a contact switch, the MCB-ACT controller in Section 6.5.1 can
be adapted as shown in [Abi-Farraj et al., 2019].

Let us consider a contact switch by changing the task assignment according to the pro-
cedure described in Section 6.7.3 without actually moving the respective end-effector.
Furthermore, let us denote the polyhedron of feasible wrenches before and after the
contact switch with Phefore = P(Abeforevbbefore) and Pagter = P(Aaftervbafter)a respec-
tively. The potentials for both polyhedra are analogously given by Vp pefore(Zc,z, Te,y)
and Vp after(%c o, Tc,y) based on (6.99). One can obtain an optimal CoM position for both
polyhedra by solving

before
z .
(xlc)exfore> = argmin Vp,before(xc,xyxc,y) (6102)
ey (Te,w Teyy )T
and
fter
T2 .
<ngfer> = argmin V'P,after(xc,azvxc,y)- (6103)
(Y (Ec,z Te,y )T
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Figure 6.14: The overall support wrench Fglelsp moves from Ppefore 10 Pagrer during a contact
transition.

Note that both optimal positions depend on the interaction wrenches Flcftl , as can be seen
from (6.99) with (6.96) and (6.98). Thus, the optimal CoM positions must be recomputed
online if there is a change of Ffftl i

If the CoM moves quasi-statically from one location (6.102) to another (6.103), the con-
tacts must generate the overall support wrench Fl 1y (¢, Tcy) according to (6.98) in
order to support the weight of the robot. To ensure the feasibility of F{i \y(Zc 2, T y) dur-
ing the transition, both polyhedra Ppesore and Pagrer must overlap, as shown in Fig. 6.14.
However, it is possible that the start and/or the end point of the transition are outside
of the intersection Phefore M Patter- Lherefore, the potentials Vp pefore and Vp afier are not
properly defined during the entire transition, which prohibits a direct interpolation be-
tween Vp pefore and Vp afrer to move the CoM from the optimal position (6.102) to (6.103).
Instead, in [Abi-Farraj et al., 2019] we proposed interpolating between (6.102) and (6.103)
and stabilizing the resulting CoM position with another potential*. Note that the polyhe-
dra Ppefore and Phagrer are convex, but not necessarily the union Ppeore U Pagter- 1 herefore,
a linear interpolation between (6.102) and (6.103) could cause the required overall sup-
port wrench ngi,w(xcwamqy) to leave the union Ppefore U Pafter, which in turn would
lead to the robot falling. In order to prevent that, a via-point (=z¥2 z¥) is introduced
with F;ﬁ;w(mglg, acé”;) € Prefore N Patter (see Fig. 6.14).

In order to drive the center of mass from the optimal position (6.102) to (6.103), one

can define a quadratic potential

. T .
1 x;p;l Tex Izp;l Lex

Vi = — o — ' 2 — ' 6.104

swW 92 { (ﬂflcl’);l Ty xlcli);l Tey ) ( )

which stabilizes the CoM at (2! z*2!)T. The latter is a position that is obtained from

a piecewise linear interpolation starting from the optimal position (6.102) via (¥ z¥i2)

to (6.103). Analogously to (6.101), the wrench to be applied at the center of mass is given

by
8Vvsw (:Uc,m s wc,y)

0 (xw; xc,y) T’

4The interpolation proposed in [Abi-Farraj et al., 2019] is formulated for the overall support wrench, but
is equivalent to the algorithm presented in this section thanks to (6.98).

F}" = _ksw

(6.105)
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which is then mixed with the CoM compliance (6.1) into
F = —diag(1, 1,0,0,0,0) F — diag(0,0,1,1,1,1)(V V)T - Dwe. (6.106)

If we furthermore assume that (6.101) successfully stabilizes the CoM at the optimal
position before the contact transition (zght-Pefore ggpt-before )T, then switching from the con-
troller (6.101) to (6.106) will not cause a discontinuity in the wrench applied at the center
of mass. The same holds for switching back to (6.101) after the interpolation process.

6.5.3 Experimental Evaluation

We evaluated the performance of the presented MCB-ACT control framework, which is
designed for interaction tasks with high forces, in [Abi-Farraj et al., 2019] using the torque-
controlled humanoid robot TORO developed at DLR. A brief description of the robot
hardware is given in Chapter 5.

Balancing while Lifting a Box

This experiment is a repetition of the one presented in Fig. 6.4, where TORO lifts a
heavy box with both hands. Its purpose is to discuss the difference between the basic
MCB controller (see Section 6.1) and the MCB-ACT extension to large interaction forces
(see Section 6.5). As in the previous experiment, the robot TORO balances with both
feet on the ground floor, as shown in Fig. 6.15a. But instead of TORO picking up the box
from a table, it is handed over by a human operator. Furthermore, the weight of the box
was increased from 12.2kg to 25kg, which corresponds to nearly a third of the robot’s
weight of 76.4 kg.

At the beginning and at the end of the experiment, the center of mass coincides with the
center of pressure, as predicted by theory. However, as soon as the box is handed to the
robot (3.3s < t < 6.5s), it induces a static displacement of the hand compliances, which
causes the generated interaction wrenches to rise to fHandr,z + fHandr,» = 262N in total.
In order to counteract the interaction wrench, the MCB-ACT controller moves the CoM
by 10 cm to the back, as shown in Fig. 6.15a to 6.15¢, while the CoP maintains its location
in the center of the feet. Note that the measured and commanded CoP are remarkably
close to each other, which emphasizes the quality of the control concept.

(a) Setup of the experiment.
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(b) Motion of the CoM and the CoP in relation to the hand wrenches.
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(c) Trajectory of the CoM and the CoP relative to the support polygon Ssp (yellow). The
contact areas of the feet Spootr and Sgootr, are given in gray.

Figure 6.15: Lifting a 25kg box handed over by a human: The robot shifts the CoM to
the back to counteract the additional load.

121



6 Whole-Body Control for Multi-Contact Balancing

In contrast to the basic MCB controller (see Section 6.1), the MCB-ACT extension
moves the CoM instead of the CoP, which increases the producible interaction wrenches
significantly. Here, the limitations are no longer given by the size of the support poly-
gon Sgp but by the strength of the arms. Note that in this scenario, the arms of the robot
must be rather stretched to carry this amount of weight to avoid overloading the elbow
joints.

Balancing while Pushing a Table

This experiment shows another application of whole-body control for pushing a heavy
table, which combines balancing, support, and interaction. For this purpose, the robot
TORO stands in front of a table, as shown in Fig. 6.16a, with an additional weight on
top of it. The push is initiated by commanding the setpoints for the hand compliances
by 25cm to the front. Fig. 6.16b shows the hand forces during the push, which reach a
magnitude of 79.5N and 60.8 N. The resulting interaction wrenches are counteracted by
the robot by shifting its CoM by 16.8 cm to the front. In other words, the robot leans
against the table in order to push it. Other than the CoM, the combined CoP of the feet
roughly remains at its initial location in z-direction. Note that the posture of the robot
is asymmetric, which causes the CoM and CoP to move slightly to the side as well.

Fig. 6.16c shows the motion of the CoM x. and the CoP pg,. in relation to the support
polygon Ssp. As can be seen, the CoP roughly stays in the middle of the support polygon.
The CoM moves to the front and even leaves the support polygon to allow the robot to
lean against the table during the push.

Contact Switching

This experiment illustrates the reaction of the robot to contact switches using the algo-
rithm presented in Section 6.5.2. As shown in Fig. 6.17, the humanoid robot TORO is
placed next to a support structure for the right hand. At the beginning of the experiment
(t = 0s), both feet are assigned to the support task, while both hands are operated in
interaction mode. The right arm is slowly stretched until the hand touches the handle of
the support structure. At t = 2.35s, the task assignment of the right hand is changed

\

fHandR,m+D
fHandL,z

S
=

|

(a) Setup of the experiment.
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(c) Trajectory of the CoM and the CoP relative to the support polygon Sgp (yellow). The
contact areas of the feet Spootr and Sgootr, are given in gray.

Figure 6.16: Pushing a heavy table: The robot shifts the CoM to the front in order to lean
against the table.
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from interaction to support, which causes the support polygon Ssp to change as depicted
in Fig. 6.17. As a consequence, the algorithm presented in Section 6.5.2 shifts the center
of mass x. by 6.6 cm to the right in order to reach the new optimal position :I:fi}fter (see
Section 6.5.2). From ¢ = 8.4s to t = 13s, the algorithm prepares the robot to lift the
right foot by shifting the CoM back to the left (z., = 1.5cm). This motion is triggered
by providing the algorithm at ¢ = 8.4 s with the upcoming task assignment specifying the
left foot and the right hand as support contacts. The actual contact switch takes place
at t = 13s. Although the contact configuration at the beginning (FootR + FootL) and at
the end of the experiment (FootL + HandR) are fundamentally different, they lead to a
similar support polygon Sgp as shown at the bottom of Fig. 6.17. Therefore, one could
say that in this particular scenario, the right hand can be used to replace the support of

the right foot.

x [cm]
o
?
C

-15
20 0 -20 0.2 0 -0.2 0.2 0 -0.2

y [cm] y [cm] y [cm]

Figure 6.17: Motion of the CoM in consequence of a contact switch: The top row shows
the contact configuration of the robot (red markers). The row at the bottom
visualizes the contact configuration assumed by the algorithm to determine
the optimal CoM position (yellow: support polygon Ssp; gray: contact areas
SFootR and SFootL)-
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6.6 Interface for Providing Inputs from External Sources

We have demonstrated several times that the framework for whole-body balancing on
multiple contacts can be interfaced with various external components such as algorithms
for path planning [Werner et al., 2016, Sundaram et al., 2018] or input devices for tele-
operation [Abi-Farraj et al., 2019, Porges et al., 2019]. Of course, the variants of the
multi-contact balancer presented in Sections 6.1 to 6.5 require a different interface de-
pending on the provided features and internal architecture. However, the interface for
the multi-contact balancer extended to the tracking case (MCB+, see Section 6.3) can be
considered as the most general one.

The interface for the MCB+ controller is given in Table 6.2: It expects a desired trajec-
tory for the CoM and the interaction end-effectors consisting of a desired setpoint (position
and orientation), velocity, and acceleration. The desired configuration of the robot can be
provided to the null space controller detailed in Section 6.2 via the vector of desired joint
angles g,4. If there is no information available on the desired configuration in joint space,
g, can also be set to the initial configuration, although this can reduce the performance of
the robot, as g; might not match the setpoints for the Cartesian compliances. In order to
adjust the controller to the task at hand, the compliances can be parameterized via their
respective stiffness and damping matrices (see Table 6.2 and Chapter 4). For example, if
the robot is supposed to pick up a sphere from a table, they should be chosen rather high
to provide a sufficient accuracy of the hand position. In contrast, the rotational stiffness
can be lowered, as the grasp orientation is irrelevant for this particular scenario.

The constrained quadratic optimization problem expects the vector Fglif), which specifies
a default wrench distribution for the support contacts. It can be used in combination with
the weighting matrix Q,, to shift the load between the support end-effectors. Ideally,
F S{fé is also provided by an external planning algorithm, but it can also be set manually if
there is no input source available. The latter might slightly decrease the performance of the
robot in some situations but will not compromise the overall functionality. Besides Qg,p,,
the cQP also requires the parameters A; and b; describing the model of each support
contact. If the contact properties change over time, for example, due to locomotion, the
contact model must be repetitively updated by the external planning tool.

Table 6.2: Parameters and input signals of the MCB+ controller.

Module Input Parameter ‘ Comment
CoM compliance Zcd, Rea Kans Kot pf

Int. compliances Zid, Rig Kirans Kot Dl |V abgyp < i < 4
Feedforward terms Ved, Ved Vi, Uj Vthgup <@ <
Null space controller | g4

cQP FSSIE qup? A, b V1<i< Qpsup

6.7 Implementation
This section presents and discusses several aspects of the constrained quadratic optimiza-

tion (6.9) to (6.14) and (6.44) to (6.49), which facilitate a simple but efficient implemen-
tation. For instance, Section 6.7.1 proposes a method for increasing the robustness of

125



6 Whole-Body Control for Multi-Contact Balancing

Fopt

sup

slippage slippage Fi..lf]])

Figure 6.18: Influence of a Cartesian compliance at the support contact on the wrench

distribution. Left: Wrench distribution without compliance. Right: Wrench
distribution with compliance.

the support contacts. Section 6.7.2 discusses the advantages of formulating the optimiza-
tion problem using soft constraints regarding the computational effort and the possibility
to adjust the task assignment online. A procedure for changing the task assignment is
presented in Section 6.7.3.

6.7.1 Increasing the Robustness of the Supporting Contacts

Assumption 3.2 states that the support end-effectors do not move relative to their respec-
tive contact area S; to simplify the discussion on the controller properties. However, the
possibility that the support end-effectors unintentionally lose contact can never be entirely
ruled out in practice. One of the reasons can be uncertainties in the contact model or the
fact that the contact model is invoked on the commanded instead of the actual contact
wrenches. Consequently, there are situations in which F‘;’jg can deviate from Fg,p, as
discussed in Sections 6.1.2 and 6.3.2.

In order to increase the robustness of the contacts, in [Henze et al., 2016b] we proposed
subjecting not only the interaction end-effectors but also the support end-effectors to a
Cartesian compliance, which can be achieved by modifying (6.11) or (6.46) according to

Ssup = Faup — (Foo, + FRL). (6.107)

The wrench F‘S:EIID € RO%sw is computed analogously to (6.4) and superimposed with
the default wrench distribution F;lfflg € RO%sw. As discussed in Remark 6.1, the vector
(F Sﬁ; +F gg},) serves as a regularization term, which influences the wrench distribution in
the null space of the contact map Adzup. An example of the effect is shown in Fig. 6.18:
Let us consider the case in which the robot uses both legs as support end-effectors. Fur-
thermore, let the left foot be slipping over the ground floor due to an uncertainty in the
contact model. In other words, the commanded wrench Fg,, overloads the left contact
causing the latter to move. The compliance issues a wrench Fgﬁ; to counteract the result-
ing control error. As Fgﬁé functions as a regularization term, it causes the optimization
to shift some of the load from the left to the right foot. This means that the compliance
reduces the load on the left foot to prevent it from slipping any further. Of course, this
method is only applicable if the remaining contacts (here the right foot) can take over the

additional load.
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Note that the described method is not able to stabilize the contact if the connection with
the floor is completely lost and the end-effector is in midair. However, from an empirical
point of view, it has proven itself to increase the robustness against lift-off, slipping, and
tilting, especially in challenging situations such as stair climbing (see e.g. [Werner et al.,
2016]). The stabilizing effect of the compliance also increases the robustness during contact
transitions.

6.7.2 Formulation of the Constrained Quadratic Optimization

Formulating the contained quadratic optimization (cQP) for solving the wrench distribu-
tion problem given in (6.9) to (6.14) or in (6.44) to (6.49) features several advantages
regarding the implementation:

If the optimization problem is formulated such that it only comprises the support end-
effectors, then the size of the cQP would change at every contact transition. However,
incorporating the interaction task via the soft constraint (6.12) or (6.47) creates an opti-
mization problem of constant size. In particular, the cQP comprises 6(¢sup + Yint) = 69
optimization variables, which is determined by the overall number of end-effectors 1. Be-
sides this, the notion in this work assumes a certain numbering of the end-effectors for
reasons of simplicity, such that the first 1), end-effectors are assigned to the support task
and the remaining ¢, to the interaction task (see Section 3.2.1). Therefore, a change
in the task assignment would require a reordering of the end-effectors, which is rather
cumbersome to implement. However, introducing the interaction task via the soft con-
straint (6.12) or (6.47) allows for a formulation of the optimization problem using a fixed
(task independent) numbering of the end-effectors. Thus, the task assignment of the end-
effectors can be swapped easily between the support and the interaction task without
causing any structural changes to the cQP. The latter is important to enable an attaching
and detaching of the end-effectors from the environment to facilitate contact transitions.
This effect becomes visible if the optimization (6.9) to (6.14) or (6.44) to (6.49) is expressed
in a more general form

1 1
F°P' — argmin ( =62 Q 0. + =67 Qd (6.108)
7\ 2 2
minimizing the residua
d.=Ad' F —mg, — F®' — Fg (6.109)
d = F — (Ft 4 perly (6.110)

with respect to the inequality constraints

AF; <b; Vi=1...4¢ (6.111)
B,F < 7™ (6.112)

The residuum 8 € R comprises all end-effectors of the robot based on a fixed numbering.
In order to specify the assignment of a particular end-effector, the corresponding values
within the weighting matrix Q@ € R6¥*%% must be set either to the values of the support
or the interaction task. The vector of default wrenches F9¢f € R6% can be used to specify
the default wrench distribution for the support contacts or a feedforward wrench for the
interaction end-effectors, respectively. The compliance wrench FP' € RS comprises the
Cartesian compliances for the interaction task (6.4) as well as the ones in Section 6.7.1 for
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6 Whole-Body Control for Multi-Contact Balancing
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Figure 6.19: Procedure for switching contacts.

increasing the robustness of the support contacts. The contact model (6.111) is computed
for all end-effectors (i = 1...1)) although it is rendered ineffective for the interaction task
by setting the respective vector to b; — oo (or an unrealistic high value). In summary,
the above formulation features the same functionality as (6.9) to (6.14) or (6.44) to (6.49).
However, a change in the task assignment does not require any structural changes of the
cQP. Instead, the formulation allows for an online adaptation of the task assignment by
modifying the parameters of the cQP. An algorithm for updating the task assignment to
switch contacts is presented in Section 6.7.3.

