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If you can’t explain it simply, you don’t understand it well enough.

— Albert Einstein

Try not to become a man of success, but rather try to become a man of value.

— Albert Einstein






ABSTRACT

The new generation of service robots requires force control to safely cooper-
ate with humans in unstructured dynamic environments. The objective of this
thesis was to improve the abilities of humanoid robots to interact with their
surrounding. In particular, the idea of integrating force and touch feedback
was investigated, so as to control the robot in presence of external forces act-
ing on any part of its body. To this aim, this work exploited the humanoid
robot iCub as test platform, and it tackled three main issues: i) spatial cali-
bration of tactile sensors, ii) estimation of contact forces using tactile sensors
and force/torque sensors, and iii) prioritized position and force control.

The main contribution of this thesis is a new framework for prioritized
position and force control of floating-base robots. The framework was com-
pared to other state-of-the-art similar frameworks, both analytically and in
simulation, and it proved preferable in terms of optimality and computational
efficiency — twice as efficient, while preserving the optimality of the solu-
tion. Moreover, a method for estimating the 3D positions of tactile sensors
was proposed. The method relies on force/torque measurements and it was
exploited to calibrate the 1500 tactile sensors mounted on the arms of the
iCub robot, with an average error of approximately 7 mm. Another method
was introduced, which makes use of the calibrated tactile sensors, together
with the distributed force/torque sensors, to estimate an arbitrary number of
contact forces acting on any part of the robot’s body. The method is based
on the Recursive Newton-Euler Algorithm, and it was implemented as part of
the open-source C++ library iDyn. Furthermore, a theoretical and empirical
analysis investigated how incorrect estimation of contact points may affect
the resulting contact forces and induce undesired joint accelerations. Tests on
the iCub robot demonstrated a significant improvement in the performance of
the force controller when the tactile system was used. All things considered,
this work advanced the state of the art of force control of humanoid robots,
providing estimation methods and control strategies that can be applied to
make robots safely work side-by-side with humans.
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INTRODUCTION

This thesis deals with the position and force control of a humanoid robot inter-
acting with the environment. The robot detects whole-body contacts with its
distributed tactile sensor network and it measures contact forces using 6-axis
force/torque sensors. To improve the abilities of the robot to interact with the
surroundings, this work tackles three main issues: i) spatial calibration of tac-
tile sensors, ii) estimation of contact forces, and iii) multi-task position/force
control.

1.1 MOTIVATIONS: THE NEED FOR FORCE CONTROL

In the last half century we have been witnessing a major shift in robotic
applications. While 50 years ago robots belonged only in industries and re-
search laboratories, through the years some robotic platforms have entered
our homes. Predictions for the future go so far as to compare the current emer-
gence of the robotics industry with the PC-revolution started in the *70s: “a
robot in every home” [Gates 2007]. Industrial manipulators today represent
only a fragment of a wide range of robotics applications: caregiver robots
help the elderly and disabled people, service robots [Kim et al. 2005; Roy
et al. 2000] sweep the floor and mow the lawn, and therapy robots ease re-
habilitation processes. The field of service robotics [Siegwart et al. 2003;
Wyrobek et al. 2008] is trying to achieve a particularly challenging goal: build-
ing general-purpose robots that can work side by side with humans to do a
variety of different chores.

This shift in robotics applications calls for new capabilities. First, robots
that share the workspace with humans have to be safe, meaning that they need
to control their physical interactions with humans and environment [Had-
dadin et al. 2009; Heinzmann and Zelinsky 2003; Hirzinger and Albu-Schiffer
2001]. Physical interaction may be either intentional or due to uncertainties
— typical of unstructured dynamic environments such as homes. Besides be-
ing safe, service robots should perform tasks in cooperation with other active
agents (humans or other robots), hence they need to regulate contact forces on
their whole body. Moreover, general-purpose robots can not be programmed
as industrial manipulators that perform only few repetitive tasks. Non-expert
users should be able to program robots by demonstrating a task, either visu-
ally or kinesthetically (i.e. physically moving the robot) [Argall et al. 2009;
Calinon and Billard 2007; Hersch et al. 2008; Kormushev et al. 2011]. The
paradigms of “programming by demonstration” and “kinesthetic teaching”
are appealing also to the industry [Brooks 2008], because they simplify the
programming phase and increase the adaptability of robots.

Future predictions:

“a robot in every

home”.

Robots need to
interact with humans
and the environment.



Two approaches:
active force control
and passive force
control.

INTRODUCTION

To meet these requirements, the new generation of robots demands force
control, that is the ability to regulate the interaction forces exchanged between
robot and environment.

1.2 FORCE CONTROL

The issue of providing robots with force control gave birth to several research
trends, both on the hardware side and on the control/software side. This sec-
tion briefly reviews the major efforts on both sides, in order to contextualize
the presented work inside the field of force control.

1.2.1 Hardware

The field of Whole-Arm Manipulation (WAM) focuses on building robotic
arms specifically designed to make contact on their whole surface. In 1988
Salisbury and Townsend wrote:

Manipulator should be designed to contact and interact with the
environment with any of its surfaces. [...] Since the system is
intended to contact objects [...] it is important that forces any-
where along the links be controllable.

One approach to fulfill these requirements is passive force control, which
relies on mechanical compliant elements. In 1995, Pratt and Williamson sug-
gested that the introduction of passive springs at the joints could improve
shock tolerance, lower reflected inertia, enhance accuracy and stability of
force control, lessen environment damages, and allow for energy storage; re-
search on series elastic actuators had then started. Along the same line of
thoughts, people built variable stiffness/impedance actuators, which can con-
trol both position and mechanical impedance of the moving parts, in such a
way to optimize performance while intrinsically guaranteeing safety [Laurin-
Kovitz 1991; Tonietti et al. 2005].

An alternative approach is active force control, which, rather than exploit-
ing elastic mechanical elements, commands the robot’s motors so as to regu-
late the interaction forces. In this approach, force/torque sensors and tactile
sensors are paramount, because they allow to detect, localize and measure
contact forces. Joint position sensors are relatively easy to build an to inte-
grate into a robotic system. On the other hand the problem of designing com-
pact, robust and accurate joint torque sensors is far from solved. Most diffi-
culties arise from the high sensitivity of the sensing elements, which easily
measure unwanted force/torque components, specially in small and compact
designs. Hirzinger and Albu-Schiffer [2001] presented advances towards a
new generation of service robots that are characterized by joint torque sensors,
light weight, high weight-to-payload ratio, and low power consumption. Tac-
tile sensing has always been widespread in manipulation [Tegin and Wikander
2005], but in recent years we have seen more and more large-scale tactile net-
works that cover large parts of the robot’s body [Minato et al. 2007; Schmitz



1.2 FORCE CONTROL

et al. 2011]. Tactile sensors and force/torque sensors proved to be comple-
mentary technologies [Gordon and Townsend 1989], which give best results
when used together to measure magnitude and location of multiple contact
forces [Fumagalli et al. 2012].

1.2.2  Control/Software

Since the 1970s, force control has heavily impacted the field of robotics con-
trol [Groome 1972; Nevins and Whitney 1973; Whitney 1976]. Ever since, a
few basic control paradigms have established the foundations of this research
area (see [Chiaverini et al. 1999; De Schutter and Bruyninckx 1998; Whitney
1987] for a thorough review). The next subsection quickly describes the fol-
lowing well-known control paradigms: explicit force control, implicit force
control, impedance control, hybrid control and parallel control. After that,
we review the state of the art of the so-called “control frameworks”, which
allow robots to perform multiple tasks at the same time, combining together
different control paradigms. Finally, we summarize the main challenges of
force control, with a particular focus on humanoid robots.

1.2.2.1 Control paradigms

Explicit force control exploits force feedback to adjust the contact force to
a desired value [Volpe and Khosla 1993; Whitney 1976]. On the other hand
implicit force control, without any force feedback, regulates the position of
the contact point, while tuning the joint servo gains so as to give a particular
stiffness/admittance to the contact point [Borrel 1979; Rocco et al. 1997].

In 1985, Hogan proposed impedance control, consisting in the control of
the motion of the manipulator and, in addition, its dynamic behavior in re-
sponse to external forces. Based on the observation that all environments
can be modeled as admittances (i.e. physical systems that accept force in-
puts and yield motion outputs), Hogan suggested to control the manipula-
tor as an impedance (i.e. a physical system that accepts motion inputs and
yields force outputs). This guarantees that the two dynamically interacting
systems physically complement each other. Differently from previous ap-
proaches, impedance control does not regulate motion or force directly, but in-
stead it regulates the ratio of force to motion, that is the mechanical impedance
[De Schutter and Bruyninckx 1998].

In 1979, Craig and Raibert introduced hybrid control, which regulates force
and position independently, along orthogonal directions. Any assembly task
involving rigid frictionless contact defines two sets of natural constraints: po-
sition constraints prevent the robot from moving through the environment,
whereas force constraints prevent the application of forces along the tan-
gent directions. These two sets of constraints partition the space into two
orthogonal subspaces, which are then controlled according to different crite-
ria [Khatib 1987].

More recently, Chiaverini and Sciavicco [1993] proposed to superimpose a
proportional-derivative position control on a proportional-integral force con-

Well-known control
paradigms:
explicit/implicit
force control,
impedance control,
hybrid control and
parallel control.
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trol, giving birth to the so-called parallel control. The integral action in the
force regulator ensures dominance of the force control over the position con-
trol, which is typically desired for safety reasons.

1.2.2.2  Control frameworks

In order to meet the increasing demand of flexibility and versatility, robot
manipulators with more than six degrees of freedom appeared. These manip-
ulators introduced the problem of redundancy resolution, namely to select a
unique solution among the infinite control actions that generate the desired
end-effector behavior. At first, redundancy was exploited to minimize the ki-
netic/potential energy of the manipulator [Whitney 1969], avoid obstacles
in the workspace [Khatib and Maitre 1980], avoid singularities [Yoshikawa
1984], or keep joint angles and torques within limits [Liegeois 1977]. In 1987,
Nakamura et al. were the first to discuss the concept of task prioritization:
a task was divided into subtasks with different priorities and the joint mo-
tion was resolved so that lower priority subtasks used only redundancy not
committed to higher priority subtasks. Nakamura et al. [1987] formulated the
problem both in terms of joint velocity control [Whitney 1969], and joint
acceleration control [Luh et al. 1980].

The problem of redundancy resolution drew increasingly more attention
as research started to devote more attention to complex robots, such as hu-
manoids, opening the possibility to perform many tasks at the same time.
New control frameworks [Baerlocher and Boulic 1998; Siciliano and Slotine
1991] generalized the concept of task prioritization to the case of an arbitrary
number of tasks. In 2004, Khatib et al. presented the first control framework
working on the dynamic equations of the robot. Differently from the previ-
ous approaches, this framework allowed for explicit force control and hybrid
control.

Many control frameworks have then been formulated in the last decade,
each of them presenting particular features, such as: specification of inequal-
ity constraints [Mansard et al. 2009; Saab et al. 2011a], control of underactu-
ated systems [De Lasa and Hertzmann 2009; Mistry and Righetti 2011], low
computational cost [Escande et al. 2010; Mansard 2012].

1.2.2.3  Main challenges

The position and force control of humanoid robots has been an active research
subject in the last decade, in part because of the many challenges that it ex-
hibits.

Physical interaction with the environment definitely represents a crucial is-
sue: while we can estimate a dynamical model of the robot, it is much harder
to retrieve a model of the contact dynamics. Researchers often resort to simpli-
fied models such as “perfectly-rigid frictionless contacts”, or “spring-damper
contacts”, because they have proved sufficient to roughly capture the dynam-
ics of the interaction. However, even when using these simple models, the
online estimation of their parameters remains problematic.
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Sensing capabilities represent another limiting factor: force and torque sen-
sors are expensive and difficult to integrate on robots; moreover, tactile sen-
sors are rarely found and often cover only limited parts of the robot’s body
with low resolution. As this thesis demonstrates, the latter is a crucial problem
for the estimation of contact forces.

Redundancy resolution, as we already mentioned, is another well-known
challenge, and it has been the subject of a great body of work. Redundancy
can either be seen as a problem, or as an opportunity to address other issues,
such as singularities or joint torque/angle limits. Even if some control frame-
works allows for inequality constraints, which can model joint torque/angle
limits, this leads in turn to another problem, that is the computational cost.
Similarly, to avoid singularities, one could resort either to local approaches,
which do not guarantee optimality of the solution, or to global approaches,
which require high computational cost. Since active force control benefits
from fast control loop, control strategies should be as computationally effi-
cient as possible (rate of force control loops is typically at least 1 kHz). A
trade-off between efficiency and optimality seems to exist, but it is still un-
clear where it lies.

Finally, underactuation is probably the most recent ingredient that fell into
this recipe. Underactuated systems have less actuators than degrees of free-
dom, hence they can control only a portion of their state at each instant of
time. Nonetheless, most of these systems are controllable, namely they can
be driven from any initial state to any final state in finite time. Feedback
linearization greatly simplifies the control of fully-actuated robots, reducing
them to decoupled linear systems. Differently from fully-actuated systems,
underactuated robots are not feedback linearizable, namely their dynamics
cannot be linearized by a nonlinear feedback. Floating-base robots are a class
of underactuated systems, which has been largely studied in the field of space
robotics. Floating-base robots suffer from dynamic singularities, that are con-
figurations in which the robot can not accelerate in certain directions due to
the dynamic coupling between its active and passive degrees of freedom. This
dynamic coupling makes unfeasible to address control and planning from a
kinematic-only standpoint, as it is often done with fully-actuated systems.
Dynamic models are typically less precise and more complex than kinematic
models, hence their inclusion decreases the reliability of the planning, while
increasing the computation time.

Moreover, humanoid robots differ from space robots because they are al-
most always in rigid contact with the environment, typically with the ground.
They are then called “constrained systems”, meaning that their motion is con-
strained by the rigid contacts; the contact constraints need to be taken into
account in control and planning, increasing even further the complexity of
these processes.

Most robots cannot
sense contact forces
due to the lack of
adequate sensors.

Redundancy is both
a challenge and an
opportunity.

The control of
underactuated robots
is challenging
because these
systems are not
feedback
linearizable.



INTRODUCTION

1.3 CONTRIBUTIONS OF THE THESIS

The work presented in this thesis belongs in the control/software side of force
control.

The first part of the thesis treats problems that are strictly related to the spe-
cific sensor arrangement of the iCub robot, i.e. the distributed tactile sensors
and the 6-axis force/torque sensors. Before implementing any force control
paradigm we needed a way to measure and localize contact forces on the body
of the robot; this part of the work was then essential for testing the second part.
We devised a method for the spatial calibration of the tactile sensors and we
tested it on the robot. The method exploits the 6-axis force/torque sensor to
estimate the positions of the tactile sensors on the arm of the robot. Then
we tackled the problem of fusing the information coming from the different
sensors - tactile and force/torque - to estimate position and magnitude of the
contact forces. Next we implemented some control strategies (explicit force
control, position control, parallel control) on the iCub robot, and we studied
how the tactile sensors improved the performance of the controllers.

The second part of the thesis deals with control frameworks: we present
a new control framework for position and force control and we compare
it with other state-of-the-art control frameworks. Both an analytical analy-
sis and tests in simulation show the advantages of the presented framework,
which concern its optimality and efficiency. Then we extend the presented
analysis and the control framework to floating-base systems, which exhibit
particular challenges because of their underactuation.

To summarize, we list here the main contributions of this thesis.

1. A method for spatial calibration of tactile sensors, presented in chapter
2 and published in [Del Prete et al. 2011].

2. A method for estimation of contact forces using tactile sensors and
force/torque sensors, presented in chapter 3 and published in [Del Prete
et al. 2012a].

3. A theoretical and empirical analysis of how errors in contact localiza-
tion affect the control of contact forces, presented in chapter 4 and pub-
lished in [Del Prete et al. 2012b].

4. A framework for position and force control of floating-base robots, pre-
sented in chapters 5 and 6, and submitted for publication in [Del Prete
et al. 2013].

1.3.1 Basic assumptions

This work is based on a few assumptions, meaning that it does not tackle
some of the aspects related to force control of humanoid robots. Even though
we had to implement some simple planners for testing our control strategies,
this thesis does not deal with the problem of computing reference trajectories
(i.e. planning). Since we are interested in model-based control, we always
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assume to have a precise kinematic/dynamic model of the robot that we con-
trol. We extracted the kinematic parameters from the CAD model of the robot,
whereas the inertial parameters were estimated, but we do not enter into the
details of the process. Also, we do not consider the problem of errors in the
robot parameters and the application of adaptive/robust control techniques.
While we explain a technique for the spatial calibration of the tactile sensors,
we assume that the force/torque sensors are already calibrated and they pro-
vide reliable measurements. We do not deal with the control of robots with
passive springs at the joints (i.e. SEA or VIA). Although at the moment our
test platform is not equipped with passive springs (apart from the fingers),
some elasticity is surely present in the structure; however, we always assume
to work with a perfectly rigid robot. Another assumption is the perfect track-
ing of the joint torque control of the DC motors. Finally, even if two cameras
are mounted on the iCub robot, we do not exploit vision in the presented
controllers.

1.4 TEST PLATFORM — ICUB HUMANOID ROBOT & SOFTWARE
ARCHITECTURE

This section presents the humanoid robot iCub (see Fig. 1.1a), which is the
test platform for all the methods and controllers presented in this thesis. The

sensor

(b) The force/torque sensor mounted inside the
arm of the iCub.

(A
(a) The iCub humanoid robot.

iCub is an open robotic platform, designed for studying embodied cognition
[Metta et al. 2008]. Its high number of degrees of freedom (53 in total, 30
in the upper body of which 9 just in each hand) and its small height of 104
cm, distinguish this robot from the other humanoid platforms worldwide. A
large variety of sensors are mounted on the robot: digital cameras, gyroscopes,
accelerometers, microphones, joint encoders, 6-axis force/torque sensors and
a distributed sensorized skin.

This thesis does not
deal with planning,
model identification
and series elastic
actuators.
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1.4.1 Force/torque sensors

Currently, the iCub is equipped with four custom made force/torque sensors
[Fumagalli et al. 2010], one in each limb. The position of the sensors differs
from the usual distal configuration at the end-effector. Indeed the sensors are
located in between the shoulder and the elbow in the arm (see Fig. 1.1b), and
in between the knee and the hip in the legs. The solution was dictated by prac-
tical reasons, but it has also some advantages: while the distal configuration
can measure only end-effector forces, the proximal configuration allows the
measurement of both internal dynamics and external forces exerted on the
whole limb.

1.4.2 Tactile sensors

A compliant skin [Schmitz et al. 2011] incorporating a distributed pressure
sensor, based on capacitive technology, is currently mounted on the torso,
arms, palms and fingertips of the iCub (see Fig. 4.7). The skin is organized
in triangular modules, except for the fingertips, where a particular solution
has been designed for complying with the limited size and round shape. Each
module, composed by 12 taxels (see Fig. 1.1), is able to scan locally 12 mea-
surements of capacitance and send them through a serial bus.

Figure 1.1: Right arm of the iCub robot, with skin mounted on the forearm (not cov-
ered with the lycra yet), palm and fingertips. In the red box, a detailed
view of the forearm cover and the placement of the sensors [Schmitz
et al. 2011]. This part is not covered with the silicone foam yet.

The basis of the sensor is a flexible printed circuit board (PCB). A 2/3 mm
thick layer of silicone foam is placed above the PCB, covering the 12 taxels.
The role of this layer is two-fold: (i) it acts as a deformable dielectric for
the capacitive pressure sensor and (ii) it makes the skin compliant. A second
conductive layer of lycra is placed on top of the silicon foam, in order to make
the sensors sensitive to every material, regardless of its electrical properties.
The capacitance of all the taxels is read with an 8 bit resolution, since any
higher resolution is covered by noise. In every skin triangle the 12 taxels can
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be read either independently at 50 Hz, or as an average of them at about 500
Hz.

1.4.3  Software

1.4.3.1 YARP

YARP [Metta et al. 2006] (Yet Another Robot Platform) is the software mid-
dleware that we exploited for the implementation of all the software reported
in this thesis. YARP is a set of C++ libraries, protocols, and tools to keep mod-
ules and devices cleanly decoupled. It supports building a robot control sys-
tem as a collection of programs communicating in a peer-to-peer way, using
different connection types (tcp, udp, multicast, local, MPI, mjpg-over-http,
XML/RPC, tcpros). It also supports similarly flexible interfacing with hard-
ware devices. YARP allows software modules to communicate using ports
and it supports both synchronous and asynchronous communication. YARP
is free and open, under the LGPL.

1.4.3.2 iDyn

The software library iDyn [Ivaldi et al. 2011] is at the core of the implementa-
tion of force control on the iCub. Using the dynamic parameters of the robot
(extracted from the CAD model) and the data of F/T sensors and tactile sen-
sors, iDyn can:

e cstimate the joint torques to simulate joint torque sensors and so imple-
ment joint torque control in the control boards of the motors;

e estimate the contact forces [Del Prete et al. 2012a].

The information relative to the contact points comes from a software module
called SkinManager, which uses the 3D positions of the tactile sensors to com-
pute the center of pressure of each contact area. To obtain this information
the tactile sensors were previously calibrated using the technique presented
in [Del Prete et al. 2011].
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Part I

CALIBRATION AND ESTIMATION






SKIN SPATIAL CALIBRATION USING
FORCE/TORQUE MEASUREMENTS

This chapter deals with the problem of estimating the position of tactile ele-
ments (i.e. taxels) that are mounted on a robot body part. This problem arises
with the adoption of tactile systems with a large number of sensors, and it
is particularly critical in those cases in which the system is made of flexible
material that is deployed on a curved surface. In this scenario the location of
each taxel is partially unknown and difficult to determine manually. Placing
the device is in fact an inaccurate procedure which is affected by displace-
ments in both position and orientation. Our approach is based on the idea that
it is possible to automatically infer the position of the taxels by measuring
the interaction forces exchanged between the sensorized part and the envi-
ronment. The location of the contact is estimated through force/torque (F/T)
measures gathered by a sensor mounted on the kinematic chain of the robot.
Our method requires few hypotheses and it can be effectively implemented on
a real platform, as demonstrated by the experiments with the iCub humanoid
robot.

2.1 INTRODUCTION

Figure 2.1: Examples of large scale tactile systems mounted on different robotic plat-
forms. From the top left corner there are Nao, Robovie, Riman, Kaspar,
Riba and iCub.

Nowadays, robots are expected to exhibit advanced features and complex
interaction capabilities. For these reasons, recent research work has been fo-
cused on the design of robot structures that either take inspiration from the

13
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human functional structure [Marques et al. 2010; Metta et al. 2008] or are
specifically designed for particular tasks [Hoffman and Weinberg 2010]. Fur-
thermore, the design of deeply embedded and functional sensor systems that
extend the perception of the surrounding environment has been enforced. In
this field, particular attention has been devoted to tactile sensing: the key
feature for enabling safe human-robot interaction and autonomous tasks in
unstructured environments [Lumelsky 2006; Taichi et al. 2006].

The development of large-scale tactile sensors requires to deal with several
issues that are well beyond the realization of single prototypes. Scalability,
conformability [Ohmura et al. 2006], wiring [Cannata et al. 2008] and net-
working [Baglini et al. 2010] are just some of the issues that must be taken
into account in the definition of a large scale tactile system that can cover
huge parts of a robot body. Ohmura et al. [2006] presented a possible attempt
to solve these issues, with a network of tactile elements that can be applied
to arbitrarily curved surfaces. In spite of the low spatial resolution and high
power consumption, the proposed solution allows a simple mechanical inte-
gration of transducers on the robot body. Cannata et al. [2008] presented an-
other example of a modular skin, in which the triangular shape of the sensing
modules and the adoption of flexible PCB ensure good conformal properties.
Moreover, the modular design allows the skin to be adapted to robot platforms
with varying shape and morphology [Schmitz et al. 2011].

In spite of the issues discussed above, today we can count on a number of
prototypes providing robots with large-scale, skin-like tactile systems [Can-
nata et al. 2008]. These devices are characterized by a large number of sen-
sors, which are essential for measuring contacts at high resolution. Dealing
with such a large number of tactile units that can be freely placed on a robot
has revealed a new class of problems, like folding the skin on the surface to
best cover the robot, or the spatial calibration of the tactile elements. The
latter has been defined [Cannata et al. 2010] as the process of finding the lo-
cation of each tactile element with respect to a known reference frame, after
the skin sensor has been actually fixed on a robot body part. Knowing the lo-
cation of the tactile elements (i.e., faxels) is fundamental to develop complex
autonomous behaviors, such as quick response to sudden stimuli or compli-
ant human-robot interaction. Unfortunately the precise location of the taxels
is unavailable because the deployment of the tactile device is an imprecise
procedure that is affected by unpredictable displacements in both position
and orientation. Yet, due to the large number of sensing units, the manual
measure of the position of each taxel is tedious and error prone. It is funda-
mental to realize an automatic or semi-automatic procedure for calibrating
the skin once it is placed on the robot.