Another advantage of formulating (6.109) and (6.110) as soft constraints instead of
hard constraints is a reduction of computation time. In Henze et al. [2016b], we were able
to reduce the computation time by 30% using ¢gpOASES (version 2.0) by Ferreau et al.
[2008, 2014] to solve the cQP on the real-time computer of the humanoid robot TORO
(see Chapter 5).

6.7.3 Procedure for Contact Transition

As already mentioned in Section 6.7.2, the task assignment can be changed by modifying
the parameters of the constrained quadratic optimization problem (6.108) to (6.112). But,
as the support and the interaction task require a different wrench at the end-effector, an
instantaneous update of the parameters would result in a jump of the joint torques T,
which is undesirable from a hardware perspective. In order to obtain a smooth transi-
tion, Fig. 6.19 sketches an algorithm for the continuous fading of the parameters of the
optimization problem.
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6.7 Implementation

For instance, let us consider the case that the i*" end-effector is transfered from the inter-
action to the support task. As a first step, the corresponding default wrench F' ?ef € RS is
interpolated from F3f =0 to F%f = (00 fmr o000 )T in order to respect the unilaterality
of the contact (see Section 3.4). As a result, the end-effector is pressed against the envi-
ronment thanks to the minimum perpendicular force finzi“ > 0. As F?ef is superimposed

with the compliance wrench Ffpl € RS according to (6.110), the end-effector is stabilized
until the default wrench has reached Z?f;in. After that, the contact model (6.111) can be
activated instantaneously by setting b; from b; = 0o to the value specified by Section 3.4.
If we assume that the compliance Ffpl only shows a minimal control error, activating the
contact model on the end-effector wrench F;-)pt will only cause an insignificant discontinuity
in F?pt. The third step is used to continuously lower the task weight Q,; € R6%% from the
values for the interaction task to the ones for the support task (see Table 6.1), which allows
for an increasing deviation of the end-effector wrench F* from Ff = (00 fm» 000 )7
As a last step, the F$! is continuously ramped from F$¢f = (00 = 000)7 to the desired
wrench distribution for the support task. As the default wrench F?ef is superimposed
with the Cartesian compliance F';” 1, the end-effector is stabilized during all phases of the
transition leading to an increased robustness.
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CHAPTER [

Combining Multi-Contact Balancing with
Hierarchical Whole-Body Control

Dietrich [2016] developed a framework for hierarchical multi-objective control of wheeled
humanoid robots. A representative of this class of robots is the humanoid robot Rollin’
Justin developed by DLR [Borst et al., 2009], which consists of a moving platform with
an upper body on top, as shown in Fig. 7.1a. The upper body comprises 17 DoF's not
counting the hands and the neck. The platform is governed by an underlying velocity
controller, which provides a torque interface for controlling the Cartesian motion of the
base (two translational and one rotational DoF's). This abstraction results in a formulation
of the system dynamics, which shows the same structure as a fixed base robot, although
strictly speaking Rollin’ Justin features a moving base. Considering the three DoF's of the
platform and the 17 DoF's of the upper body creates a highly redundant serial kinematic
chain. In order to deal with the kinematic redundancy, the framework by Dietrich [2016]
allows for the definition of a stack of multiple control objectives for the upper body,
such as the Cartesian end-effector pose, the pose in joint space, or singularity avoidance.
Often the control objectives or control tasks comprise more DoFs than the robot, which
is resolved by assigning a priority level to each control objective resulting in a hierarchical
task execution.

The humanoid robot TORO (see Chapter 5) was developed to conduct research on
the field of balancing and locomotion, which requires a floating base description of the
robot. If the robot is balancing on multiple contacts, the supporting limbs form a closed
kinematic chain, as shown in Fig. 7.1b. The resulting redundancy in the space of the
contact wrenches is also known as the wrench distribution problem, as introduced in
Section 3.3. The control framework presented in Chapter 6 allows for the solving of the
WDP via a constrained quadratic optimization. The latter features a hierarchy as well;
but the objectives are defined in wrench space, which affects the task execution in the case
of problems with the contact model or the actuator constraints. A comparison of both
approaches is given in Table 7.1.

Both control approaches are combined in [Henze et al., 2016a] into a unified framework,
which handles serial as well as closed kinematic chains (see Fig. 7.1c). The framework
features two hierarchies of different types: The first one addresses the serial kinemat-
ics by defining multiple control objectives. The objectives are prioritized via null space
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7 Combining Multi-Contact Balancing with Hierarchical Whole-Body Control

(a) Humanoid robot Rollin’ Justin featur- (b) Humanoid robot TORO featuring a
ing a serial kinematic chain originating closed kinematic chain due to multi-
from a fixed base. ple contacts.

Priority Level
—
=
D
=
o
a
=
o
=

Support
(WDP)

(¢) Combining multi-objective control with multi-contact balancing.

Figure 7.1: Basic concept of the presented framework.

Table 7.1: Overview of both control frameworks.

Multi-objective control Multi-contact control
[Dietrich, 2016] (Chapter 6)
Purpose multiple control objectives | balancing on multiple contacts
Target of hierarchy serial kinematics closed kinematic chain
Type of robot fixed base floating base
Implementation null space projectors numerical optimization
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7.1 Multi-Objective Control for Fixed Base Robots

projectors, which can be computed analytically. To incorporate the inequality constraints
describing the contact model and the actuator limits, the cQP is solved numerically. Thus,
the combined framework minimizes the computational effort by reducing the usage of nu-
merical methods. The combined framework will be called Hierarchical Multi-Contact
Balancing controller (HMCB) for the remainder of the manuscript.

Combining the multi-contact balancing controller presented in Chapter 6 with hierar-
chical multi-objective control adds two more features to the abilities of the robot:

1. The combined framework implements a dynamic decoupling of the tasks [Henze et al.,
2016a], such that low priority tasks do not disturb tasks with a high priority level.
For instance, this feature can be beneficial if the robot carries a glass of water while
performing a motion with the CoM while walking.

2. Furthermore, the combined framework allows for the employment of humanoid robots
in confined spaces, where the available space limits the motion capabilities of the
rather bulky limbs. For this reason, the robot should be able to support itself with
contacts scattered all over the body instead of relying only on the feet and the hands.
Adding possible contact points to the knees, elbows, the pelvis, or the backpack pro-
vides the robot with an enhanced support polygon and therefore with a more robust
stance for performing the interaction task. The challenge of balancing in confined
spaces arises from the additional contacts, which constrain the motion of the robot to
a submanifold of the contact constraint. The information on the contact constraints
is incorporated into the controller by projecting all other tasks onto the null space of
the Jacobian matrix describing the support task, which in turn enables the support
task to provide a suitable set of contact wrenches [Henze et al., 2017]. For instance,
another projection technique for two priority levels is presented in [Aghili and Su,
2016], which leads to similar results.

This chapter is structured as follows: Section 7.1 revisits the approach presented in
[Dietrich, 2016, Dietrich et al., 2018] for multi-objective control of robots with a fixed
base. The latter is combined in Section 7.2 with the framework for multi-contact balancing
presented in Chapter 6. Section 7.3 presents the application to confined spaces.

7.1 Multi-Objective Control for Fixed Base Robots

This section gives a brief introduction to the framework presented in [Dietrich, 2016,
Dietrich et al., 2018] for hierarchical multi-objective control of fixed base robots. Based
on n € N joint angles, the dynamics of a robot with a fixed base is given by

MQ+GQ+QZ\7;_,+%ext (71)

u

with M € R™ " denoting the inertia and C € R"*" the Coriolis/centrifugal matrix. Note
that M — 2C is a skew-symmetric matrix [Ott, 2008], which is strongly related to the
passivity properties of the robot. The influence of gravity is considered by g € R™. The
joint torques generated by the actuators are denoted by 7 € R"™, while the generalized
external forces are given by Text € R™. In preparation of the next section, w = 7 is
defined as a virtual control input.

The framework can handle an arbitrary number of » € N tasks or control objectives.
Each one of them is characterized by a set of task coordinates ®iask, = fiask, (@) € R™*
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V1l < k < r, which are a function of ¢ and show a task dimension of m; € N. In
total, the tasks can feature more DoFs than the robot (Y, _; my > n), which requires a
prioritization of the tasks or control objectives. The notation in [Dietrich, 2016] is chosen
such that k = 1 represents the task with the highest and k£ = r the task with the lowest
priority level. Each task outputs a desired control action in the form of a generalized task
wrench F‘g;glkk (g,q) € R™ which can be used to implement various functionalities, such
as a joint compliance, a Cartesian compliance, or a repulsive potential field for singularity

avoidance. The associated task velocities are given by
Vtask, — dztaskk = Jtask;C q Vi<k<r (72)

with the task Jacobian matrix Jiask, = 0fas, (2)/0q.

The basic idea of the hierarchy is that a task at priority level k may disturb all lower
priority tasks (k+ 1...7) but not the tasks with a higher level (1...%k — 1). Thus, task k
must be executed in the null space of the Jacobian matrices of the tasks 1...(k—1), which
can be formalized via

T
J?;Sgkk_l Ztaskk = 0 \v/2 S k/ S r. (73)
Here, J ?;Sgk represents the so-called “augmented Jacobian matrix”
k—1
Jtask1
aug o .
Jtaskk_l - : ) (74)
Jtaskk,l

which gathers the Jacobian matrices of the tasks 1 to £ — 1. Note that the augmented
Jacobian of the last task level Jtagsgkr is assumed to be of full column-rank, such that
the sum of all tasks covers the whole workspace of the robot [Dietrich et al., 2018]. The
matrix Ziagk, € R™*™ in (7.3) represents a full row-rank “null space base matrix”,
which spans the null space of J ?:sgkk_l (see [Dietrich, 2016] for details on the computation
of Ziask, )-

For each task, the set of task velocities viask, corresponds to a subset of the joint
velocities q. The subsets of two or more tasks can overlap with each other if the sum of
the task dimensionalities exceeds the number of joints (> ;_; mi > n). In other words,
there can be kinematic conflicts between two or more tasks. In order to remedy this
overlap, Dietrich [2016] introduced the concept of local null space velocities

'lu)taskk = Jtaskk q v1 S k S r, (75)
which span a subspace of the original task velocities visk,. The mapping

Jhask if k=1
N (7.6)

T, = ) y
taskg (ZtaSkkMZZ;skk> ZtaskkM lf 2 g ]{,’ S r

provides a dynamically consistent null space projection according to [Dietrich, 2016]. As

< task
task k = 1 is not restricted by any other task, J fs equals J tlaSk. Note that the “hierarchy-
consistent Jacobian matrix” J € R™*" in

Viask; Jtaslq

[o{¢

Il

Il

e
Q

Il

q (7.7)

Vtask, J task,
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is of full rank, which means that the vector ¥ € R™ describes the full velocity state of the
robot. According to [Dietrich, 2016], the inverse is given by

g1 N
J = [Jtasi_l Zg;,skz s Zg;skr] (78)
with .
- . 1 _ _
Jt{\adsi(i_l = M Jg;skl <JtaSk1 M J;;Z;skl) (79)

denoting the dynamically consistent pseudo-inverse of Jy,sk, -
In order to implement the task hierarchy, [Dietrich, 2016] proposes the following control
law:

T

~ o~ =~ T T ctrl

u=g+Tut § :Jtaskk ZtaSkk JtaskkFtaskk
k=1

T

~ ~ T ctrl

g+ T+ E NtaSkk Jtaskk Ftaskk‘
k=1

(7.10)

The task torques are first mapped to joint space via the transpose of Jy,q, and then via
the null space projector

N =1 —J%, JMET va<k <y (7.11)

augy_1 - augg_q

to the control input w. The vector 7, € R" is used to cancel out several coupling terms
within the Coriolis/centrifugal matrix C (see [Dietrich, 2016] for details). If the motion
of the robot is sufficiently slow, 7, may also be omitted.

Inserting the control law (7.10) with (7.7) into the model of the fixed base robot (7.1)
yields to the closed-loop dynamics:

v o 1
AL 0 .0 G, 0 ... 0 F§T££k1 .
v Cclr
I E T IR P et e
0 o ... AT 0O 0 ... a, ZLiask,J z;sk,,. F Eﬁilk,
i I

(7.12)
Note that (7.12) indicates a decoupled behavior of the tasks due to the block-diagonal
structure of the transformed inertia A and Coriolis matrix ft. As the local velocities Diask,
depend on J ?;lsgkk_l, the velocities of a task can be disturbed by task velocities with a higher
priority level, but not vice versa. The equilibrium of the closed-loop dynamics (7.12) is
asymptotically stable, as shown in [Dietrich, 2016] by means of conditional stability. The
experiments presented in [Dietrich, 2016] suggest that the closed-loop system exhibits a
cascaded convergence starting with the convergence of the task on priority level k£ = 1,
followed by level k = 2, through to priority level k = r.
Another interesting aspect of (7.12) is the influence of external forces. If all external

~ . v =T _
forces Text act solely on the task coordinates, then J =~ Ty becomes

M+T 4T M+T 4T
I Jtaskl J%askg s Jtask1 JjgaskT
e =T . v =T au, T & 0 Ztasszt k Ztasngt k. ~ ext
J Text = J (Jtasgk,«) FeXt = . . e . . sk Ftask (713)
T
0 0 “ e ZtaskT JtaSk»,«
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~ext

with F, g € RXk=1™%_ It can be verified that J - (J ?;Sgkr)T represents an upper triangu-
lar matrix, which implies that the external forces of task k can disturb tasks with a higher
priority level. This coupling is contrary to the actual task hierarchy, but a direct conse-
quence of the dynamic decoupling. Hypothetically speaking, this effect can be remedied
by explicitly measuring the external forces Ff;(:k and compensating for the coupling. But
this would cause the well-known problems regarding causality and additional measurement
noise. The effect of this coupling on the closed-loop system is studied in Section 7.2.3 in

the form of an experiment with the humanoid robot TORO.

7.2 Transfer to Robots with a Floating Base (HMCB)

The hierarchical control framework by Dietrich [2016] is combined in [Henze et al., 2016a)]
with the approach for multi-contact balancing (MCB) presented in Section 6.1. A schematic
overview of the resulting HMCB controller is given in Fig. 7.2. The combined framework
(HMCB) can comprise an arbitrary number of user-defined tasks, although there are two
restrictions that are mandatory for balancing: The hierarchy must contain a task

o for stabilizing the center of mass and
e for generating suitable contact wrenches F,, to support the robot.

It is important that the support task is located at the highest priority level, such that
no other task can interfere with the generation of the necessary overall support wrench
Fap = AdgllD F,p,. Table 7.2 presents three examples for potential task hierarchies. The
respective task wrenches and task Jacobian matrices are defined in Table 7.3. The variants
“CoM over Int” and “Int over CoM” were studied in [Henze et al., 2016a] regarding the
dynamic decoupling of the tasks. Another variant was proposed in [Henze et al., 2017] to
operate the robot in confined spaces (see Section 7.3). As detailed in Section 7.2.2, the
last column of Table 7.3 provides a hierarchy that is equivalent to the control approach

presented in Chapter 6 for multi-contact balancing.