The design of robots that are able to learn their own sensory space is not a
new problem. Pierce and Kuipers [1997] introduced the paradigm of a learn-
ing agent that is able to infer the structure of its sensorimotor system through
the interaction with the surrounding environment. This work defines a set of
primitives that can be used by a robotic platform to build cognitive maps of
the sensor system. A different approach is followed by Kuniyoshi et al. [2004]



2.2 DETERMINING TAXEL POSITIONS THROUGH FORCE/TORQUE SENSOR MEASUREMENTS

and Noda et al. [2008], who reconstructed a topological map (rather than a ge-
ometric map of taxel locations). Kuniyoshi et al. [2004] presented a method
for building an artificial somatosensory map that reflects the spatio-temporal
correlations between incoming signals from 250 tactile sensors distributed on
the skin of a simulated baby. The result is a map describing the structure of
the robot body rather than a set of positions in the robot space. The work pre-
sented by Noda et al. [2008] is somewhat similar to the work of Kuniyoshi
et al. [2004], but it introduces a different approach based on the extraction
of features from correlated sensors and it has been tested with real tactile el-
ements on the robotic platform Robovie-IIF. Also Modayil [2010] used the
correlation between sensors to perform an embedding of sensors, that is, in
this paper, a mapping between the sensors space and a Euclidean space. The
author shows that, after defining a sensor correlation distance, it is possible to
build a representation of sensors that preserve the computed distances, with
the technique of Maximum Variance Unfolding. Although the results show
a reconstruction of the geometry of the sensors placed on a 3D model with
different curvatures and holes, the constructed map does not correspond to
real sensor positions, but it is a scaled version resembling the original shape.
Cannata et al. [2010] proposed an automatic procedure for calibrating a robot
skin, which is based on the compliant motion between a robot and an external
object with known shape. Although the results reported in the paper show the
feasibility of the approach in simulation, this work makes some simplifying
hypothesis and assumes a certain prior knowledge about the environment and,
overall, it seems difficult to replicate on a real robotic platform.

With the sole exception of this last work [Cannata et al. 2010], all the avail-
able calibration techniques produce maps that are topological. Unfortunately
for such tactile maps to be useful for control (at least considering the con-
trol systems that are commonly implemented in robotics) it is necessary to
provide robots with metric information, rather than only topological.

The major contribution of this chapter is a method for the geometrical cal-
ibration of robot skin in 3D space. Our method can be implemented on any
robot platform that is equipped with a sensor that can measure forces and
torques on the part of the body that requires calibration. The experimental
section shows that this technique allows the estimation of the positions of the
taxels with good precision (average error of about 7 mm). This can be further
improved if knowledge of the shape of the robot is available.

The chapter is structured as follows: section 2.2 describes the proposed
method for estimating the taxel positions. Section 2.3 and section 2.4 report
and discuss the results, respectively.

2.2 DETERMINING TAXEL POSITIONS THROUGH FORCE/TORQUE
SENSOR MEASUREMENTS

The proposed approach is based on the idea that it is possible to determine
where the taxels are placed by applying forces on the sensorized part. In fact,
under some assumptions, by measuring the resulting forces and torques on the
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body part it is possible to determine the point of application of the forces (i.e.,
the contact point). If we apply forces that activate a small set of sensors near
the point of application of the force, the measured point of contact provides
an estimation of the position of the activated taxels.

The problem of determining the contact location, given force and torque
measurements, has been already investigated in the literature [Bicchi et al.
1993a; Eberman and Salisbury 1990]. When arbitrary forces and moments
are applied to a body and only the measures of a single sensor attached to
the body are available, it is hard to derive the contact geometry and, as a
consequence, to determine each contact point. Let us consider for instance a
sensor measuring forces and torques on a rigid body, on which n wrenches
are applied at different locations ¢, € R3, v = 1,...,n (expressed w.r.t.
the sensor reference frame). The equations relating the forces f., and the
moments m,,, applied to the body, with the force and the moment measured
by the F/T sensor, respectively fy; and my, are:

fu=fo+ > feur

u=1

n
may = mp + Z(mcu +cu X fe,)-
u=1
where f; and my, are the internal force and moment due to the weight of the
body (in case the body is moving, also its velocity and acceleration affect
the internal force and moment). In the following we assume that f;, and my
are known, and we define the part of the F/T sensor measure that is due to
external forces as:

fo=tu—=Fo= feu
u=1

n

Mg =mpy — My = Z(mcu + Cu X fCu)'

u=1

In the hypothesis that only a single contact point ¢ exists, no torque can be
applied to the body (i.e. m. = 0). In this case, the number of unknowns of
the problem decreases, and some information about the contact point can be
retrieved [Bicchi et al. 1993a]:

Js = fes 2.1

ms=c X fe. (2.2)

Notice that in practice the assumption m. = 0 can be easily verified. In fact,
from (2.1) and (2.2) it follows that:

foms = 0. (2.3)
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Figure 2.2: The basic principle on which the calibration is based: the moment at the
F/T sensor is equal to the cross product between the displacement (i.e. the
distance between the F/T sensor and the contact point) and the contact
force.

Now, substituting (2.1) in (2.2) leads to:
ms =c X fs, 2.4)

which is a three equation system, where the only unknowns are the three
coordinates of the contact point c. The system can not be completely solved,
because the three equations are not independent. However, we can determine
the axis of the force r:

X
ce{wjt)\fs}:r, VA eR,
[1£5]]
where A is a free variable and ||.|| is the Euclidean norm.
Suppose that we are applying a sequence of pure forces to the sensorized

robot body part; we can define the set of all the i measured wrenches w;,; €
RS,i=1,...,has:

WS = {w817w827" . 7w5h}7

ws, = [f&] .
ms,

For estimating the position p; of the j-th taxel we can use only the subset of
W, defined as:

W, ={ws, e Wy : 't; >6},  je{l,....d}

where d is the number of taxels, itj is the output of the j-th taxel with respect
to the i-th applied force, and ¢ is an experimentally determined constant pa-
rameter (i.e., a threshold) that is used for discriminating a contact response
from the noise of the sensor.

At this point we have two options for computing the taxel locations starting
from the force axes. The first method, described in Section 2.2.1, does not
require the knowledge of the robot surface. The second method, described in
Section 2.2.2, assumes that we have a mathematical description of the robot
body part, or, in other words, that we only need to determine the position of
each taxel on the surface.
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2.2.1 Contact point estimation without knowing the robot shape

Let us consider an ideal scenario in which a sequence of single point con-
tacts, occurring at different locations c;, activate one taxel at a time. In this
case it is possible to identify the location of a taxel, if more than a single mea-
sure — originating from the same taxel — is available. In fact as soon as two
force axes are determined, their intersection locates the taxel. However, the
F/T measures are subject to noise and this may cause errors in the position
and orientation of the force axis. Moreover, the hypothesis of single contact
point does not hold in practice, and an undesired moment m, # 0 may in-
troduce further errors in axis estimation. Furthermore, given the resolution of
the skin, around 3 taxels per cm? in our tests (see Fig. 1.1), different contact
locations can activate the same taxel and provide different contributions to
the estimation of the taxel position.

One way to tackle these issues, is to collect a large number of measures (i.e.,
wrenches) and determine the point that best approximates the intersection of
the related force axes, to finally get an estimate of the real location of the
taxel. We solve this problem using a least squares procedure [Bjorck 1996].
Formally, starting from (2.4) and considering the n; wrenches ws, € Wi,
r =1,...,n; corresponding to the same taxel j, we can define the following
system of equations:

— f}1 - — 77’1,51 -
II}‘slH 1o
S(2 Msp
||f92H pj=— HfSQH , (25)
fsn. msnj
J =
L j J L L.
— —
[FX}jGRgnj X3 MjGRsan1

where S(v) € R3*3 is the operator performing the cross product vx. We
divided both sides of (2.4) by the module of the force, so as to avoid weighting
the contribution of each axis proportionally to the module of the relative force.
In the end the sum of the squares of the residual is:

R;(p;) = || [Fx]jpj + M;||* =

_ <\|fsrxm+msr|>2:

= ||fsTH
_ Hf5r j + 6])+erH>
Z( Hfsrll
o= (1= 15, + Fo, % ej+msr|> _
§< A

1far % e;!l) -
7ol Z” il

r=1 r=1
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Force axis 2

Force axis 3

./.

Force axis 1
Robot body part

Figure 2.3: The j-th taxel estimated position p; obtained with the Least Square Tech-
nique. In this case, the estimate is not constrained to be on the surface.

where we decomposed p; into the sum of its projection on the r-th force
axis "pj;, and its distance from the r-th force axis "e; (see Fig. 2.3). The least
squares estimate of the j-th taxel position p}'f is the point that minimizes the
sum of the squares of the distances from the force axes:

-1
p; = axgmin B;(p;) = — (IFx]] [Fx];)  [Fx]] M5,
i€

where we assume that [F'x]; has full rank (i.e. rank([F'x];) = 3). This
assumption is reasonable, given the large number of rows of the matrix, and
besides it is easy to verify.

2.2.1.1 Multi-taxel activation

Consider now a more realistic scenario, in which each contact activates more
than a single taxel at the same time. Since the taxels are quite close to each
other (about 5.5 mm from the two centers) this happens most of the time.
Obviously enough, certain taxels are closer than others to the actual contact
point, hence they should not be treated in the same way. This aspect can be
modelled by introducing a weight for each active taxel, that is proportional to
its distance from the contact location. Of course the real distance between the
taxels and the contact point is not known, but we do know that the closer a
taxel is to the contact point, the greater its response. Formally, we can define
the weight associated to the taxel j for the r-th wrench measure in Wj as:
o i 2.6)
J max ("t,)’ ’
ye{l...d}
where ", is the output of the y-th taxel with respect to the r-th wrench in

W;, and n{qax ("ty) is the maximum of all the activated taxel outputs with
ye{l..d
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respect to the r-th wrench. We construct a diagonal weighting matrix K; €
R375 %375 whose diagonal elements are "k; (each appearing three times):

[k 0
1kj
0 1k
Kj= S : :
0 ... "kj 0 0
0 ... 0 ™k 0
I 0 ... 0 0 ™kl

Then we compute the solution of a Weighted Least Squares problem [Bjorck
1996] as:

* . -1
p; = avgmin || K;([Fx]py+M))|” = = (Fx[JKF[Fx1;) " [FxIFK}M;.
V23S

2.7

2.2.1.2 Reference frames

The points pj so computed represent the distances between the F/T sensor
and the taxel positions, expressed w.r.t. the F/T sensor reference frame <s>,
which is depicted in Fig. 2.4. If the distance between the taxels and the F/T

0.1 BN
K. sensor

0.08 —|.-~"

Figure 2.4: F/T sensor reference frame <s> and wrist reference frame <w>. The F/T
sensor is located inside the upper part of the iCub arm, hence the two
degrees of freedom of the iCub elbow affect the position of <w> w.r.t.
<s>. In this figure the two joint angles of the elbow (3, j4) are set to 45°
and 0. The remaining joints jo, j1, j2 are located before the F/T sensor
in the arm kinematic chain, hence they affect the position of the whole
arm.

sensor is not constant we can not use (2.7) as it is. However, if we know the
rototranslation between <s> and a reference frame that is fixed to the taxels,
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we can modify (2.7) to take into account this rototranslation. By doing so,
wrenches collected with different arm configurations can be used at the same
time in (2.5). Since we want to calibrate the tactile sensors on the forearm
of the robot, we chose to express the taxel position w.r.t. the wrist reference
frame <w>. Denoting with “v a vector v € R? expressed in the reference
frame <a>, we represent the points on the wrist reference frame <w>:

°p = “ow + , R"p, (2.8)

where 0, is the origin of <w> expressed w.r.t. <s>, and , R € R3*3 is the
rotation matrix from <s> to <w>. Starting from (2.4) and using (2.8) we can
write:

Sfxsp:_sm

xR = —m =2 X oy,

where the only unknown is the taxel position “p. Finally the least square
problem in (2.5) can be easily reformulated starting from this new equation.

2.2.2 Contact point estimation knowing the robot shape
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Figure 2.5: A triangle composing the surface on which the network of tactile sensors
is mounted.

If we know the shape and the position of the surface where the skin is
placed, we can exploit this information to constrain the taxel position esti-
mates on that surface. A least squares problem in which the unknowns are
required to satisfy a system of equality and inequality constraints may be
solved using a Constrained Least Squares procedure [Bjorck 1996]. In our
case, we know the mathematical description of the V triangles that form a
mesh that approximates the cover of the robot arm. We can force the point
to belong to a triangle by imposing four linear constraints: one equation for
the plane and three inequalities for the three edges of the triangle. For every
triangle v (see Fig. 2.5) we solve a constrained problem with this form:

pj = argmin || K;([F'x];p; + M;)|1?
pj€R3

s.t. xe3)(pj —vy) =0
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where €7, e and e} are the three edges of the v-th triangle, and v{, v5 and
v3 are the three vertices of the v-th triangle. In the end, the solution with the
minimum sum of the squares of the residuals is chosen:

p; = argmin || K;([Fx];p; + M;)||?
p]'ERs

st. pje{pj:veN1<v <V}

In practice, solving (2.9) for all the V' triangles composing the surface mesh
is computationally expensive. We can identify the subset of triangles that are
most likely to result in the minimum squared residuals and solve (2.9) for this
subset only. Of course these are the triangles that are closest to the force axes
associated to the interested taxel. A quick way to determine these triangles is
to solve (2.9) first without considering the constraints, and then consider only
the triangles that are closest to the unconstrained solution.

2.3 EXPERIMENTAL RESULTS

The two proposed approaches have been tested on the skin of the right fore-
arm of the iCub. The single point contact has been approximated by poking
the robot skin using a metal tool, with a flat square tip. This tool has been
preferred to the human finger because of its small tip (about 4x4 mm), which
on average activates just three taxels at a time, as opposed to seven.

We collected several datasets, each corresponding to a different configura-
tion of the arm. During each data collection the robot was controlled to keep
a fixed position. The external wrench has been computed as the difference be-
tween the wrench measured by the F/T sensor and the constant wrench due to
the weight of the arm. Several arm positions have been considered (see Table
2.1), so as to span a significant variety of arm configurations. It is worth not-

Table 2.1: Joint angles of the shoulder (5o, j1, j2) and the elbow (j3, j4) set during
the tests. For each joint we also report the range of motion.

N DURATION jo(®) 71 752 43¢  js(®

(min) -95°:10°  0°:160°  -37°:80°  15°:106°  -90°:90°
1 13 -10 20 20 94 0
2 5 -30 30 0 15 -90
3 4 -30 30 0 35 -40
4 7 -10 20 20 94 0
5 7 -30 30 0 94 0
6 7 -10 20 20 45 0
7 7 -10 20 20 94 -90
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ing that only the two elbow joints, j3 and 74, affect the position of the forearm
with respect to the F/T sensor reference frame.

To assess the two methods, a reference model of the taxel positions has
been compared with the results, measuring the displacement of every taxel
from its expected location.

2.3.1 Single dataset

The data collected in each test (see Table 2.1) have been processed individu-
ally with both the proposed methods, leading to quite diverse results, reported
in Fig. 2.6. For the first method the mean error ranges from 8.1 mm to 18.5
mm, with the standard deviation going from 4.2 mm to 8.3 mm. For the sec-
ond method the mean error ranges from 5.2 mm to 19.3 mm, with the standard
deviation going from 3.1 mm to 13.1 mm. The significant differences between

Single dataset error

‘ HWithout the surface
B With the surface
Standard deviation

Y
o

w
=

Mean error [mm]
— N

9 o

‘

1 2 3 4 5 6 7
Dataset Number

Figure 2.6: Mean and standard deviation of the error of the 84 taxel estimations, com-
puted for every dataset. The red bars show the error of the results obtained
constraining the points on the skin surface, whereas the blue bars repre-
sent the error obtained without using the surface. As expected the results
improve when the surface constraint is imposed.

the various datasets can be attributed to the F/T measurements, whose preci-
sion varies depending on the magnitude of the forces and torques that are
measured. These, in turns, depend on the arm configuration. By comparing
the two methods it is clear that constraining the points on the skin surface
generally improves the results, even if in one case (dataset 2) the opposite
occurs.

2.3.2 All datasets

If all the estimated taxel positions are represented with respect to the same
reference frame, it is possible to compute their average to derive a more ac-
curate estimation. This was computed iteratively. In other words at each step
the taxel positions found using a new dataset were averaged with the current
position estimations (see Fig. 2.7, 2.8). To weight each estimation we used
the sum of all the weights defined in (2.6). The results of the average for both
the proposed methods are depicted in Fig. 2.9. In both cases the quality of the
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Figure 2.7: This figure shows, starting from the top-left corner, the incremental esti-
mations of the taxel positions obtained without constraining the points
on the skin surface. At each step the taxel positions found using a
new dataset were averaged with the current position estimations. In the
bottom-right corner there is the reference model. The forearm is seen

from the front.
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Figure 2.8: This figure shows, starting from the top-left corner, the incremental esti-
mations of the taxel positions obtained without constraining the points
on the skin surface. At each step the taxel positions found using a
new dataset were averaged with the current position estimations. In the
bottom-right corner there is the reference model. The forearm is seen

from the top.
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Incremental dataset error
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Figure 2.9: Mean and standard deviation of the error of the 84 taxel estimations com-
puted after the estimation from each dataset is incrementally averaged.
The red and blue bars show the error of the results obtained respectively
with or without constraining the points on the skin surface. The estima-
tion improves as more data are computed. The final mean error is 6.6 mm
for the “surface case”, and 7.2 mm for the “no surface case”. The max
error is 18.5 mm without the surface and 19.4 mm with the surface.

result improves as more data are added to the average, leading to a final aver-
age error of 7.2 mm for the first method and 6.6 mm for the second method.
As expected the precision of the results improves when the knowledge of the
surface is employed to constrain the solution of the minimization.

It is worth noticing that for the first method the final error (mean 7.2 mm,
standard deviation 3 mm) is better than the best of the errors obtained from the
single datasets, (mean 8.1 mm, standard deviation 4.2 mm). For the second
method this did not happen, because the final error (mean 6.6 mm, standard
deviation 2.9 mm) is worse than the error obtained with the single dataset 7
(mean 5 mm, standard deviation 3.1 mm). Nonetheless, considering the wide
range of errors resulted from the single datasets — up to 19.3 mm — the error
obtained merging all the estimations can still be regarded favorably.

Figure 2.10: Final taxel position estimations obtained constraining the points on the
skin surface. As reference, the edges of the seven skin triangles are
drawn over the forearm surface. The same colors are used to draw the
triangles and the corresponding (estimated) taxels. Two views of the
same result are depicted, to better show the taxel positions.
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Figure 2.11: Final taxel position estimations obtained without constraining the points
on the skin surface. As reference, the edges of the seven skin triangles
are drawn over the forearm surface. The same colors are used to draw
the triangles and the corresponding (estimated) taxels. Three views of
the same result are depicted, to better show the taxel positions.

Finally, to better visualize the results, in Fig. 2.10 and 2.11 we plot the
estimated taxel positions obtained using all the datasets, respectively with
and without constraining the points on the arm surface.

2.3.3  Error analysis

To complete the assessment of the methods, some words should be spent
regarding the sources of error. The quality of the taxel position estimation
depends on several aspects, and most of them resides in the robotic platform
rather than in the method itself. First of all, errors in the force and torque
measurements, respectively €, and €y, directly affect the estimate, turning
equation (2.4) into:

ms+€m:éx(fs+€f)'

Hence the estimated force axis is equal to:

ec {(fs+€f)>< (ms+€m)

AL “”S“f)}:"

Clearly if €,,, and € are too large the estimated force axis will be too distant
from the contact point, resulting in a large error in the taxel position estima-
tions. We can compute the distance between the estimated force axis 7 and
the real contact point ¢ as a function of the force and torque measure errors:

s+ Mms+Em
1(fs + &) x (e — Utpgilmaten)))

[1fs + &l

d(c,7) =



2.4 CONCLUSIONS AND FUTURE WORK

Another contribution to the error comes from the elasticity of the robotic struc-
ture that damps the applied forces and torques thus altering the measurements.
Although it can be compensated, at the time of this work, a model of the
elasticity of the robot was unavailable and the measurements could not be
adjusted.

Uncertainties in the kinematic model of the robot affect the position esti-
mate too. As it can be seen in (2.8), to use all the datasets taken in different
poses of the robot arm, the taxel positions have to be expressed w.r.t. a com-
mon fixed reference frame. An error in the transformation between the F/T
sensor reference frame and the common reference leads to a wrong estimate
of the taxel position.

The proposed approach makes some hypotheses that do not hold com-
pletely in a real scenario. Although the robot has been poked with a small
tip tool, the contact type is surely not a single point contact, thus introduc-
ing further uncertainty in the localization. Moreover, the method estimates
the taxel positions by trying to find the point that best approximates the in-
tersection among axes of different forces. If the axes are almost parallel the
problem is ill-posed, thus much more sensitive to errors in the input data.

2.4 CONCLUSIONS AND FUTURE WORK

This chapter describes two methods for the estimation of the position of tac-
tile sensing elements on robot body parts. Differently from previous works
[Kuniyoshi et al. 2004; Modayil 2010; Noda et al. 2008], these methods esti-
mate not only the network topology, but also the location of each sensor with
respect to a known reference frame. This is a crucial point if the sensor data
have to be integrated with other information (e.g. kinematics, force/torque
measurements) for controlling the robot or estimating its state.

The first presented approach does not require the knowledge of the robot
surface. By averaging the results of the estimation from different arm config-
urations, this procedure allows to determine the position of each taxel with
an average error of 7.2 mm. This can be further reduced to 6.6 mm in case
the shape of the robot surface is known, as it can be appreciated qualitatively
by looking at the reconstruction in Fig. 2.10. These results are remarkable,
considered that the calibration requires few hypotheses and that it is carried
out on a real robot, using noisy data (i.e. the robot kinematics and the F/T
sensor measures). The second approach assumes that a mathematical descrip-
tion of the surface on which the skin is placed is available, so as to constrain
the taxel position estimations on it. This assumption is reasonable, since the
surface of the robot can be derived once from the CAD model of the robot,
and it is independent of how the skin is mounted.

As it can be noticed in Fig. 2.11 the contact areas are not localized precisely,
but the neighboring relationships between taxels are preserved (i.e. taxels that
are neighbors in the real sensor network are neighbors in the network recon-
struction too). The precision achieved is sufficient for localizing the contact
points and estimating the external contact forces, as it will be explained in

27

The average
calibration error is
about 7 mm.

The calibrated tactile
sensors allowed us
to estimate contact
forces and
implement force
control paradigms.



28 SKIN SPATIAL CALIBRATION USING FORCE/TORQUE MEASUREMENTS

chapter 3. This is important information that has been used to implement
force control, parallel control and hybrid control, as reported in chapter 4.
The causes of the errors, as discussed in Section 2.3.3, are mainly related to
noisy force/torque measurements and to interaction events that involve more
than a single contact point. In the reported experiments, the interaction forces
were produced manually using a tool with a small tip to make sure that the
contact activated a small number of taxels. As a result, the data collection
was quite tedious and time consuming. We plan to make the calibration com-

Towards an pletely autonomous. To enforce the hypothesis that contacts occur only at

autonomous single points it is possible to proceed along two directions. First, by checking
calibration. .. that contacts indeed occur only at few (or even just one) taxels, and filter all
the contact events that do not satisfy this hypothesis. Second, by maximizing
the chance that this kind of events occurs. Along the lines of [Cannata et al.
2010], we are planning to implement a motion control law that controls the
robot so that it comes into contact with a small, fixed object. In this scenario
both the proposed calibration methods are applicable. The advantage of an
autonomous procedure is that it would allow to collect a larger amount of
data, which would help to improve the quality of the final results.

We are also investigating the possibility to add other constraints to the prob-
Adding constraints lem formulation in order to improve the precision of the final results. Instead

to improve the of specifying the exact surface on which the skin is mounted, we could sim-
results. ply constrain that surface to be smooth. Moreover, since we know that the
distance between neighboring taxels is within certain limits (approximately 4
mm to 6 mm), we could use this information as a constraint.

Finally, the 84 taxels located on the upper part of the iCub forearm sufficed
to test the presented approaches. Nonetheless, the iCub is equipped with a
much larger amount of tactile elements, covering the arms and torso, and
even more are going to be mounted on it. The proposed calibration procedure
has been used on all the tactile sensors located on the iCub’s arm (which are
about 1500 taxels). The tactile sensors on the torso of the robot has not been
calibrated yet because, at the moment, it is not possible to measure contact
forces applied on the iCub’s torso.



CONTACT FORCE ESTIMATIONS USING TACTILE
SENSORS AND FORCE/TORQUE SENSORS

In this chapter we present a numerical method, based on the recursive Newton-
Euler algorithm (RNEA), to estimate forces and moments applied to a robotic
chain. The method uses a six axis force/torque (F/T) sensor, located at the
base of the kinematic chain, together with a tactile sensor network, which cov-
ers most of the surface of the robot. The tactile sensors measure the contact
locations, whereas the F/T sensor measures the magnitude and the direction
of the contact forces. We show that the number of contacts that is possible to
estimate reliably is strictly dependent on the amount of information retrieved
from the sensors. When this critical number is exceeded, infinite solutions
satisfy the estimation problem, though, in some cases, we can choose one of
the possible solutions and draw the probability distribution of its error.

3.1 INTRODUCTION

In most robotics applications, robots come into contact with the environment
just with their end-effectors. Nevertheless, robots could benefit from making
contacts with other parts of their bodies, in the same way humans do when
performing tasks such as writing, carrying heavy objects, or balancing.

This lack is mainly due to the fact that nowadays most robots do not have
an artificial skin that allows them to detect and localize contacts. Either joint
torque sensors or 6 axis F/T sensors are usually used to provide contact feed-
back to robots. However, with these sensors it is not possible to retrieve the
exact contact location, unless we make strong assumptions about the contact
(e.g. zero moment applied, known force direction). Moreover, the wrench (i.e.
force and moment) that is applied at the contact point cannot be measured, un-
less the contact location is somehow known. Often these applications focus
on controlling the joint torques rather than the contact wrenches, but this ap-
proach is not generally applicable because it does not control the interaction
wrenches.