7.2.1 Controller Derivation

Let us recall (3.20), which describes the dynamic model of a humanoid robot featuring a
floating base. Applying (7.10) to the dynamics (3.20) results in the control law

0 '
w= (D) = it g+ T Fan) + 3 Ny T, Fit,

k=2
—Fsup
F (7.14)
B - 7 T taskso .
=Tyu +g+ [Jsup Ntaskg Jtask2 t NtaSkT JtaSkT] .
= ctrl
F tasky,
Fctrl

task

with Jiask, = Jsup representing the task Jacobian matrix of the support task at prior-
ity level & = 1. The negative sign in front of F,, accounts for the definition of con-
tact wrenches, as explained in Section 6.1.1. The Jacobian matrices of the other tasks
can be chosen according to Table 7.2, for instance. The CoM task listed in Table 7.3
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Figure 7.2: Overview of the architecture of the HMCB control framework.

Table 7.2: Exemplary task hierarchies for whole-body balancing [Henze et al., 2016a,b,

2017).
Priority | “CoM over Int” | “Int over CoM” | Confined Spaces Multi-Contact
level (HMCB) (HMCB) (HMCB) Balancing (MCB)
1 Support Support Support Sup. + CoM + Int.
2 CoM Interaction CoM + Int. “Posture”
3 Interaction CoM Posture —
4 Posture Posture - —

Table 7.3: Definition of the task Jacobian matrices and the task wrenches for the tasks

listed in Table 7.2.

‘ Support ‘ CoM ‘ Interaction ‘ CoM + Int. ‘ Sup. + CoM + Int. | Posture

Jtask;C

Fctrl

tasky

Jsup Je

cpl
—Fyyp F

J int

cpl
Fint <

J Jsup
c
|:J t:| Jc Jpose
in
Jint
Fcpl _Fsup
c Fcpl TCpl
Fcpl c | pose
int cp
Fint
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features a compliance F! according to (6.1). The associated task Jacobian is given
by J. = [Isxs Osxn | mapping ngl to the CoM coordinates. The posture task comprises

a joint compliance T;%lse according to (6.33) to stabilize the posture of the robot in joint
space. The corresponding task Jacobian matrix is given by Jpose = [Onx6 Inxn]. Note

that the presented framework features a generic method to define the tasks, which al-
lows for an arbitrary location of the frames of the support and interaction task on the
body of the robot (knees, elbows, shoulders etc.). The mapping between the stacked

task wrenches F& € RZk=1"% and the virtual control input w is provided by the ma-

trix B € RO+ > iy e,
Analogously to (6.8), the control law (7.14) can be partitioned into the CoM and the
joint coordinates according to

0 o Tu7u mgo Eu ctrl
O-()-(e)lm o

with 7, € RS, Tpl €R" and E, € ROXZk—1mk =, € R Xk=1™%_In order to account
for the underactuation of the base, the support wrenches F,, in Fg;glk must be chosen
such that

0 =Ty +mgy+ E, FO (7.16)

holds at all times. Thus, (7.16) can be regarded as the underactuation condition for the
hierarchical case analogously to (6.6).

As introduced in Section 3.3, the support task comprises the wrench distribution prob-
lem since the contact map Adilp € R6*6%swp within &, is subjective but not injective for
more than one contact (mgeyp > 6). Therefore, the controller can select Flg,p, analogously
to Chapter 6 from a set of feasible solutions to generate the required overall wrench F
at the center of mass. This redundancy in the space of the contact wrenches Fg,, can be

resolved by computing the following constrained quadratic optimization problem (cQP):

(1 1o
FS;)Stk = argmin (25$stup55up + 5 Z 6Z;Skk Qask, 5taskk> (7.17)
k=2

Ftask

minimizing the residua

6sup = Fsup - nglf) (718)
5taskk = Iptask;c - Fg;;{{k Vk=2...r (719)

with respect to the underactuation condition (7.16) and the inequality constraints

AF; <b; Vi=1.. up (7.20)
B,F < 7, (7.21)

The residua within the cost function (7.17) are weighted with the symmetric and positive
semi-definite matrices Qg € ROVsupX6%sup and Qg , € R™* ™k The first residuum (7.18)

regularizes the contact wrenches Fg,, to a default wrench distribution Fg{flf) € Rsup,

which is ideally provided by an external planning algorithm as part of the reference tra-

jectory. If there is no trajectory available, then Fgfj; can also be set manually to shift
ctrl

tasky

in the control law (7.14) with F< = F,g,. The inequality constraint (7.20) ensures

Ctrlk
that all contact wrenches F,;, satisfy the contact model detailed in Section 3.4. A model

the load between the support contacts. The remaining residua (7.19) substitute F'
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of the actuators is given by (7.21) limiting the maximum joint torque to 7™ € R”"
using B, € R™Y |

The presented HMCB approach implements two different hierarchies: The first one
addresses the serial kinematic chain of the robot by prioritizing multiple control objectives
using null space projectors. As shown in Sections 7.2.3 and 7.3, this feature can be used
to achieve a dynamic decoupling of the tasks as well as to resolve kinematic conflicts, as
they occur, for example, in overconstrained contact configurations. The second hierarchy
originates from the wrench distribution problem of the support task dealing with the closed
kinematic chain. The employed optimization tries to keep the support wrenches Flgy,
as close as possible to ngf) by minimizing (7.18). But the optimization also comprises
the residua of the remaining tasks (7.19). The values within Qy,q., to Q. must be
chosen significantly higher than the ones in Q,, such that the residua (7.19) are always
sufficiently fulfilled unless they are in conflict with the contact model (7.20) or the actuator
limitations (7.20). In that case, the weighting matrices Qy.q, t0 Qa5 specify which
tasks will be sacrificed first in order to allow the controller to generate the required overall
support wrench Fg, nevertheless. In summary, the presented framework combines the
two hierarchies from Chapter 6 and [Dietrich, 2016]. The one responsible for the serial
kinematics is resolved via null space projectors, which is a rather efficient method in terms
of computational effort. The hierarchy addressing the closed kinematic chain involves a
numeric optimization in order to deal with the inequality constraints of the contact and
the actuator model. Thus, the computational effort is minimized by reducing the usage
of numerical methods. For the remainder of this work, we make the following assumption
to simplify the discussion of the controller properties:

Assumption 7.1 (Fulfillment of &,k ~ 0 V2 < k < 7). The residua of the cQP are
always sufficiently fulfilled, such that diqs, ~ 0 V2 < k <1 holds.

After the task wrenches F;’;’;k are computed via the constrained quadratic optimization
using the upper part of the control law (7.14), the lower part is exploited to compute the
control torques via

T="Tul + 5 F(t);stk' (7.22)
Inserting the controller (7.15) into the model (3.20) yields the closed-loop dynamics
Dsup Vsup _gsup trl
X Diasks i UtafSkQ N ZiaskyJ ta‘mstF fasks _ j_TText (7.23)
Diask, Dtask, ZLiask, J g;,skr F fgglkT

according to (7.12). If we consider the static case under the assumption that all external
loads Tyt exclusively act on the task wrenches, then (7.23) becomes

M+,T T M+,T 7T ext
7551113 - I Jsup Jjgaskg cee Jsup J%askr Fs%p
ctr ex
ZtaSk2 Jtaskg Ftaskg - 0 Ztaskg Jtaskg s Zta5k2 Jtaskr Ftaskg

T ctrl T ext
ZtaskT Jtaskr Ftask,« 0 0 s ZtaSkr Jtaskr Ftaskr

based on (7.13). Note that (7.23) and (7.24) only hold if the soft constraints (7.19) are
exactly fulfilled as demanded by Assumption 7.1. An analysis of the case where the
soft constraints are not exactly fulfilled would be considerably more cumbersome. In
this case, the constraints will affect the quality of the task fulfillment according to their
corresponding weights Q,q, leading to a different closed-loop dynamics.
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7.2.2 Link to the MCB Control Approach for Multi-Contact Balancing

The MCB control scheme, which is presented in Section 6.1 for whole-body balancing on
multiple contacts, can be considered a special case of the hierarchical balancing controller
(HMCB) introduced in Section 7.2. As shown in Table 7.2, the MCB controller can be
replicated by combining the CoM, the support, and the interaction task together at priority
level kK = 1. This is possible because the MCB controller assumes that the frames of the
support and interaction tasks are solely located at the end-effectors. Thus, there are no
kinematic conflicts between the CoM, the support, and the interaction task if the robot is
in a non-singular configuration, which facilitates a kinematic coexistence of all Cartesian
tasks.

The task at level & = 2 is given by the joint compliance TE%lse according to (6.33) in
order to stabilize the posture of the robot in joint space. But instead of using

T

Jsup _FSup
u=7,+g+ | Jc ngi + Npose Jgose nglse (Section 7.2) (7.25)
Jint Fcp

int
according to (7.14), the MCB-controller from Section 6.1 employs

Jsup g _Fsup
u=g+ | J. FP |+ g0 Nl (Section 6.1) (7.26)
Jint Ffrlftl
based on (6.8) and (6.31). As can be seen, the MCB-approach does not feature the
generalized torque 7, for canceling several coupling terms within the Coriolis/centrifugal
matrix C. Thus, the MCB controller does not offer a dynamic decoupling between task
level kK =1 and k = 2. Furthermore, the mapping of the posture task T;%lse to the virtual
control input w is different: Despite the order of the task Jacobian matrix and the null
space projector, the MCB controller uses

T M 4q+,T
o Jsup Jsup @
Nya =1 |:Jint:| |:Jint:| (727)
according to (6.31), instead of
Jsup g Jsup Mo+
Npgse =1 — | J¢ Je (7.28)
Jint Jint

according to (7.14).

In summary, the MCB control approach presented in Section 6.1 can be considered a
special case of the hierarchical framework (HMCB) presented in Section 7.2, where the
tasks of priority level £ = 1 are defined such that they can coexist. The main difference
lies in the posture task at priority level & = 2. Although the hierarchical framework
(HMCB) provides more features, several experiments revealed that the MCB controller
is slightly more robust, especially in extreme and difficult situations [Henze et al., 2019,
Werner et al., 2016].
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7.2 Transfer to Robots with a Floating Base (HMCB)

7.2.3 Experimental Evaluation

The performance of the combined control framework (HMCB) was tested in [Henze et al.,
2016a] using the torque-controlled humanoid robot TORO developed at DLR. A brief
description of the robot hardware is given in Chapter 5. The evaluation is based on
two exemplary hierarchies, which are listed as “CoM over Int” and “Int over CoM” in
Table 7.2. Both hierarchies consist of four priority levels comprising a task for support,
CoM, interaction, and the pose in joint space. The difference between both is that the
priority of the CoM and the interaction task is swapped. The hierarchy “Int over CoM”
can be motivated with a scenario in which a humanoid robot is supposed to walk while
carrying an object, such as a glass of water. In order to prevent the motion of the CoM
from dynamically affecting the interaction task, the latter is assigned to a higher priority
level (k = 2) than the CoM task (k = 3). The other hierarchy “CoM over Int” is motivated
by scenarios that require a high accuracy of the CoM task, for instance, when the robot
is supposed to traverse a narrow bridge without falling. Therefore, the CoM task is
given a higher priority (k = 2) than the interaction task at priority level k& = 3. The
MCB control framework for multi-contact balancing (see Section 6.1) serves as a reference
for the evaluation.

Dynamic Decoupling

Two pairs of simulation and experiment were conducted in [Henze et al., 2016a] to verify
the dynamic decoupling offered by the HMCB approach. The setup for the simulations
and the experiments is shown in Fig. 7.3a and 7.3b. The first pair implements a motion of
the CoM to study the effect on the interaction task represented by the hands. According
to theory, the hierarchical approach using the task order “Int over CoM” should prevent
the interaction task from being disturbed by a motion of the CoM. In contrast to that, the
hierarchy “CoM over Int” as well as the MCB approach (see Section 6.1) should exhibit
a coupling from the CoM onto the interaction task. For evaluation, a simulation was
conducted in which a vertical step of 5 cm is commanded for the desired CoM position. As
can be seen in Fig. 7.3c, the hierarchical controller “Int over CoM” shows, as expected, a

(a) Setup of the simulation: Jump in the (b) Setup of the experiment: Trajectory of

CoM position (orange) and jump in the the CoM orientation (orange) and tra-
hand positions (green). jectory of the hand positions (green).
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(d) Simulation of the response to a step in the desired hand positions, evaluated at the CoM
frame C.
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(e) Experiment on the response to a trajectory of the desired orientation of the COM frame C,
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(f) Experiment on the response to trajectory of the desired hand positions, evaluated at the
CoM frame C.

Figure 7.3: Simulations and experiments comparing the dynamic decoupling of the MCB
and the HMCB framework.
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significantly smaller control error for the position and orientation of the right hand. The
performance of the hierarchical controller “CoM over Int” is worse than the multi-contact
balancer (MCB), but still comparable. Furthermore, we conducted an experiment where a
continuous trajectory was commanded to the robot to trigger a dynamic motion rotating
the CoM frame C. Note that a rotation of the CoM frame corresponds to a rotation of the
hip due to the definition of C in Section 3.2.2. The commanded CoM rotation consists of
a sinusoidal trajectory with a frequency of 0.5Hz. As shown in Fig. 7.3e, the amplitude
was linearly increased from 0° to 15°, held constant, and decreased again within 5s each.
The difference between the hierarchical approach “Int over CoM” and the multi-contact
balancer (MCB) is not as evident as in the simulation. But both perform better than the
controller “CoM over Int”.

The second pair of simulation and experiment addresses the inverse coupling by com-
manding a motion of the interaction end-effectors and studying the effect on the CoM (see
Fig. 7.3a and 7.3b). Here, it is expected that the controller “CoM over Int” performs best
due to the high priority of the CoM task. In simulation, a step was commanded to the
robot to increase the desired height of both hands by 10 cm to cause a vertical disturbance
for the CoM task. As can be seen in Fig. 7.3d, the hierarchical approach “CoM over Int”
exhibits a significantly smaller control error than the other controllers. In the conducted
experiment, a continuous trajectory was commanded to the interaction compliances caus-
ing a complementary vertical motion of the hands to inflict a rotational coupling on the
hip or the CoM frame C, respectively. The sinusoidal signal features a frequency of 0.6 Hz
and an amplitude of 25cm, as shown in Fig. 7.3f. Again, the amplitude was linearly in-
creased, held constant, and decreased within 5s each. As a result, the controller “CoM
over Int” outperforms the other ones regarding the translational error of the CoM. For the
orientation error of the CoM frame C, all three approaches show a similar performance.
The reason is that the inertial effect that the hands have on the robot torso is relatively
small compared to the effect of joint friction.

The difference between simulation and experiment can be explained, among others,
with modeling errors concerning the inertia matrix of the robot and with joint friction
that generates additional coupling between the CoM and the interaction end-effectors.

Influence of External Forces

Another experiment was conducted in [Henze et al., 2016a] to study the static influence of
external interaction wrenches on the CoM task. For this, additional weights of 5 kg each
were attached to the right and left hand of the robot, as shown in Fig. 7.4a. The resulting
translational and rotational control errors of the CoM frame C are given in Fig. 7.4b. As
can be seen, the MCB controller presented in Section 6.1 is not affected by the additional
weights, which was already discussed in Section 6.1.2 and proven in the experiment given
in Fig. 6.4. The behavior of the hierarchical controllers can be explained by analyzing the
static case of the closed-loop dynamics (7.24). Applying (7.24) for both hierarchies and
isolating the CoM task yields

ZJEFP = 2 JTF 4+ Z JL FSE (“CoM over Int”) (7.29)

int © int

and

Z. JVFP =z, gl pet (“Int over CoM”). (7.30)
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If we consider the hierarchy “Int over CoM”, the wrench of the CoM compliance Fﬁpl is
not affected by the external interaction wrench F&X. As a consequence, the hierarchy
“Int over CoM” shows a negligible control error, similar to the MCB controller. If we
consider the hierarchy “CoM over Int”, then F$ is mapped to FS! according to (7.29).
Thus, the CoM compliance shows a steady state error of 2.3cm and 1.5°, respectively.