In the end, force control applications suffer from at least one of these limi-
tations:

e the contact point has to be fixed and known a priori (usually the end-
effector)

o the geometry of the robot and the environment have to be known

e it is not possible to control the contact wrenches, but just the joint
torques

Sentis et al. [2009] presented a theoretical framework to model and control
robots that are subject to multiple contacts, but the authors do not discuss how
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to localize the contacts and estimate the contact forces/pressures. Park and
Khatib [2005] presented a compliant motion control framework for multiple
contacts and they tested it with a PUMAS60 manipulator. In the experiments
the geometry and the stiffness of the environment are assumed to be known a
priory in order to compute the contact points and the contact forces. A proba-
bilistic approach has been proposed in [Petrovskaya et al. 2007], in which the
authors used an active sensing strategy to estimate at the same time the shape
of the robot and the contact point. Nevertheless, they tested the method only
with extremely simple geometries of robot and environment (the environment
was a point and the robot link was a line) and the authors said that, for more
complex geometries, more sophisticated active exploration strategies would
likely be needed.

When both tactile sensors and F/T sensors are available, we can estimate
contact locations and contact wrenches, and so implement reliable contact
force control. In this paper we present a method to estimate internal and ex-
ternal wrenches that is based on the well-known Recursive Newton-Euler Al-
gorithm (RNEA) [Siciliano and Khatib 2008]. We implemented the method
as an extension of the library iDyn [Ivaldi et al. 2011], and we tested it on the
1Cub humanoid robot [Metta et al. 2008]. We assume to know the kinematics
and dynamics parameters of the robotic chain and the position of each tactile
sensor (we calibrated the tactile sensors using the method described in chap-
ter 2). Also the joint positions, velocities and accelerations are assumed to
be known. We computed joint velocities and accelerations through numerical
differentiation of the joint positions, using the first-order adaptive window-
ing method described in [Janabi-Sharifi 2000]. The first step of the proposed
algorithm is unmodified with respect to the standard RNEA: it computes ve-
locities and accelerations of all the links starting with the known velocity and
acceleration of the chain base (either the base is fixed or an inertial sensor is
necessary). In the second step we solve a system of linear equations to esti-
mate the contact wrenches. Finally the classic recursive wrench propagation
is computed in order to compute internal wrenches and joint torques.

Section 3.2 explains how to build and solve the linear system for estimat-
ing the contact wrenches. Section 3.3 discusses the capabilities and the limi-
tations of the presented method, looking at some future extensions.

3.2 METHOD

Let us consider a kinematic chain composed by N links, having a F/T sensor
at the base (see Fig. 3.1), where wj is the wrench (i.e. a six dimensional vector
containing a force and a moment) exerted from link i to link i+1, P, is the
acceleration of the center of mass of link i and m; is the mass of link i. Note
that p, contains also the gravity acceleration. We know wy (i.e. the F/T sensor
measure), the contact locations rq ¢;, and we want to estimate the K contact
wrenches wey, . .., Wek .
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Figure 3.1: Generic kinematic chain with F/T sensor at the base.

Writing Newton’s equation for each link and recursively substituting the
internal forces we get:

K N
fot > fei=> mipy, 3.1)
=1 i=1

We can do the same with Euler’s equation:

K N
po+ Y (Hei+70ei X fei) = Y (T0,¢; X Mife, + i +wi x Tjwy), (3.2)
i—1 i=1

where [, Z is the inertia of link i, w; and w; are the angular velocity and acceler-
ation of link i, and rg ., is the vector connecting the chain base to the center of
mass of link i. Given that the joint positions, velocities and accelerations are
assumed to be known, the only unknowns in (3.1) and (3.2) are the contact
wrenches. The estimation problem may be solved rewriting these equations
in matrix form Az = b, where € R" contains all the « contact unknowns,
whereas A € R6*% and b € RS are completely determined. For instance, in
case of two external contact wrenches, the system is:

fel
I 0 I 0] |pe|_ —fo+ i mife,
S(T07€1) I S(T‘(),eg) I feg — o + Zz‘j\il(TO,ci X mlpcl —+ ijl —+ w; X I;sz)
He2

where S(v) € R3*3 is the operator performing the cross product v x . Build-
ing the system we may consider three different types of contacts, depending
on our priors:

WRENCH : 6 unknowns, w,, no priors

PURE FORCE : 3 unknowns, f., the moment is known (usually it is sup-
posed to be zero)

FORCE MODULE : 1 unknown, ||f.||, both the force direction and the mo-
ment are known

The pure force contact can be used to reduce the number of unknowns when
the contact area is considered so small that almost no moment can be applied.
The force module contact can be used if the tactile sensors can measure the
contact force direction.
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3.2.1 Building A

The matrix A is built by adding columns for each contact. For every unknown
wrench n we add 6 columns to A:

s o
S(T(]’en) I

For every unknown pure force n we add 3 columns to A:

s
S(TO,en)

For every unknown force module n we add 1 column to A:

U,
T0,en X Up,
fen

where 1, is the versor of the contact force f.,, defined as 4, = Tl

3.2.2 Building b

The 6 dimensional vector b is defined as:

b= [fb] _ [ feTot ]
2233 HeTot — HeKnown

where fteknown 18 the sum of the known external moments applied to the
robotic chain (usually zero), whereas f.r,: and pe7o: are defined as:

N
feTot = _fD + Zmzpcz
i=1

N
peTor = —to + Y (10, X Mie; + Tio; +wi X Tjw;)

i=1
3.2.3  Solving the system

Once A and b have been computed, we can distinguish two cases. If the num-
ber of unknowns is less than or equal to the rank of A, then there is a unique
x* that minimizes the square error residual:

z* = argmin || Az — b||?
reRY
On the other hand, if the number of unknowns is bigger than the rank of A
then the system admits infinite solutions. Unless we have some priors about
the external wrench distribution, a reasonable choice is to select the solution
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that minimizes the norm of x, which is the solution that equally distributes
the total external wrench among all the external contacts.

z* = argmin ||z||?
TERY
st. Ar=0b

In both cases the solution 2* may be computed as:
"= AT

where A™ is the Moore-Penrose pseudoinverse of A.

The method has been implemented as part of the iDyn library (called iDyn-
Contact) and it has been integrated with other software modules to create an
efficient software system to estimate internal and external wrenches of the
whole iCub robot. The estimated contact wrenches, together with a model of

Figure 3.2: Gui depicting the iCub robot and the estimations of the contact forces as
red arrows.

the robot, can be depicted in real time in a gui, as it can be seen if Fig. 3.2.

3.3 DISCUSSION AND CONCLUSIONS

When only one contact is detected, the presented method can easily estimate
the contact wrench. When two contacts are detected the number of unknowns
in the linear system is twice the number of equations, so the contact wrenches
are poorly estimated. To reduce uncertainties, if the contact areas are small, it
is reasonable to assume that the applied moments are zero, so that the number
of unknowns drops from 12 to 6. Unfortunately, when we do this, the rank of
A drops from 6 to 5 (because the cross product matrix is rank deficient), so
the system still admits infinite solutions and it takes this form:

b
S(roe1) S(roe2)| [fe2

However, we carried out a numerical and analytical analysis, simulating ran-
dom forces with norm uniformly distributed in [0, K] Newton. We found out

N .
—fo + 2221 Mife,
—Ho + 27];\;1(7'0,0,- X mzpcl + IZZU% + wj X Iiiwi)
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that the norm of the error of the estimated forces was distributed as a unilat-
eral Gaussian, with zero mean and standard deviation equal to about K /4.
That is equivalent to say that the error of the estimate of the two forces, in
norm, is less than K /4 with probability 0.68, and less than K /2 with proba-
bility 0.95.

Whenever more than two contacts are detected, it is impossible to get a re-
liable estimate of the contact wrenches without imposing some constraints to
the system. Noticing that contact forces are almost always directed towards
the robot (i.e. pushing) and quasi-normal to the robot surface, we may con-
strain the force estimations to lie inside a cone built around the normal of the
contact surface.

Additional information regarding the force direction and magnitude may
be retrieved through the tactile sensors. For instance, with appropriate tech-
nology we may be able to estimate the directions of the contact forces with
the tactile sensors. In this case the only unknown left would be the force in-
tensity, so up to six contact forces could be estimated reliably (considering
zero contact moments).

In the next year, we plan to extend this estimation method in two directions:
types of sensors and estimated quantities. Currently, the estimation process
exploits only 6-axis force/torque sensors and tactile sensors, but other sen-
sors have recently been — or are soon going to be — mounted on the iCub,
such as accelerometers, gyroscopes, and joint torque sensors. The mathemat-
ical method used for estimating contact forces is going to be generalized to
consider this additional information, and to estimate other quantities, such as
velocities and accelerations of joints and base of the robot. In particular, for
each joint torque sensor we can add a linear equation to the system, increasing
the number of unknowns that can be estimated reliably.
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CONTROL OF CONTACT FORCES: THE ROLE OF
TACTILE FEEDBACK FOR CONTACT LOCALIZATION

This chapter investigates the role of precise estimation of contact points in
force control. This analysis is motivated by scenarios in which robots make
contacts, either voluntarily or accidentally, with different parts of their body.
Control paradigms that are usually implemented in robots with no tactile sys-
tem, make the hypothesis that contacts occur at the end-effectors only. In this
chapter we try to investigate what happens when this assumption is not ver-
ified. First we consider a simple feedforward force control law, and then we
extend it by introducing a proportional feedback term. For both controllers
we find the error in the resulting contact force, that is induced by a hypothetic
error in the estimation of the contact point. We show that, depending on the
geometry of the contact, incorrect estimation of contact points can induce un-
desired joint accelerations. We validate the presented analysis with tests on
a simulated robot arm. Moreover we consider a complex real world scenario,
where most of the assumptions that we make in our analytical derivation do
not hold completely. Through tests on the iCub humanoid robot we see how
errors in contact localization affect the performance of a parallel force/posi-
tion controller. In order to estimate contact points and contact forces on the
forearm of the iCub we do not use any model of the environment, but we
exploit its 6-axis force/torque sensor and its sensorized skin.

4.1 INTRODUCTION

After decades of research in robotics, robots are still a long way off being able
to operate in human environments. The inability to deal with uncertainties in
the geometry of the environment is maybe the major limitation that prevents
robots from safely interacting with humans.

Research has tried to tackle this problem at the control level. Traditional
stiff position control tries to follow a desired position trajectory considering
external forces as disturbances, hence large contact forces may be exerted,
leading to instability or physical damage. Controlling the interaction forces
has been shown to be a powerful technique to overcome these limitations. In
the literature we can find different approaches to force control: explicit force
control, impedance/admittance control [Hogan 1985], hybrid control [Khatib
1987], hybrid impedance control [Anderson and Spong 1988], parallel control
[Chiaverini and Sciavicco 1993].

Nevertheless, most of these works have only focused on controlling forces
that are exerted at the end-effectors, namely the hands for manipulation tasks
and the feet for walking. Restricting contacts to end-effectors is a quite strong
assumption, since i) uncertainties in the environment may result in unplanned
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contacts at other body parts, and ii) contacts at other body parts may be neces-
sary to perform certain tasks. If you are reading this thesis, for instance, you
are likely to be making contact with the environment with at least four points
that are not end-effectors: bottom and back against the chair, and elbows on
the desk.

Some works do not make any assumption about the contact location, try-
ing to control the joint torques rather than the contact forces. This approach
ensures bounded contact forces, but do not allow a real contact force con-
trol. Various theoretical frameworks for modeling and control of robots that
are subject to multiple contacts have been proposed [Park and Khatib 2006;
Righetti et al. 2011a; Sentis et al. 2009], but they have not gone beyond end-
effector contacts when tested on real platforms.

What has really prevented contact force control from spreading in robotics
is the lack of robust contact force measurements, that is the ability to mea-
sure multiple contact forces and their locations on the robot’s body. Gordon
et al.[Gordon and Townsend 1989] have verified that it is not possible to ob-
tain high-resolution contact-position measurements from only joint torque
sensing. In this scenario a tactile system becomes paramount.

Despite these difficulties, in the literature we can find some examples of
contact force control. In [Park and Khatib 2005], Park et al. presented the first
implementation of multi-link multi-contact force control, with demonstration
on a 6-DOF PUMAS560 manipulator. The robot was able to control three con-
tact forces, distributed on its end-effector and third link, while motion was
controlled in the remaining three DOFs through null space control. Due to
the limited sensing capabilities of the test platform, the measure of contact
forces and contact locations required i) an external force sensor mounted on
one of the contact points and ii) geometric models of both robot and environ-
ment. Relying on geometric models is risky because modeling uncertainties
may cause the controller to perform inconsistently in response to small errors.

In [Jain et al. 2011], the authors describe a model predictive controller
(MPC) that allows a robot arm to reach with its end-effector, while regulating
contact forces across its entire surface. This work exploits tactile sensing, it
does not use a model of the environment and it handles contacts at unpre-
dictable locations.

Motivated by works such as [Park and Khatib 2005] and [Jain et al. 2011],
in this chapter we evaluate analytically the impact of errors in the contact
point estimation on the performance of contact force control. Even though
the effect that errors in the estimation of contact location have on contact
force control is not surprising, to the best of our knowledge this is the first
analytical analysis of their relationship. First, in section 4.2.1, we consider
a simple feedforward force control law and we derive the equations relating
the error in the estimation of the contact point with the errors in the contact
force and the joint accelerations. Then, in section 4.2.2, we consider a propor-
tional feedback force control law and we repeat the same analysis. Finally, we
extend our analysis to a complex real world case, where most of the assump-
tions that we make in the analytical derivation do not hold. In section 4.2.3
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we describe a parallel control law that is used to carry out an empirical anal-
ysis on the iCub humanoid robot. Section 4.3 reports the results of the tests,
both in simulation and on the real robot. The importance of tactile sensing
is confirmed by both our analytical analysis and our empirical results, which
demonstrate a clear improvement in force and position errors. Finally section
4.4 discusses the results of the tests and future work.

4.2 CONTACT FORCE CONTROL
4.2.1 Feedforward Force Control with Contact Point Estimation Error

In this section we compute the error in the wrench that is controlled at the
contact point, resulting from an error in the estimation of the position of the
contact point. Consider the equation of motion of a rigid manipulator in con-
tact with the environment [Siciliano and Khatib 2008]:

M(q)i + h(q,q) — Je(9)Tw =T, (4.1)

where ¢ € R" is the vector of joint coordinates, 7 € R"™ is the vector of
joint torques, M (q) € R™™ is the joint space inertia matrix, h(g,q) € R”
is the vector containing all the non-linear terms (e.g. Coriolis, centrifugal and
gravity terms), J.(q) € R5%™ is the Jacobian of the contact point and w’ =
[ fr MT} € RO is the contact wrench vector. In the following, dependency
upon ¢ and ¢ is no longer denoted to simplify notation. We assume that the
manipulator is in rigid contact with the environment and that there are k£ < 6
constrained directions (i.e. rank(J.) = k), hence:

Te=Jg=0
Fe=JeG+ Jeg =0
Under these assumptions, the contact wrench w can be computed as [Mistry
et al. 2010]:
w= (JM I THIM T = 7) = Je) =

. 4.2
= A(JM7Y(h—71) = Jeq), *2)

where we defined the constraint space inertia matrix as A, = (J.M~1J)~1,
Consider a simple feedforward force control law:

7 = —J wg + h — JFAcd g, 4.3)

where 7* € R" are the control torques, wdT = { de Mﬂ € RO is the desired

contact wrench, h and ./~XC are the estimates of h and A., and J € R6*" is
another Jacobian of the contact point that considers also the non-constrained
directions. Assuming perfect modeling of the dynamic parameters (i.e. h=h,
A, = A,), perfect tracking of the joint torques (i.e. 7 = 7*), and assuming
that the contact geometry allows the manipulator to exert wrench in the de-
sired direction (i.e. JT wy = Jg wyq), this control law results in w = wy (it is
easy to prove it by substituting (4.3) into (4.2)).
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In order to simplify the analysis, in the following we will assume that the
manipulator moves slowly, so that J.¢ ~ 0. This assumption is reasonable if
we add a damping term to our control law, which then becomes:

7 = —J wq + h = kag, (4.4)

where kg > 0 is a scalar gain. Suppose now that there is an error e, € R3 in
the estimate of the contact position and an error ¢, € R? in the estimate of
the contact orientation:

(&
p=p+|"

b
€o

where p € RS is the real contact point and p € R is the estimated contact
point. Assuming that p and p are on the same link, their Jacobians are related
by this equation:

j: [I3><3 _[epx]] J= S(ep)J,
O3x3  I3x3

where [e, x] € R3*3 is the cross product matrix parametrized by the vector
ep. The torques computed by the control law (4.4) are:

?*:—ijd—i-iL—kdq
= —JTS(ep)Twy + h — kag
03

= JT (wd+
€p X fd

:—Jde—Jgerfd+ﬁ—kdq

= 7" — Jiep X fa

>+ﬁ—@q (4.5)

where J, € R3*™ is the angular part of the contact point Jacobian J' =
{JIT Jg] . Substituting (4.5) into (4.2) we can compute the contact wrench
at steady-state (i.e. when ¢ = 0):

w= AT M (T wg+ JFe, x fo— h+ h)
=wgq + AJ M T e, x f4
=wg+ JI I e, x fa

= Wd + Ewff

(4.6)

where JI* = A.J.M~! is the dynamically-consistent pseudo-inverse of J?
[Khatib 1987]. Substituting (4.6) and (4.5) into (4.1) we can compute the joint
accelerations:

=M r+Jw—h) =M1 I-JFJI") I epyx fo = —M ' NoJ) epx fa
4.7)
Eq. (4.6) and (4.7) clearly express the relationship between the contact point

estimation error, e, and the errors resulting from the control law (4.3). These
equations are quite complex, but we can note that:
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1. both e, rr and ¢ contain the term Jg ep X fq, which is the error induced
by e, in the commanded torques

2. the part of JI e, x f, that s selected by JI + affects the contact wrench,
whereas the remaining part, selected by the null space projection matrix
of J,, generates joint accelerations

3. both e, ¢s and ¢ depend on the desired force f;, but they are indepen-
dent of the desired moment p4 (this makes sense since the relationship
between the contact moment and the joint torques does not depend on
the contact point);

4. if the desired force fj is parallel to the contact point estimation error
ep then both e, 7 and ¢ are zero;

5. in case we cannot have a precise estimate of the contact point, but we
can set an upper bound on ||e,||, then it is possible to compute an upper
bound of ||e,, ¢ || and ||| as a function of the maximum norm of f; and
the norm of the dynamically-consistent pseudo-inverse of the contact
point Jacobian (which depends on the robot kinematics and dynamics
parameters).

4.2.2 Feedback Force Control with Contact Point Estimation Error

While in theory a feedforward control law such as (4.4) should achieve the de-
sired contact force, in practice we know that this is not true. Different sources
of error (e.g. dynamic parameters, actuator dynamics, contact point estima-
tion) affect the control action, resulting in errors in the controlled quantity.
Often these unknown errors are modeled as an additive disturbance d € R",
acting at joint torque level (see Fig. 4.1):

T=71"4d,

where 7% € R" are the desired joint torques. Applying the control law (4.4),

d
1
Controller T @ Robot
[ w_ |

Figure 4.1: Scheme representing the relationship between the disturbance d, the con-
trol action 7* and the joint torques 7.

the resulting contact wrench is then affected by the disturbance d:
w=wg—J "d

In particular, we have seen in the previous section that in case of an error
in the contact localization, the resulting disturbance at joint torque level is
d = —JF ep X fa. In general, assuming that we can measure the contact
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wrench w, we can then reduce the effect of the disturbance d by introducing
a proportional feedback term in the control law, so that it becomes:

= —JT(wd + kp(wg — w)) + h— kad, 4.8)

where k, > 0 is a scalar proportional gain. Using this new control law the
contact wrench becomes:

w=wq + JIT T ky(wg —w) — JITd
(14 kp)w = (14 kp)wg — JLd

1
JI+q
L+k, ¢ 7

w = wyg —

where we used the fact that J7wy = J wq and J7w = J w. The first is the
same assumption that we made in the previous section, whereas the second
is always true since, by definition, wrench can be applied in the constrained
directions only. By tuning £, we can reduce the effect of the disturbance as
much as we like. This proves that a feedback term is able to reduce the effect
of errors that can be modeled as additive input disturbances.

Now let us analyze whether a feedback term may be of help in case of
errors in the estimation of the contact point. Suppose, as before, that there is
an error e, in the estimate of the contact point. Besides affecting the Jacobian
of the contact point, e, may induce an error in the wrench feedback too. In
particular, since we measure the contact wrench using a 6-axis F/T sensor
(we follow the procedure described in [Fumagalli et al. 2010]), the wrench
measurement can be expressed as:

We can compute the commanded torques:

T = jT(wd —kp(w —wq)) + h— kaq
JTS(ep)T (wq — kp(w — ey —wg)) + h — kag
= JV(wg+ ew, — kp(w —wq — ey,)) + h — kag
= (14 kp)JT (wg + ew,) — kpJTw + h — kg

T
wq

wrench at steady-state using (4.2):

where e = [()g (ep % fd)T]. As before, we can compute the contact

w= AT M1+ kp)JT (wy + ew,) — kp T w)
(1+k)w=01+ k:p)JCT’LJT(wd + ew,)
w=wg+JI T ey,

w=wq+ JI I e, x f4,

4.9)

which is equal to the wrench we obtained with the feedforward control law,
that is (4.6). Interestingly, the wrench does not depend on k,, and the intro-
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i
&
Controller T @ T Robot
I _ /P '
W \T/ w
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Figure 4.2: Control scheme with a disturbance d on the input joint torques, and a
disturbance ¢,, on the wrench feedback.

duction of the feedback term does not help to decrease the error. This is due
to the fact that contact point estimation errors cannot be modeled as an ad-
ditive input disturbance (as depicted in Fig 4.1), because they also affect the
wrench feedback w. To model these errors we must also include an addi-
tive disturbance on the wrench feedback, as depicted in Fig. 4.2. In general,
considering a disturbance d on the control torques, a disturbance e,, on the
wrench feedback and the proportional feedback control law (4.8) we get:

kp LRy
_ - — d
T+ 5% T4k

w = Wy

Increasing k;,, we can reduce the error induced by d, but at the same time we
also increase the error induced by e,,, so in general there is no way to get
w = wy. The joint accelerations induced by e, can be computed as before:

G=(1+k,)M NI e, x fa,

which are the same as in the feedforward control law, but multiplied by (1 +

kp).
The situation is different in case only force is controlled, because the force
feedback is not affected by e):

T = le(fd - kp(f - fd)) + ]NI — kdq
= (I + I lepx))(fa— kp(f = fa) + b — kad
= (V4 k) fa—kpJ[ f + D — kag
where .J; € R3%" is the linear part of the Jacobian. Substituting this into (4.2):
w=J (L4 k) fa = kpJi f)
w kpJEETLf = (L4 k) JET T fa

1 kp rvcr, 4T
1+k:pw+1+kpjc Jpf=J27d) fa

As kj, goes to infinity, this equation goes to:
JERTLf = T T fa

If JI+ le is not singular, this implies f = f,. Differently from the previous
case, the introduction of a feedback term helps to reduce the error. This is
due to the fact that the measured force is not corrupted by the error in the
estimation of the contact point, while the moment is.
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4.2.3  Parallel Force/Position Control

In real world applications most of the assumptions that we made in the previ-
ous derivation do not hold: i) contacts are not perfectly rigid, ii) the dynamic
parameters of the robot are not perfectly estimated, iii) the contact geometry
may not allow the manipulator to apply force in the desired direction. More-
over, robots rarely have to control contact forces only, but they are typically
concerned with both position and force at the same time. To investigate the
role of precise contact point estimation in a real complex scenario we take a
practical approach. In this section we present a parallel control law that will
be used on a real robot to see how performances degrade as we introduce
errors in the contact point estimation.

The target task is to make the robot slide against an irregular unknown ob-
ject applying a controlled force and moving the end-effector along a desired
path. Given the uncertainties in the environment geometry, the specified path
is almost surely incompatible with the desired intensity of the contact force,
so the control law has to balance position errors and force errors. We start
with one of the parallel control laws presented in [Chiaverini and Sciavicco
1993], that is the superposition of a PD position controller and a PI force
controller:

T = JT(F—fd)—de—i—h
T
Fo= ky(xa—z) = ke(fa— f) —ki/ (fa— f)dt
0

where we simply replaced the cartesian velocity term with a joint velocity
term, which ensures joint space stability in case the robot is redundant w.r.t.
the control task. The integral term in the force controller ensures dominance
of the force loop over the position loop. We need to modify this control law
because, differently from [Chiaverini and Sciavicco 1993], the interested po-
sition and force are relative to two distinct points: the end-effector = and the
contact point c. The modified control law is:

7= J (Fe— fa) + JTFy — kag + h

Fp = kp(Id—SU) . (410)
Fo=~hy(fa= 1) =k [ (fa= D)t
0

where J and .J,. are respectively the Jacobian of the end-effector and the Jaco-
bian of the contact point. Since we are not concerned with the force direction,
but just with its norm, we decided to use the direction of the measured force
as desired direction:

f. N
= —_— f —_—
fa fN”fH» it |[f[| > 5

where fy is the desired force norm. In the approaching phase, when the norm
of the measured force is less than half of the desired norm force, a predefined
force direction is used. We assume that the robot has a rough estimate of the
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position of the object and so it can define an initial force direction. However,
given the irregularities in the environment surface, the direction of the ini-
tial desired force may be inadequate (e.g. it may not be possible to apply a
vertical force on a 45°inclined plane). Adapting the direction of f; helps to
compensate for the lack of knowledge about the geometry of the environment
and it makes the controller more robust to errors in the initial direction of f.

4.3 EXPERIMENTAL RESULTS

As already mentioned in section 4.2.3, most of the simplifying assumptions
that we made in our derivation do not hold on a real robot. Furthermore, we
have to take into account that: i) measurements of contact forces are usually
noisy and they may be affected by the errors in the dynamic parameters of
the robot, ii) the quality of the tracking of the torque controllers may be poor.
All these factors make the validation on the robot of the presented analysis
extremely difficult. Hence we decided to use a simulated robot to validate the
analytical analysis and to carry out additional tests on the real robot as an
empirical analysis of more complex scenarios.

4.3.1 Simulation Tests

We use a simulated puma560 robot arm with 6 dofs, which is provided with
the matlab robotics toolbox [Corke 2011]. Both the motors and the force/-
torque sensor are simulated as low-pass filters with cut frequency of 40 Hz
and 20 Hz, respectively. In the simulation the manipulator is in rigid contact
with the environment at the end-effector. An error in the estimation of the
contact location e, = [0.1;0; 0]m is introduced and we command a desired
force f4 = [0;10;0]N and a desired moment g = [0;0; 1]Nm. The four
tests span two different constraint situations and two control laws. In the tests
4.3.1.1 and 4.3.1.3 we assume that the end-effector of the robot is completely
constrained (i.e. rank(.J.) = 6), so it can apply force and moment in all di-
rections, but it cannot move. In the tests 4.3.1.2 and 4.3.1.4 we assume that
the end-effector can only exert forces on the environment (i.e. rank(J;) = 3),
so it cannot apply moment, but it can move. The first two tests use the feed-
forward control law (4.3), whereas the last two tests use the feedback control
law (4.8).

4.3.1.1 Feedforward Wrench Control

As predicted by (4.6) and (4.7), the error in the commanded torques is totally
projected in the contact wrench, in particular it affects the contact moment
only, resulting in f = [0;10;0] and u = [0; 0;2]. The desired contact force
is correctly applied and the joint accelerations are zero, because the contact
Jacobian J, has zero nullspace.
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Figure 4.3: Contact force with proportional feedback force control for different val-
ues of the proportional gain k.

4.3.1.2 Feedforward Force Control

In this case the contact Jacobian J,. has a non-trivial nullspace, so a part of the
error in the commanded torques is selected by JZ+ and it affects the contact
force, resulting in f = [0; 11.66; 0] N. The remaining part, which is selected
by the null space projection matrix of J.., generates joint accelerations, result-
ing in ||g]| = 3.67m/s%.

4.3.1.3 Feedback Wrench Control

As predicted by (4.9) the result is the same as in the feedforward case: the
error affects the contact moment only and it is independent of the proportional
gain k,,. Joint accelerations are zero.

4.3.1.4 Feedback Force Control

Similarly to test 4.3.1.2, the contact localization error affects both the contact
force and the joint accelerations. Since the force feedback is not affected by
ep, it helps to reduce both errors. Fig. 4.3 shows how the steady-state error
of the contact force decreases as k, increases. Of course as k, goes up the
overshoot of the system rises. The joint accelerations decrease as k,, increases.

4.3.2 Robot Tests

In these tests we control three joints of the robot’s arm: the elbow joint and
two out of the three shoulder joints.

4.3.2.1 Feedforward Force Control

The first test uses the control law (4.3). The right forearm of the robot lies
on a rope, which is fixed to a rigid structure located above the robot. In this
configuration the robot is able to apply downward forces on the rope. A down-
ward force of 5 N is commanded. When the tactile sensors are not used, the
contact point is assumed to be at the end-effector, which is about 9 cm off the
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Figure 4.4: Norm of the contact force error using the feedforward force controller.
The real contact point, on the forearm, is about 9 cm off the end-effector.

real contact point. Fig. 4.4 shows that, when not using the tactile sensors, the
norm of the force error increases from ~ 1.7 N to ~ 4 N.

4.3.2.2 Parallel Control

This test uses the parallel control law (4.10) with k, = 150, kg = 0.02,
k; = 0.5and k; = 0.02. The robot starts with the lower part of its forearm in
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Figure 4.5: Parallel control test. The red line shows the mean value of the error, that
is about 1.4 N when the contact is assumed to be at the end-effector,
whereas it is about 1.1 N when using the tactile feedback.
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Figure 4.6: Parallel control test. The red line shows the mean value of the error, that

is about 2.3 cm when the contact is assumed to be at the end-effector, and
about 1.5 cm when using the tactile feedback.

contact with an irregular rigid object, i.e. a tripod for cameras (see Fig. 4.7).
The desired trajectory of the end-effector spans only the x direction, moving
5 cm back and 5 cm forth in a straight line. One whole cycle lasts about
33 seconds (the movement is quite slow). While moving the end-effector,
the robot tries to maintain a contact force of 3 N, regardless of the force
direction. Fig. 4.5 and 4.6 show the position and force errors that we obtained
in the two cases, i.e. when the contact force is assumed to be at the end-
effector, and when using the tactile sensors to locate the contact point. The
performance benefits from the precise estimation of the contact point: when
using the tactile sensors the mean norm of the force error decreases from
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Figure 4.7: The iCub robot, with skin mounted on the torso, arms, palms and finger-
tips. The iCub is sliding its forearm against the top of the tripod that is
standing in front of it.

~ 1.4 Nto ~ 1.1 N, and the mean norm of the position error decreases from
~ 2.3 cm to ~ 1.5 cm. The force error does not converge to a stable value
despite the integral term in the control law. This is due to the fact that the
integral is reset every time the reference position is modified (i.e. about every
16 seconds). As expected, the improvements due to a precise estimate of the
contact point are not as large as in the previous test, because, as proved is
section 4.2.2, the feedback helps to reduce the force error.

4.4 CONCLUSIONS AND FUTURE WORK

In this chapter we analyzed how knowledge of the location of the contact
points affects force control tasks. We showed how errors in the estimation of
contact points may affect the contact forces and, possibly, the joint accelera-
tions. We showed that the introduction of a feedback term may not necessarily
help to reduce the errors, if the feedback itself is affected by the estimation
erTor.

Tests on a simulated 6-DOF robotic arm validated our hypotheses. More-
over, we presented the results of two experiments on the iCub robot. In these
tests we could not use the equations that we found in our analytical analy-
sis because most of the assumptions that we made in the derivation do not
hold. However, the presented results are important because they empirically
prove the effectiveness of precise contact point estimation, even in complex
real-world scenarios. In the first test, using a feedforward force control law
we measure a large drop in the force error (from 4 N to 1.7 N) when tactile
feedback is used to locate the contact point. Then, in the second test, we use
a parallel control law to make the iCub maintain contact with a rigid irregular
object, while moving the end-effector along a straight line. Tests with and
without the tactile feedback reveal a significant improvement in the perfor-
mance when using the tactile system. The average force error drops from 1.4
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N to 1.1 N, whereas the average position error drops from 2.3 cm to 1.5 cm.
In this test the improvements are not as large as in the previous test because,
as proved in section 4.2.2, the introduction of a force feedback helps to re-
duce the errors. Differently from most works in the literature, we do not use
any geometric model of the robot or the environment. The lack of knowledge
about the external world is compensated by tactile and force feedback.

The presented analysis could be extended to more complex control laws
such as impedance control, hybrid control and parallel control. Also, we could
investigate the case where contacts are not perfectly rigid.
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“TASK SPACE INVERSE DYNAMICS”: A NEW
FRAMEWORK FOR PRIORITIZED POSITION-FORCE
CONTROL

This chapter presents a new framework for multi-task position/force control
of fully-actuated rigid robots. Other similar control frameworks have been
presented in the last decade. Some of them are not optimal, that is, they do
not find the optimal solution for the non-primary tasks. Other frameworks
are optimal, but they tackle the control problem at kinematic level, hence
they do not allow for force control. Still other frameworks are optimal and
consider force control, but they are less efficient than ours. Our control frame-
work, called “Task Space Inverse Dynamics”, computes the optimal solution
in an efficient way by decoupling kinematics and dynamics of the robot. We
take into account: motion and force control, soft and rigid contacts, free and
constrained robots. Tests in simulation validate our control framework, com-
paring it with other two state-of-the-art equivalent frameworks and showing
remarkable improvements in optimality and efficiency. The presented analy-
sis is completely theoretical, but its implications are practical because they
concern the optimality and the computational cost of the control laws.

5.1 INTRODUCTION

A large number of frameworks for the multi-task control of rigid robots have
been presented in the robotics literature. Most frameworks presented in the
’80s and *90s [Baerlocher and Boulic 1998; Chiaverini 1997; Nakamura et al.
1987; Siciliano and Slotine 1991] work at a kinematic level, computing the
desired joint velocities or accelerations. This approach is not suited for con-
trolling robots that interact with the environment, because it does not allow
for force control. This reason motivated a more recent trend of torque con-
trol strategies [De Lasa and Hertzmann 2009; Mistry and Righetti 2011; Saab
et al. 2011a; Sentis and Khatib 2005], which work on the robot’s dynamics,
computing the desired joint torques.

Peters et al. [2007] showed that several of these well-known torque con-
trol laws can be derived under a Unifying Framework (UF), as solutions of
a constrained minimization problem. However, it is still unclear how these
frameworks differ from each other and what the pros and cons of each frame-
work are.

This paper has a twofold aim: first, to provide a fair comparison of the state-
of-the-art torque control frameworks; second, to present a new framework
which outperforms the current state of the art. Our evaluation is based on
four criteria: soundness, optimality, capabilities and efficiency. We carry out
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an analytical analysis of the frameworks and we test them in simulation to
confirm the theoretical results.

Section 5.1.1 summarizes the related works and defines the basic tracking
control problem. Section 5.2 and 5.3 describe the Unifying Framework (UF)
Peters et al. [2007] and the Whole-Body Control Framework (WBCF) Sentis
and Khatib [2005], which are the frameworks that we chose as representa-
tive of the state of the art. Section 5.5 presents our control framework, Task
Space Inverse Dynamics (TSID). For each framework we start presenting the
basic solution of a single task, then we extend it to the multi-task case, and
finally we introduce the hybrid position/force control. Section 5.6 tests the
three frameworks (TSID, UF, WBCF) in simulation on the same multi-task
scenario, comparing their performances in terms of optimality and efficiency.
The test outcomes prove that our control framework is sound, optimal and
computationally more efficient than any other framework with equal capabil-
ities.

5.1.1 Related Works

Table 5.1 lists the control frameworks that we considered in our analysis (in-
cluded the one presented here: Task Space Inverse Dynamics), summarizing
their main features. We value a prioritized control framework in terms of

Table 5.1: Control frameworks.

Framework Optimal Efficient Force Ctrl Under. Out.
TASK SPACE INVERSE DYNAMICS X X X T
(TSID)

Peters et al. [2007] (UF) X X T
Sentis and Khatib [2005] (WBCF) X X (x) T
Mistry and Righetti [2011] X X T
Saab et al. [2011a] X X X T
De Lasa and Hertzmann [2009] X X X T
Jeong [2009] X X 7/§
Chiaverini [1997] X q
Siciliano and Slotine [1991] X X q
Baerlocher and Boulic [1998] X X q
Nakamura et al. [1987] X q/dq

soundness, optimality, capabilities and efficiency. Table 5.1 also specifies the
motor commands computed by each framework (column “Out.”), which can
be joint torques 7, joint velocities ¢ or joint accelerations ¢. A framework is
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sound if the control action of any task does not affect the performance of any
higher priority tasks. A framework is optimal if its control action minimizes
the error of each task, under the constraint of being sound. The capabilities of
a framework concern the types of tasks and systems that it allows to control.
Finally, a framework is efficient if its computational complexity is lower than
or equal to the computational complexity of any other equivalent - in terms
of soundness, optimality and capabilities - framework.

All the control frameworks that we analyzed are sound. In terms of capa-
bilities, table 5.1 reports whether a framework allows for force control and
whether it can control underactuated systems. Since we are interested in con-
trolling robots that interact with the environment we focus on frameworks
that allow for force control. An interesting capability - not reported in table
5.1 - of the framework by Saab et al. [2011a] is the inequality task, which
can be used for joint limit avoidance, balance, visibility, collision avoidance.
However, this feature comes at a price: the algorithm can no longer compute
the solution using pseudoinverses, but it requires a QP solver. Even if Escande
et al. [2010] proposed an optimized algorithm for this kind of problems, the
computation time is still bigger than 1 ms (too much for implementing 1 kHz
control loops Albu-Schiffer et al. [2007]). For this reason our control frame-
work does not include inequality constraints.

This work is motivated by the fact that no control framework that allows
for force control is both optimal and efficient. Between the five frameworks
that allow for force control, we select two as representative of the state of the
art and we describe them in the next sections. Our first choice is the Unifying
Framework (UF) Peters et al. [2007], because it is the only one that allows for
force control while being efficient. Our second choice is the Whole-Body Con-
trol Framework (WBCF) Sentis and Khatib [2005], because it represents the
category of “optimal but not efficient” frameworks (i.e. the frameworks Saab
et al. [2011a] and De Lasa and Hertzmann [2009]). Even though the WBCF
was extended to floating-base systems, here we consider the formulation for
fully-actuated robots presented in Sentis and Khatib [2005] and implemented
in Philippsen et al. [2011].

5.1.2 Problem definition

We want to design position tracking control laws for a rigid manipulator with
n degrees of freedom. The equation of motion of a manipulator in free space
may be written as [Siciliano and Khatib 2008]:

M(q)j+h(q,q) =, (5.1)

where ¢ € R" is the vector of joint coordinates, 7 € R" is the vector of
joint torques, M (q) € R™ " is the joint space inertia matrix, and h(q, q) €
R™ contains all the nonlinear terms such as Coriolis, centrifugal and gravity
torques. A position tracking task for the robot is described in the form of a
time-varying constraint f(q) = x,(t), where x,(t) € R™ is the reference
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task trajectory. Differentiating this constraint twice with respect to time we
get:

J(q)i + J(q)q = &n(t) (5.2)

where J(q) = a% f(q) € R™*™ ig the task Jacobian. In the following, de-
pendency upon £, ¢ and ¢ is no longer denoted to simplify notation. Since we
are going to apply (5.2), which is the second derivative of the constraint, a
drift is likely to occur. To prevent deviations from the desired trajectory and
to ensure disturbance rejection we design a proportional-derivative feedback
control law:

=i, + Kq(&p — &) + Kp(z, — ),

where Kg, K, > 0, K4, K, € R™*™ are diagonal positive definite matrices
acting as derivative and proportional gains, respectively.

5.2 UNIFYING FRAMEWORK (UF)

The Unifying Framework (UF) formulates the control problem as a constrained
minimization:

7% = argmin || — :U*||2

TER™
st. Mi+h=rt (53)
Ji+Jg =i

We multiply the first constraint times .JM ~! and then we substitute .J§ from
the second constraint:

t—Jg+JM th=JM 7

Solving this equation for & and substituting it in the cost function we get an
unconstrained minimization problem that is equivalent to (5.3):

7 = argmin || JM Y (7 — h) + J§ — &*||? (5.4)
TERM

In case m < n this problem has infinite solutions:

™ =(JM Y5 (E — Jg+ TM T h)+

(I - (JMYHEIM N 6:3)
where 79 € R" is an arbitrary vector, V € R™*™ V > ( is an arbitrary matrix
and A}, = VAT(AVAT)™! is the pseudoinverse of the matrix A weighted
by the matrix V' (see appendix A for a review on pseudoinverses). Choosing
a particular pair (V, 79) we get the solution that minimizes ||V7% (t—70)|?
[Bjorck 1996]. Setting 79 = 0 and varying V' we get different well-known
control laws, reported in table 5.2. The second row in table 5.2 reports the
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Table 5.2: Control laws for different values of weight matrix V'

V' MINIMIZE CONTROL LAW, 7%

I Irl2 MU IM2IT) Y@ — g+ JMth)
M M1 JOITM YD) (& — JGg+ JM~'h)
M2 ||M~1r|? MJT(JJTY (& — Jg+ JM~'h)

well-known Operational Space control law of Khatib [Khatib 1987]. This so-
Iution selects the torques that would be generated by a force applied at the
control point.

Without loss of generality, given that M > 0, we can set V = M2W,
where W > 0 is another arbitrary matrix, so that (5.5) simplifies to:

™ = MJ}(F* — Jg+ M h) + MNw M ™' (5.6)

where Ny = I — J;’VJ is a weighted nullspace projection matrix associated
with J.

5.2.1 Hierarchical Extension

The Unifying Framework can manage an arbitrary number of tasks N, each
characterized by a desired acceleration #; and a Jacobian J;. To ensure the
correct management of task conflicts, the tasks need prioritization; the higher
the number of the task, the higher its priority.

N
T = ZTZ'

= (5.7)
7= MJiy (87 — Jig+ MY (h =) 1))

where ¢ = NN ...1. The torque vector of each task 7; is projected into the
nullspace of the higher priority tasks; this guarantees that the framework is
sound. However, this approach is not optimal, because each task is solved
independently, and then projected onto the nullspace of the higher priority
tasks. This does not ensure the minimization of the error of each task (see
Baerlocher and Boulic [1998]; Chiaverini [1997] for a thorough explanation).

5.2.2 Hybrid Control

The Unifying Framework allows for hybrid position/force control by setting
the joint space control torques to:

To=h—Jlf*,
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where J.(q) € R¥*™ is the contact Jacobian, f* € R” are the desired contact
forces and k£ € R is the number of independent directions in which the robot
applies force. Substituting 7 into the desired control torques (5.6) we get:

™ = MJy,(i* — J§) + h— MNw M~ gL f~,

where the applied forces act in the nullspace of the tracking task.

5.3 WHOLE-BODY CONTROL FRAMEWORK (WBCF)

In this section we describe the WBCF presented by Sentis and Khatib [2005].
This framework is based on the Operational Space Formulation [Khatib 1987],
which is equivalent to the UF for a particular choice of the weight matrix W.
Setting W = M ~! in the control law (5.6) we get the Operational Space con-
trol law:

= JV MDY@ = Jg+ IM ) + (I — TV T ),

—_——
A

where J = M~'JTA is the dynamically consistent Jacobian pseudoinverse
and A is the task space inertia matrix.

5.3.1 Hierarchical Extension

While in case of a single task the WBCF and the UF are equivalent, their
hierarchical extensions differ substantially:

N
* T
=3 T F)
=1

i—1
Fyiy = Moy (i — Jig + JiM (= > JL 0 Foiy)) (5.8)
j=1
i—1 B
o) = Jill = D (i) Jp(i))
j=1

The difference with the formulation (5.7) is not limited to the choice of the
weight matrix W; the prioritization strategy is different as well. The WBCF
minimizes the error of each task under the constraint of not conflicting with
any higher priority tasks, namely it is optimal.

5.3.2  Hybrid Control
The WBCEF allows for hybrid position/force control by setting:
i—1
Fyy = QU ff + Moy (it} — Jig + M (b= T0 5 Foi)))s
j=1

where the selection matrices €2 and €2,, split the control space into force and
motion components, respectively.
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5.4 SOME OBSERVATIONS

Before deriving the new control framework “Task Space Inverse Dynamics”,
we point out some facts regarding hierarchical control frameworks. This sec-
tion is not essential to understand the derivation presented in section 5.5, but
it should help the reader to understand the motivations and the choices under-
lying this work.

5.4.1 Observation 1: Derivation of dynamically consistent pseudoinverse

The second row in table 5.2 reports the famous operational space control law
of Khatib [Khatib 1987], which is usually written as:

™ =J'F = JT(A#" + pu+p) (5.9)

where A = (JM ~1JT)~Lis the operational space inertia matrix, u = J7b —
AJg, p = J'g and J is the renowned dynamically consistent Jacobian pseu-
doinverse:

J=M1Jr M)t = M1JTA (5.10)

At first this solution may appear not to have any particular property, but look-
ing throughout the literature one may find out that [Bruyninckx and Khatib
2000]: 1) it is consistent with the principle of virtual work of D’ Alambert, ii)
it follows Gauss’ Principle of Least Constraint, iii) it is the natural choice to
decouple the internal motion dynamics from the end-effector dynamics. In
other words, this solution selects the torques that would be generated by a
force applied at the control point. Indeed, we can derive (5.9) by adding the
constraint 7 = J7 f to the minimization problem (5.4):

7_* — JTf*
f* = argmin |[JM Y (JLf — h) + J¢ — i*])?
ferR™

This problem has a unique solution because JM ~!J7 has a unique inverse.

5.4.2 Observation 2: Non-uniqueness of task consistent Jacobian pseudoin-
verse

Looking at a big portion of the literature [Khatib 1987, 1995; Mistry and
Righetti 2011; Park and Khatib 2008; Sentis et al. 2009], a less than metic-
ulous reader may be led to believe that the dynamically consistent pseudoin-
verse is the only one that ensures that secondary tasks (i.e. 79) do not affect the
primary task (i.e. Z in case of position control). Statements such as “only one
of these generalized inverses is consistent with the system dynamics”’[Khatib
1995] actually hide the non-explicit assumption that the author was consid-
ering only joint torques that are in the range of J7 (i.e. torques that can be
generated by applying a force at the control point).
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In [Khatib 1995] Khatib splits the control torques into two parts, the first
one resulting from a force applied at the control point, and the second one
acting within the nullspace of the control point:

r=JF+ (1 -J 0 (5.11)

Applying this control torques to the equation of motion of the manipulator,
it turns out that the only choice of V' that results in 7y not affecting & is
V' = M. Comparing the nullspace projectors in (5.5) and (5.11) we can see
that limiting the control torques to the form (5.11) is equivalent to looking for
a V such that:

I— (M YFIMt =1 J g%,

where X is an arbitrary PD matrix. This problem has only one solution, that
isV=Mand X = M~

On the other hand, if we do not limit the control torques to be in the range
of JT, then we can choose among the infinity of pseudoinverses. We can
prove it applying the control torques (5.6) to the manipulator dynamics:

Mg+ h=MJS (& — Jg+ M h) + MNy M '

Multiplying both sides by JM ~! the term containing 75 becomes zero, be-
cause:

JM *MNwM ‘g = JNywM 79 =0,
so we get:

JG+ JIM ™ h = JJ5 (&% — Jg+ JM~1h)
i—Jig+JM ‘h=i"—Jg+JM 'h

i=7a"

As long as the control torques are computed using (5.6), 7y does not affect &,
regardless of the choice of W.

5.4.3  Observation 3: Weight Matrix and Joint Space Stabilization

The weight matrix V' (or equivalently W) introduced in the resolution of (5.3)
can play two different roles. In case there is no secondary task (i.e. 79 = 0),
V' determines the quantity that we minimize (e.g. ||7||2, [|d]|2, [[M ~27[|?). In
case there is a secondary task, V' specifies the metric that is used to measure
the distance between 7 and 7.

The idea of using the nullspace of the task to minimize some measure of
effort is very appealing, mainly because it is rooted in the study of human
motion [Flash and Hogan 1985]. This approach may be feasible in simula-
tion, but unfortunately in reality it leads to singular configurations and hitting
of joint limits [Peters et al. 2007]. The subspace of joint accelerations that do
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not affect the task is not controlled, so its behavior is determined by distur-
bances and errors in the model of the manipulator. Even in simulation, if the
initial conditions of the robot have non-zero joint velocities, not using a sec-
ondary task may result in joint space instability. The reason for this behavior
is obvious: the effort of stabilizing in joint space is not task relevant and it
would increase the cost [Peters et al. 2007].

Peters et al. [2007] suggest to add a joint space motor command for stabi-
lization. A common approach is to design the postural task to attract the robot
towards a desired posture gg. We compute the desired joint accelerations as
gy = Kp(qo — q) — K4q, where K, > 0 and K, > 0 are matrices acting as
proportional and damping gains, respectively. In the following we will always
include the postural task as the lowest priority task in the task hierarchy. The
postural task minimizes the following quantity:

G —dglI*,

under the constraint of not affecting the higher priority tasks. This ensures
stabilization of the manipulator in joint space. We want to find the pair (V, 1)
in (5.5) such that we use the task nullspace to minimize ||G — o||?. Recalling
that in general we minimize ||V_%(7' — 70)||%, if we set V' = I then we
minimize this quantity:

|7 = 70l[* = [|MG + b — (Mo + h)[[> = [|M(§ — go)||*
On the other hand, setting V' = M we minimize this quantity:
1M (r = 70) | = [|M2 (G - o) I
Finally, if V = M? we minimize this quantity:

1M~ —7o)|* = 1G — doll”

Our solution is then to set V' = M? and 79 = M o + h. The resulting control
law is:

T = M(J*(&* — Jq) + Nio) + h (5.12)

In this scenario the choice V' = M? is the most appropriate, because it leads
to a minimization of the joint acceleration error.