¢ T
This observation is caused by J (J ?;lir)T in (7.13) being an upper triangular matrix,

which is a direct consequence of the dynamic decoupling, as discussed in Section 7.1.
Hypothetically speaking, this effect can be remedied by explicitly measuring the external
interaction forces F£X and compensating for the coupling; but this would cause the well-
known problems regarding causality and additional measurement noise.

(a) Setup of the experiment: The red arrows represent the applied external

forces.
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(b) Control error of the CoM task.

Figure 7.4: Experiment comparing the influence of external disturbances of the MCB and
the HMCB framework.

145



7 Combining Multi-Contact Balancing with Hierarchical Whole-Body Control

7.3 Transfer to Confined Spaces

In [Henze et al., 2017], we addressed the challenge of operating humanoid robots in con-
fined spaces by extending the HMCB framework presented in Section 7.2. So far, we have
only considered cases where the frames of the support and the interaction task are located
at the end-effectors of the robot (see Chapter 6). But due to the limited maneuverability in
confined spaces, the robot needs to be able to exploit contacts (or task frames in general)
that might be located arbitrarily on the robot structure and not only at the end-effectors.
Thus, this section extends our considerations to scenarios where the contact and interac-
tion frames can be scattered all over the surface of the robot, as schematically depicted in
Fig. 7.5.

7.3.1 Theoretical Background

As a consequence of the additional contacts, the motion of the robot is restricted to a
submanifold of its original workspace (green dashed lines in Fig. 7.5¢) because of the
physical contact constraint. The latter demands that the support contacts are at rest
(0 = vgyp = Jsupv) based on Assumption 3.2, which can be incorporated into the
HMCB framework by defining a hierarchy similar to the example given in Table 7.2 and 7.3
[Henze et al., 2017]. It is important that the highest priority level of the hierarchy consists
of the support task. Previously we have justified this decision with the accessibility of the
support wrenches Fy,, (see Section 7.2). But the support task can also be interpreted as
the physical contact constraint given by 0 = vg,p = Jsup V. Thus, the support task can be
considered a task, which is always converged by definition due to ¥y, = Vsup = 0. The de-
coupled closed-loop dynamics (7.23) reveals that all other tasks are mapped onto the null
space of the physical contact constraint via their respective null space base matrix Zagk, -
The remaining tasks can be chosen arbitrarily according to the target application of the
robot. We proposed an example in [Henze et al., 2017], where the CoM and the interac-
tion task are both combined at priority level k = 2 (see Table 7.2). As the interaction
frames in [Henze et al., 2017] are defined at the end-effectors, the CoM and the interaction
task do not cause any kinematic conflict, which allows for pooling at the same priority
level. The lowest priority level (k = 3) is given by a joint compliance T%%lsc to stabilize the
configuration of the robot in joint space in the case of a redundant kinematics and/or a
singular configuration.

Another important aspect of balancing in confined spaces is that the additional contacts
might result in an overdetermined contact configuration. In other words, the robot might
not feature a sufficient number of joints to generate all contact wrenches independently
of one another. Thus, it can happen that the external contact wrenches Fgfl‘; deviate
from the commanded ones F',, and, in the worst case, violate the contact model given
in Section 3.4, which ultimately can cause the robot to fall. In order to avoid that, let us
discuss the contact configurations in which the robot is able to command a suitable set
of contact wrenches by studying the static case of the desired closed-loop dynamics (7.24)
for the task hierarchy given in Table 7.2. Isolating the first line of (7.24) with F&X' = 0

int
and 195, = 0 yields

Fyy, = JMHT gT - Fee (7.31)

sup sup * sup*

As can be seen, Jg,, must be of full rank to ensure Fg,, = Fgﬁ; Fig. 7.5a and Fig. 7.5b
show two examples of an overdetermined contact configuration leading to a rank deficiency

of Jeup- In Fig. 7.5a, the contacts II and III are redundant since both act on the shank
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(a) Redundant support (b) Redundant support (c) Statically indetermi-
wrenches (red) due wrenches (red) due nate contact configu-
to contacts II and III. to contacts I and II. ration.

Figure 7.5: Examples of contact configurations with external wrenches acting all over the
body of the robot. The green lines represent the manifold to which the CoM
and the interaction points are constrained by the support contacts.

of the robot. In Fig. 7.5b, the redundancy is given between the contacts I and II in the
form of forces parallel to the shank. Such an overdetermined contact configuration can be
remedied via two methods:

1. The contacts can be redefined as shown in Fig. 7.5¢c, such that Jg,p is of full rank
representing a statically indeterminate contact configuration.

2. The knowledge of the controller can be augmented with a model for the elasticity of
the environment and/or the robot structure, such that it is mathematically possible
to distinguish between the individual contact wrenches. However, the knowledge on
the environment can be limited depending on the application scenario.

For the remainder of this work, we always assume a statically indeterminate contact con-
figuration leading to Jg,p being of full rank.
A similar problem can arise from the external interaction wrenches F&. Analyzing

int *
again the first line of the static closed-loop system (7.24) for 785, = 0 yields
M M
FSUP = Jsup+7T Jg:lp Fgl)l(lt) + Jsup—hT J?;lt FleI)l(tt (732)
—_—
I
In the case of a statically indeterminate contact configuration, J é\f;’T J glp simplifies to the

identity matrix. As can be seen, a deviation between Fg,;, and Fgﬁg can occur if F&F has a
component that is perpendicular to the submanifold introduced by the contact condition
(0 = voup = Jeup V). In that case, the term JéVIupJ“T JL, F& is nonzero. In simpler
terms, the robot does not feature a sufficient number of DoF's, such that the problematic
part of F& can cause a deformation of the interaction compliances. Thus, the external

Xt is not detected by the robot and therefore not considered in the

interaction wrench F'{
wrench distribution problem, although F£X influences F‘;’ﬁ) Thus, the computed wrench
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distribution F's,, can deviate from the actual one Fgﬁ; Such a situation is shown in

Fig. 7.5¢ involving the interaction wrench F&X! and contact IV: The component of F£X that
is parallel to the forearm is directly routed to contact IV without causing any deformation
of the robot. Thus, the contact wrench in IV is directly influenced by F£X without
any notion of the robot. A similar situation is studied in an experiment presented in
Section 7.3.2. Of course, this problem does not only exist in confined spaces, but it gains
more and more importance with a higher number of contacts constraining the robot, which
is characteristic of confined spaces. Remedy could be provided by explicitly measuring the
interaction wrenches via additional sensors, such as a force/torque sensor or a tactile skin,
although this would cause secondary problems regarding causality or additional sensor

noise.

7.3.2 Experimental Evaluation

The capabilities of the HMCB control framework in the context of confined spaces was
demonstrated in [Henze et al., 2017] using the torque-controlled humanoid robot TORO
developed at DLR. A brief description of the robot hardware is given in Chapter 5. The
evaluation is based on the hierarchy listed in Table 7.2 consisting of three priority levels.
The first level (k = 1) comprises the support contacts, while the second level (k = 2) com-
bines the CoM and the interaction compliances. The third level consists of a compliance
in joint space in order to stabilize the posture of the robot. The first three experiments
utilize the knees as point contacts based on the contact model given in Section 3.4.3 (point
contact). The latter enables the knees to generate a unilateral contact force perpendicu-
lar to the shin of the robot. The last experiment demonstrates balancing exclusively on
knees, which requires the exploitation of all six DoF's of the knee contacts according to
the contact model given in Section 3.4.2.

Extending the Support Polygon

The first experiment presented in [Henze et al., 2017] demonstrates an application from
the field of industrial manufacturing, where the robot is supposed to perform an assembly
task within the fuselage of an aircraft. As shown in Fig. 7.6a, the robot stands in front
of a section of the fuselage and has to reach for the hull with the hands. However,
the robot is only able to shift the CoM to the frontal edge of the support polygon Ssp
given by the convex hull of the feet, which limits the reach of the arms. In order to
overcome this restriction, the robot lowers the center of mass until the knees establish
contact with a support structure mounted to the hull. As previously mentioned, the
knees are modeled as point contacts generating only unilateral forces KneeR fKneeR,» and
Kneel fKneeL,> perpendicular to the shin. (Note that the leading superscript indicates that
the forces are specified in the knee frames Tineer and Tineel, according to the notation
introduced in Section 3.1.) Because of the additional contacts, the robot can now shift
the CoM even further to the front, leaving the convex hull spanned by the feet, which
significantly increases the reach of the arms.

The recorded telemetry data is given in Fig. 7.6b. Note that the fuselage is equipped
with additional uniaxial force sensors to measure the contact forces at the knees, which are
only used for validation purposes and by the feedback controller. The recorded data reveals
that the contact forces computed by the optimization (fipeer and frneer,) Mmatch quite
well with the forces obtained by the sensors (f$&r. .z and f$¢..; ), which is an indicator
for the validity of the presented control approach. The knees of the robot start to touch
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the fuselage at ¢t = 4.6's, which causes a spike in the measured force of the left knee due
to the impact. At ¢ = 65, the knees are added to the set of the support contacts, which
causes the knee forces to rise from ON (deactivated state) to their minimum contact force
of KneeR fII?rilreleR, ;= Kneel, I?fc}eh ., = 50N given by the unilaterality constraint according to
Section 3.4.3. The procedure for contact switching is sketched in Section 6.7.3. Afterwards,
the robot starts to move the CoM to the front, which causes the knee forces to rise up
t0 || frneer |l = 138N and || fxpeer,|| = 136 N, respectively. Note that also the position of
the combined center of pressure pp.., which is obtained from the measured foot wrenches,
changes throughout the experiment. First, the CoP of the feet moves 4.5 cm to the front
following the motion of the CoM. After the knee contacts are added to the cQP, the CoP
moves to the back to counteract the minimum contact forces for the knees. As soon as the
forces in the knees rise, the CoP of the feet moves back to the origin of the world frame W
located underneath the ankles (see Fig. 7.6b). This effect is caused by the cQP (7.17)
to (7.21), which is configured such that mainly contact forces are generated instead of
contact torques. Despite supporting the weight of the robot, the additional knee contacts
generate a torque about the y-axis of the world frame VW, which the robot no longer needs
to counteract with the feet. The additional knee contacts allow the robot to shift the CoM
up to x¢, = 20.5cm, which is 7.5 cm in front of the convex hull of the feet characterized
by Pleet,, = 13cm. The slight difference between the commanded and measured CoM
position can be explained by the fact that the CoM is commanded on a straight line,
whereas the actual CoM can only move on the submanifold determined by the contact
constraint (see Fig. 7.6a).

The effect of the additional knee contacts on the support polygon Sgp is shown in
Fig. 7.6c. Before the knee contacts are added to the cQP at t = 65, the support polygon
comprises the full length of the feet. The width is smaller than the outer edge of the feet
because of the minimum contact force frootR,> = frootL,z = SON. As soon as the knee
contacts are added to the wrench distribution problem, Ssp extends significantly to the
front, such that the leading edge is almost 30 cm in front of the world frame V. Note
that the leading edge even extends beyond the knees ®ineer and Tineer, because of the
friction in the foot surfaces of fi = 0.4. The trailing edge also moves to the front due to
the minimum contact force of the knees (KreeR JKneeR,z = KneeR JKneeL, = 50N). But this
effect does not compromise balancing, as the controller precautionarily moves the CoM to a
position that lies inside the support polygon both before and after the contact transition.
Note that the width of the support polygon is further reduced by the minimum knee
forces KneeR JKneeR,z = KneeR JKneer,- = 50N. In summary, the additional knee contacts
extend the support polygon to the front and therefore increase the operating range of
the CoM and the hands, which ultimately enables the robot to fulfill the designated
assembly task. The advantage of this feature was demonstrated in the context of aircraft
manufacturing, as presented in Section 9.3.

Influence of External Forces

The second experiment presented in [Henze et al., 2017] illustrates the influence of external
interaction forces F$X' on the contact wrenches F:fl‘f), as discussed in Section 7.3.1. The
robot is placed in front of the fuselage with both knees in contact, as in the experiment
before. Instead of performing an autonomous motion, several external disturbances are
manually applied to the robot (see Fig. 7.7a). In the first half of the experiment (¢ < 11s),
a vertical force is applied twice to the hands of the robot (15%: 71N, 2°d: 78N). As can

. . . . cpl
be seen from Fig. 7.7b, the wrenches generated by the interaction compliances Fiyy, in
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and F%p;ndL are immediately counteracted by the support wrenches comprising the feet
and the knees. Note that the commanded contact wrenches match the measured ones
quite well despite minor discrepancies due to sensor calibration. As explained in Sec-
tion 7.3.1, the additional knee contacts constrain the motion of the hip but not of the
hands. Thus, the applied external force results in a deflection of the hand compliances.
The produced compliance wrench is in turn taken into account by the optimization com-
puting the wrench distribution for the support contacts. As a consequence, the difference
between the computed contact wrenches F'g,, and the actual ones F:ﬁ; is sufficiently
small.

In the second half of the experiment (¢t > 11s), the external force is applied twice at
the hip in the direction parallel to the thigh. As the robot cannot move in this particular
direction, the HMCB controller does not become aware of the disturbance and thus does
not adjust the commanded wrench distribution. But the actual contact forces change
significantly since the thigh transfers the external disturbance directly to the knee contacts.
As a consequence, there is a significant difference of up to 236 N between the commanded
contact wrenches F,, and the actual ones ngl‘f) This illustrates that the problem of
non-detectable external forces increases in the case of confined spaces, as discussed in
Section 7.3.1.

Replacing one Foot with a Knee

The third experiment presented in [Henze et al., 2017] brings the robot into a highly asym-
metric pose, as shown in Fig. 7.8a. The robot starts with both feet on the ground (phase I)
and brings the right hand in contact with a support structure during phase II, which is
required for lifting the right foot in phase III. In phase IV, the knee is bent to the back
and placed on top of an uniaxial force sensor screwed to the support structure. Again, the
additional sensor is only used for verification and not for controlling the robot. In phase V,
the right hand is removed from the structure and the robot balances only on the left foot
and the right knee. Note that in this experiment, the optimization assumes a point con-
tact (see Section 3.4.3) for the right knee, generating only a unilateral force KneeR fKneeR,z
perpendicular to the shin. (Note that the leading superscript indicates that the forces are

KneeLl

- fKneeL,z
KneeR

e fKneeR,z

(a) Setup of the experiment. Additional force sensors are only mounted on the
aircraft fuselage for validation purposes.
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(c) Support polygon Ssp (yellow) before and after establishing contact with the knees.
The contact areas Sgootr and Sgootr, Of the feet are given in gray.

Figure 7.6: The support polygon is extended by the additional contacts at the knees in
order to increase the reach of the arms.
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(a) Setup of the experiment. The red arrows represent the applied external forces.
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(b) Contact forces at the hands, the knees, and the feet.

Figure 7.7: Influence of external wrenches on the support contacts.
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(b) Contact forces at the right hand, the right knee, and the left foot.

Figure 7.8: The humanoid robot TORO robot lifts its right foot and places its right knee
on the support structure.
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specified in the knee frame Tkpeer according to the notation introduced in Section 3.1.)
Analogously, the right hand is also assumed to be a point contact generating only forces
perpendicular to the palm.

The recorded data is shown in Fig. 7.8b: The hand contact is activated at ¢ = 7s,
which causes the force at the right hand to rise from approximately zero (commanded
force by the hand compliance) to the minimum contact force of fﬁgngyy = 20N. Since
the robot does not close the hand, the contact is treated as an unilateral contact. When
the right foot is lifted, the load on the left leg increases from frootr.,. = 474N to 810N,
which corresponds to the total weight of the robot. The force at the right hand increases
to values between fhandr,y = 25N and 50N to counteract the torque that is induced
about the z-axis of W by the distance between the CoM and the left foot. Note that
in this scenario, the right hand is oriented such that the generated force acts parallel
to the y-axis of the world frame W (see Fig. 7.8a). As soon as the right knee hits the
support structure at ¢ = 20s, the impact creates a spike in the measured knee force.
Adding the right knee to the set of support contacts reduces the contact force at the right
hand again to its minimum of fﬁlaingy = 20N. In this configuration, the robot can both
utilize the right hand and the right knee to counteract the torque induced by the left foot
about the z-axis of WW. But the constrained quadratic optimization (7.17) to (7.21) is
configured to distribute the load preferably to the knee (KrleeR fkneer,> = 120N) in order
to reduce the stress on the hand. Of course, this also reduces the load on the left foot
to froot, = 705N, as the right knee contributes to supporting the weight of the robot.
In summary, this experiment demonstrates that using the right knee for supporting the
robot is more efficient than using the right hand because the knee can also contribute to
carrying the weight of the robot, whereas the right hand can only be used to stabilize the
CoM horizontally.

Balancing Solely on Knees

The last experiment presented in [Henze et al., 2017] demonstrates the ability of the
HMCB control framework to balance a humanoid robot solely on its knees, as shown
in Fig. 7.9a. As both feet are in the air, the algorithm for estimating the state of the
base/hip frame in Section 5.2 solely relies on the knee contacts and IMU measurements’.
The world frame W is defined as shown in Fig. 7.9a, with the origin being located in the
middle of both knees. The cQP (7.17) to (7.21) assumes the knees as rectangular contacts
based on the model given in Section 3.4.2, each featuring a full six-dimensional contact
wrench. In theory, the contacts would allow the controller to generate a six-dimension

overall support wrench F(i at the center of mass. But the null space projectors in (7.14)

C

that can actually be generated with the joints of the robot. Note that TORO has a flat
area of 3cm by 18 cm at the top of the shin, which is used as a rectangular contact surface
(Skneer and Skneer,) during the experiment. Starting from the initial configuration, the
robot is disturbed by manually pulling and pushing the backpack, as shown in Fig. 7.9a.
The results are given in Fig. 7.9b showing the motion of several prominent points in the
saggital plane of the robot. Note that the right knee does not move due to the contact
constraint 0 = vgup, = Jsup ¥. The right hand and the right foot manage to maintain their
desired location throughout the experiment, as the robot features enough DoFs to achieve
both tasks. But due to the constrained kinematics, the hip and the CoM are restricted

restrict the compliances FCP!, Fflil , and Tlc}?)lse (see Table 7.2) to the subset of wrenches

1
oMU = 1, OKneeR = QKneeL = 0.5, QFootR = QFootL = 0, and QfandR = 0Hanar = 0.
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7.3 Transfer to Confined Spaces

to a motion on a circular trajectory with the knee joints as central point, as shown in
Fig. 7.9b. Note that the manually induced motion exploits the full range of admissible

CoP locations provided by the knee contacts (p
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(b) Trajectory of several prominent points in the sagittal

plane of the robot.

Figure 7.9: The humanoid robot TORO balances solely on its knees.
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CHAPTER 8

Balance Control based on Reduced Dynamic Models

This section focuses on Model Predictive Control (MPC) for the balance control of hu-
manoid robots. The basic idea of MPC is to choose the current control input such that
the system shows an optimal behavior for a given time horizon, which ranges from the
current to a future point in time. For this purpose, the future trajectory of the system is
predicted and optimized based on the dynamic model of the plant. As the optimization
often involves numerical methods, computational costs represent one of the limiting factors
of MPC. As a consequence, many works on MPC in humanoid robotics resort to reduced
dynamic models to decrease the numerical effort [Audren et al., 2014, Ibanez et al., 2012,
Kajita et al., 2003, Wieber, 2006]. In contrast to the dynamic model presented in Sec-
tion 3.2.2, which governs the whole body of the robot, reduced models usually focus on
the center of mass dynamics only. Although reduced models only approximate the actual
dynamics of the robot, MPC has the advantage of being able to react in advance to future
events in the reference trajectory.

8.1 Interaction Aware Balancing via LIPM

We developed a balancing controller in [Ott et al., 2013] based on the Linear Inverted
Pendulum Model (LIPM) and Model Predictive Control. The architecture of the pre-
sented framework is schematically shown in Fig. 8.1. In order to allow for a modular
design, the balancing controller only regulates the lower body of the robot, while the
upper body can be subjected to another controller. For instance, we used a compliance
controller for the upper body in [Ott et al., 2013] to facilitate the kinesthetic teaching
of a motion to the robot. The external forces and torques arising during the teaching
and manipulation process are estimated by a disturbance observer and provided to the
balance controller via a disturbance input F2V. The balance controller outputs a de-
sired ZMP position ppe., which is implemented by a position-based ZMP controller, as
in [Krause et al., 2012]. The presented approach is inspired by [Ibanez et al., 2012], where
a Cart-Table Model [Kajita et al., 2003] is used to derive the MPC controller.

The section is structured as follows: The model of the linear inverted pendulum is
introduced in Section 8.1.1. The disturbance observer and the balance controller are
detailed in Section 8.1.2 and Section 8.1.3. The ZMP controller is briefly reviewed in
Section 8.1.4.
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8 Balance Control based on Reduced Dynamic Models
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Figure 8.1: Overview of the architecture of the interaction aware balancer.

8.1.1 Linear Inverted Pendulum Model

While balancing and walking on a flat and horizontal floor, the dynamics of a humanoid
robot is dominated by the horizontal translation of the center of mass. Based on this in-
sight, Kajita et al. [2001] derived the Linear Inverted Pendulum Model (LIPM) from the
general dynamic model (3.20) by isolating the CoM dynamics, incorporating the assump-
tion of a constant height, and neglecting the angular momentum of the robot about the
CoM. Alternatively, the model can also be derived by analyzing the angular momentum
about the world frame W. Without loss of generality, let us define VW such that the origin
is located on the floor surface underneath the setpoint of the CoM. The orientation of the
world frame is chosen such that the z- and y-axis are parallel to the floor, as shown in
Fig. 8.2. Furthermore, the LIPM requires the following assumptions:

e It is assumed that only the feet serve as support contacts. As the floor is flat and
horizontal, one can compute a combined center of pressure pp.; € R® from both
contact wrenches F',p,, which lies on the surface of the floor.

e Furthermore, it is assumed that each one of the support wrenches stays well within
the contact model given in Section 3.4, such that it can be omitted. Note that
this assumption is more restrictive than Assumption 3.1, which states that only

the combined support wrench Fgy, must be feasible. In contrast to the control

approaches presented in Chapters 6 and 7, the controller derived in this section
cannot redistribute the load between the contacts if one of them is close to an

overload.
The angular momentum L. € R3 of the CoM about the world frame W is given by

Lo=muzc, | Tcq (8.1)

with z. . denoting the height of the inverted pendulum. Note that the angular momentum
of the robot about the CoM is neglected. Assuming a constant height, the conservation

158



8.1 Interaction Aware Balancing via LIPM

= const

Te,z

A\

Figure 8.2: Linear Inverted Pendulum Model (LIPM).

of angular momentum [Gross et al., 2014] states that

‘ —Tey 0
Le=mwxc, | Zca | = S(Preet) gisp + S(x.) 0 + TI&iIsFt’M (8.2)
0 —m ||go|

with the right-hand side specifying the sum of all torques about WW. The cross-product ma-
trix S(e) is given in Definition 3.1. Note that the external forces and torques acting on the
robot are split into the overall support force f;fi) and into a torque TI&iISPt)M = (T Thse 0 )T
about the origin of W comprising the external disturbances. The above equation can be

simplified into

. LIPM
—T Ty — T4
mae, (V) =mllgol oy Preety )y (T (8.3)
TA\Z —Te,x + PFeet T4
C,:E C,QE ee ,I dlSt,y
res
sup,z

by omitting the third line and considering that f
to the Linear Inverted Pendulum Model (LIPM)

fL.'C,x 2 DPFeet,x Lex 1 T(iIsltjM 4
3 =Wy - + __LIPM (8.4)
¢y DFeet,y Leyy MmTe,z Tdist,z
with wy = \/||goll /zc,» denoting the eigenfrequency of the LIPM. Note that (8.4) extends

the LIPM by Kajita et al. [2001] with the additional disturbance input 752™M.

= m||gy||.- Reordering finally leads

8.1.2 Disturbance Observer

There are several methods for obtaining the external disturbances acting on a humanoid
robot: For instance, the disturbance can be explicitly measured by using additional force-
torque sensors if the exact location of the disturbance is known. If the disturbance is
caused by an upper body controller as in [Ott et al., 2013], then it could also be estimated
from the forces and torques commanded to the upper body (e.g. from Ffftl in the case of a

Cartesian compliance). However, to be independent of additional sensors or information on
the upper body controller, in [Ott et al., 2013] we suggested employing a momentum-based
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8 Balance Control based on Reduced Dynamic Models
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Figure 8.3: Architecture of the disturbance observer.

disturbance observer as proposed by De Luca et al. [2006]. The outline of the observer is
given in Fig. 8.3.

The generalized momentum of the complete robot is given by x = Mv € R6" consid-
ering all 6 + n DoF of the robot. The time derivative

. 0

X:CTV_9+ (T> + Text
. (8.5)

=CTv—g+ <7-) + Jilp F30 + Taist

can be computed by exploiting the robot dynamics (3.20) and the passivity property
M=cCc+C" [Ott, 2008]. Note that the generalized vector of external forces and torques
Text = J glp ng;g + Taist 1S split into the wrench at the support end-effectors Fgﬁg and
into the vector of external disturbances T4;; € R similar to (3.24). It is assumed that
the quantities T, Fg’ﬁ;, and v can be directly measured or derived from measurements in
contrast to Tgist, which is to be reconstructed by the observer. Note that in the case of
the humanoid robot TORO, Fg’ff;) can be obtained from the force-torque sensors in the
feet and 7 from the torque sensors in each joint (see Chapter 5). Based on an estimated

disturbance Tﬁlfsstv € R6*" we can compute the time derivative

. 0 x v
oor = CTv g+ (2) 4 T8, FE + 7 (3.6)

of the estimated momentum X, € R%T™. The derivative X, can be integrated over
time and compared to the actual generalized momentum x = Mwv, which is based on a
measurement of v. The resulting error is fed back using the diagonal and positive definite
gain matrix Kgpe, € RET)X(641) according to

obsv

Tdist — KObSV {X - Xobsv}

t
= Kobsv {MV - / Xobsv(t) dt — Xobsv(o)}
0

t
0
= Kobsv {MV - /0 (CTV —g+ <T) + Jg;p Fgﬁg + 731'13551;\]) dt — Xobsv(o)} :
(8.7)
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8.1 Interaction Aware Balancing via LIPM

By inserting (8.5) and (8.6) into (8.7), it can be verified that the observer shows a sta-
ble first-order dynamics i'glfsst" = Kopsy (Tdist — Tglfsst"). Thus, TﬁE’SStV represents a filtered
estimate for the generalized vector T4;st of external disturbances [De Luca et al., 2006].

If we assume that the external disturbances exclusively act on the interaction end-
effectors of the robot (in many cases the hands), then

obsv __ T obsv
Tdist — Jint Fint (88)

relates T9PS" to the estimated interaction wrenches F" (see also (3.24)). Thus, the latter

can be obtained via

obsv __ 7Qobsvt:T __obsv
Fint - Jini(:) ’ Text (8'9)

using the weighted pseudoinverse J g;’bSVJF = Q;blsv JL (Jint Qopsy J ;‘Clt)il.

8.1.3 Controller Derivation

In order to employ Model Predictive Control, we discretized the LIPM (8.4) in [Ott et al.,
2013] using the Euler polygonal method [Bronshtein et al., 2015] leading to

Tep [+ 1] 1 0 T 07 [zez]l] 0 0
Tegl+1] | O 1 0 T| | zeyll 0 0 PFeet,z []
de I+ |wdT 0 1 0| |dcsll] + —-w3T 0 <ppeet7y [l]>
Tey [+ 1] 0 wiT 0 1] \deyll] 0 —wiT T
¢li+1] All] ¢ B[] (8.10)
0 0
oo 0 (M)
0 T/(mx) Télslzlf
—T/(mxe,) 0 T
E[l)

based on the sampling rate T' € R. Note that all quantities are given as a function e [I] of
the current time step [ € Ng. The evolution of the system state ¢ [l] is characterized by
the matrix A[l]. The control input @ [I] and the disturbance input &[l] are mapped via
the matrices B[l] and E[I] to ¢ [l + 1].

In order to predict the behavior of the LIPM, the system state é’ [[] must be predicted
for the next N € N time steps. As the matrices A [l], B[], and E [I] are constant, the
prediction can be obtained by iteratively inserting (8.10) into itself, which leads to

Cll+1] Al B[] .0 wll]
: = |<m+ R :
ClL+ N AN ANtB ... B[] \all+N-1]
Y T/ ~
¢ 4 b h (8.11)
E[l 0 éll]
+ : :
AN E] E[] \e[l+N-1]
E e
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8 Balance Control based on Reduced Dynamic Models

The goal of the controller is to minimize the quadratic cost function

o LT ~ 1 .1
U pt:argpmn ¢ Q&C"FiuTQﬁU‘i_i(ngé(sé (8.12)

1
oW 2
with respect to the extrapolated dynamics (8.11) and the constraints

b.=Bu+Ee, (8.13)
é [l + N| = éend' (814)

The weighting matrices Qé € RN Q. € R2VX2N "and Q, € R?V*2N are symmetric

and positive definite. An error of the state vector ¢ is weighted with Q & while the control
input @ is penalized with @,,. The terminal constraint (8.14) enforces the stability of the
closed-loop system (see [Maciejowski, 2002]).

The disturbance rejection of the controller can be parameterized via the weighting ma-
trix Q, and the soft constraint (8.13). The latter demands a static equilibrium between
the position ppee; of the CoP and the disturbance 75EM over the full length of the pre-
diction. For instance, let us consider the case of an external force that acts at the CoM
pointing to the back of the robot. To compensate for the resulting torque TIJiISIEM, the
controller will move the CoP to the back, as shown in Fig. 8.2. Note that only the dis-
turbance observer from Section 8.1.2 only provides TIJiISIzM for the current point in time,
whereas future disturbances are unknown. Thus, a disturbance model is used to predict
future disturbances by assuming that the disturbance is constant over the complete time
span of the prediction (e[l + N]=...=e[l]).

Note that the vector @°P* contains the feedforward control input from the current point
in time [ until the end of the prediction | + N. In order to obtain the control law,
the feedback loop must be closed by extracting the current control input @°*[l] and
recomputing it at every time step. Note that the optimization problem (8.12) to (8.14)
can be solved analytically due to the absence of inequality constraints, which results in a

control law of the form
@ [1] =K¢§[l]+Kendﬁend+Kéé[l]- (8.15)

As the gain matrices K& € R Kong € R?** and K, € R?*? are constant, the opti-
mization can be solved offline.

The asymptotic stability of the resulting closed-loop dynamics can be shown by applying
[Maciejowski, 2002, Theorem 6.1], which requires a terminal constraint for the optimization
problem and a feasible solution. Since there always exists a feasible solution for (8.12)
to (8.14), the presented controller is asymptotically stable.

If we assume that the external disturbances act solely on the interaction end-effectors
(here the hands), then

LIPM
ell] = (Tﬁgﬁ) — diag(1,1,0,0,0,0) Ad(I,z.)" AdL, Fo" (8.16)

int int
dist,y

can be computed from F{5%V in (8.9). Here, the transpose of Adi Ad(I,x.) is used to
map F?P5 via the CoM frame C to the world frame W. The diagonal selection matrix is

used to isolate the torque about the x- and y-axis of W.
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8.1 Interaction Aware Balancing via LIPM

8.1.4 Position-Based ZMP Controller

The presented ZMP controller by Krause et al. [2012] is used to convert the desired ZMP
position pp.; resulting from the balance controller in Section 8.1.3 into a desired joint
position commanded to the lower body of the robot (see Fig. 8.1). The actual ZMP po-
sition pE, can be obtained from the six-dimensional force-torque sensors in the feet of
TORO (see Chapter 5). Under the assumption of a linear inverted pendulum model (8.4)
for the center of mass dynamics, the ZMP can be related to an equivalent force vec-

tor (f&5 f&) on the CoM:

ext - ext 1 7_I_{IPM
() =m (o) = met { (o) = (o) o 22 (Tl ) - sam
c,y Leyy pFeet,y Leyy L,z Tdist,a:
It is well-established that a position-based force set point regulator can be implemented
by an integral control action [Roy and Whitcomb, 2002]

t ext
Le,d,x feda l‘cdw(tzo))
L) =K ) = | pe dt+( o 8.18
<3§'c,d,y) ZMP /0 { <fc,d,y> ( nyt) } Teod,y (t = 0) ( )

with Kzyp € R?*2 denoting a positive definite gain matrix and (fed.s fedy )T a vector of
desired horizontal forces on the CoM. Inserting (8.17) for the actual and the desired force
yields

(%:,d,a:) — mw Konp /t { (pFeet,m) . ( p%ﬁat,x >}dt + <xc,d,z(t = O)) (8.19)
Ted,y 0 0 DFeet,y PFeet, yext xC,d,Z/(t 0))’

which can be converted via inverse kinematics into a command for the desired joint posi-

tion gye, Of the lower body.