5.4.4 Observation 4: Hierarchical frameworks

In the literature we can see two different approaches to multi-task manage-
ment: the error minimization approach, call it A, and the nullspace projection
approach, call it B (see [Baerlocher and Boulic 1998] [Chiaverini 1997] for
a thorough comparison). In this subsection we describe both approaches, ex-
plaining pros and cons and emphasizing the role of the weight matrix.
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5.4.4.1 Approach A - Error minimization

This approach minimizes the error of each task, under the constraint of not
conflicting with higher priority tasks. Assume that we have two tasks that are
described by the constraints:

Jo§ + Jog = i JiG+ J1g = ¥,

where task 2 has higher priority with respect to task 1. We formulate a mini-
mization problem:

7 = argmin || J1G + J1¢ — &7 ?
TER"™

s.t. Mi+h=r

75 | 5 = argmin ||Jog + Jog — &3]
TE T2 E€R™

s.t. qu-+-h =Ty

The second constraint is equivalent to problem (5.3) so we replace it with
(5.6).

7 = argmin || J1G + J1¢ — if|?
TER™

s.t. Mi+h=r
7= M{; + MNoyw M 7y
5 = Jofy (@5 — Jog + Jo M 'h)
The last two constraints specify the form of the solution, leaving the choice
of 7y for minimizing the cost function.
™ =M + M Now M1

7o =argmin ||J1G + jlq — 50’1‘||2
ToER™

st. Mg+ h= Mg+ MNoy M 'z

Computing ¢ from the constraint and substituting it in the cost function we
get an unconstrained minimization problem:

¢ = argmin || Jy (¢ + Now M ~trg — M71h) + Jig — 7|2
ToER™

The resolution of the minimization is then quite straightforward and it leads
to:

7" =M (g3 + Naw (G432 + Nijzw o))
G5 =Jay (5 — Jwd + JoM~'h) (5.13)
iyjg =Ty (@ = Jig+ J(M~'h = G3))
where Jyo = JiNow and Nyjapy i its weighted nullspace projector. This

formula:

1. finds the space of solutions of task 2, i.e. it computes ¢5 and Noy
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2. inside the solution space of task 2, it finds the point(s) that minimize
the error on task 1

3. among these points (if more than one), it selects the one that minimizes
1.
W2 (G - Go)lI?

This approach ensures zero error on any task, as long as it does not conflict
with any higher priority task. Unfortunately this approach also has a draw-
back: it suffers from algorithmic singularities, namely singularities that are
due to conflicts between tasks. In the subsection 5.4.4.3 we will explain in
more detail what this means.

5.4.4.2 Approach B - Nullspace Projection

This approach is somewhat simpler because it is the most intuitive extension
of the control law (5.6) to the multi-task case. Assuming that we have two
tasks as in the previous subsection, we have already seen that to ensure that
task 2 is satisfied the control torques have to take the form:

T :MJQ;/(‘%E — ng + JQM_lh) + MNgwM_lTl =

. (5.14)
=M g5 + M Now i,

where 71 = M is an arbitrary torque vector that can be used to achieve a
secondary task, in our case, task 1. Applying the same principles that we used
to formulate (5.14) we can compute the torques to achieve task 1 as:

7 =My, (@7 — g+ JIM T h) + MNyyw M g =

. . (5.15)

=Mq, + M Niwdo

Putting it all together we get:
T2 = M (3 + Now (G7 + Niwdo)) (5.16)

This formula:

1. computes ¢y, that is the solution of task 1 that minimizes HWfé (G —
Go)l?

2. projects ¢; onto the space of solutions of task 2 or, in other words, it
1
finds the solution of task 2 that minimizes ||W ™2 (4 — ¢1)||?

The drawback of this approach is that, except for the highest priority task, it
does not ensure that a task is achieved, even if it is not in conflict with any
task with higher priority.

5.4.4.3 Comparison: Avs B

A geometric view can give us a better insight into the two approaches. Let
us consider a 2-DOF robot performing two one-dimensional tasks, with task
2 having higher priority. The solution space is the two-dimensional space
of joint accelerations, depicted in Fig. 5.1. Each task has infinite solutions

61



62

TASK SPACE INVERSE DYNAMICS: A NEW CONTROL FRAMEWORK

* — taks 2 solutions
- = —task 1 solutions

Figure 5.1: Geometric view of multi-task resolution with approach A and B. As far
as approach B is concerned, the plot shows five different solutions corre-
sponding to five different values of the weight matrix W (the values used
for w are [0.1;0.5; 1; 1.5; 10]). The solution computed by approach A is
independent of the weight matrix.

(because m = 1 < n = 2), which may be represented as a line on the joint
acceleration plane. In particular, in the case depicted in Fig. 5.1, the solution
space of task 2 (black solid line) intersects the solution space of task 1 (red
dashed line) in one point. The two tasks are not in conflict and that point
represents the solution that satisfies both tasks.

Approach B computes ¢ and projects it onto the solution space of task 2,
finding ¢3;. Fig. 5.1 depicts ¢} and ¢} for different values of the weight matrix
W . In particular we set:

0
01

W =

and we computed the solution for five values of w ranging between 0.1 and 10.
Although the two tasks are not in conflict, all the solutions perfectly achieve
task 2, but they have a non-zero error on task 1. Note that when W # [ the
projection that is performed by the nullspace projector is not orthogonal.

On the other hand, the solution computed by approach A, that is ¢, is
exactly the intersection of the two lines. As expected, ¢% does not depend on
the weight matrix W. In this particular example there is no value of w that
results in ¢y = ¢5. However, this is not always the case.

When two tasks are in conflict their solution spaces are parallel, hence they
do not intersect. Both approaches give the same solution ¢ = ¢ = G5,
which results in a non-zero error on task 1. When two tasks are almost in
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conflict their solution spaces are almost parallel and approach A suffers from
an algorithmic singularity. The two solution spaces intersect in a subspace
that is distant from the origin, hence ||¢% || is large. Filtering techniques, such
as damped pseudoinverses, are commonly used to tackle this problem [Chi-
averini 1997].

Despite the drawbacks of approach B, sometimes it has been preferred over
approach A [Chiaverini 1997; Khatib 1995; Mistry and Righetti 2011; Peters
et al. 2007] because: i) it is older and hence more popular in the robotics
community, ii) it is simpler to understand and to implement, iii) it does not
suffer from algorithmic singularities. However, none of these reasons seems a
valid argument for choosing a sub-optimal approach over an optimal one. The
only case in which approach B should be preferred is when the robot performs
just one task and the kinematic redundancy is used for joint stabilization only.
We showed in section 5.4.3 that in this case the choice of the weight matrix
V = M? is the most appropriate because it minimizes the joint acceleration
error.

On the other hand, if the robot has to perform two or more tasks with dif-
ferent priorities, then approach A has to be taken to get optimal results. Many
frameworks for multi-task control that follow the principles of approach A
have been presented [Jeong 2009; Saab et al. 2011a; Siciliano and Slotine
1991]. Even the operational space formulation [Khatib 1995], which in its
original form used approach B, has been extended later to approach A [Khatib
et al. 2004; Sentis and Khatib 2006] (see [Philippsen et al. 2011] for an open-
source software implementation of this formulation). When Khatib et al say
that the original operational space formulation “did not consider the dynam-
ics of the posture itself”, whereas its new extension “compensates for the
dynamics within the restricted posture space” [Khatib et al. 2004] they refer
to this transition from approach B to A.

5.5 ORIGINAL CONTRIBUTION - TASK SPACE INVERSE DYNAM-
ICS (TSID)

In this section we design the TSID control framework, which is the main con-
tribution of the chapter. The TSID is sound, optimal, efficient — as confirmed
by the simulation tests — and allows for both position and force control.

5.5.1 Motivations

The WBCF is sound and optimal, but it is not efficient because it requires the
computation of the operational space inertia matrices A’s. The simplest way
to compute them is using the formula A = (JM~1JT)~1, which has a com-
plexity of O(n3): the computation of M - with Recursive Newton-Euler Al-
gorithm (RNEA) or Composite-Rigid-Body algorithm [Siciliano and Khatib
2008] - has a complexity of O(n?) for serial robots and O(nd) for multi-
branch robots (where d is the tree depth). More efficient algorithms [Chang
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and Khatib 2000] can compute A with a complexity of O(nm? + m?), where
m is the dimension of the task.

On the other hand the UF is sound and it can be efficient: choosing V' =
M?2, the solution takes the form 7* = M ¢n + h, which we can calculate
without explicitly computing M, through the O(n) RNEA. Nonetheless, the
UF is not optimal: even if a task does not conflict with any higher priority
tasks, it may not be performed correctly.

The derivation of our framework, TSID, follows the same principles un-
derlying the UF, but with a different hierarchical extension. We minimize the
error of each task under the constraint of not affecting any higher priority
task. At each minimization step, we carefully select the weight matrices used
in the pseudoinverses, so as to simplify the resulting control laws. This leads
to an efficient formulation, while preserving the optimality property. We start
considering position tracking control only, then we introduce force control
tasks.

5.5.2 Framework Derivation

Consider a general scenario in which the robot has to perform N position
tracking tasks. Consider also a postural task - defining the desired joint accel-
erations ¢ - to stabilize any redundancy left. Taking inspiration from the UF
and from De Lasa and Hertzmann [2009] we formulate the multi-task control
problem as a sequence of constrained minimization:

Ty ry =min gn(7) st. Mi+h=r1
TER™
T; 7 = min g;i(7) st. Mi+h=r
TERM
gj(T) =Tj Vj > 9 (5.17)
To 7" =argmin||§—gyl|| st. Mi+h=rt
TER?
9i(T) = Vi >0

where g;(7) is the quantity to minimize associated to task 7;:
gi(r) = || Jidi + Jig — &
The solution of (5.17) is given by:

T =M (i1 + Np(o)(Npo))iy (G5 + M~ h — 1))
Gi =Git1 + Npgiy (JilNpi) )Ty (&5 — Jig + Ji(M ™ h = Gigq)) (5.18)
Nytiy =Npit1) = (Jix1 Nogi1) )i i1 Np(i 1)

fori € [1, N]. The computation is initialized setting Gy 1 = 0 and Ny,(n) =
1. Once again, selecting the weight matrix W we can vary the form of the
control law. Interestingly enough though, the solution 7* is independent of
W. This is because the only role of W is to weight the quantity that is mini-
mized in the nullspace of all the tasks, but here the postural task ensures that
there is no nullspace left (because any control action would affect at least
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the postural task). The most reasonable choice is then to set W to the most
convenient value from a computational point of view. If we set W = I then
all the nullspace projectors N,;) become orthogonal projectors, so they are
idempotent and equal to their pseudoinverses:

Np(iyNpiy = N,

iy Ny = Noti)

p(
This simplifies the formulation (5.18) to:
T =M{§ +h
q" =1 + Npo)do
Gi =G + (JiNpe)) T (@ = Jig — Jidiiyr)
Np(iy =Np(is1) = (Jir1Np(ir1) " Jis1 Np(iyn).

(5.19)

with ¢ € [1, N]. In this new form, kinematics and dynamics are completely
decoupled: first we solve the multi-task prioritization at kinematic level com-
puting ¢*, then we compute the torques to get the desired joint accelerations.
This formulation does not require the computation of a pseudoinverse for
the postural task, because it exploits the property of orthogonal projectors of
being equal to their pseudoinverses. Moreover, it does not contain the term
M1, and the mass matrix M appears only in the term M §*, which can be
efficiently computed with the Recursive Newton-Euler Algorithm.

5.5.3 Force Control

This subsection extends the TSID control framework to force control. If the
manipulator is in contact with the environment its equation of motion be-
comes:

M(q)d+ h(q,q) — Je(q)" f =, (5.20)

where J.(q) = (%{L‘c € R¥*™ ig the contact Jacobian (or constraint Jacobian)

and f € R are the contact forces (or constraint forces). To control the contact
forces we need a model of the contact dynamics. We consider two cases,
which are the most common in the literature: the linear spring contact model
and the rigid contact model.

5.5.3.1 Soft Force Control - Linear Spring Contact

In the linear spring contact model the environment at the contact point is
assumed to behave like a linear spring, so the contact force is proportional to
the contact point displacement:
ks(ze —C) = f
kst = f
ksic = f
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where k, is the stiffness of the contact, x. € R* is the robot contact point
and C' € R¥ is the point of the environment where the contact occurred. Simi-
larly to the position control problem, to ensure robustness to disturbances, the
reference force acceleration can be computed as:

= fa+ Ka(fa— f) + Kp(fa— 1),

where fy(t) € R is the desired force trajectory, while K, > 0, K}, > 0 are
matrices acting as derivative and proportional gains, respectively. The prob-
lem of controlling the contact forces can then be formulated as:

7" = argmin|| f — f*|?
TER™

st.  Mi+h—Jlf=r1

ks(Jc(.]. + JcQ) =f

Assuming that we know ks and we can measure the contact forces f, the
solutions can be calculated as:

™ = MJoy (k7 — Jeg + J MY (h — JT ) + MNyw M~ 'rg

where Noyy = I — JJVI,JC. Park and Khatib [2008] treated extensively the
problem of estimating the contact stiffness k.

5.5.3.2 Rigid Force Control - Rigid Contact

If the contact between the manipulator and the environment is perfectly rigid
then the manipulator motion is subject to a set of k£ nonlinear constraints:

c(q,t) =0

The constraints may be time-varying, hence we can model contacts with
curved surfaces, as long as c is sufficiently smooth. The rigid force control
problem is defined as:

7 = argmin| |/ — f*|/
TER™

st.  Mi+h—J f=r1
Jej + Jeg =0
where f* € R” are the desired contact forces. We can prove that the following

control law is a solution of the rigid force control problem (see appendix B.1
for the proof):

™ =—Jrf — MJF(Jeg— J.MYh) + MN.M 1

The term M~ still appears in the equation but, as we have already seen for
position control, it can be removed by the postural task, setting 7o = M ¢+ h:

T = —JLf A+ M(=J Jeq + Neiif) + h
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5.5.4 Integration of Force Control in Hierarchical Framework

We extend the multi-task formulation (5.19) to include force control tasks.
The rigid force control task, if any, has to take the highest priority because it
is a physical constraint that cannot be violated by definition. We assume that
the robot has to perform N —1 tasks, which can be either position or soft force
control tasks. Soft force control tasks are treated as position control tasks, in
which we set the reference acceleration based on the contact stiffness and the
reference force acceleration: ¥ = k; ! 7. On top of that there is a rigid force
control task, with reference force f* and Jacobian Jy = J.:

TH=M§ +h—Jf*

q =q + Np(O)dS

Gi =G + (JiNpe)) T (@ = Jig — Jidiisr)
Np(iy =Np(i+1) = (Jir1Np(ir1) i1 Np(iy1).

(5.21)

withi € [1, N], &} = 0, §ny+1 = 0, and Ny(ny = I. Even after the extension
to force control, kinematics and dynamics are still decoupled, so 7* can be
efficiently computed with the Recursive Newton-Euler Algorithm.

5.6 TESTS
5.6.1 Simulation Environment

We tested the presented control framework on a customized version of the
Compliant huManoid (CoMan) simulator [Dallali et al. 2013]. The robot has
23 DoFs: 4 in each arm, 3 in the torso and 6 in each leg. We adapted the sim-
ulator to make the robot rigid and fully-actuated (we fixed the robot base and
we removed the joint passive compliance). Direct dynamics and inverse dy-
namics, both in simulation and control, were efficiently computed using C lan-
guage functions, generated with the Robotran webpage [2012] symbolic en-
gine. Contact forces were simulated using linear spring-damper models with
realistic friction. To simulate rigid contacts we used the stiffness and damping
values proposed by Dallali et al. [2013], that are, respectively, 2-10° N/m and
103N s/m. To integrate the equations of motion we used the Simulink vari-
able step integrator ode23t, with relative and absolute tolerance of 103 and
1075, respectively. The tests were executed on a computed with a 2.83 GHz
CPU and a 4 GB RAM.

5.6.2 Test Details

To generate reference position/velocity/acceleration trajectories we used the
approach proposed by Pattacini et al. [2010], which provides approximately
minimum jerk trajectories. The trajectory generator is a 3rd order dynami-
cal system that takes as input the desired trajectory x4(t) and outputs the
three position/velocity/acceleration reference trajectories z,(t), &, (t), &, (t).
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Figure 5.2: On the right, two superimposed screenshots of CoMan executing the
higher priority task T2 with its left hand and the lower priority task T1
with its neck base. The blue line shows the reference trajectory for the
task T2. On the left, a plot of the desired, reference and real trajectory
of the left hand, using the TSID; since the tracking is almost perfect, the
real trajectory (black line) and the reference trajectory (red dashed line)
overlap.

Contact

Figure 5.3: CoMan executing three tasks. The force task F controls the force exerted
by the right hand against the wall. The tracking task T2 moves the left
hand along the circular reference trajectory depicted as a red circumfer-
ence. The tracking task T1 moves the neck base back and forth along the
X axis.
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The reference position trajectory follows the desired position trajectory with
a velocity that depends on the parameter “trajectory time” (always set to 1.0s
in our tests). The desired accelerations were computed as:

=i+ Ky(&p — &) + Kp(z, — ),

where K, and K, were diagonal matrices with all entries equal to 10 and 5,
respectively.

The controllers used damped pseudoinverses [Chiaverini 1997] to ensure
stability near singularities. The damping factor was always set to 5 - 1073,
To avoid interferences between tasks, the nullspace projection matrices were
computed without any damping.

5.6.3 Test I - Multi-task Position/Force Control

We tested our control framework - Task Space Inverse Dynamics - against the
Unifying Framework (UF) [Peters et al. 2007] and the Whole-Body Control
Framework (WBCF) [Sentis and Khatib 2005]. In this test the robot performs
four tasks, listed here with decreasing priority:

F: 3 DoF, control the contact force exerted with the right hand on the wall
T2: 3 DoF, track a circular trajectory with the left hand

T1: 1 DoF (x axis), track a sinusoidal reference with the neck base

P: 23 DoF, maintain the initial joint posture

The first three tasks are compatible, so the robot should be able to perform
them with negligible errors. Table 5.3 reports the mean error norm for each
task and the mean computation time of the control loop. Referring to the cri-
teria proposed in section 5.1.1 to evaluate a control framework, let us clarify
how they relate to the data reported in table 5.3. The error on the primary
task F concerns the soundness, the errors on the secondary tasks T2, T1, P
concern the optimality, and the computation time concerns the efficiency. As
expected, the UF performs poorly on the non-primary tasks, because it is not
optimal. Both the WBCF and the TSID achieve good tracking on the tasks
F, T2 and T1, but the computation time of the WBCF is more than twice the
computation time of our framework.

5.6.4 Test 2 - Soft Force Control

In this test the robot controlled the force applied on an elastic environment,
using our Task Space Inverse Dynamics control framework. In particular we
used the “spring contact model” presented in 5.5.3.1. Since in real world sce-
narios it is difficult to estimate the contact stiffness ks, we tested the robust-
ness of the controller with respect to errors in the estimate of k5. The real
contact stiffness was set to 103, while the estimates of k5 used in the con-
troller were set to five values in the range [102, 10*]. The feedback gains of
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Table 5.3: Results of test 1. We tested three controllers (Whole Body Control Frame-
work, Unifying Framework, Task Space Inverse Dynamics) on the same
four tasks (F, T2, T1, P); we measured the mean error norm for each task
and the mean computation time of the control loop.

Related to =~ Soundness Optimality Efficiency

Controller F Error T2 Error T1 Error P Error Computation

(N) (mm) (mm) ®) Time (ms)
TSID 0.46 0.3 0.7 10.4 0.298
WBCF 0.46 0.1 0.9 104 0.681
UF 0.46 139.7 145.2 6.2 0.316
25
201
15}
£
g10 —Ref
2 k, =100
kS =500
0 --- kS =1000
_ ‘ ‘ ‘ --- ks =2000
0 2 4 6 —
Time (s) kS =10000

Figure 5.4: Force applied by the robot on the environment as the estimate of the

contact stiffness k, ranges from 102 to 10* (the real contact stiffness is
103%).

the force control loop were K, = 50 and K; = 25. Fig. 5.4 shows the quality
of the tracking of the reference force as k; changes. As expected, when the
estimate of k; is precise the tracking of the reference force is almost perfect.

5.7 CONCLUSIONS AND FUTURE WORK

We presented and validated a new theoretical control framework, called Task
Space Inverse Dynamics, for prioritized position and force control of fully-
actuated rigid robots. To the best of our knowledge, this framework outper-
forms every other control framework with equal capabilities. Its main features
are:

1. optimality: the error of each task is minimized under the constraint of
not affecting any higher priority task

2. capabilities: our framework allows for tracking position control, soft
contact force control, rigid contact force control
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3. efficiency: solutions can be computed in O(n) using the Recursive Newton-
Euler Algorithm because it does not need the joint space inertia matrix
M or the task space inertia matrices A’s

We compared the presented control framework with other two state-of-the-art
control frameworks (UF and WBCF), both analytically and through simula-
tion tests. The results reported in table 5.3 confirm that our framework out-
performs the other two frameworks, either in terms of optimality or in terms
of efficiency.

In the next chapter we extend this framework and the related analysis to
the control of floating-base (i.e. underactuated) robots.






“TASK SPACE INVERSE DYNAMICS” — PRIORITIZED
POSITION-FORCE CONTROL OF FLOATING-BASE
CONSTRAINED ROBOTS

This chapter extends the framework presented in chapter 5 to the control of
underactuated mechanical systems. In particular, we deal with floating-base
systems, a special class of underactuated systems in which the base is a mov-
ing body. The contributions of this chapter regard the case in which these sys-
tems are constrained, namely they cannot move freely because their motion
is constrained (for instance by a rigid contact). This scenario is very common
in humanoid robotics, because it occurs any time the robot is in contact with
the ground — typically with one or both feet.

6.1 INTRODUCTION AND MOTIVATIONS

A system is underactuated if the number of its actuators is less than the num-
ber of its DoFs. Underactuated mechanical systems arise in many applica-
tions, such as space and undersea robots, mobile robots, flexible robots, walk-
ing, brachiating and gymnastic robots. Well-known underactuated systems
are the acrobot [Spong 1995] and the cart-pole [Spong 1998], both of which
have one actuator and two DoFs. Humanoid robots are underactuated because
they typically have n actuators and n + 6 DoFs, where n is the number of
joints of the robot and 6 are the DoFs representing position and orientation of
the base of the robot.

Controlling underactuated systems is more challenging than controlling
fully-actuated systems. Fully-actuated mechanical systems are feedback lin-
earizable: most problems for fully-actuated mechanical systems can be re-
duced to equivalent problems for linear systems. The equations of motion of
a fully-actuated mechanical system are:

M(q)j + h(g,q) =,

where ¢ € R" is the vector of generalized coordinates, 7 € R"™ is the vector
of generalized actuator forces, M (q) € R"*" is the positive definite inertia
matrix, and h(q, ¢) € R™ is the bias vector, which typically contains Coriolis,
centrifugal and gravity forces. To move such a system from an initial config-
uration ¢ to a final configuration ¢* in a finite time /', one can compute an
acceleration trajectory (t)* such that:

T T
q* :qo+//fj(t)* de?,
0 0
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where we assumed zero initial velocity. Then the generalized force trajectory
that moves the system from ¢ to ¢* is given by:

T(6)* = Mi(t)* +h

On the other hand, underactuated systems are not feedback linearizable. The
equations of motion of an underactuated mechanical system with n DoFs and
a(< m) actuators are:

M(q)i+ h(q,q) = ST, (6.1)

where ST € R™*% is a matrix that selects the a actuated degrees of free-
dom, and 7 € R The problem of moving such a system from an initial
configuration ¢q to a final configuration ¢* is not trivial. At any instant of
time the system can only accelerate in certain directions. In particular the sys-
tem accelerations ¢ lie on an a-dimensional manifold, which is configuration
dependent:

je{z]z=M(q) ("7 —h(q,9), 7 €R"}

This implies that a particular acceleration trajectory that drives the system
from g to ¢* may be unfeasible for an underactuated system. However, there
may exists another acceleration trajectory that also drives the system from ¢g
to ¢*, which is feasible. It is important to note that many underactuated sys-
tems are controllable, namely it is always possible to find an input trajectory
7(t) that steers the state of the system from g to ¢* in finite time 7', for any
qo, q*,T. The problem of finding feasible acceleration trajectories is tackled
in the field of non-holonomic motion planning, that models the underactua-
tion as a non-integrable constraint on the system’s accelerations.

However, rather than focusing on motion planning, in this chapter we fo-
cus on the problem of controlling underactuated systems. We assume that a
desired acceleration is always given, in either task space (denoted &*) or con-
figuration space (denoted ¢*). In general we assume that desired accelerations
may be unfeasible, so we seek the control inputs that generate accelerations
that are “as close as possible” to the desired accelerations. The same applies
in case we control contact forces rather than accelerations.

We start with the motion control of unconstrained floating-base robots
(which are a class of underactuated systems), both in configuration space
(section 6.2.1) and in task space (section 6.2.2). Floating-base systems can be
modeled as fixed-base systems, by installing a 6-DoF joint between the fixed
base and the body representing the floating base [Featherstone 2008]. Then,
we move to the control of both motion and contact forces of constrained
floating-base systems (section 6.3). We show how the presented control laws
simplify when these systems are sufficiently constrained (see section 6.22),
1.e. they are subject to a number of constraints that is sufficient to make their
constrained motion completely feasible. Along the way, we pay particular at-
tention to the computational cost of the devised control laws, trying to avoid,
whenever possible, the computation of the joint space inertia matrix M.
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6.1.1 Dynamics of Floating-Base Systems

We introduce the notation that we use in this chapter, which is typical of
floating-base mechanical systems. First of all we introduce two selection ma-
trices:

9= 0o 1]

(6.2)
U= [16 OGX,J ;

where S € R™ "*6 is the matrix selecting the n actuated joints, whereas
U € R6*"+6 g the matrix selecting the 6 (floating-base) passive joints. The
state of a floating-base system is not uniquely represented by just its joint
positions g; € R™. A 6-DoF virtual joint is attached to the robot base to
encode its position and orientation in the space:

q= b beRG,quR”
4j

The Jacobian J = %(;’) € R™*"+6 of a generic point of the robot can then
be decomposed as:

J= Yo Y@l 5 gl g eR™ g e R

The equations of motion of a floating-base robot are:
M(q)g + h(g,4) = S, (6.3)

where M € R"T6Xn+6 ig the positive definite joint space inertia matrix, § €
R™*6 are the joint accelerations, h(q,q) € R"*% are the bias forces, and
7 € R"™ are the actuated joint torques. This equation can also be written in
block matrix form, separating the motion of the floating-base from the motion
of the real joints:

My My, i h 0
b Mo\ || () O | (6.4)

My Mj | |G h;j I,

where M; € R"™", M, € R%*6 M,; € R®*" i, € R, and §; € R". The
inverse of the inertia matrix A/ ~! may also be represented as a block matrix:

-t | Mo Ny
N Nj
Ny = (My — My; M M)~ (6.5)

Nj = (M; — MM, M)~
Nyj = —Nbeij_l = —M, ' My; N,
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The pseudoinverses of S and U, weighted with M !, are going to play an
important role in the derivation of some control laws, so we report them here:

-1
§—gt  — M—IST(SM—IST)—l _ No; NoL— — M, My,
M-1 J
N; I,
_ N, I
U=U} =M1 (UM U")" = ; N = 61 .
[N |~ M My

Note that the final expressions of S and U do not depend on the whole inertia
matrix, but they depend on M, and M,; only, so they are easier to compute.
This decomposition of the inverse of the inertia matrix is going to be used in
the next sections (see the appendix B.2 for the proof):

M~'=8N;ST+ UM U (6.6)
6.2 UNCONSTRAINED FLOATING-BASE SYSTEMS

This section reviews the basic techniques for the position control of uncon-
strained floating-base systems, both in joint space and in task space.

6.2.1 Joint Space Control

Since we cannot control the entire state of an underactuated system, we aim
to control a subset of its joints, which typically is either the set of active joints
or the set of passive joints. It is well-known that the portion of the dynamics
corresponding to the active DoFs may be linearized by nonlinear feedback
[Spong 1994]. Furthermore, under a condition called “strong inertial cou-
pling”, also the portion of the dynamics corresponding to the passive DoFs
may be linearized by nonlinear feedback.

6.2.1.1 Collocated Partial Feedback Linearization (PFL)

The problem of controlling the motion of the active joints g;, may be formu-

lated as:
7" = argmin |; — ||
TER™

st. Mi+h=S8Tr,

where ¢; € R" are the desired active joint accelerations. This problem has
a unique solution (see appendix B.3 for the complete derivation), commonly
known as Collocated Partial Feedback Linearization [Spong 1998], and it is:

™ =N;'q +S5"h (6.7)

This control law cannot be computed using a standard inverse dynamics al-
gorithm, such as the RNEA. For underactuated systems the inverse dynamics
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problem is actually a hybrid dynamics problem. Hybrid dynamics is a gen-
eralization of forward and inverse dynamics, in which the forces are known
at some joints, the accelerations at the rest, and the task is to calculate the
unknown forces and accelerations [Featherstone 2008]. In particular, for a
floating-base robot, we know the accelerations at the active joints, the forces
(which are zero) at the base joints, and we want to compute the joint torques.
Even though we are not interested in the base accelerations, they need to be
computed to calculate the joint torques. Without entering into the details of
the hybrid dynamics algorithms, we just report that the control law (6.7) can
be computed with a computational cost of O(2n), that is approximately twice
the cost of the RNEA. This is the minimum cost for an “inverse dynamics’
control law for floating-base robots, so, in the following, we aim at getting all
the control laws in the form of (6.7).

In conclusion, applying the control law (6.7) to a floating-base system, the
resulting motion is:

’

ook

dj =g
iy = — M, (My;; + hy)

Only the part of the dynamics describing the motion of the active joint has
been linearized; that is the reason why this technique is called partial feed-
back linearization.

6.2.1.2 Non-Collocated Partial Feedback Linearization (PFL)

Under the condition of strong inertial coupling, it is possible to control the
passive DoFs of underactuated systems [Spong 1998]. In particular, in case of
floating-base robots, we want to control the floating-base accelerations, that
is we want to solve the following problem:

7 = argmin ||, — i} ]|%
TER™
st. Mi+h=258Tr,

where i} € RS are the desired base accelerations and £ > 0 is an arbitrary
weight matrix. Depending on the rank of My, this problem may have one or
infinite solutions. In general, the solutions take this form (see appendix B.4
for the complete derivation):

75 = —(NoMy; M) p (35 + NoU™h)

g . (6.8)
+ (I = (Np My M)k Ny Moy M),

where W > 0 is an arbitrary weight matrix and 7y is an arbitrary vector.
This expression gives the solution that minimizes ||7 — 79|y The condition
of strong inertial coupling requires that rank(M/,;) > 6. If this condition is
satisfied then we can get &), = &; Vi, € RS, and (6.8) simplifies to:

T = =M M (N, iy + UTh) + My(I — My My )M o (6.9)
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Alternatively, this control law can be also put in the convenient hybrid dynam-
ics form (such as (6.7)):

" = Ny (=M (Myi; + hy) + (I — My My;)Ny7o) +S7h, (6.10)

a
Under the condition of strong inertial coupling, both (6.9) and (6.10) result in
¥y = 7, but they use the task nullspace (if any) to minimize different quanti-
ties. In particular (6.9) minimizes || M j_l (1 —70)||, whereas (6.10) minimizes
IN;(r = STh = 7).

6.2.2 Task Space Partial Feedback Linearization (PFL)

We can exploit the principle of PFL to control the system in task space. Task
space PFL [Shkolnik and Tedrake 2008] is a generalization of collocated and
non-collocated PFL. As usual, we can formulate the control problem as a
constrained minimization:
7" = argmin||J§ + J¢ — &*||?
TER™
st. Mi+h=5S"r

where £* € R™ are the desired task space accelerations, and J = %ﬁ €

R™*n+6 g the task Jacobian. If m < n this problem has infinite solutions
(see appendix B.5 for the derivation), which can be written as:

™ = Njflq;f +8Th

_ . _ _ (6.11)
= (JS) (& — Jq+ JMy  he) + (I = ()3 S)djo,

where ¢;o € R™ is an arbitrary vector, and W > 0, W € R™*™ is an arbitrary
weight matrix. The control law takes the convenient hybrid dynamics form of
(6.7). Note the introduction of a new Jacobian .J, defined as:

J =JS = J; — J,M; ' My,

which is commonly known in space robotics as the Generalized Jacobian
[Umetani and Yoshida 1989]. This Jacobian takes into account the dynamic
coupling between the base and the joints of the robot. Through a singular
value decomposition (see appendix A.1) of J we can find the so-called dy-
namic singularities [Papadopoulos and Dubowsky 1992], that are configura-
tions in which the control point cannot accelerate in some directions.

Differently from the fully-actuated case (see chapter 5) it is not possible
to completely decouple kinematics and dynamics. Part of the robot dynamics
has to be taken into account in the passage from task space to joint space
accelerations. However, this control law does not require the computation of
the whole mass matrix, but it needs only M}, and Mp,;, which can be computed,
for instance, with 6 iterations of the RNEA. Especially for humanoid robots,
in which n is typically much larger than 6, not having to compute M, can
heavily improve the performance of the controller.
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The collocated and non-collocated PFL can be derived as special cases of
the task space PFL (6.11) (see appendix B.5). In particular, if we set J = .S
and &* = §; we get the collocated PFL. On the other hand, if we set J = U
and ¥* = i; we get the non-collocated PFL.

6.3 CONSTRAINED FLOATING-BASE SYSTEMS

This section deals with the control of constrained floating-base systems. First
we define constrained floating-base systems and we derive their equations
of motion. Then we review the classic approaches for the control of these
systems, which are based on the “constraint nullspace projection” technique.
Starting from section 6.3.5, we tackle the problem of controlling constrained
floating-base systems. First we deal with position control, including joint
space, task space and prioritized multi-task control. Then we move to force
control, considering both the control of all the constraint forces and the con-
trol of a subset of the constraint forces.

6.3.1 Dynamics of Constrained Floating-Base Systems

Consider a mechanical system that is subject to a set of k nonlinear equality
constraints:

c(q,4,t) =0

For instance the system could be in rigid contact with the environment and the
constraints could represent the fact that the contact point(s) do not move in
the constrained directions. This is the typical constraint that we take as refer-
ence throughout the rest of this chapter, so we use interchangeably the terms
“contact force/Jacobian” and “constraint force/Jacobian”. Differentiating the
constraints twice with respect to time we get:

Jog =0

.. . (6.12)
JeG = —Jcq,
where J, = g—; € R¥*n+6 i5 the constraint Jacobian. The equations of motion

of a constrained floating-base system are then:
Mi+h—JLf=8Tr (6.13)

where f € R” are the constraint forces, which prevent the system from vi-
olating the constraints. The introduction of these unknown contact forces f
complicates the control problem because we need to know f in order to com-
pute T.

A possible way around this problem is to measure the contact forces using
force/torque sensors. However, force/torque measurements are noisy and in-
troduce delay in the control action. Moreover, in the field of walking robots,
very few platforms are equipped with enough sensors to measure contact

79

In this thesis we
implicitly assume
that constraints are
due to rigid contacts.

Relying on
force/torque sensors
is not the only (or
the best) solution.



80

TASK SPACE INVERSE DYNAMICS FOR FLOATING-BASE ROBOTS

forces on their whole body, so this approach may be unfeasible. The next sec-
tions present different approaches to solve this problem without force/torque
Sensors.

6.3.2 Constraint Nullspace Projection

The classical way to tackle this problem [Park 2006] is to exploit the fact that
the contact forces may be computed as a function of 7:

f=Ae(—Jeg + JM L (h — 8T7)),

where A, = (J.M~*JI)~!is the constraint space inertia matrix. Substitut-
ing f in (6.13) we get:

Mi+ NIh+ JTAJ.g = NEsTr, (6.14)

where J, = CL,l is the dynamically consistent Jacobian pseudoinverse
[Khatib 1987], and N, = I — J.J. is its nullspace projector. This equation
describes the motion of the system without the contact forces, so it can be
used to compute the control torques 7* that generate the desired joint acceler-
ations ¢*:

™ = (NIST) (Mg + NIh + JFAcJeq) (6.15)

The main drawback of this equation is that it requires the computation of A/ ~!
— which is hidden inside N, — an operation that may be computationally
expensive for a real-time controller.

A more recent approach [Aghili 2005; Righetti et al. 2011a] suggests to
eliminate the constraint forces from (6.13) by projecting it in the nullspace of
the constraints. This is done by multiplying the robot dynamics times NCTW =
(I— JC"V{, J.)T, so that we get (see the appendix B.6 for a detailed description):

NIy IMg+h—Jrf=5"7]

6.16
Ny (Mg+h) = Ny S™r (€10

This equation is a convenient alternative to (6.14), because it does not use
M~ and it is overall simpler. To get the simplest formulation, in the follow-
ing we are going to use W = I, so we can also exploits the symmetry of
orthogonal projectors: N = N... The control torques to get the desired joint
accelerations ¢* can then be computed as:

7 = (NIST)YY N (MG* + h)

This expression, differently from (6.15), does not require the computation of
the inertia matrix M.
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6.3.3 Constrained Direct Dynamics

Even though the focus of this work is on the control side, it is sometimes
necessary to express the joint accelerations ¢ as a function of the joint torques
7 (i.e. to solve the direct dynamics problem). Using (6.14) we can compute §
by multiplying both sides times M

=M (NS(STT —h) — Il Acded) (6.17)
As we already mentioned, this equation is complex and in the previous section
we reported a convenient alternative, that is (6.16). Unfortunately, we cannot
use (6.16) as it is to compute §, because the matrix that premultiplies ¢, that

is NEWM , 1s not invertible. To solve this issue we can multiply (6.12) times
JJV and sum the resulting equation to (6.16) to get [Aghili 2005]:

NIy (MG +h) + oy Jei = N3y ST — Iy Jed
(NiwM + oy J2) G = Ny (ST = h) = Jofy Jud

M.

Since Aghili [2003] proved that M. is always invertible, we can compute §
as:

i = M (N (ST7 = h) = Jey Jed) (6.18)

Moreover, differently from (6.17), this expression does not require the set of
constraints to be linearly independent.

6.3.4 Sufficiently Constrained Floating-Base Systems

Using the singular value decomposition (see appendix A.1) of the constraint
Jacobian J, we may gain some insights into the dynamics of constrained sys-
tems. Without loss of generality, we assume that J.. is full rank (if it is not, we
can always find a full-rank Jacobian that represents the system’s constraints),
hence its SVD takes the form:

Vi T

J.=USV =U [21 0} — U VT,
Vi

where V; € R™"T6x¥ i5 an orthonormal basis of the active space of .J,., whereas
Vy € RH6xn+6=k 5 an orthonormal basis of the nullspace of J.. By active
space of a matrix, we mean the subspace that is the orthogonal complement

of the nullspace of the matrix. We can then write the second derivative of the
constraints as:

JeGg = — 'cq.
i = —J Jeq + Vai,
where . € R"6~F represents the actual freedom of motion of the con-

strained system. Substituting this expression of ¢ into the system dynamics
we get:

M(—Jf Jeg+ Vaige) + h—ViSiUTf =1
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We can now project the system dynamics onto the nullspace of .J. multiplying
times VQT, so that we get the motion dynamics:

Vol MVage — Vi MJFJeg + Vo b = Vi1 (6.19)

Similarly, we can get the constraint force dynamics by multiplying times
VlTM -1

ViM s UTf— v Jg+ViMth=vIM~r  (6.20)

Equation (6.19) describes the relationship between 7 and ¢., independently
of the constraint forces f. On the other hand, equation (6.20) describes the
relationship between 7 and f, independently of the joint accelerations ¢,. In
other words, these two sets of equations decouple the motion dynamics and
the constraint force dynamics.

Looking at (6.19) it is clear that the (constrained) motion of the system is
completely controllable, because V4! is full-row rank and, as a consequence,
Vil M V5 is invertible. This implies that V§* € R"T6~F there exists at least
one value of 7 such that . = ¢. In particular, that value of 7 would be:

™ = WVi (M (Vagt — J Joq) +h) = N(M§* + h)
R
q*

However, if the system is underactuated the situation changes. The motion
dynamics (6.19) becomes:

Vol MVaGe — ViEM I Jog+ Vb h = VoL STr (6.21)

While VT is always full-row rank, the matrix V;7 ST € R"6=F*" may be
not. In that case, there would be some values of ¢, that could not be generated
by any 7. In particular, if £ < 6 then VQTS T is skinny, hence it cannot be full-
row rank by definition. If instead k > 6 then V5 ST can be (and often times
it is) full-row rank, so any motion can be achieved. In the following, if an
underactuated system is subject to enough constraints to verify the condition:

rank(VyE ST) =n + 6 — k, (6.22)

then we say that the system is “sufficiently constrained”. Note that the con-
dition (6.22) is not equivalent to £ > 6, but it is tighter, meaning that (6.22)
implies k£ > 6, but k£ > 6 does not imply (6.22). When a floating-base system
is sufficiently constrained, it means that:

e inside the constraint-consistent motion manifold, the system behaves
as if it were fully-actuated;

e the contact constraints reduce the degrees of freedom of the system, but
the underactuation does not reduce them any further.
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We have to remember that we are going to implement these controllers on a
digital machine, on which the concept of “rank of a matrix”” depends on the
threshold used to discriminate when a value is small enough to be considered
zero. Typical values for this threshold are around 107!, but when evaluating
the rank of V| ST, we may want to set that threshold higher than usual. Using
a threshold that is too small, we may believe that a system is sufficiently con-
strained, while to accelerate in certain directions it requires joint torques that
are so large, that from a practical standpoint the system is actually not suffi-
ciently constrained. In the next sections we are going to exploit this analysis
to simplify the control of floating-base systems.

6.3.5 Joint Control

We want to control the motion of a constrained floating-base system in joint
space, that is we want to solve this problem:

7 = argmin ||§ — ¢*||%
TER™

st. Mi+h—Jlf=58Tr

ch = _JCQ7

where £ > 0 is an arbitrary weight matrix, and §* € R"*6 are the desired
joint accelerations, which we assume to be constraint consistent. We can eas-
ily check whether the desired joint accelerations are constraint consistent by
computing:

Joi* + Jeq,

and verifying that it is zero. In case it is not, we can project the desired joint
accelerations into the constraint-consistent motion manifold, to get the “clos-
est” constraint-consistent joint accelerations.

In general there is no 7 such that ¢ = §*, even if §* are constraint consis-
tent, because the system is subject to the underactuation constraints, which
may make the desired motion unfeasible. The solution of this problem is (see
appendix B.7 for the derivation):

™ = (EM7N.STYTEM YN (M§* + h)

If we want to minimize the norm of the joint acceleration error, we have to set
E = I. Doing that, we get a control law that is computationally expensive, be-
cause it requires the computation of M (which appears inside M.). However,
if the system is sufficiently constrained (i.e. VQTST is full-row rank) then 7*
will result in ¢ = ¢*. In this case the matrix £ does not affect the solution, so
we can set it to the most convenient value, that is £ = M,.:

7% = (NSTYTN(MG* + h) (6.23)

This control law is very efficient, because it can be computed with one it-
eration of RNEA. Note that using (6.23) when the system is not sufficiently
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constrained means that we do not minimize the joint acceleration error, but a
weighted version of it. Alternatively, rather than using N., we could use any
matrix whose columns span the nullspace of J., e.g. the matrix V5 from the
SVD of J.:

v = (VST VE (M + h)

This form has the advantage of computing the pseudoinverse of a smaller
matrix: V£ ST € RM+6-kxn while N,ST € R +6xn,

6.3.6 Task Space Control

We want to control the motion of a floating-base constrained system in task
space, that is we want to solve this problem:
7™ = argmin || J§ + J§ — &*||%
TER?
st. Mi+h—Jrf=58Tr (6.24)

JeG = —Jeq,

where £ > 0 is an arbitrary weight matrix, £* € R™ are the desired task
space accelerations and J = g—g € R™*7+6 ig the task Jacobian. Using (6.18)
(with W = I) we can formulate an equivalent unconstrained problem:
7 = argmin |[JM Y (N(STT — h) — JFJ.q) + J§ — &¥]|%
TERN
This problem has in general infinite solutions, which can be expressed as:

= (JMNST) (8 = TG+ TM (Neh + I o)
+ (I = (JM7'NSTVE y IMI NS ),

where 79 € R"™ is an arbitrary torque vector, W > 0, W € R™*™ weighs the
distance between 7 and 79, and E > 0, E' € R™*" weighs the task accelera-
tion error. This expression is rather complex and it requires the computation
of M. If the matrix JM_ ! N.ST € R™*" is full-row rank, then the task is
feasible and the matrix E does not affect the solution. Unfortunately, there is
no choice of & (or W) that simplifies this expression, but we can exploit our
previous analysis to find a way around this issue.

We know that if the system is sufficiently constrained (i.e. rank (Vg ST) =n+
6 — k) then the constraint-consistent motion is completely attainable. If this
condition is verified, and the desired task is constraint consistent (i.e. rank(J N..)
rank(.J)), then we can solve the problem at kinematic level, neglecting the
underactuation constraint and considering only the contact constraints. Once
we have computed the desired joint accelerations, we can compute the corre-
sponding joint torques using (6.23). In conclusion, if the system is sufficiently
constrained then the problem (6.24) is equivalent to this problem:

7 =(NST)TN.(M§* + h)

§" =argmin [|Jg + Jg — i*[[F
ijGR7L

st. Juj=—Jug
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The solutions of this problem are:
§* = —JF et (TN (@ — g+ T T Jed) +(I— (TN T TN o, (6.25)

where o € R"6 is an arbitrary joint acceleration vector. Note that §* can
always be generated, because it is constraint consistent.

6.3.7 Hierarchical Extension

We generalize the solution (6.25) to the case of an arbitrary number of tasks
N, for the case of sufficiently constrained system:

7" =(NeST) N(M§* + h)
G" =G + Npoydo
Gi =Gis1 + (JiNp) V(@ — Jig — JiGiv1) i € [1,N] (6.26)
Npiy =Np(it1) = (Jir1 Np(is1)) T Jis1 Np(ig 1)
N1 = —JF Jeq, Npvy = Ne,

In this form, kinematics and dynamics are completely decoupled: first we
solve the multi-task prioritization at kinematic level computing ¢*, then we
compute the torques to generate the desired joint accelerations. This decou-
pling is only possible because we are assuming that the system is sufficiently
constrained, hence we can neglect the system dynamics when handling the
prioritization.

6.3.8 Force Control

Even if we are considering systems that are in contact with the environment
(i.e. constrained), so far we have dealt with position control only. The strategy
of removing the constraint forces from the dynamics of the system proved
very useful, because it allowed us to derive control laws that do not need
contact force measurements. However, this approach is safe only as long as
the contact geometry does not allow the robot to apply unbounded contact
forces. For instance, if the robot is in contact with the ground only (typically
with its feet), we know that the contact forces are limited by the weight of
the robot, so we can safely decide not to control them. On the contrary, if the
robot makes additional contacts with the environment (see Fig. 6.1 1), then
it can apply much higher contact forces, which in general are only limited
by the power of the motors. In these situations we need to control — besides
the constraint consistent motion — the constraint forces too. In particular, we
can distinguish two cases: either we want to control all the constraint forces,
or we want to control just a subset of them. The next two subsections deal
separately with these two cases.

1 Photos by Serena Ivaldi.
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(b)

Figure 6.1: The iCub robot standing while making contact with the environment.

6.3.8.1 Complete Force Control

In case we want to control all the constraint forces acting on the robot, we
can formulate the control problem as:

7 = argmin | — f°|
TERM

st. Mi+h—Jrf=5"r
Jei = —Jeq
This problem has in general infinite solutions (see appendix B.8 for the com-

plete derivation), which can be written in the convenient hybrid dynamics
form of (6.7), with an extra term for the contact force:

= —(JS) [P+ N+ 5Th
(JS) T (T My (hy — TL ) — Jed) + (I — (J.S)F J.S)djo,

4
where ¢;o € R" is an arbitrary joint acceleration vector. Similarly to the task-
space PFL (6.11), the task Jacobian J, is replaced by the Generalized Jaco-
bian J.S, which takes into account the dynamic coupling between floating-

base and actuated joints. The nullspace of the force control task can be used to
perform secondary tasks; considering the general case of N tasks, in which
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the higher priority task regulates the constraint forces (i.e. Jy = J. and
zn = 0), we have:

== () + N+ STh
§" =G + Nyl
Gi =Gir1 + (JiSNy)) T (& — Jig + J;(UT M, (hy — JLf) — Siiz1))
Nptiy =Np(is1) — (Jix1SNp(is1)) T Jix 1S Np(it1),
(6.27)

withi € [1, N]. The computation is initialized setting 41 = 0and Ny = I.

If J.S is full rank, the constraint forces f are equal to the desired forces,
hence we can set f = f*. If this is not the case, we can either measure the
constraint forces or compute them as:

f=JM I Y IM Y (h—STT) - J.q)

Unfortunately this expression requires the inverse of the inertia matrix, which
is expensive to compute.

6.3.8.2 Partial Force Control

If an underactuated system is subject to more constraints than those neces-
sary for guaranteeing the sufficiently constrained condition, then it may be
desirable to control a subset of the constraint forces. For instance, consider
a humanoid robot with both feet in rigid contact with the ground and one
hand in rigid contact with a table (see Fig. 6.1). The 12 constraints due to the
contact with the ground are definitely enough to make the system sufficiently
constrained, so the 6 generalized forces due to the contact with the table can
be controlled.

Let us introduce a new contact Jacobian Jy € RFs*n+6  \which is asso-
ciated to the constraint forces that we wish to control (i.e. controlled con-
straints), whereas J, € RF*"16 g the Jacobian associated to the remaining
constraints (i.e. supporting constraints). The control problem may be formu-
lated as:

7" = argmin || f — f*|?

TER™

st. Mi+h—Jlfo—Jff=5"r
Jel = —Jed
Jri = —Jsg

Appendix B.9 derives the solution of this problem; we report here only the
final results. The problem has in general infinite solutions, given by:

™ = (JM WL ST (T d e — Jp)g + TM~ h — ML )

+ (I — (IMWE STy T VST,
(6.28)
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where V5 is a matrix whose columns are an orthogonal base for the nullspace
of J. and, to simplify the notation, we defined the new variables M, h and J
as:

M =V MV,
h=Vih— Vi MJIFJeg
J = J;Vy

This solution is complex and computationally inefficient but, under the as-
sumption that the controlled system is sufficiently constrained, we can sim-
plify it to:

= (Vi STV (= JF f* + M (=T Jepd + Negéo) + h),

where Jg} = [{]f Jﬂ is the Jacobian that considers both the supporting
constraints and the controlled constrained. Differently from (6.28), this solu-
tion does not require the computation of M.