3 7;‘15

(a) Setup of the experiment.
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(b) Control error with the consideration of external disturbances (K¢ # 0).
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(c) Control error without the consideration of external disturbances (K¢ = 0).

Figure 8.4: Comparison of the control error with and without the consideration of external
disturbances.

8.1.5 Experimental Evaluation

To evaluate the presented balancing controller, we reported on an experiment in [Ott et al.,
2013] with the humanoid robot TORO (see Section 5). The balancing controller was in
charge of the lower body, while the upper body was regulated by a Cartesian compliance
controller, which stabilized the position and orientation of the hands with respect to the
hip of the robot. To obtain a reproducible force generation, the robot was placed in
front of a table (see Fig. 8.4a), which served as a stationary obstacle for the arms. By
commanding both hands 9 cm to the front (relative to the hip), the robot was programmed
to push against the table, hold the commanded position for 5s, and then move back again.
This experiment was conducted once for the balancing controller, taking into account the
external forces resulting from the contact with the table (Kg # 0) and once without
accounting for the external forces (Kg = 0).
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8.2 Balancing using a Locked Inertia Model

The results are shown in Fig. 8.4b and 8.4c: The excursion of the combined CoP Pyt
is higher for K # 0 than for K; = 0, which is consistent with the observation that the
contact force is higher as well. Note that the force resulting from the position difference
of CoP and CoM must be equal to the contact force. The most important fact is that
the CoM moves about 1.5cm to the front if Kz # 0 in contrast to 3.0cm to the back
if K¢ = 0. This means that by taking the disturbances into account, the influence on the
CoM can be reduced significantly.

8.2 Balancing using a Locked Inertia Model

This section presents a control approach reported in [Henze et al., 2014a] based on MPC,
which requires the optimization problem to be solved online. Using the complete dynamic
model (3.20) for the prediction would consume a lot of computational power, therefore a
simpler conceptual model is employed to speed up the prediction process. Let us assume
that both support and interaction end-effectors maintain their posture with respect to the
world frame V. The dynamics of the robot is approximated via the Locked Inertia Model
[Murray, 1997, Nenchev et al., 2019], which only considers the DoF's of the CoM frame C
and neglects the DoF's in joint space. In other words, the robot is considered one single
rigid body. Thus, the general dynamic model (3.20) can be reduced to

M. bc = mgy + Adly, Faup (8.20)

by isolating the DoFs of the CoM frame C and omitting negligible terms, that is the
Coriolis/centrifugal effects and M .q. Furthermore, it is assumed that all task frames 7;
are located at the end-effectors as in Chapter 6. Besides, all end-effectors are used to
support the robot, which leads to Wg,, = ¥ and Wi = 0. The associated support
wrenches Fg,, € R6%swr are used as control input to stabilize the CoM frame C.

An overview of the architecture of the presented controller is given in Fig. 8.5. The
MPC balancer can be combined with the Null space controller presented in Section 6.2 to
deal with singular configurations and/or redundant kinematics.
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Figure 8.5: Overview of the architecture of the balancing controller based on the locked
inertia model.
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8 Balance Control based on Reduced Dynamic Models

8.2.1 Controller Derivation

In order to prepare the discretization of the reduced model (8.20), let us describe the
configuration of the CoM frame C with a vector £, = (2T ¢ )T, which combines the CoM
position x. with ¢, € R? describing the orientation of C in Euler angles. Note that Euler
angles represent a minimal parameterization, although it is not singularity free [Shuster,
1993]. The exact location of the singularity in SO(3) depends on the order and axis of
the basic rotations forming the three Euler angles. We decided in [Henze et al., 2014a] to
use the consecutive roll-pitch-yaw notation of the Euler angles, which shows a singularity
for a pitch angle of £90°. However, any other notation is also admissible as long as
there is sufficient distance between the expected CoM orientation ¢, and the singularity.
As ¢.(R.) is a function of the rotation matrix R., a linear mapping ¢, = ®.(¢.) we
with ®'(¢,.) € R3*3 can be found linking ¢, with the angular velocity w. [Shuster, 1993].
Let us generalize the mapping in the form of £. = ®(&,) v, connecting &. with the six-
dimensional Cartesian velocity v.. Based on this notation, the continuous model (8.20)
can be discretized in time using the Euler polygonal method [Bronshtein et al., 2015] with
T € R denoting the sampling rate:

S0 -F "5 ED) rarg ]

alfl]

l+1] Al 4l B[

i <T Mc_(:l 1] 90)

efl]

(8.21)

Again, e [l] indicates that all quantities are a function of the current time step [ € Ny. To
provide the controller with a prediction for the next N € Ny time steps, the state vector
is extrapolated to

ClL+1 Al B .0 al]
: =1 <+ : SR :
¢l + N AN ANtBE ... B[ \a[l+N -1

_— Y -

¢ A B “ (8.22)
ell]
+ : )
ANTtel

which includes the assumption that ® [I], M. [l], and Ad [I] are constant during the time
span of the prediction. This assumption can be justified by a sufficiently short prediction
horizon with respect to the motion of the robot.

The MPC algorithm minimizes the difference between the predicted state é’ and a desired
state vector éd € RN as well as the difference between @ and a desired future input
itg € RSN by solving the following constrained quadratic optimization problem (cQP):

~ opt

_ (L Lo
4’ = argmin <2aé Q0 + 26,&@,&6,&) (8.23)

u
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minimizing the residua

as
I
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7
U
—~
oo
()
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=43

0
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~43

d (8.25)
with respect to the extrapolated dynamics (8.22) and to the inequality constraints

A [l] F;[l]

bi [1] Vi=1.. . tp,Vl=1...N, (8.26)
B.[l|Fl]<T

max Vi=1...N. (8.27)

VANVA

The residua for the state vector ¢ and for the control input d; are penalized via the
symmetric and positive definite weighting matrices Q& € RONX6N and Q, € RONVXON

respectively. Note that the control input @ € RSV comprises all end-effector wrenches F' [I]
for the complete time span of the prediction (I...l4 N). The vector & and the weighting
matrix Q, can be used analogously to Section 6.1 to achieve the following tasks:

e Providing a default wrench distribution F3L 1] VI...1 + N to the support end-

sup
effectors to regularize the wrench distribution.

e Ensuring that the wrenches of the support end-effectors match the Cartesian com-
pliances FP! [[]VI...l+N. The latter requires Flclﬂl not only for the current but also

int
for the future time steps, which can be remedied by assuming that Ffrll)tl is constant
during the time span of the prediction.

The inequality constraints (8.26) and (8.27) ensure the contact model for all support
contacts and the actuator limitations during the complete time span of the prediction.

Note that the vector @°P' contains the feedforward control input from the current point
in time [ until the end of the prediction [ + N. In order to close the feedback loop, the
current control input @' [] is extracted from @°"* and applied to the joints of the robot
via

T[1] = —(J'[I))T P [i] (8.28)
analogously to (6.17).

8.2.2 Evaluation in Simulation

In [Henze et al., 2014a], we reported on simulation results involving the humanoid robot
TORO (see Chapter 5) to evaluate the presented controller. As shown in Fig. 8.6a, the
scenario comprises the robot TORO standing in front of a wall using the hands and the
feet as supporting contacts. The hands are considered point contacts, whereas the feet are
able to transmit a complete six-dimensional wrench (see Section 3.4). The MPC controller
comprises N = 10 time steps, which are 7" = 50ms apart from each other, such that the
prediction covers a time span of 0.5s in total.

Two instantaneous jumps in the desired position and orientation of the CoM frame C
are commanded to the robot to test the response of the system. The results are shown in
Fig. 8.6b. The first step occurs at t = 1s, setting the desired CoM position 5cm to the
front. The controller reacts to the jump in & 4 by continuously moving the actual CoM to
the new setpoint. What is interesting here is that the controller starts to react 0.5s before
the actual jump in & 4 takes place, which corresponds exactly to the length of the prediction.
In order to accelerate, the controller moves the combined CoP of the feet pg. first to
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the front and then to the back to decelerate again. In order to generate the acceleration,
the controller also lowers the contact forces in both hands to approximately 9N each,
although u, specifies a default contact force of 15N. The steady state is reached at
t = 2.5s. The second jump occurs in the signal for the desired pitch angle of the CoM /hip
at t = 3.5s. Again, the controller reacts to the change in the desired position exactly 0.5s
prior to the actual jump in é’ 4- The steady state is reached 2.5s afterwards. Note that
the “oscillations” that can be seen in the plots of the hand forces are caused by the fact
that the controller is executed at a rate of 1ms, whereas the points in time used for the
prediction are 50 ms apart from each other. This means that the vector é’ 4 containing the
commanded step inputs changes every 50 ms.

The reason for validating the controller in simulation and not on the actual robot is
the required computing power. The constrained quadratic optimization problem (8.23)
to (8.27) comprises N - -6 = 240 variables considering N = 10 time steps and ¥ = 4 end-
effectors with six DoF's each. As a consequence, it was not possible to execute the con-
troller in real-time on the computers of TORO. One method for reducing the compu-
tational effort could be the polyhedron of feasible support wrenches introduced in Sec-
tion 3.6. The MPC algorithm optimizes the trajectory for the center of mass frame C
such that the required contact forces are feasible with respect to the contact model (8.26).
But in order to validate the contact model, it is not necessary to explicitly compute the
wrench distribution. Instead, it is sufficient to check whether the required overall support
wrench F = AdSTup F,, lies within the polygon of feasible support wrenches. Thus,
it is only necessary to compute the explicit wrench distribution @°P*[l] for the current
time step in the prediction in order to obtain the control torques 7 [I] via (8.28). For
all other/future time steps, it is sufficient to check the feasibility of the trajectory via
the resulting support wrench. Thus, the size of the constrained quadratic optimization
problem can be reduced from N -W¥ -6 =240to 1-¥ -6+ (N —1) -6 = 60 variables.
Note that computing the polygon of feasible wrenches also requires some computational
effort. However, the polyhedron is constant for a given contact configuration and must be
computed only once, which can also be done offline if the contact configuration is known
in advance.
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(b) Motion of the robot and hand forces during the simulation.

Figure 8.6: Simulated response to a step in the desired CoM position and hip orientation.
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CHAPTER 9

Applications

This chapter reports on several applications in which the control framework from Chap-
ters 6 and 7 was used to facilitate a whole-body motion of the humanoid robot TORO
(see Chapter 5) while balancing. The applications demonstrate that the whole-body con-
trollers can be integrated into the software ecosystem of a humanoid robot, which features
a multitude of components besides the balancing controller, such as vision and planning.
The variety of applications emphasizes the versatility and the robustness of the developed
whole-body control approaches.

The chapter is structured as follows: Section 9.1 presents two scenarios, where the
balancing controller was combined with planning and vision algorithms to facilitate au-
tonomous grasping or stair climbing. In Section 9.2, the whole-body balancer is combined
with different types of input devices to teleoperate the humanoid robot TORO. Section 9.3
shows TORO in a real-world scenario from the field of aircraft manufacturing.

9.1 Combining Planning with Whole-Body Balancing

To employ humanoid robots for disaster scenarios or in the field of industrial manufactur-
ing, it is essential that the robots show a certain level of autonomy, which can be achieved
by combining whole-body control with planning and perception. This section presents
the works of Sundaram et al. [2018] and Werner et al. [2016], where the MCB controller
from Section 6.1 was combined with planning and perception algorithms for autonomous
grasping and multi-contact stair climbing, respectively. The MCB controller was extended
in [Henze et al., 2019] to increase the achievable stair height from 5cm to 18 cm, which
corresponds to an ordinary staircase in Germany [DIN e.V., 2016].

9.1.1 Autonomous Grasping

Sundaram et al. [2018] presented an integrated pipeline for generating autonomous grasp-
ing behaviors with humanoid robots. The pipeline comprises several components for pro-
cessing visual information, planning, and control, as shown in the system overview in
Fig. 9.1. The presented scenario involves the humanoid robot TORO autonomously ap-
proaching and picking up an object from a table (see Fig. 9.2a). For this purpose, the
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Figure 9.1: Overview of the integrated pipeline for autonomous grasping with humanoid
robots.

robot first localizes the table via its on-board cameras using AprilTags [Olson, 2011]
attached to the table. The subsequent approach utilizes visual odometry and ORB-
SLAM?2 [Mur-Artal and Tardés, 2017] for localization and a ZMP-based walking con-
troller [Englsberger et al., 2011] for locomotion. As soon as the final position with re-
spect to the table is reached, the framework enters the manipulation phase by visu-
ally recognizing and classifying the objects on the tabletop as a set of primitive geome-
tries [Biittner et al., 2016]. The latter is used by the grasp planner to synthesize a set
of parametric grasps, which are filtered and evaluated based on a reachability analysis
by Porges et al. [2014]. If no feasible grasps can be found, then the framework performs
a repositioning of the base by providing an adjusted goal to the walking controller. The
adjusted goal is selected from a set of predefined base positions, which are ranked based
on the reachability of the computed grasps at these positions. Otherwise, a sorted list of
grasps is handed over to trajectory planning, which tries to compute a feasible, quasi-static
trajectory starting with the preferred grasp from the list. If no feasible trajectory can be
found for any of the grasps, then the framework can again trigger a repositioning of the
base. To reduce the complexity of the trajectory planning, the algorithm considers only
a subsystem of the robot kinematics. For this application, TORO always uses the right
hand to grasp the object, which is why the reduced kinematic chain comprises all six DoF's
of the right arm and the joint located between the torso and the pelvis (see Chapter 5).
Here, the pelvis serves as a fixed base of the kinematic model. The left arm and the
legs are irrelevant for the grasping process and are thereby omitted. Thus, the planning
problem is reduced to an ordinary 7-DoF robot with a serial kinematic chain and a fixed
base.

After the planning is completed, the desired trajectory is executed on the robot using the
whole-body controller (MCB) presented in Section 6.1, which coordinates the motion of
the right hand with the rest of the body to hold the balance. The communication between
planner and controller is established via the interface described in Section 6.6. The feet
are configured as supporting contacts, while the hands are assigned to the interaction
task. As the planning process is conducted in joint space, the desired trajectory is post-
processed via forward kinematics to provide the Cartesian goals for the CoM and hand
compliances of the MCB controller. The accompanying null space compliance is directly
provided with the trajectory in joint space. Asthe planning algorithm assumes a stationary
pelvis, the desired trajectory comprises an intentional motion of the center of mass, which

172



9.1 Combining Planning with Whole-Body Balancing

10

— 5 F -
g
.
8
0 - -
5k -
1 1 1
10 0 10
y [em]

(b) Trajectory of the CoM and the hip relative to the support polygon Ssp (yellow).
The contact areas of the feet Spootr and Sgootr, are given in gray.

Figure 9.2: The humanoid robot TORO autonomously picking up an object from a table.
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can potentially compromise balancing if the CoM leaves the support polygon. To avoid
this, the validity of the CoM position is verified before executing the trajectory, which is
aborted in case of an invalid CoM location. But according to the empirical experience
of Sundaram et al. [2018], the CoM always stays well inside the support polygon for the
feasible grasps within the reachable workspace of a single arm of TORO. For instance,
Fig. 9.2b shows the location of the CoM with respect to the support polygon Sgp. Even
though there was an external disturbance (manual push) applied to the hip of the robot
during the trajectory execution, the desired and the actual CoM location (x.q and @)
kept a sufficient distance to the borders of the support polygon. The same holds for the
CoP pryet of the feet. Thus, using a fixed pelvis for planning is a valid assumption for this
particular scenario.