We can extend this control law to the general case in which the robot has to
perform NNV tasks. The partial force control task has highest priority, because
it is a physical constraint and hence it cannot be violated by definition. The
control torques can be computed as:

T =V STV (MGt + b — JF fY)

G* =q1 + Np(0ydo

Gi =Gir1 + (JiNy@)) T (&) = Jig — JiGira) Vi€ [1,N]
Npiiy =Np(i1) — (Jis1Npi11) T Jig 1 Np(ig1)s

(6.29)

where Jy = J.y, Np(N) = I, @y = 0 and gyy1 = 0. Kinematics and
dynamics are decoupled, so 7* can be efficiently computed with the Recursive
Newton-Euler Algorithm. Soft force control tasks (see section 5.5.3.1) can be
controlled as well, treating them as position control tasks, in which we set the
reference acceleration as:

. _q
‘/L‘: = kz f 7,'*)
where k; is the i-th contact stiffness and f;* is the i-th reference force acceler-

ation.

6.3.9 Summary

To summarize the theoretical results of this chapter, we report here the basic
control laws that we derived. We restrict this list to the control laws for suffi-
ciently constrained floating-base robots, because our interest lies in humanoid
robots, which, in most cases, are sufficiently constrained.

e Joint space position control of sufficiently constrained robot:

v = (VI STV (Mg + )
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e Task space position control of sufficiently constrained robot:

7 = (VST (MG + )
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G = —JFJeqg + (JVa) T (@ — Jg+ JIFJed) + (I — (JVa) T TVa)do

e Partial force control of sufficiently constrained robot:

T = (Vo SOV (M (=T Jeyg + Negio) +h— Jf )

Note that in these control laws the matrix V5, whose columns span the nullspace

of the constraint Jacobian .J., can be replaced by the nullspace projector V..

6.4 TESTS

This section presents some tests to validate the control laws for constrained
floating-base robots that we derived in this chapter. These tests mainly focus
on the control of a robot with both feet lying flat on the ground. The contacts
between feet and ground result in 12 independent constraints, so the system is
sufficiently constrained. This allowed us to exploit the simplified control laws
for prioritized position control (6.26) and partial force control (6.29). We did
not use in the tests the law for complete force control (6.27), because we think
it is more suited to the control of space robots than humanoid robots.

Tests 1 and 2 focus on the control of the center of mass and its projection on
the ground, so as to move the robot while balancing. In test 3 the robot made
contact on a wall with its right hand, and it controlled the contact interaction
employing the partial force control framework (6.29). Test 4 investigates how
to solve the discontinuity due to transitions in the number of contacts, by
exploiting partial force control.

6.4.1 Test Details

In every test, for each task we report a plot depicting three trajectories:

e x,: desired trajectory specified by the user and processed by a trajectory
generator to produce the reference trajectory;

e z,: reference trajectory produced by a trajectory generator along with
the reference velocity and acceleration trajectories (i.e. &, Z);

e z:real trajectory measured during the test.

To generate reference position/velocity/acceleration trajectories we used the
approach proposed by Pattacini et al. [2010], which provides approximately
minimum jerk trajectories. The trajectory generator is implemented as a 3rd
order dynamical system, which takes as input the desired trajectory x4(¢) and
outputs the three position/velocity/acceleration reference trajectories x,(t),
&, (t), Zr(t). The reference position trajectory follows the desired position
trajectory with a velocity that depends on the parameter “trajectory time”. A
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PID control law computes the commanded accelerations &*, starting from the
reference positions, velocities and accelerations:

=i, + Kq(&p — &) + Kp(z, — ),

where Ky, K, > 0, K4, K, € R™*™ are diagonal matrices acting as deriva-
tive and proportional gains, respectively. We express any force and position
with respect to the world reference frame, which is located on the ground,
between the feet of the robot (see Fig. 6.2). From the standpoint of the robot,
the x axis (red) points forward, the y axis (green) points leftward, and the z
axis (blue) points upward.

The controllers used damped pseudoinverses [Chiaverini 1997] to ensure
stability near singularities. The damping factor was always set to 5 - 1073,
To avoid interferences between tasks, the nullspace projection matrices were
computed without any damping.

We tested the presented control framework on a customized version of the
Compliant huManoid (CoMan) simulator [Dallali et al. 2013] (the same used
in chapter 5). The robot has 23 DoFs: 4 in each arm, 3 in the torso and 6
in each leg. To compute direct and inverse dynamics we used C functions,
generated with the Robotran symbolic engine webpage [2012]. Rigid contact
forces were simulated using linear spring-damper models, with the stiffness
and damping values proposed by Dallali et al. [2013], that are, respectively,
2 - 10°N/m and 103 N's/m. The Simulink variable step integrator ode23t in-
tegrated the equations of motion of the robot, with relative and absolute toler-
ance of 1072 and 1075, respectively.

6.4.2 Test I: Static Balance

In this test we controlled a (sufficiently) constrained floating-base robot in
task space, using the control laws derived in section 6.3.6. To control a floating-
base robot, first of all we need to control its center of mass (COM), because
it is at the basis of any balance strategy. The COM position zconr € R? is
defined as:

L
TCOM = M Zmiwa
=1

where M is the total mass of the robot, Ny is the number of links of the robot,
m; is the mass of link ¢, and x¢, € R3 is the position of the center of mass of

link 7. To control the COM we need to define its Jacobian Joon = 8””5% €
RS ><n+6:

1 &
Jeom = 57 > mile,,
=1

Ozc, . . . .
where Jo, = gqcl € R3X"%6 ig the Jacobian of the center of mass of link .

This first test controlled the projection of the COM on the ground (2 DoFs),
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Figure 6.2: Test 1: side swing. The robot controls the projection of its center of mass
on the ground, moving it left and right. Note that the altitude of the COM
is not controlled.
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Figure 6.3: Test 1: back-forth swing. The robot controlled the projection of its center
of mass on the ground, moving it back and forth. The altitude of the COM
was not controlled.
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keeping it inside the support polygon defined by its feet. A secondary pos-
tural task stabilized the robot in joint space, attracting it towards the initial
joint configuration. Overall, the robot performed two tasks, listed here with
decreasing priority:

CcoM: 2 DoF (xy plane), control the projection of the COM on the ground;
POSTURE: 29 DoF, maintain the initial joint posture.

This test was divided into two subtests. In the first subtest the feet of the
robot lied on the ground, one next to each other, and we moved the desired
COM position sideways, i.e. along the y direction (see Fig. 6.2). In the second
subtest the right foot was placed about 30 cm in front of the left foot, and we
moved the desired COM position back and forth, i.e. along the x direction (see
Fig. 6.3). In both subtests the tracking of the reference position was almost
perfect (the RMSE was about 0.03 mm).

6.4.3 Test 2: Squat

In this test we controlled all the three components of the COM position. As in
the previous test, the robot was (sufficiently) constrained and we performed
a task space control, using the control laws derived in section 6.3.6. We gave
higher priority to the control of the x and y COM position, because they are
critical for the balance of the robot. The control of the COM position along
the z direction was then a secondary task. Overall, the robot performed three
tasks, listed here with decreasing priority:

CcoM: 2 DoF (xy plane), control the projection of the COM on the ground;
CcoM: 1 DoF (z direction), control the altitude of the COM;
POSTURE: 29 DoF, maintain the initial joint posture.

We maintained the desired COM position constant along the x and y direc-
tions; along the z direction the desired COM position was a sinusoid of am-
plitude 12 cm and period of about 6 seconds. The resulting motion was an
“up and down” squat. Fig. 6.4 shows that the tracking of the reference COM
position was almost perfect (the RMSE was 0.03 mm for the higher priority
task, and 0.34 mm for the lower priority task).

6.4.4 Test 3: Partial Force Control

In this test we controlled the robot using the partial force control law intro-
duced in section 6.3.8.2. The term “partial” refers to the fact that we con-
trolled only a subset of the forces acting on the robot. In particular, in this test
the robot made contact with a rigid wall using its right hand, and it regulated
the contact force to the specified value of 20 N. On the contrary, the contact
forces at the feet were not controlled. After making contact, we shifted the
desired position of the COM along the y direction, so that the robot leaned
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Figure 6.4: Test 2: squat. The robot controls its center of mass, moving it up and

down.
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Figure 6.5: Test 3: partial force control. First the robot made contact on the yellow
wall with its right hand; then it moved its COM towards the wall; finally

it moved its COM back towards the middle of its feet.
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Figure 6.6: Test 3: force control. The robot controlled both the contact force on its
right hand and the projection of its center of mass on the ground, moving
it along the y axis.
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against the wall, exploiting the additional support provided by the contact on
its hand. Overall, the robot performed three tasks, listed here with decreasing
priority:

FORCE: 1 DoF (y direction), control the contact force exerted with the right
hand on the wall;

coM: 2 DoF (xy plane), control the projection of the COM on the ground;
POSTURE: 29 DoF, maintain the initial joint posture.

The robot managed to successfully control both the force exerted on the wall
and the position of its COM: the RMSE for the force task was about 0.01 N,
while for the COM task it was about 0.6 mm.

6.4.5 Test4: Switching Supporting Leg

In this test we tackle the problem of switching from double support to single
support. When walking, the contact constraints change discontinuously: the
robot alternates between double support phases, having both feet in contact
with the ground, and single support phases, having only one foot in contact
with the ground. These discontinuities in the contact constraints cause dis-
continuities in the control action, which in turn may result in jerky motion, or
even instability. In this test we show how the partial force control law intro-
duced in section 6.3.8.2 can eliminate the discontinuities due to changes in
the contact constraints. The strategy is simple: when switching from double
to single support, we want to avoid abrupt changes in the contact forces, so,
we actively control the constraint force associated to the constraint that we
just removed, to generate a smooth transition of that force to zero. In particu-
lar, in this test we switched from double support to single support on the left
leg. After moving the COM on top of the left foot, we switch to single sup-
port, removing the constraints generated by the contact between the right foot
and the ground. This would normally result in a discontinuity in the contact
forces at the right foot. To avoid that, we activated a (partial) force control,
which regulated the contact force at the right foot, starting from its value at
the time of the switch (i.e. about 100 N) towards zero. At this point the foot
was ready to be moved. However, we did not move it, because we wanted to
switch back to double support. This time we increased the contact force at
the right foot to 100 N, and then we switched the controller back to double
support, reintroducing the constraints at the right foot. This ensured a smooth
transition between the different constraint situations (see the absence of dis-
continuities in the contact force in Fig. 6.7). Overall, the robot performed
three tasks, listed here with decreasing priority:

FORCE: 3 DoF, control the contact force exerted with the right foot on the
ground;

coM: 2 DoF (xy plane), control the projection of the COM on the ground;
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(a) Contact force at the right foot. At 4 sec the controller switched from double support to
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Figure 6.7: Test 4: switching supporting leg. First the robot moved its COM on the

left foot; then, right after switching to single support, it regulated the
force between the right foot and the ground to zero; finally, it increased
the same contact force to 100N, to prepare for the switch to double sup-
port.
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POSTURE: 29 DoF, maintain the initial joint posture.

The robot managed to successfully control both the force exerted on the
ground and the position of its COM: the RMSE for the force task was about
0.01 N, while for the COM task it was about 3 mm.

6.5 CONCLUSIONS AND FUTURE WORK

This chapter extended the “Task Space Inverse Dynamics” control framework
to the control of floating-base systems, such as humanoid robots. First, we
treated the case in which the robot is not in contact with the environment
(i.e. unconstrained), typical of space robotics. For this scenario, we reviewed
the “partial feedback linearization” technique, in its two well-known versions:
collocated (to control the active joints) and non-collocated (to control the pas-
sive joints). We also reviewed the “task-space partial feedback linearization”,
which is a generalization of “partial feedback linearization” to the control in
task space.

Second, we focused on robots in contact (i.e. constrained), starting with
a review of the “constraint nullspace projection” technique, which allows to
express the dynamics of the systems independently of the constraint forces.
Using this technique we derived position control laws that do not require
measurements of contact forces. This is an important point, because most
robotic platforms can not measure contact forces on their whole body. More-
over, force measurements are typically noisy and need to be filtered, hence
they introduce disturbances and delays in the control action. We analyzed
the dynamics of constrained floating-base systems, showing that, when these
systems are sufficiently constrained, the constrained motion is completely at-
tainable. This has strong implications, because it allows us to neglect the
underactuation constraints in the derivation of their control laws (i.e. to treat
them as fully-actuated systems), simplifying the resulting analytical expres-
sions. We derived position control laws for constrained floating-base robots,
both in joint space and in task space, showing how these expressions simplify
in case of sufficiently constrained robots.

Finally, we tackled force control, dealing first with the control of all the con-
straint forces, and then with the control of a subset of the constraint forces.
Also in this case we show how the control laws may benefit from the suffi-
ciently constrained condition.

Simulation tests with a 23-DoF humanoid robot validated the presented
control framework, proving its effectiveness in balancing the robot on its feet
while performing other position/force tasks. We also showed how to ensure
smooth transitions in the contact state of the robot, which naturally arise in
walking and running.

6.5.1 Limitations and Extensions

This section briefly discusses the limitations of the presented control frame-
work, looking at its future extensions. Task Space Inverse Dynamics is a con-
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trol framework for position and force control of constrained floating-base
robots. Under many aspects, it is similar to other control frameworks, such
as De Lasa and Hertzmann [2009]; Jeong [2009]; Mistry and Righetti [2011];
Peters et al. [2007]; Saab et al. [2011a]; Sentis and Khatib [2005], and it
shares with them most of its limitations.

The main assumption when dealing with constrained robots is the defini-
tion of the constraints: we always assumed no motion along the constrained
directions. Considering the typical case of a rigid contact constraint, along the
normal to the surface, motion is actually constrained in only one direction: for
instance a foot can not penetrate the ground, but it can move upward. Along
the tangent plane instead, friction provides bilateral constraints, but only as
long as the applied forces stay within the cone of friction. Since the control
laws that we derived in this chapter are based on the assumption of no motion
along the constrained directions, they could try to generate constraint forces
that are not physically feasible. Righetti et al. [2011b] tried to solve this is-
sue by using the constraint redundancy (in the typical case in which there are
more than 6 constraints) to minimize a quadratic cost in the constraint forces.
This cost can be designed to minimize the tangential forces and/or the mo-
ments around the feet, but still it can not guarantee the physical consistency
of the constraint forces. A safer approach is to include inequality constraints
into the control problem [Righetti and Schaal 2012; Saab et al. 2011a,b], so
that it allows for unilateral contact constraints and (an approximation of) fric-
tion cone constraints. The resolution of the control problem requires then a
quadratic programming (QP) solver, which is computationally more expen-
sive than a solution based on pseudoinverses; however, the authors claim that
the computation time of the controller is still less than 1 ms, and so perfectly
suitable for fast torque control loop.

Another limitation of the presented control framework is that it does not
consider joint limits and motor torque limits. These limits can be easily in-
cluded in the control problem as inequality constraints, using then a QP solver
to compute the control torques.

A much more complex problem is due to the need for planning: these con-
trol frameworks guarantee instantaneous (local) optimality, but they do not
reason globally. For instance, it may happen that a lower priority task leads
the robot into a configuration in which a higher priority task becomes singu-
lar, hence unfeasible. To tackle this issue the cost function should consider
not only the instantaneous acceleration/force error, but it should take into ac-
count the error over a certain time horizon. When the time horizon is finite,
this approach takes the name of model predictive control [Manchester et al.
2011; Tassa et al. 2012]. It would be interesting to extend the presented frame-
work to the case of finite horizon optimal control, but many issues needs to
be considered, such as prioritization and computational cost of the solution.



CONCLUSIONS AND FUTURE WORK

This thesis dealt with the control of contact forces on a humanoid robot, using
tactile sensors and force/torque sensors. This work belongs in the field of
active force control, that is it did not resort to passive compliant elements
(i.e. springs). The first part of the thesis treated calibration and estimation
issues, which were preparatory for the force control framework presented in
the second part.

7.1 SUMMARY

Chapter 2 described a new method for the spatial calibration of a network
of tactile sensors, namely the estimation of the 3D position of each tactile
sensor. The method is based on the measurement of external forces applied
on the sensorized part of the robot’s body. A similar technique had been pre-
viously used to estimate contact positions from force/torque measurements
[Bicchi et al. 1993b], but it required a mathematical description of the robot
surface. Our calibration method, instead, can work either with or without the
description of the surface where the tactile sensors are located. We validated
the presented technique by calibrating all the tactile sensors on the arms of
the iCub robot (about 1500 sensors), with a precision of about 7 mm.

Chapter 3 leveraged the calibrated tactile sensors, together with the dis-
tributed force/torque sensors, to estimate external contact forces. We have im-
plemented the presented method as part of the open source C++ library iDyn
[Fumagalli et al. 2012], and we have tested it on the iCub robot. This tech-
nique relies on the Recursive Newton-Euler Algorithm [Siciliano and Khatib
2008] to estimate locations and magnitudes of an arbitrary number of contacts
occurring on any part of the robot.

Chapter 2 and 3 laid the foundations for the implementation of whole-body
force control on the iCub robot. Chapter 4 investigated the role of tactile
sensors in explicit force control: we have carried out an analytical analysis on
the effect that errors in contact localization have on contact forces. This gave
us the necessary tools to quantify the expected uncertainties in contact forces
that are due to uncertainties in the spatial calibration of the tactile sensors.
Besides the theoretical analysis — which has been validated in simulation
— we have implemented explicit force control and parallel control on the
iCub robot, and we have empirically evaluated the benefits of precise contact
localizations. With explicit force control, introducing of an error of about 9
cm in the contact localization, we measured an error in the contact force of
about 50% of the commanded value. Using parallel control, with the same
error in contact localization, the RMSE has increased by 20% for the force
tracking, and by 35% for the position tracking.
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Chapters 5 and 6 introduced a new control framework, called “Task Space
Inverse Dynamics”, which allows for different control paradigms, such as ex-
plicit force control and parallel control — already implemented on the iCub
robot in chapter 4. Even though similar control frameworks already existed,
our work was motivated by the lack of a framework that addressed all these
aspects: optimality of the solution, capability to control interaction forces,
and computational cost of the algorithm. In chapter 5 we have derived “Task
Space Inverse Dynamics” as solution of a point-wise optimal control problem,
taking inspiration from the Unifying Framework [Peters et al. 2007]. Tests in
simulation have proved the advantages of our control framework with respect
to other two state-of-the-arm equivalent frameworks (i.e. Unifying Frame-
work [Peters et al. 2007] and Whole-Body Control Framework [Sentis and
Khatib 2005]). Remarkably, with “Task Space Inverse Dynamics” the con-
trol loop has taken less than half the time than with the Whole-Body Control
Framework [Sentis and Khatib 2005], while it has still guaranteed the opti-
mality of the solution. Finally, in chapter 6, we have extended “Task Space
Inverse Dynamics” to the control of floating-base systems, such as humanoid
robots. Tests in simulation validated the extended framework, proving its ef-
fectiveness in balancing the robot, while performing position/force control
tasks. We also exploited the presented control framework to ensure smooth
transitions in the contact state, such as the switch from double support to
single support, typical of walking and running behaviors.

7.2 DISCUSSION AND FUTURE WORK

This section points out the potential impact of this thesis for the scientific
community, stressing the possible applications of the presented methods and
control strategies. The work presented in this thesis advanced the current state
of the art in the field of active force control of rigid robots. Hopefully, our
efforts represent another step towards a new generation of force-controlled
robots that can safely and effectively interact with humans and the environ-
ment.

The methods for the calibration of tactile sensors (chapter 2) and the esti-
mation of contact forces (chapter 3) apply to any robot that is equipped with
distributed force and tactile sensors. Both types of sensors are becoming in-
creasingly common in robotics, and this boosts the significance of the related
works, such as this thesis. We have implemented our method for the estima-
tion of contact forces in an open-source C++ library, iDyn, which is freely
available online for anyone. Moreover, we plan to generalize the method, and
the related library implementation, providing a useful software tool to the
robotic community. While the current version of the library exploits only tac-
tile sensors and 6-axis force/torque sensors, the new version will include also
accelerometers, inertial measurement units and joint torque sensors. Also, the
estimated quantities will extend beyond contact forces, including joint veloc-
ities, joint accelerations and the pose of the floating-base of the robot.



7.2 DISCUSSION AND FUTURE WORK

The control framework “Task Space Inverse Dynamics” (chapters 5 and 6)
is the principal contribution of this thesis. It can be exploited for the posi-
tion and force control of any rigid robot, including fixed-base manipulators
and floating-base systems, such as humanoid robots. At this time, we have
not provided an open-source C++ implementation of the framework, but we
plan to do it during the next year. Anyway, the algorithm relies only on pseu-
doinverses and inverse dynamics of the robot, which can be computed us-
ing the open-source C++ libraries Eigen [Gael Guennebaud et al. 2010] and
KDL [Smits 2007], respectively. Moreover, one of the assets of the frame-
work is the simplicity of the algorithm, which would make its implementation
straightforward, as well as efficient.

Recalling what we said in section 1.3.1, this work is based on a few as-
sumptions, which can help us to understand its current limitations and future
directions. When treating the control problem, we have always assumed to
have a reference trajectory to track, being either a position or a force tra-
jectory, but we have not investigated how we can generate this trajectory.
In our tests we have used an approximately minimum-jerk trajectory gen-
erator, which provided position-velocity-acceleration reference trajectories.
However, this simple approach fails when the desired final position is outside
the robot’s workspace; in this case the robot typically reaches singular config-
urations, with the unpleasant consequence that even higher priority tasks may
become unfeasible. Since the task prioritization works only locally, i.e. instan-
taneously, lower priority tasks may still globally conflict with higher priority
tasks, leading the robot in configurations in which those tasks become un-
feasible. To overcome these issues we should move from local optimality to
global optimality, introducing then planning in the process.

Another important aspect that we overlooked is uncertainty in the kinemat-
ic/dynamic model of the robot: adaptive or robust control techniques could
surely help to improve the performance. Along this line of thoughts, we plan
to integrate our control framework with an online estimator of the inertial
parameters of the robot, generating an adaptive control architecture.
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LINEAR ALGEBRA REVIEW

This appendix presents a brief review on linear algebra, with particular focus
on pseudoinverses.

A.1 SINGULAR VALUE DECOMPOSITION (SVD)

We start by reviewing the singular value decomposition, which is fundamental
for the work presented in this thesis. Given a matrix A € R™*" with rank r,
its singular value decomposition is:

S of |V

= U, SV,
0 0| |V

A=Usv! = [Ul UQ}

where U and V' are orthogonal matrices, whereas ¥ and S are diagonal ma-
trices. In particular we have that:

vt =UTU = Iy, U € R™™

Vv =vIv =1,V e RV

UL, = I,,U; € R™*"

VIivi =1, Vi e R

UlUy = Iy, Uy € R

Vil Vo = Iy, Vo € RPT

Y e R

SeR™T
The diagonal elements of S are called the singular values of A and they are
ordered in decreasing order. Since the columns of U; (V}) are orthogonal to
all the columns of Us (V5) we have that:

U Uz = Opscrn—r

Vit Vo = Opscnr

In case A is symmetric (i.e. A = AT), its singular value decomposition takes
the form:

A=UsU”
A.1.1  Nullspace and Range

The nullspace of a matrix A € R™*"™ is the subspace of vectors that are
mapped to zero when premultiplied by A, and it is defined as:

N(A) = {z € R"| Az = 0} C R"
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We can also view it as the set of vectors that are orthogonal to all the rows of
A. The range of a matrix A € R"*" is the subspace of vectors that can be
generated by multiplying A times an arbitrary vector, and it is defined as:

R(A) ={Az |z e R"} CR™

It can also be viewed as the span of the columns of A. As far as we know,
there is no special name for the subspace of vectors that are not mapped to
zero when premultiplied by A, so we decided to call it the active space, which
is defined as:

{r e R"| Az #0} CR"

The singular value decomposition of a matrix gives an orthonormal basis of
its nullspace, range and active space. In particular, the columns of V5 are an
orthonormal basis of the nullspace of A. The columns of V; are an orthonor-
mal basis of the active space of A. The columns of U; are an orthonormal
basis of the range of A.

A.2 PSEUDOINVERSES

The pseudoinverse of a matrix A € R™*™ is a matrix X € R™*™ that satis-
fies the following equalities:

AXA=A XAX=X (AX)'=4Ax (XxA)T=XA

The most widely known pseudoinverse is the Moore-Penrose pseudoinverse,
which is indicated as AT. The term pseudoinverse, without further specifi-
cation, often refers to the Moore-Penrose pseudoinverse. The term general-
ized inverse is sometimes used as a synonym for pseudoinverse. A common
use of the Moore-Penrose pseudoinverse (hereafter, just pseudoinverse) is to
compute a ’best fit’ (least squares) solution to a system of linear equations
that lacks a unique solution. Another use is to find the minimum (Euclidean)
norm solution to a system of linear equations with multiple solutions.

A.2.1 Computation of Pseudoinverses

If A is skinny and full rank, then A" can be computed as:
At = (ATA)~1AT

If A is fat and full rank, then A™ can be computed as:
AT = AT(AAT)

In general, pseudoinverses can be computed using the SVD. Given a matrix
A = U SV, its pseudoinverse can be computed as:

At =vis—tul

Given that S is diagonal, this expression is extremely simple to compute.



A.3 WEIGHTED PSEUDOINVERSES

A.2.2 Linear systems

Pseudoinverses are commonly used to find (approximate) solutions for overde-
termined or underdetermined systems of linear equations. Consider the linear
system:

Ax =y

where A € R™*" ¢ € R™ and y € R™. The system may be determined,
overdetermined, underdetermined. If m = n and A is full rank, then the
system is determined, meaning that it has a unique solution:

r=A"ly

If A is skinny (i.e. m > n) then the system is overdetermined (more equations
than unknowns), meaning that for most y, there is no exact solution. In this
case, a common approach is to approximately solve the system, finding the
value that minimizes the squared error. If A is full rank there is a unique value
of x that minimizes the squared error:

z* = argmin ||[Az — y||> = ATy
TER™

If A is fat (i.e. m < n) and full rank, then the system is underdetermined
(Iess equations than unknowns), meaning that there exists infinite solutions.
Among the infinite solutions we can select the one with minimum distance
from an arbitrary value xy € R™:

x* = {argmin ||z — xo||? st. Az =y} =ATy+ (I - AT Az
TeR”™

A common approach is to set zp = 0 to find the solution with minimum norm.

In the general case (A not full rank) the pseudoinverse gives the minimum-
norm, least-squares approximate solution, namely the solution of this prob-
lem:

r* = argmin ||z — zo||?
TER™
.t. |4z — y||? = min ||Az — y||?
st. € {z:||Az —yl|" = min ||Az —y||"}

A.3 WEIGHTED PSEUDOINVERSES

The weighted pseudoinverse of a matrix A € R™*" is a matrix X € R™*™
that satisfies the following equalities:

AXA=A XAX =X
but it may not satisfy these equalities:

(AX)T = AX (xXAT=x4A
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The pseudoinverse of a skinny matrix A weighted by a positive-definite ma-
trix £ € R™*"™ is defined as:

A} = (E2A)TEz = (ATEA)'A"E (A1)

where the last expression is valid only if A is full rank. The pseudoinverse of
a fat matrix A weighted by a positive-definite matrix W € R™*" is defined
as:

A = Wi(AWz)t = WAT (AW AT) ! (A2)

where the last expression is valid only if A is full rank.
In case of overdetermined linear systems, weighted pseudoinverses find the
value that minimizes the weighted squared error, that is:

1
z* = argmin ||E2 (Az — y)||* = ALy
TeR™
In case of underdetermined linear systems, weighted pseudoinverses find the
solution that minimizes the weighted distance from an arbitrary value x, that
is:

x* = {argmin |[W~ %(:): —x0)||? st Av=y}=Afy+ (I — A, A)xg
T€R™
In case A is rank deficient, we can weigh both the squared error (with the
matrix F) and the distance from an arbitrary x¢ (with the matrix W):

o* = argmin|[W ™ 2 (z — z0)|2

zeR?
1 . 1
st. ze{z:||E2(Az —y)|]* = nin |E2 (Az — y)||*}

The solution is given by
= A;FV’Ey + (I — A;/7EE%AW%)Z‘O,
where:
Afy = W3(B2AW?2) B2 (A3)

The notation for the two versions of weighted pseudoinverses is the same,
but the reader can infer which one applies from the context: for skinny full-
rank matrices we use (A.1), whereas for fat full-rank matrices we use (A.2).
In case of rank deficient matrices both weighted pseudoinverses could apply,
but the dimension of the weight matrix clarifies if we are using (A.1) or (A.2).
The only ambiguous case is the weighted pseudoinverse of a square rank-
deficient matrix, in which case we have to clarify which equation we are
using. However, to ease the understanding of the equations, we try always to
indicate the weight matrix with £ when we use (A.1l), and with W (or V)
when we use (A.2).
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A.3.1 Weighted Nullspace Projections

The nullspace projection matrix of a (fat or rank deficient) matrix A is given
by:
Ny=I—-ATA=1—-AT(44AT)14, (A4)

where the last expression is valid only if A is full rank. On the other hand the
weighted nullspace projection matrix of a matrix A is given by:

Nay, = (I—Af A) = (I-W2(AW3)t A) = (I-W AT (AW AT) 1 4),
(AS5)

where the last expression is valid only if A is full rank. Note that the non-
weighted nullspace projection matrix is symmetric, i.e. Ng = Ng, whereas
its weighted version is not symmetric. The weighted nullspace projection may

be also expressed as:

1

Na, = W2(I — (AW2)TAW2)W ™ 2,
which can be seen as a sequence of three operations:

1. aprojection into the weighted space through W™ %;
2. an orthogonal projection onto the nullspace of AW%;

3. aprojection back into the non-weighted space through W,

The second step is an orthogonal projection performed by the operator:
I — (AW)TAW =T —wyvi(vIw2v) - tvIw

Being an orthogonal projection, we know that it can be expressed as I — V1 VT,
where V{''V; = I and the columns of V; span the active space (i.e. the or-

thogonal complement of the nullspace) of the matrix AW?2. We can eas-

ily infer the relationship between the orthogonal nullspace projection of A

(spanned by the columns of Vi) and the orthogonal nullspace projection of

AWz (spanned by the columns of V7):

Vi = WV W2V, s

Using the SVD, we can also write the weighted nullspace projection matrix
as:

Nay, = — AJIE/A) =1I- (V1T)4VE/V1T
The matrix N4, is not symmetric, but the relationship with its transpose is
quite simple:
NI, = (- ATA{T) = (1 - AT (W3 AT W2) = (I - AT(AWAT) 1AW =
=W NI - WAT(AWAD)TA)W = W INy, W
(A.6)

Note that NEW is no longer a nullspace projector of A.






TASK SPACE INVERSE DYNAMICS

This appendix collects the analytical derivation of some control laws that com-
pose the control framework presented in this thesis, i.e. “Task Space Inverse
Dynamics”.

B.1 RIGID FORCE CONTROL OF FIXED-BASE ROBOTS

This section deals with the problem of controlling rigid contact forces in fixed-
base robots. Assume that the motion of the manipulator is subject to a set of
k nonlinear constraints:

c(q,t) =0
Differentiating twice the constraints we get:
c=J.g=0
é=Jej+ Jeg =0

where J.(q) = (%c € R**" is the constraint Jacobian. The desired contact
forces f* € R¥ can be computed using a proportional-derivative control law:

f*:fr+Kp(fr_f)+Kd(fr_f)7

where f,.(t) € R¥ is the reference force trajectory, while K4 > 0, K, > 0 are
matrices acting as derivative and proportional gains, respectively. The control
problem is defined as:

7" = argmin || f — f*|]?
TER™

st.  Mi+h—Jlf=r7
Jel+ Jeg =0
This case is very different from the “spring contact” case because the motion
of the manipulator is constrained by the rigid contact. Multiplying the first

constraint times .JJ,M ~! and substituting J.¢ from the second constraint, we
can compute the contact forces as a function of 7:

f=JMEINYIM b —1) - Jg), (B.1)

where we can recognize the operational space inertia matrix A, = (J.M~1JI)~1,
Substituting (B.1) into the cost function we can calculate the solutions of the
problem:

T =(J M (A = Jeg + T M)
+ (I = (JM Y IM N
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Setting V = M?W we get a simpler solution:
™ = Mo (A = Jeg+ JMTPh) + MNeyw M 'y (B2)

Note that this control law does not contain the contact forces f. We see the
similarity with the position control law (5.6), in which Z* is replaced with
—Ac_lf*. If we choose W = M ~! then (B.2) simplifies to:

= —JL 4 MJ(—Jeg + J.M 7 h) + MN.M ', (B.3)

where N. = I — J.J. and J, = M~'JTA. is the dynamically consistent
Jacobian pseudoinverse. Another convenient option is to choose W = I:

™ = MJH (=AY — Jeg+ J-M7h) + MN .M 7y (B.4)

Unfortunately both (B.3) and (B.4) are computationally expensive because
they contain the terms .J. and A_ !, respectively. However, a simple trick may
help us to get a more convenient solution. We rewrite (B.2) as:

Tt = =My AT 4 ey, (Jeg — JeM T h) — New, M~ ')
Then we set W7 = M and Wy = I and we get:
™ = —Jrf — MJF(Jeg— J.M 7 h) + MN.M 11

We can check that this is still a solution of the force control problem by sub-
stituting it into (B.1). Finally, the term M ~! can be removed by adding the
postural task, i.e. setting 7o = My + h:

T = —JLf A+ M(=J Jeq + Neii) +
B.2 INERTIA MATRIX INVERSE

This decomposition of the inverse of the inertia matrix of a floating-base robot
is going to play an important role in the derivation of many control laws:

Mt =8N;ST+ UM U (B.5)

To better understand this equality, we report here the expression of the inverse
of the inertia matrix M ~! as a block matrix:

NL N;
Ny = (My — My M M) ™! (B.6)

Nj = (Mj — My;M; " M)~
Nyj = —=NpMy; M;™" = =M, My; N;

We also report the pseudoinverses of .S, weighted with M ~1:

ij N-_l — _Mb_leﬂ
J

S=8_,=M"'ST(SM s =
N; I,
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Now we can prove (B.5):

SN;ST +UT MU =
— MM
=T g ]+ -

Mb_leijMijMb_l — M, My, N, N Mt o

-1
—N; MM, N; 0 0
_ My My NyMEM, ™ + M, Ny, _
Ny N;
| N Neg|
N N;

where we used the fact that:

My My N; MM, + My =

= Ny My; M; ' MM, + My =

= Ny(My M; " MM, + Ny M) =

= Ny(My; M ' MEM, " + (M, — My, MMM = N,

B.3 COLLOCATED PARTIAL FEEDBACK LINEARIZATION

This section deals with the control of the actuated joints of a floating-base
robot. The resulting control law is commonly known as Collocated Partial
Feedback Linearization [Spong 1998]. We want to solve the control problem:

7" = argmin||j; — §7[|?

TER™

st. Mi+h=S8"r

where ¢; € R™ are the desired active joint accelerations. If we multiply the
constraint times ST we get:

ST(Mi+h)=S"s"r
NG+ 8h=r
Gj = Nj(r = S"h)
Gj = (M — MM, My;) ™ (1 = hyj + MM, hy)

B.7)

This equation describes the dynamics of the active joints independently of
the passive joints. We can now substitute ¢; in the cost function to get an
unconstrained problem:

7" = argmin || N; (T — S'Th) — q;]|2
TER™
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This problem has a unique solution:
™ =N'q +S"h (B.8)

Applying the control law (B.8) to a floating-base system, the resulting motion
is:

ok

dj =g
iy = —M, " (My;i; + hy)

B.4 NON-COLLOCATED PARTIAL FEEDBACK LINEARIZATION

This section deals with the control of the passive joints (i.e. the floating-base
virtual joints) of a floating-base robot. The resulting control law is commonly
known as Non-Collocated Partial Feedback Linearization [Spong 1998]. We
want to solve the following problem:
7% = argmin ||, — &%
TER?
st. Mi+h=2S"r

where i} € RS is the desired base acceleration. Multiplying the constraint
times U” we get:
Nyt + UTh = =My M '

From this expression we compute 2, and we substitute it in the cost function,
to get an unconstrained problem:

7% = argmin I\Nb(—Mbij_lT —U"h) - i5lI%
TER™

Depending on the rank of Mj; this problem may have one or infinite solutions.
In general, the solution takes this form:

T = —(Ny My M)y (& + NoUTh) + (I — (N My M)l Ny My M )m

J
(B.9)

In case of infinite solutions, this is the one that minimizes ||7 — 7o||w. The
condition of strong inertial coupling requires that rank(M;;) > 6, where 6
is the number of passive DoFs for floating-base robots. If this condition is
satisfied then we have complete control over the passive DoFs, that is we can
get iy, = i}, Vi} € RO, Furthermore, Ny M;; M j_l is full-row rank and so the
matrix £ does not affect the solution. Setting £ = N~ 2 the general solution
(B.9) simplifies to:

75 = —(My M) (N iy + U h) + (I — (M M) My M)
(B.10)

We can get a further simplification by setting W = M ]2

T = = MM (N, iy + UTh) + My(I — My My )M o (B.11)
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Alternatively, this control law can be also put in the convenient hybrid dynam-
ics form (B.8) by setting W = Nj and 79 = STh + 7:

7_* — —N]-_I(MbjMJ-_lN]-_l)+(N_1"* UTh)
+ (L= Ny (Myy M N7 My M) (ST + 7o)
= —N; My My No(Ny Vi + U7 'h)
+ (I = Ny MMy NNy M My NG ) (STh + 7o)
= —NjflM,j;(Mba:b + MyUM ~'h) + Ny (I = My My )N (STh + 7o)
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= — N, M (Myiey — Mg NjSTh 4+ hy) + NI — MMy )Nj (STh + 7o)

= N (=M (M + hy) + (I — My My;)Nj7o) +57h,

-~

Sk

a;
(B.12)

where we used the fact that My, Mj_le_l = Nb_le_lej, which can be de-
rived directly from (B.5). Under the condition of strong inertial coupling both
(B.11) and (B.12) result in Z}, = I}, but they use the task nullspace (if any) to
minimize different quantities. In particular (B.11) minimizes || M ].*1 (T—70)ll,
whereas (B.12) minimizes || N;(7 — STh — 7)||.

B.5 TASK SPACE PARTIAL FEEDBACK LINEARIZATION

This section deals with the control in task space of a floating-base robot. The
resulting control laws are an extension of partial feedback linearization to task
space control [Shin and Lee 1997; Shkolnik and Tedrake 2008]. The control
problem can be formulated as:

7% = argmin ||J§ + Jg— a:*HQ
TER™
st. Mi+h=STr
where Z* € R™ is the desired task space acceleration and J = % € Rmxn

is the task Jacobian. We compute ¢ from the constraints and we substitute it
in the cost function to get:

7 = argmin || JM (ST — h) + J§ — &*|?
TER™

This problem has infinite solutions (assuming m < n), which can be ex-

pressed as:

= (JM ST (@ — TG+ IM T h)+ (I —(TM ST 18T,
(B.13)

where V' > 0 is an arbitrary weight matrix and 79 € R" is an arbitrary vector.
This control law is computationally expensive because it requires the inverse
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of the mass matrix M/ ~!, but we can simplify it. Using the decomposition of
the mass matrix (B.5) we can show that:

M~1ST = (SN; ST +UT M tU)ST = SN;

Substituting this expression in (B.13) and setting V' = N J._QW, where W >
0, W € R™ " is an arbitrary matrix, we get:
= (JSN]‘);J-_QW('%* _ Jq + JMflh) + (I - (JS‘NJ‘);]._QWJSN]')TQ
= N7 YIS (@ — Jg+ JM ™ h) + (I — N7 (JS), JSN;)m
= N ' (JS) (@ = Jg+ M h) + NI = (JS)f, JS)Njmo
(B.14)

Now we have to get rid of the M ! premultiplying h. Again we use the
equality (B.5) and we set 79 = STh:
= NN IS (& = Jg+ J(SN;ST + UM, U)R)
+ NI = (J8), JS)N;STh
= NV IS (& = Jg+ JUT M, 'UR) + 5Th (B.15)
= N (IS (& = Jq+ JoMy  he) +5Th

a

In the end we managed to put the control law in the convenient hybrid dynam-
ics form of (B.8). Differently from (B.13), this control law does not require
the computation of the whole inertia matrix, but just the part associated to the
floating-base, i.e. M} and Mp;.

The collocated and non-collocated PFL can be derived as special cases of
the task space PFL (B.15). In particular, if we set J = S and &* = ¢} we get
the collocated PFL:

= NN SS) ) + STh = N+ STh

On the other hand, if we set J = U and &* = #} we get the non-collocated
PFL:

T = NN US) (5 +M, ) +5"h = NN (=M, My )i (5 +M,  hy)+ST R

If the condition of strong inertial coupling is met (i.e. rank(M,;) = 6) then
(=M Myy)fy = —Myjih My,
and so:

7" = =N Myl (M, + hy) + STk
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B.66 CONSTRAINT NULLSPACE PROJECTION

This section deals with the dynamics of constrained floating-base robots, ex-
plaining the “constraint nullspace projection”. This technique is at the basis
of the design of many control laws, because it allows to express the dynamics
of this type of systems independently of the constraint forces. Consider the
equation of motion of a constrained floating-base system:

Mi+h—Jrf=8Tr (B.16)

where f € R are the constraint forces. The system is subject to the con-
straints:

Jei = —Jed (B.17)

To remove the contact forces from the system dynamics we have to: i) mul-
tiply (B.16) times J.M !, ii) substitute J.§ = — ., iii) compute f as a
function of 7, iv) substitute f back in (B.16). Doing that we get an expression
describing the dynamics of the constrained system, but without the constraint
forces f.

JM Y MG+h—JLf =877
JMIEf = T+ M (h—STT)
f=A(—Jeg+ J M (h— ST7))

where A, = (J.M~1JT)~!is the constraint space inertia matrix. Now that
we have computed f, we substitute it in (B.16):

Mi+h—JAN(=Jeg+ J.M(h—STr))=5Tr
MG+ (I —JAT M Y0+ JFA g = (I — JEA T M H)STr
Mi+ (I —-JJ)Th+ JE A g =T - J.J) 8T
MG+ NIh4 JPAJeg= NTSTr
(B.18)

where J, = JCL,l is the dynamically consistent Jacobian pseudoinverse
[Khatib 1987], and N, = I — J..J. is its nullspace projector.

A more recent approach [Aghili 2005; Righetti et al. 2011a] suggests to
eliminate the constraint forces from (B.16) by projecting it in the nullspace of
the constraints. This is done by multiplying the robot dynamics times NCT =
(I — JCIJ,FVJC)T, so that we get:

NiyIMi+h—Jrf=8"7]

B.19
N (Mg +h) = N, 8T+ ®B.19)

If we set W = M~! and we substitute ¢ from (B.17), then we get (B.18).
This equation is a convenient alternative to (B.18), because it does not use
M~ and it is overall simpler. Equation (B.19) can be derived using the same
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procedure that we used to derive (B.18), but multiplying (B.16) times J.W
rather than J.M ~!:

JW[MG+h—Jrf=8T7]
JWJILf =JW(Mg+h—STr)
f=IWINHLJW(Mi+h—STr)
f=J(Mi+h—STr)
Then, as before, we substitute f back in (B.16):
Mi+h—Jl T (Mi+h—STr)=8"r
(I —JE T (Mi+h) = (I - JEI0)str (B.20)
Niy(M{+h) = Ny S"r

To get the simplest formulation in the following we are going touse W = I,
so we can also exploits the symmetry of the orthogonal projector: N = N...

B.7 JOINT CONTROL

This section deals with the control of constrained floating-base robots in con-
figuration space. We want to solve this problem:

7 = argmin ||§ — §*||%

TER™
st. Mi+h—Jlf=58Tr
Jel = —Jed

where G* € R™6 are the desired joint accelerations, which we assume to be
constraint consistent, i.e. J.¢* + J.¢ = 0. Using (6.18) (with W = I) we can
formulate an equivalent unconstrained problem:

™ = argmin |M;HN(STT — ) — JFJed) — @11
TER™

The general solution of this problem is:

™ = (M NSTYEMY (Mo + Neh + T J.g)

= (EM;'N.STYTEM;Y(N.MG* + JFJoq* + Neh + J S J.4)

= (EM;'NSTYTEMI N (NA(MG* + h) + JF (Je§* + Jeq))

= (EM;'N.STYTEM_'N,(M§* + h)
If we want to minimize the norm of the joint acceleration error we have to set
FE = I. Doing that we get a control law that is computationally expensive, be-
cause it requires the computation of M (which appears inside M.). However,
if the system is sufficiently constrained (i.e. V5' ST is full-row rank) then 7*

will result in ¢ = ¢*. In this case the matrix E does not affect the solution, so
we can set it to the most convenient value, that is £ = M,.:

7 = (N.ST)T N (M§* + h) (B.21)
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This control law is very efficient, because it can be computed with one iter-
ation of RNEA. However, using (B.21) when the system is not sufficiently
constrained means that we do not minimize the joint acceleration error, but a
weighted version of it. Alternatively, rather than using N,, we could use any
matrix whose columns span the nullspace of J. (e.g. the matrix V5 from the
SVD of J,):

™ = (V{ STV (Mg + h)

This form has the advantage of computing the pseudoinverse of a smaller
matrix: V5l ST € R?6-F>n_while N.ST € Rn+6xn,

B.8 COMPLETE RIGID FORCE CONTROL OF FLOATING-BASE ROBOTS

This section deals with the control of all the rigid contact forces acting on
a constrained floating-base robot. In contrast, the next section deals with the
case in which we want to control only a subset of these constraint forces. We
can formulate the control problem as:

7% = argmin || f — f*[]”
TER™

st. M+h—Jlf=28"r
Je = —Jed

Solving the constraints we can get an equivalent unconstrained problem:

7* = argmin ||(J.M YD) YT M (h - §T1) — J.g) — f*|?
TER™

The solutions of this problem are:
T = (JM S (= I M L+ T M R — Jq)
+ (I = (JM P J.M~tsT) 7
Exploiting (B.5) we can simplify this expression so that it does not require the

computation of M. First we elaborate the first part of the expression, leaving
out the nullspace term:

(J MDY (—J M7 ILf* 4 T M h — Jug) =
= (JeSN)) (= JeSN;STIL f* = JUT M UTE f* + JeM ™ h = Jeg) =

= N (JS) (= JeSN ST I L = JUT M UTE 4 T M7 h — Jog) =

= —(JS)" [+ NN IS (T My (e — T f*) — Jeq + JSN;STh),

where J, = J.UT is the part of J. associated to the base joints. In the first
passage we set W = N j_QV, while in the second passage we set V' = N for
the term multiplying f*, and V' = I for the other terms. Following the same
passages, the nullspace term becomes:

(I — (JMESTYE T M1 ST )19 = (I — (J.SN;){ JeSN; )0
= (I = N; '(J8) " J.SNj)m
= NI = (JS)* J.S)Njmo
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Putting it all together and setting 7o = S” h:
T = (LS + NN IS M (T My (e — T f*) — Jeg + JSN;STh)
+ NI = (JS) P IS)N;STh =
= (LS + N (LS (T My (hy = THf*) = Jeg) +STh

<k

q

Introducing the variable ¢; we clearly see the hybrid dynamics structure (B.8),
with an extra term for the contact force:

= —(JS) [P+ NG+ 5Tk
B.9 PARTIAL RIGID FORCE CONTROL OF FLOATING-BASE ROBOTS

This section deals with the control of a subset of the rigid contact forces
acting on a constrained floating-base robot. Let us introduce a new Jacobian
Jr € RFs*n+6 which is associated to the constraint forces that we wish to
control, whereas J. € R¥*"*6 ig the Jacobian associated to the remaining
constraints. The control problem may be formulated as:

7" = argmin||f — f*|?

TER™

st. Mi+h—Jlfo—Jif=5"r
Jeli = —Jeg
Jri = —Jq

From the second constraint we compute:
q c Jed 24c;

where V5 € R"6~kxn+6 j5 3 matrix whose columns are an orthogonal base
for the nullspace of J.. We substitute ¢ in the third constraint:

JiVaige = (JpJ .S Je = Jp)d (B.22)

We can remove the constraint forces from the system’s dynamics multiplying
both sides of the equation times V3! :

Vi MYy + Vih = VI MU Jeg =V IF = Vi Sr
e N~——
M i, P

where we defined the new variables M, h and J to simplify the notation. Then
we multiply both sides times JM ~! to get:

Jio+ IM Y h—JTf) =MWV, STr
We substitute (B.22):

(JpJFde— Jp)g+ N (h— JTf) = J— v sTr
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Now, assuming that J=1J V3 is full-row rank, we can compute f as:
f= N (g de = Jp)a+ TV = VST )

Substituting this expression of f in the cost function of the original control
problem we get an equivalent unconstrained problem:

™ = argmin ||(JM I Y (Jp T Jo—J ) g+ I M (h=VESTr))— £
TER™

This problem has in general infinite solutions:

™ = (M VLS (T Je — Jp)g + IM~Yh — TM LT )
+ (I — (JMVESTYE TV VST r
(B.23)

To simplify this expression we exploit the fact that VQTST is full-row rank
(because we assume that the system is sufficiently constrained), so we can
define a new control variable 7 € R"+67F as:

F=Vy 51
For any value of 7 there exists at least a value of 7, which is given by:
7= (V5 §T)"

We can then solve the control problem for 7 and subsequently find a corre-
sponding value of 7.

= (MY (I T = Jp)a+ M~ h— T T f)
+ (I = (MY TM Y
Setting W = M we get:
= —JT P MIT(Jpd T — Jp)a+ JM ™ h) + M(I — JtJ)M 4
Setting 79 = h+ T0:
= JT - MJIT (I de = )+ h+ M - JT )M~
Now we can compute the joint torques as:

T = (VSO (I 4+ MTY (I e = dp)i+ (1= T D)io) + h)

where we introduced the new variable gy = M~15,. Substituting the expres-
sions for M, h and J we get:

T = (VI STV (—IF £+ M((Va(J Vo) T (It Je = Jp) = I )i
G
+ VoI — (JVo) T T Va)do) + h)
(B.24)
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We can simplify this expression even further by noting that ¢, is just a solution
of the two contact constraints, because:
J e = JpVa(J Vo) T (Jp S de — Jp)g — Jp . Jed
= Jp e — Jpg— Jp It Jed
= —J¢g
and also:

Jele = JC%(‘]f‘/Q)+(‘]ch+jc - Jf)q - JchJrjcq = 'cq

Introducing a new Jacobian Jg} = |:JZ Jﬂ , we can then compute ¢, using
a simpler expression:

Go = =T Jerd
Similarly, we can simplify the nullspace projector as:
Vol — (JpVa) T J Vo) = (I — J;Jep) = Ney
Substituting these simplified expressions in (B.24) we get:

= (Vi STV (= JF %+ M(=J}Jepd + Negiio) + 1) (B.25)
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