9.1.2 Stair Climbing

Another combination of planning and multi-contact control was reported in [Werner et al.,
2016] for quasi-static stair climbing of humanoid robots. As shown in Fig. 9.4, the scenario
involves a hand rail on the left side of the robot to gain additional support. An overview of
the components forming the integrated pipeline of the framework is given in Fig. 9.3. First,
the humanoid robot TORO perceives the terrain in front of it with the on-board cameras
(see Section 5). The perception system is able to isolate obstacles and potential stepping
locations from the acquired scene. Furthermore, it builds a map of the environment that
can be dynamically extended as the robot moves forward. The next step consists of a
reachability analysis (similar to [Porges et al., 2014]) that isolates the stepping locations
that are kinematically feasible given the current contact configuration, joint limitations,
and static balancing. Once the reachable locations have been identified, the module for
contact planning computes an optimal stepping sequence using a graph-based approach.
Note that perception and contact planning only provide the contact sequence for the
feet, while the hand contacts are manually defined for reasons of simplicity. The next
component in the pipeline is a path planning algorithm based on CBiRRT [Berenson et al.,
2009], which is able to handle the closed kinematic chain arising from the multi-contact
scenario. The algorithm computes a quasi-static trajectory for bringing the robot from
one contact configuration to the next one accounting for joint limitations, self-collisions,
environment-collisions, kinematic singularities, and static balance. After the robot has
taken a step, the multi-contact planner can trigger an update of the capability map and
the contact planning to account for the new contact configuration and the terrain ahead.

triggered by stepping

v |

Perception Capability Contact
and . >
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Segmentation Multi-

Contact ] MCB
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Manual g
Contact Set
Definition
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Figure 9.3: Overview of the integrated pipeline for stair climbing.
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Figure 9.4: The humanoid robot TORO climbing stairs with a height of 5 cm.
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(a) Without toe-off motion. (b) With toe-off motion.
Figure 9.5: Impact of a toe-off motion on the joint torque of the front knee.

Finally, the quasi-static trajectory is handed over to the MCB controller presented in
Section 6.1 to allow for a robust and compliant execution of the whole-body trajectory.
The communication between the multi-contact planner and the controller is established via
the interface described in Section 6.6. Note that stair climbing involves the attaching and
detaching of contacts, which means that the task assignment of the end-effectors (support
or interaction) changes during the motion sequence. Thus, the interface from Section 6.6
is extended with means of specifying and updating the task assignment online based on
the procedure for contact switching described in Section 6.7.3.

One of the limiting factors during quasi-static stair climbing is the maximum torque that
can be delivered by the knee joints. As shown in Fig. 9.5a, the length of the rear leg limits
the height of the hip, which causes a significant flexion of the front leg. The flexion in turn
correlates with the lever arm between the knee joint and the contact force of the front leg.
Moreover, the robot has to shift its entire weight to the front leg in order to detach the rear
foot. Thus, the combination of high load and high lever arm causes a significant torque in
the knee joint of the front leg. For this reason, the humanoid robot TORO was only able
to master stairs with a height of 5 cm during the experiments reported in [Werner et al.,
2016]. The corresponding motion sequence is shown in Fig. 9.4. In order to overcome
this limitation, we extended the MCB controller in [Henze et al., 2019] to allow for toe-off
motions, as shown in Fig. 9.6.

The advantage of performing a toe-off motion with the rear foot is that it extends the
effective length of the rear leg, and therefore the kinematic capability of the robot. As
shown in Fig. 9.5b, this extension allows the robot to increase the height of the hip, which
reduces the knee flexion of the front leg. This in turn results in a shorter lever arm and
consequently in a lower torque in the knee. In order to analyze this effect, a simulation
study was conducted in [Henze et al., 2019] with TORO climbing stairs of 28 cm width
and without toe-off motion. Without toe-off, the required torque in the knee reached 96 %
of the maximum torque possible at this joint, which is too close to the limit to be executed
on the actual robot, considering joint friction and measurement noise. By performing the
toe-off motion, the knee torque can be reduced to 76 % of the maximum torque, which
leaves enough margin for executing the motion on the actual robot. Therefore, climbing
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s

(b) Toe-off motion with the rear foot. The end-effector frame is moved by an offset d{°® and
inclined by an angle 3{°°.

Figure 9.6: The humanoid robot TORO climbing stairs with a height of 18 cm.
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stairs of this particular height (28 cm) is only possible by using a toe-off motion to extend
the length of the rear leg.

In order to implement toe-off motions, we modified the MCB controller by shifting and
rotating the end-effector frames of the feet as shown in Fig. 9.6b. During flat contact, the
end-effector frame is located in its default configuration 7; underneath the ankle, with the
x-axis pointing to the front and the z-axis being perpendicular to the sole of the foot. To
incline the foot, the frame is first moved by an offset di°® € R to the front edge of the
contact area. Afterwards, the frame is rotated by an angle 3{°¢ € R, such that the z-axis
is no longer perpendicular to the sole but to the floor. In theory, the resulting line contact
is able to transmit forces in z-, y-, and z-direction, as well as torques about the z- and
z-axis. However, it is questionable if the contact is stable enough to provide those forces
and torques, because an inclination of the foot usually takes place in situations with rather
low vertical load. Therefore, in [Henze et al., 2019] we proposed modeling the contact as
a point contact according to Section 3.4.3. Thus, the translational z-direction is assigned
to the balancing task, while the remaining five DoF's are allocated to the interaction task.
The five remaining DoFs are therefore stabilized by a Cartesian compliance including the
inclination of the foot, which significantly increases the robustness against slipping and
tilting.

By incorporating toe-off motions into the MCB controller, we were able to increase the
kinematic capabilities of the robot by extending the effective length of the rear leg. This
leads to an increased hip height, which reduces the required joint torque in the front knee.
By including toe-off phases, we moved from negotiating stairs with a step height of 5cm
and step length of 20 cm in [Werner et al., 2016] to stairs with a step height of 18 cm and
step length of 28 cm in [Henze et al., 2019], which corresponds to an ordinary staircase in
Germany [DIN e.V., 2016]. The corresponding motion sequence is shown in Fig. 9.6a.

9.2 Combining Teleoperation with Whole-Body Balancing

Teleoperation can be used to remotely control humanoid robots in environments that are
physically demanding or dangerous for humans, such as disaster scenarios or space explo-
ration. Besides this, the healthcare sector also provides several interesting applications for
teleoperation. For instance, teleoperation can allow medical personnel to remotely interact
with a patient via a humanoid robot. Furthermore, teleoperation can be used to increase
the quality of life for patients with mobility impairments by allowing them to operate a
humanoid robot like an avatar.

This section presents two exemplary applications where the MCB controller from Sec-
tion 6.1 was combined with two different human-machine interfaces for teleoperating the
humanoid robot TORO. Section 9.2.1 demonstrates a wearable input device for helping
patients with upper limb impairments to command the hands of TORO. Another input
device for controlling the arms is presented in Section 9.2.2, which provides haptic feed-
back to the user to inform her/him about the consequences of the commanded actions.
The setup is enriched with an automatic CoM task for moving the CoM in conjunction
with the hands to increase the workspace of the robot.

9.2.1 Bimanual Teleoperation using a Wearable, Ultralight Input Device

Gijsberts et al. [2014] demonstrated the use of a myoelectric human-machine interface for
teleoperating the humanoid robot TORO. Due to the lack of a whole-body controller at
that time, there was no coordination between the lower and the upper body of TORO.
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Figure 9.7: Overview of the framework for bimanual teleoperation of humanoid robots.

Furthermore, the interface only comprised the right arm of the robot. We extended the
framework in [Porges et al., 2019] by combining the input device with the whole-body
controller from Section 6.1 (MCB). This allows the operator to command both arms sim-
ultaneously, while the MCB controller ensures the balance of the robot in a compliant
and robust way (see Fig. 9.8). The improvements on the human-machine interface (HMI)
mainly address the wearability and usability of the input device.

As shown in Fig. 9.7, the interface comprises two Myo gesture control armbands by
Thalmic Labs to predict the finger actuation of the human operator via surface elec-
tromyography (SEMG). The sEMG data is processed on a Laptop using Incremental Ridge
Regression with Random Fourier Features in order to provide a command for the finger
configurations of TORQO. The Cartesian poses of the operator’s hands are measured via
two Vive motion trackers by HTC. The tracking data is processed on the same Laptop
using the cross-platform game engine Unity developed by Unity Technologies. The meas-
ured Cartesian poses are provided to the robot in the form of the setpoints for the hand
compliances. For the experiment, the master system provides a combined data stream
at 50 Hz, which is transmitted via Wi-F% to the humanoid robot TORO. The data stream
is processed by the MCB controller, which is executed at a rate of 1kHz on the real-time
computer of TORO (see Chapter 5). The interface is completely wireless and light-weight
(about 180 g per arm), which gives the operator the freedom to move around.

The capabilities of the framework are demonstrated in [Porges et al., 2019] via several
complex daily-living tasks, which require a robust and dexterous two-handed manipulation.
The tasks include unscrewing a lid from a bottle, pouring fluid from a bottle into a cooking
pot, and holding a wireless phone while dialing a number. The video of the experiment can
also be found on the YouTube-channel [RMC] of the Institute of Robotics and Mechatronics.

9.2.2 Teleoperation using a Task-Relevant Haptic Interface.

In [Abi-Farraj et al., 2018|, we presented another interface for teleoperating humanoid
robots, which can inform the operator about the consequences of the commanded actions
via haptic feedback. The interface is enhanced with an automatic task for the CoM to
increase the workspace of the humanoid robot. A schematic overview of the interface is
given in Fig. 9.9. The framework uses HUG [Sagardia et al., 2016] as an input device
on the master side. HUG is a haptic user interface developed by DLR that consists of
two DLR-KUKA Lightweight robot arms mounted on a column, as shown in Fig. 9.10.
Each arm features seven DoF's, a workspace of 1.1 m, and a nominal payload of 20kg.
The humanoid robot TORO (see Chapter 5) is on the slave side, and it is controlled by
the MCB balancer presented in Section 6.1. Both sides are connected via the interface
detailed in Section 6.6.
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(a) Bimanual handling of a ball while balancing compliantly in the presence of
external disturbances (red arrow).

(c) Opening a fridge.

Figure 9.8: Bimanual Teleoperation of TORO using a wearable, ultralight input device.
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Figure 9.9: Overview of the task-relevant haptic interface.

Figure 9.10: Teleoperating the humanoid robot TORO via the haptic user interface HUG.

The operator can move the hands of the slave by moving the end-effectors of the master
device. The Cartesian end-effector velocities are measured on the master side, integrated
into a desired pose for the left and the right hand, and transmitted via Wi-Fi to the
slave. Note that the software implementation comprises a “clutching mechanism”, which
allows the operator to disengage from the slave side and move the arms of the input device
(HUG) into a more convenient configuration without actually moving the slave (TORO).

To prevent the operator from bringing the slave robot into an undesirable configuration,
the input device (HUG) provides haptic feedback to the user. In particular, a positive
definite potential function

Viele = Z VAR (dr) + Vifasar (dandr) + Vifasar, (ditanar.) (9.1)

is defined in [Abi-Farraj et al., 2018]. The first term encodes the distance dj € R between
the CoM (projected onto the floor) and the edges of the support polygon Ssp in order to
inform the user if the CoM approaches the border of Sgp. The potentials VtzlﬁdR(dHandR)
and VﬁglﬁdR(dHandL) evaluate the distance between the torso and the right or the left hand,

respectively. If the user tries to stretch the arms beyond a given maximum distance, the
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potentials are activated to inform the user about the kinematic limitation. Note that the
constraints are a design aspect that can be adapted depending on the slave system and
the application. Thus, Viee encodes several constraints regarding the robot’s kinematic
and static balance. The wrenches derived from Vi are fed back to the user via the input
device HUG.

To increase the workspace of the slave, the interface features a task for automatically
moving the center of mass frame C of TORO. As shown in Fig. 9.9, the CoM task consists
of two elements:

— +
Uc,d = Ad Vyq + JC Ntele Viele (92)
with
UFootR,d 0
v 0
'vd — FOOtL,d _ . (9'3)
VHandR,d VHandR,d
VHandL,d VHandL,d

The first term maps the commanded hand velocities to the center of mass via the pseudoin-
verse AdT = (AdT Ad)~! Ad” of the adjoint matrix Ad as defined in (3.23). This choice
can be motivated with (3.23), which maps v, to the end-effector velocities v via v = Ad v,
assuming ¢ = 0. Thus, v.q in (9.2) can be interpreted as a
manded end-effector velocities v4. Note that vrootr,a = 0 and vroetr,a = 0, as both feet
are in contact with the floor.

‘mean value” of the com-

The second term in (9.2) drives the CoM frame C via the potential Vg to prevent
the CoM from leaving the support polygon Ssp or the arms from moving into a singular
configuration. The gradient of Vige is used to compute a desired velocity viee € R6T?
in the configuration space of the humanoid robot. The null space projector Nige =
(I —JJ+) e REFMX(6+1) maps v to the null space of the end-effector task. The result
is then mapped via the center of mass Jacobian matrix J. = [10] € R*(6+7) to the
desired CoM velocity.

As soon as the slave robot is brought close to a singular arm configuration or to the
boundary of the support polygon, the operator is informed about these constraints via the
implemented force feedback. Note that the forces provided to the user increase the closer
the slave robot gets to the constraints. As a last resort, the “clutching mechanism” is used
to automatically sever the connection between master and slave such that the operator
cannot move the slave beyond the boundaries.

9.3 Real-World Applications: Employing Humanoid Robots in
Aircraft Manufacturing

The objective of the European research project COMANOID! [Comanoid, Kheddar et al.,
2019] was to evaluate the potential of employing humanoid robots in aircraft manufactur-
ing. The consortium consisted of several research institutions from France, Italy, and
Germany, including the German Aerospace Center (DLR). The industrial partner was
represented by Airbus Group Innovations, which provided the use case and the testing
facilities for the final demonstration.

! Buropean Union Research and Innovation Programme Horizon 2020, grant agreement number H2020-
ICT-645097 (COMANOID).
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Although several automation solutions have been introduced in aircraft manufacturing,
some phases of the process still require a significant amount of manual work. One of
the reasons is the challenging accessibility of several areas inside an aircraft, such as the
cargo hold. The EU-project COMANOID addressed the use case of gluing brackets (for
holding cables or pipes) onto the inner hull of an aircraft. As an airplane can contain
several ten thousands of these support elements, the task is repetitive and monotone, but
requires high precision due to the quality requirements in aviation industries. Many of the
brackets must be placed in rather unergonomic locations that require workers to kneel or
bend down, for instance. Thus, the task can be classified as a monotone low-added-value
task that subjects the worker to physical stress with the risk of repetitive strain injury.

The addressed scenario involved mounting the brackets on the cargo deck of an Airbus
A850 XWB. To conduct the final demonstrations under realistic conditions, Airbus Group
Innovations provided an exact replica of the cargo deck of the aircraft at the production
site in Saint-Nazaire (see Fig. 9.11a and Fig. 9.11c). Due to the limited height of the
cargo deck?, the workers (and humanoid robots) can only operate on the cargo deck in a
rather crouched posture, which again emphasizes the need for automation. The humanoid
robot and the human worker are supposed to share the same workspace, which demands for
robust and compliant balancing algorithms to ensure safety, such as the control frameworks
presented in Chapters 6 and 7. Furthermore, the robot must be able to enter the shop
floor via the same stairs as the workers. As the shop floor can be covered with tools,
cables, or other equipment, the robot must also be able to walk over rough terrain. Thus,
the task requires a high level of versatility and agility as provided by a legged humanoid
robot. In particular, the scenario involved the following steps:

1. Enter the shop floor via stairs.

2. Pick up a bracket from a dispenser on a table.

3. Enter the cargo deck of the aircraft and proceed to the final working position.
4. Position the bracket at the predefined location on the fuselage.

5. Exit the working area.

The humanoid robot TORO performed the stair climbing in the Lab of DLR using the
MCB balancer from Section 6.1. The negotiated stairs feature a height of 18 cm and a
step length of 20 cm, which corresponds to the stairs in the mockup at Saint-Nazaire.
The results are reported in Section 9.1.2. The second step (picking up the bracket) was
demonstrated at Saint-Nazaire, as shown in Fig. 9.11a. Again the MCB balancer was used
to coordinate grasping with the support and the balancing task during the whole-body
motion. The location of the bracket on the table was provided by the perception system of
TORO using AprilTags [Olson, 2011]. The locomotion inside the aircraft utilized a walking
controller based on the MCB+ balancer [Mesesan et al., 2019]. Here, it is important that
the robot keeps a crouched body-posture to respect the limited height of the cargo deck
of the aircraft.

The last step addresses the main focus of the EU-project COMANOID, which is on
multi-contact planning and control. As soon as the robot reaches the final working posi-
tion, it is supposed to glue the bracket at a predefined position on the inner hull of the

2 Airbus S.A.S specifies a height of 1.76 m for the door of the forward cargo hold of the A350-900 and
A850-1000 [AIRBUS S.A.S., 2005].
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aircraft. However, the distance to the hull is so large that even human workers cannot
reach it directly. Instead, they have to lean forward using their hands for additional sup-
port. In order to increase the reach of the arms, the robot follows the human example by
including additional contacts into the balancing problem, such that the support polygon
is extended to the front. This in turn allows the robot to shift the CoM and thereby the
torso to the front, which increases the workspace of the arms such that the target location
on the hull can be reached. Note that the robot is not allowed to step on the hull to avoid
damage to the aircraft. However, the cargo hold features a set of struts on both sides
for reinforcing the structure of the aircraft. As they are of a robust design, the robot is
allowed to utilize the struts for gaining additional support.

In the context of the project, we developed two different strategies for mastering these
multi-contact tasks, which are both shown in Fig. 9.11. The first strategy was demon-
strated in the lab at DLR in a functional mockup of the A350 XWB cargo hold (see
Fig. 9.11b). The robot TORO grasps one of the struts with the right hand and leans to
the front to place the bracket with the left hand on the hull of the aircraft. Here, the
challenge is that the contact configuration is asymmetric, which results in an asymmetric
support polygon. For this reason, the robot moves the center of mass not only to the front
but also to the right, such that the CoM always stays on top of the support polygon. Note
that the CoM is shifted in front of the feet, which means that the robot would fall over with-
out the additional hand contact. The robot is operated using the multi-contact balancing
controller (MCB) presented in Section 6.1. A video of the demonstration can be found on
the YouTube channel of the Institute of Robotics and Mechatronics at DLR [RMC].

The second strategy was demonstrated at Saint-Nazaire using the more sophisticated
mockup of the A350 XWB cargo deck (see Fig. 9.11c). Here, the robot employs the knees
as additional contacts to extend the support polygon to the front. For this purpose, TORO
kneels on a portable bench similar to the assistive devices (e.g. stools and ladders) used
by human workers. Again, the robot shifts the center of mass in front of the feet, which
means that the robot would fall over without the additional knee contacts. In order to
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(a) Picking up the bracket from a dispenser on a table.
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Figure 9.11: Use case of the EU-project COMANOID.
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account for the kinematic constraints invoked by the knees, the hierarchical multi-contact
balancer (HMCB) presented in Chapter 7 is used in combination with the task hierarchy
for confined spaces (see Table 7.2). Note that the cargo deck represents a perfect example
for balancing in confined spaces, as TORO cannot move into a fully upright posture due
to the limited height of the ceiling.

In summary, we were able to prove that the whole-body control algorithms presented
in Chapters 6 and 7 can be used to robustly and compliantly operate humanoid robots in
multi-contact scenarios under realistic conditions, as in this case in aircraft manufactur-
ing.
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cHAPTER 10

Discussion and Conclusion

This work aims at providing algorithms for balance control of legged, torque-controlled
humanoid robots. A humanoid robot normally uses the feet for locomotion. This work
extends this paradigm by addressing the challenge of multi-contact balancing, which allows
a humanoid robot to exploit an arbitrary number of contacts to support itself. One of
the main aspects is the solution of the wrench distribution problem, which arises from
the resulting closed kinematic chain. Using multiple contacts for support increases the
size of the support polygon, which in turn leads to an increased robustness of the stance
and to an increased kinematic workspace of the robot. Both are important features for
facilitating a transition of humanoid robots from science to real-world applications, where
they are confronted with several challenging scenarios, such as climbing stairs and ladders,
traversing debris, handling heavy loads, or working in confined spaces.

The developed framework also addresses the challenge of whole-body control by allowing
a humanoid robot not only to maintain balance but also to interact with its environment,
as e. g. by carrying or manipulating objects. Of course, the forces and torques arising from
the interaction task must be considered by the balancing and/or support task to avoid
falling.

The whole-body control framework is generalized by combining the techniques for multi-
contact balancing with multi-objective control, which allows for a more generic task defini-
tion. Kinematic and dynamic conflicts between the tasks are resolved via a prioritization.
For instance, the generalization allows for support contacts not only at the end-effectors
(hands and feet) but at arbitrary locations on the robot’s body, such as the knees, pelvis,
backpack, shoulders, or the elbows. This ability is essential for operating a humanoid
robot in confined spaces, where there might be not enough space to completely “unfold”
the limbs to rely on hands and feet only.

The developed control framework implements a compliant balancing behavior in order
to ensure safety in case of accidental collisions between robot and environment or be-
tween robot and human. Furthermore, the framework employs passivity-based methods
to achieve robustness with respect to external disturbances.
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10 Discussion and Conclusion

In summary, the framework advances the state of the art by addressing the aspects
listed below:

e Extension of the work by Ott et al. [2011] into a passivity-based framework (MCB)
— for whole-body control by incorporating interaction tasks,

— and for multi-contact balancing by allowing for an arbitrary number of contacts.
e Incorporation of feedforward terms to allow for dynamic trajectories (MCB+).
e Passivity control for balancing on movable and deformable surfaces (MCB-PC).
e Automatic CoM task for performing high-force interaction tasks (MCB-ACT).

e Generalization of the whole-body control framework by integrating hierarchical multi-
objective control (HMCB). The latter allows for

— a dynamic decoupling of the tasks via a task prioritization,

— and balancing in confined spaces by allowing for arbitrary contact locations on
the body of the robot.

e Extensive experimental evaluation of the whole-body control framework.

e Demonstration of the performance and versatility of the whole-body control frame-
work in various applications including planning, teleoperation, and industrial manu-
facturing.

One of the above-mentioned applications was the EU-project COMANOID [Comanoid,
Kheddar et al., 2019], which addressed the challenge of introducing humanoid robots into
aircraft manufacturing. Other means of benchmarking the balancing and locomotion ca-
pabilities of humanoid robots are provided by the EU-project EUROBENCH [Eurobench]:
Torricelli et al. [2015] proposed a set of skills that are relevant for bipedal balancing and
locomotion. Fig. 10.1 shows an excerpt of the skills that are relevant for the scope of
the developed whole-body control framework. For this purpose, some of the categories are
summarized - in particular, the ones addressing surface inclinations and compliant terrain.
Furthermore, we summarized the categories for surface tilts and translations, such that
they comprise continuous as well as sudden surface motions. However, the category “High
Force Interaction” was added to the skill set to account for the MCB-ACT balancing
controller, presented in Section 6.5. Torricelli et al. [2015] proposed a classification of the
categories into two groups based on whether the environment is static or in motion. We
suggest a further subdivision of the latter group into passive and active environments. If
the environment is passive, then the motion of the robot causes a motion of the environ-
ment, such as in the category “Seesaw”. In case of an active environment, the causality
is reverted: Here, the environment inflicts external forces and torques on the robot that
in turn cause a motion of the robot, such as in the category “Pushes”. Note that the
categories “Body Sway Referenced Platform”, “Bearing Weight”, and “High Force In-
teraction” form another subgroup, where the robot generates forces and torques for the
purpose of deliberately manipulating the environment, in contrast to the other categories,
where the robot exploits the environment to gain support.

In the context of this work, we have demonstrated that the developed control framework
for whole-body balancing is able to master 12 out of the 13 categories given in Fig. 10.1,
including irregular terrain, stairs, and surface tilts and translations, for instance. The only
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Figure 10.1: Categories for benchmarking the balance performance of humanoid robots
(based on [Torricelli et al., 2015]).
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10 Discussion and Conclusion

missing scenario “Body Sway Referenced Platform” demands that the robot maintains not
only its own balance but also the balance of the tiltable platform. This particular scenario
does not only deal with the underactuation of the robot’s base, but also with the un-
deractuation of the platform. Thus, the control strategy must be extended, for instance,
by utilizing the horizontal CoM motion to regulate the orientation of the platform. The
presented whole-body control framework could be a potential starting point for this ex-
tension, thanks to its feature of a general task description. Due to the challenging nature
of a “Body Sway Referenced Platform”, this category is an interesting method for bench-
marking the balancing capabilities of a humanoid robot. However, the practical relevance
of this particular scenario is limited.

In conclusion, the presented framework for whole-body control of humanoid robots
in multi-contact scenarios covers all the relevant categories of the benchmark given in
Fig. 10.1. Therefore, it facilitates the assignment of humanoid robots to challenging and
demanding tasks ranging from disaster scenarios and space and service robotics to indus-
trial manufacturing. This work also revealed several recommendations for future research
activities:

e In order to exploit the hands for multi-contact balancing, the robot kinematics must
allow the hands to adjust to the environment. The humanoid robot TORO only fea-
tures two joints in the wrist and forearm (see Chapter 5), which limits its capabilities
to rotate the hands freely in Cartesian space. A mechanical design that incorporates
three DoF's into the forearm (preferably with intersecting axes for mimicking a ball
joint) appears to be in clear advantage over the two-DoF design of TORO. Besides
this, the strength of TORO’s arms is limited by the elbow joint, which can provide
a maximum torque of 40 Nm. Given a lever arm of approximately 0.4 m between
the elbow and the hand, the maximum force that the arms can deliver is limited
to roughly 100 N depending on the direction of the force. Although this range is
sufficient for many manipulation tasks, it represents one of the limiting factors in
multi-contact balancing. The arms can be employed to increase the robustness of the
stance as demonstrated multiple times in this work. However, they are not strong
enough to carry a relevant amount of the robot’s weight, which disqualifies TORO
for several multi-contact tasks, such as climbing. For these reasons, we recommend
revising the mechanical design of the arms regarding strength and kinematics for the
next generation of humanoid robots.

e In Chapter 7, the tasks are manually defined, of which several parts require the
knowledge of an expert. In order to provide humanoid robotics to the general pub-
lic, more generic methods for defining and switching tasks need to be investigated.
Online task transitions especially are still a challenging field from a theoretical point
of view.

e Thanks to Section 6.3 (MCB+), the framework enables humanoid robots to follow
dynamic trajectories. The next logical step is to exploit this feature for dynamic
walking, which is already under investigation by DLR.

e Many whole-body control frameworks require an explicit definition of the CoM task,
e.g. by defining a constant setpoint for the CoM location. However, restricting the
CoM to a static position reduces the kinematic capabilities of the robot (e.g. the
reach of the arms during grasping). Therefore, we suggest introducing automatic
CoM tasks into humanoid robotics that facilitate a suitable motion of the CoM,
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such as a free motion within the boundaries of the support polygon. This work
presented a potential approach in the form of Section 6.5 (MCB-ACT), where an
automatic CoM task was developed to account for high interaction forces. Another
possibility is to follow the teleoperation setup presented in Section 9.2.2, where a
potential is used to move the CoM in conjunction with the hands to avoid a singular
arm configuration.

e Many whole-body control frameworks assume that the supporting contacts do not
unintentionally detach from the environment, which is supposed to be prevented by
respecting the contact model. However, practical experience has shown that the
performance of the linear contact model presented in Section 3.4 can be unsatisfac-
tory under low perpendicular forces (f; . ~ Z-’";in). Thus, we suggest investigating

more sophisticated models for describing the contact properties. This work also pro-
vides several methods and procedures for increasing the robustness of the supporting
contacts against lifting off, tilting, or sliding (see Section 6.7.1 and Section 9.1.2).
However, these methods can only increase the robustness but are not able to stabi-
lize the robot if an unintentional detaching already occurred. As a consequence, we
recommend investigating further methods for detecting and reacting to misplaced
or detached contacts. Furthermore, the aspect of detached contacts is linked to the
problem of step recovery in multi-contact scenarios. Here, the challenge lies in the
number of contacts as well as in the complexity of the cluttered environment. Similar
problems have already been addressed in offline contact planning, but not in online
step recovery.

Although there are still many challenges in humanoid robotics, this work advanced
the state of the art by developing a whole-body control framework, which enables the
robust and compliant operation of humanoid robots in multi-contact scenarios. It con-
tributed to the field both with a thorough investigation of several theoretical aspects and
with an extensive experimental evaluation. The research effort culminated in the EU-
project Comanoid [Comanoid]|, where we were able to demonstrate the potential of in-
troducing humanoid robotics into aircraft manufacturing, which underlines the versatility
and maturity of the developed framework.
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cHAPTER 11

Appendix

11.1 Positive Definiteness of Matrix Potential

The procedure for converting the potential from the matrix into the quaternion formulation
is based on [Zhang and Fasse, 2000]: Let n and 7j be the scalar and vector part of the unit
quaternion 7 representing the rotation error Rp4. According to [Shuster, 1993], Rp4 is
given by Rpa = (n* — ||7|) I + 21j7" + 2nS(7f), which can be converted into

Rpa = I — 25 /I + 24jii" + 208 () (11.1)

exploiting the length of the unit quaternion 1 = 7% + ﬁTﬁ Inserting Rp4 into (4.22)
yields

VIt = — b (1 = 2" + 247" + 208 (i) (R Reet K R Rp)) + tx(K)
=~ tr (R} Reet K BRI R ) + tr(K) (11.2)
+ 2t (75— "~ nS() (R Rer K Rl Rp))
Considering tr(S(n) (RS Rt K RE; Rp)) = 0 due to Theorem 4.3, Theorem 4.1 leads to

VISRt = 4 20" tr(K)

(11.3)
—2tx (7" (R} Reet K RL;Rp))
It can be easily verified that
w (i7" (Rb Ro K BRIy Rp)) = i (R R K R Rp)ii (114)
holds using Theorem 4.2, which leads to
Vst = 25" (tx(K) — (R} Reet K Rl Rp) ) i (11.5)

Inserting the definition of the co-stiffness matrix (see Section 4.2) simplifies V! to

vErt — 95T RT Rt K1ot RL; Rp 7, (11.6)
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which is positive definite with respect to the vector part 7. Thus, V5! is positive definite
with respect to the rotation matrix Rpa:

oot =0if Rpa =1 (117)
>0if Rpa A1 '

11.2 Averaging of Rotation Matrices

In [Gramkow, 2001], two methods are compared for computing the average of rotations
based on a representation via unit quaternions and via ration matrices. According to
Gramkow [2001] both methods yield a sufficient accuracy, but the one based on quater-
nions is simpler to compute than the one using rotation matrices. For this reason, we
propose averaging rotation matrices by first converting them into quaternions, comput-
ing the average in quaternion space, and then converting the result back into a rotation
matrix.

Let m; be the unit quaternion representation of a set of general rotations R; € SO(3)
with ¢ = 1...n. The weighted average of the rotations can be computed according to

n— Z?:1 Q;1;
HZ?:1 a;n;||

based on the method presented in [Gramkow, 2001]. The weighting coefficients are repre-
sented by «; € [0;1] satisfying > 7" | a; = 1.

Note that Gramkow [2001] states that the method can potentially fail if the quaternions
are distributed all over the unit sphere of quaternion space. However, this can be avoided
by a) exploiting the fact that n; and —m, represent the same rotation in order to restrict
the quaternions to one half of the unit sphere and by b) assuming that the orientations
are relatively close to each other. The latter assumption holds in our case, as we average
several estimates of the orientation Ry, which probably show only a moderate variation.

(11.8)
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